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SUMMARY OF PROJECT CONCLUSIONS

The three criteria for the successful fulfillment of the experimental goals were satisfied for aspartic acid.  First, clear separation of the experimentally determined pKa values was observed. The experimental values were 2.132 ± 0.164 and 3.602 ± 0.098 for pKa1 and pKa2, respectively. The lack of overlap within the 95% confidence intervals was sufficient to illustrate distinct pKa values.  Secondly, the precision of the values; pKa1 = 2.132 + 2.772% and pKa2 = 3.602 ± 2.680%, indicates that the procedure provides reproducible results.  Lastly, the pre-established limit for accuracy (3%) was achieved for pKa1, 2.132 ± 2.824%, and the accuracy of the pKa2 value fell within an acceptable range, 3.602 ± 6.677%.  Thus, this procedure is a valid method for the determination of close pKa values.   

Objectives

Using the procedure outlined in the lab manual it was impossible to separate the acidic pKa values for amino acids with multiple carboxyl groups such as aspartic and glutamic acid.  Thus, the goal of the experiment was to develop a valid method of pKa determination that would be applicable to amino acids with multiple acidic or basic groups.

Specifically, the purpose of this experiment was to develop a modified titration technique that would enable the isolation of distinct regions of the aspartic acid titration curve and would allow for the separation of pKa values in the acidic region.  The use of specific calculation methods could then be used to determine the pKa values.  To confirm the validity of the method, the experimental results for aspartic acid were compared with literature values.

Background

Amino acids are important to the function of the human body.  As zwitterions, or molecules with at least one acid and one base group, they can serve as pH buffers.  Wade states that aspartic acid is one of two non-essential amino acids with multiple acid carboxyl groups, the other being glutamic acid (Wade, 1999).  Each carboxyl group (COOH) loses a proton to become COO- with increasing pH (Cohn, 1943).  According to Greenstein the dissociation of aspartic acid will yield one free amino group and three free acid groups including two carboxyl groups (Greenstein, 1931).  In addition, Greenstein states that the pKas of these two carboxyl groups, are 2.10 for the group nearest the positively charged amino group and 3.86 for the distal carboxyl that is part of the functional R-group (Greenstein, 1931).  This closeness of the pKa values mandates the development of a titration method to separate these values.  

Theory and Methods of Calculation
As per discussions with Professor Litt, and a review of the method in the lab manual dealing with pKa calculations, the following method was determined for calculating pKa values of aspartic acid with experimental titration data.  Below a pH of approximately 2.9, reaction 1 and the equations listed are dominant over reaction 2 and its equations.  Above a pH of 2.9 the inverse is true. 

REACTION 1





REACTION 2
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Since we are determining the lower pKas for aspartic acid, we assume that we do not know their values.  The only knowns are the pH, the amount of titrant added, the total amount of titrant and the total amount of amino acid present.  A linear regression plot of Y versus pH, as per equations 2 and 4, gives the pKa1 and pKa2 values, respectively, as the y-intercept divided by the slope.  In order to determine these pKa values, the values of RH2, RH- and R2- must be known in the region surrounding the pKa values.  In order to determine these values, some assumptions must be made about the initial number of moles of RH2, RH- and R2-.

Starting at a pH of about 1.5-2 pH units above the book pKa2 value, the initial number of moles of R2- was determined using equation 5.

pHcalculated/pHactual = R-2calculated/R-2actual

(Eqn 5)

Where pHcalculated and R2-calculated were taken from the expected values determined with this method assuming that the pKa values are known.  The pHcalculated and its corresponding R2- value were taken from within 0.1-0.2 pH units of the pHactual value.  Using this method an initial concentration of R2- at a pH ~ 5.5 was determined.  The same method was used to determine the initial number of moles of RH- using equation 6.

pHcalculated/pHactual = RH-calculated/RH-actual

(Eqn 6)

Using equations 7 and 8, the moles of RH- and R2- were calculated from pH ~ 5.5 through pH ~ 2.9.

RH-(n+1) = RH-(n) + ma(n+1)



(Eqn 7)
R2-(n+1) = R2-(n) – ma(n+1)




(Eqn 8)

Using equation 4, Y2 was determined for the range of data points where 0.1M HCl/NaOH was used as the titrant.  This reduced the error due to adding titrant to 0.2% from 2% when the 1.0M titrant was used.  The regression plot of Y2 versus pH gave the pKa2 value as the y-intercept divided by the slope.


To determine the initial concentration of RH2, an equation similar to equation 5 yielded values of RH2 that caused the mass balance to be off by about 10-20mmols.  To determine the initial number of moles of RH2, 3 steps need to be taken.  The first two steps require the determination of the mmols of RH- and R2- at pH below 2.9 using a modified equation 3 and equation 9.

RH-(n+1) = RH-(n) – ma(n+1)
  


(Eqn 9)
R2-(n) = RH-(n)/(10pKa2 – pH)
 


(Eqn 3)


Using the mass balance equation, equation 10, the initial number of mmols of RH2 was calculated using values of RH- and R2- near pH = 1.6.

RH2(0) = Rtotal – R-2(0) - RH-(0)



(Eqn 10)
RH2 (n+1) = RH2(n) –ma(n)




(Eqn 11)
Equation 11 was used to calculate the number of mmols of RH2 from pH ~ 1.6 through pH ~ 2.9.  Using equation 2, Y1 was determined for the range of data points where 0.1M HCl/NaOH was used as the titrant.  This again reduced the error due to adding titrant to 0.2% from 2% when the 1M titrant was used.  The regression plot of Y1 versus pH gave the pKa1 value as the y-intercept divided by the slope.  The mmols of RH2 for pH values between 2.9 and 5.5 was determined using a modified equation 1.

RH2(n) = RH-(n)*(10pKa1– pH)



(Eqn 1)


A plot of mmols of RH-, R2- and RH2 versus pH should give a graph similar to the one determined assuming that the pKa values are known.  If the experimental graphs deviate from the calculated graph or if the mass balance is significantly off, than the initial starting points or the equation switch point near pH = 2.9 must be changed and the method must be repeated.

Materials and Apparatus


Fisher Brand pH meter calibrated using the two-point standardization method

· pH standards of pH 4.0 and 7.0

Mortar and Pestle

· This was used to grind the aspartic acid before dissolving.  This was necessary because of the initial difficulty in dissolving the aspartic acid in water and acid

Basic titration apparatus

Methods

Before titration could begin, the aspartic acid was ground using the mortar and pestle and added to 100 mL of 1.0M HCl to ensure proper dissolution.  Titration began at approximately 0.7 pH units, and was performed using 1.0 M NaOH.  The solution was titrated to within 0.5 pH units of the first expected pKa value using the 1.0 M NaOH stock solution.  At this point, the stock solution was removed and titration was performed to a value approximately 0.5 pH units above the literature pKa value using a 0.1 M NaOH solution.  This procedure was repeated for the second pKa value and the pKa values were calculated.

Titration was also performed using HCl as the titrant rather than NaOH.  The aspartic acid was again ground, but this time was dissolved in 1.0 M NaOH.  Before beginning the measured titration, the pH was adjusted to approximately 6 pH units using 1.0 M HCl.  The solution was then titrated with HCl using the above procedure “in reverse” to a pH of 1.6 to determine the effect on the results.  Titration was stopped at 1.6 because it was found that the pH meter was inaccurate below this value (see Calculations Section above).  The same calculation methods were then applied to this data to determine the pKa values.

Results

Figures 1 and 2 below represent a calculated “bad” graph and a calculated “perfect” graph of mmols vs. pH, respectively, both assuming pKa values are known.  These graphs are a useful reference when looking at the experimental graphs in figures 3 and 4.
Figure 1:  “Bad” Graph




Figure 2: “Perfect” Graph
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Figures 3 and 4 below represent trials 1 and 2, respectively.  Trial 1 was done titrating from low pH to high pH and trial 2 was dome titrating from high pH to low pH.  The graphs of trials 2 and 3, which were done titrating from high to low are almost identical.  For figures 3 and 4, the intercept of RH2 with RH- and the intercept of R2- with RH- represent pKa1 and pKa2, respectively.  The small bumps in both graphs represent points where a burette was refilled or changed.







Figure 3: mmols vs pH for trial 1


In figure 3, the middle portion, from about pH = 2.6 to pH = 3.1, where neither reaction 1 nor reaction 2 is dominant, was left out for the RH2 and R2- curves.  A straight line connecting the two portions of either curve clearly gives a discontinuity in the curve.  This discontinuity is also seen in the peak of the RH- curve.


In figure 4, all parts of all of the curves were left intact.  There is a clear discontinuity in the all three curves at the average of the experimental pKa values.  In both figures 3 and 4, the discontinuity represents the point at which the equations for calculating mmols of RH2, RH- and R2- were switched.  As there are three equations and five unknowns, solving for the last two equations should smooth out the discontinuities in the curves.








Figure 4: mmols vs pH trial 2

Figure 5 is a chart of the experimental pKa values for all three trials.  The 95% confidence intervals for all three trials and the average pKa values are given as well as the percent standard deviations and the percent deviations from the book value of the pKa.  The book pKa1 value fell within the 95% confidence interval for the experimental average pKa1; however, the book pKa2 value did not fall within the 95% confidence interval for the experimental average pKa2.  The standard deviation for both pKa values fell within the 95% confidence interval as well.

Figure 5:  pKa numbers for trials 1-3

	Trial
	 Book pKa1 = 2.09
	Book pKa2 = 3.86

	
	exp value
	± 95% CI
	%dev from book pKa
	exp value
	± 95% CI
	%dev from book pKa

	1
	2.064
	0.071
	1.227
	3.705
	0.170
	4.011

	2
	2.174
	0.196
	4.014
	3.514
	0.074
	8.971

	3
	2.158
	0.224
	3.231
	3.588
	0.051
	7.048

	avg
	2.132
	0.164
	2.824
	3.602
	0.098
	6.677

	std dev
	 
	 
	0.059
	 
	 
	0.097

	%st dev
	 
	 
	2.772
	 
	 
	2.680



Figure 6 is a chart of the experimental pKa values for trials 2 and 3.  This excludes the one trial titrated from low to high pH.  The accuracy for both trials decreases by excluding trial one, while the precision increases.  The book pKa1 value still falls within the 95% confidence interval for the experimental average pKa1.  The book pKa2 value still does not fall within the 95% confidence interval for the experimental average pKa2.  The standard deviation for both pKa values fell within the 95% confidence interval as well.

Figure 6: pKa numbers for trials 2&3

	Trial
	 Book pKa1 = 2.09
	 Book pKa2 = 3.86

	
	exp value
	± 95% CI
	%dev from book pKa
	exp value
	± 95% CI
	%dev from book pKa

	2
	2.174
	0.196
	4.014
	3.514
	0.074
	8.971

	3
	2.158
	0.224
	3.231
	3.588
	0.051
	7.048

	avg
	2.166
	0.21
	3.623
	3.551
	0.063
	8.01

	std dev
	 
	 
	0.012
	 
	 
	0.053

	%st dev
	 
	 
	0.534
	 
	 
	1.479


Discussion and Analysis


Three criteria were used to determine if the calculated pKa values were acceptable.  The first was used to check that there was a clear separation between the pKa values.  It was determined that the average pKa 1 value was 2.132 ± 0.164 in the 95% confidence interval and pKa 2 was 3.602 ± 0.098 in the 95% confidence interval.  Within the 95% confidence interval of both pKa values, there is no overlap.  Therefore, there is clear separation of the pKa values.

The second criterion was the precision of the pKa values.  The average pKa1 = 2.132 + 2.772% standard deviation and pKa2 = 3.602 ± 2.680% standard deviation.  The small standard deviation for both pKa values shows that this method can give reproducible results.  When trial one was removed, the precision of the pKa values increased; pKa1 = 2.166 ± 0.534% and pKa2 = 3.551 ± 1.479%.  This indicates that titrating consistently in the same direction produces more precise results.

The third criterion was to determine the accuracy of these results.  The literature value for pKa1 was 2.09 and the value for pKa 2 was 3.86 (Greenstein, 1931).  For all three trials, the average calculated values were pKa1 = 2.132 ± 2.824% deviation from the book value and pKa2 = 3.602 ± 6.677% deviation from the book value.  Our accuracy for pKa1 was within our goal of 3% accuracy, while for pKa2 the accuracy was above the 3% goal.  The accuracy for pKa2, while not as good as the accuracy for pKa1 is still acceptable.  When trial one was removed, the accuracy of the pKa values decreased; pKa1 = 2.166 ± 3.623% and pKa2 = 3.551 ± 8.01%.  This shows that titrating from low to high pH gave slightly better pKa values than titrating from high to low pH.

The bumps on the curves in figures 3 and 4 represent points where a burette was changed or refilled.  This shows that there is a compilation of error in these spots due to having to read the burettes twice for the first measurement after a refill.

The discontinuities discussed in the results section regarding figures 3 and 4 result from not having all five equations to solve for all five unknowns.  In this middle region, where neither reaction 1 nor reaction 2 is dominant, the assumptions made in the equations break down.  Solving for the missing two equations would probably smooth out these discontinuities and shift the pKa values closer to the literature values.

Conclusions

The three criteria for the successful fulfillment of the experimental goals were satisfied for aspartic acid.  First, clear separation of the experimentally determined pKa values was observed. The experimental values were 2.132 ± 0.164 and 3.602 ± 0.098 for pKa1 and pKa2, respectively. The lack of overlap within the 95% confidence intervals was sufficient to illustrate distinct pKa values.  Secondly, the precision of the values; pKa1 = 2.132 + 2.772% and pKa2 = 3.602 ± 2.680%, indicates that the procedure provides reproducible results.  Lastly, the pre-established limit for accuracy (3%) was achieved for pKa1, 2.132 ± 2.824%, and the accuracy of the pKa2 value fell within an acceptable range, 3.602 ± 6.677%.  Thus, this procedure is a valid method for the determination of close pKa values.   
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Reaction 1: RH2  (( RH-  + H+





Ka1 = [RH-][H+]/[RH2]


-logKa1 = log([RH2]/[RH-]) – logH+


pKa1 = log[RH2] – log[RH-] + pH  (Eqn 1)


Y1 = log([RH2]/[RH-]) = pKa1 – pH  (Eqn 2)





Reaction 2: RH-  (( R-2  + H+





Ka2 = [R-2][H+]/[RH-]


-logKa2 = log([RH-]/[R-2]) – logH+


pKa2 = log[RH-] – log[R-2] + pH  (Eqn 3)


Y2 = log([RH-]/[R-2]) = pKa2 – pH  (Eqn 4)














