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ABSTRACT 

An improved spectrophotometric method of determining equilibrium 

constants is introduced. The advantages offered by a photodiode array 

spectrophotometer are exploited. The most important of these are the 

ability to precisely measure ana'lyte absorbance at all wavelenghts 

throughout the ultraviolet and visible spectral range and store the 

data in computer files. A spreadsheet program is used to assemble the 

spectral data into an organized array and calculate the most probable 

value of the equilibrium constant for the entire array. Linear least-

squares analysis and a weighting scheme are employed to calculate the 

final result. Precision of the equilibrium constant obtained are at 

least an order of magnitude better than heretofore possible. 
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CHAPTER 1 

INTRODUCTION 

Spectrophotometric methods of determination of equilibrium 

constants, e.g. acid-base ionization and metal complexation constants 

[1] are based on the condition that the species involved in the equi

librium (e.g. conjugate acid and base forms) have different absorption 

spectra. Such differences, like the separate spectra, are wavelength 

dependent. There will be at least one wavelength (isosbestic point) 

where the conjugate forms have the same molar absorptivity so that the 

measured absorbance will be independent of the extent of the reaction 

and therefore can be used as a measure of the total analyte 

concentration. 

The conventional means of using spectrophotometry for deter

mining an acid-base dissociation constant involves the following 

steps: 

(1) The pK^ of the compound is estimated from the nature of the 

acidic/basic functional group present [1], 

(2) Based on this estimate, the spectra of the pure species in

volved are measured to obtain the molar absorbances as functions of 

wavelength. Using an uncharged monoprotic acid as an illustration, 

the spectra of the neutral form should be measured at a pH < pKa - 2 

and that of the anion at a pH > pK + 2, so that at the pH selected 
cl 

for measurement, at least 99% of the substance be present in the form 
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desired. The successive K& values for polyfunctional acids/bases may 

be determined in the same way, i.e., by obtaining the molar absor-

bances for all of the participating species. Ideally, this requires 

that there be sufficient separation in successive pK^ values so that a 

pH be found where each species is 99% pure. Alternatively, by using 

absorbance values at many different wavelengths, it is possible to 

calculate accurately all of the e values of the intermediate species 

by solving simultaneous equations [1]. 

(3) The spectra of the two species are examined to determine the 

"analytical wavelength", i.e., one at which there is both a) a large 

difference in the absorbances of the extremes and b) little or no 

change with wavelength in the molar absorptivities of the two forms in 

that region of wavelengths. It is also possible to use several 

"analytical wavelengths" [2]. The spectrophotometer is set at the 

selected wavelengths for all subsequent absorbance measurements. 

Conventional spectrophotometers do not possess sufficient wavelength 

resettability/reproducibility to allow scanning. This problem also 

constrains the selection of the analytical wavelength to those at or 

near absorbance maxima if possible. One cannot expect to always find 

an absorbance peak of one form over a minimum in the other. Thus if 

this optimal condition does not exist, the selection is made based on 

the following criteria in decreasing order of preference [1]; 

(a) A peak in the spectrum of one form over a peak in the other, 

provided, that there is a difference of about 0.2 A between the two, 

(b) A peak over a shoulder or inflection, 



10 

(c) A minimum over a minimum. 

(4) An absorbance measurement is now obtained from a solution of 

the analyte at an intermediate pH i.e. pH = pK and an approximate 
Q. 

pK is calculated. E a 

(5) Analyte solutions at several intermediate pH values are 

prepared covering the range + 1 pH unit from the approximate pKa> The 

final pK value is then calculated from the absorbance values obtained 
r a 

at the analytical wavelength. 

In principle, a value is defined at every wavelength 

throughout the spectrum obtained at an intermediate pH value. Thus, 

the vast bulk of available spectral data (e.g. 400 wavelengths) 

remains unused in the conventional method. 

Modifications 

At the heart of the modification developed in this thesis is 

the use of a photodiode array spectrophotometer which has the ability 

to collect averaged absorbance spectra over a range of several hundred 

nanometers at 0.25 nanometer intervals with excellent wavelength 

reproducibility and then to store this data. A typical spectrum from 

190 - 400 run yields 844 potentially useful points. If one had spectra 

of the analyte at several appropriate pH values, 844 potentially 

useful values for the equilibrium constant are obtained. Of course 

these values are of differing "quality". The primary objective of this 

work is to devise a method for utilizing the largest possible fraction 
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of the data obtained in order to maximize the statistical reliability 

of the ionization constant(s) obtained for the system under study. 

As mentioned above, a large amount of data is collected (e. g .  

3600 unique combinations of pH and absorbance measurements) during any 

pK^ determination and, while the vast majority of it is useful, it is 

not all equally useful. It is obvious that manual processing of this 

data would be impractical. One possible solution would be the develop

ment of a computer program in, for example, FORTRAN to produce an 

answer. In view of the wide availability of spreadsheet programs, the 

effort to develop a specific program is unwarranted. 

No attempt is made here to comprehensively describe the use 

of spreadsheets since the manuals provided with them are generally 

thorough and clear. Certain characteristics of spreadsheet programs 

are vital to this work, however, and they will be described briefly 

below. 

Organization 

A data base consisting of eleven or twelve spectra with 

absorbances measured at 0.25 nm intervals is collected in one 

determination. The ability to form this data into columns while view

ing the assemblage is significant. The subsequent calculations depend 

upon this ordered arrangement. Nearly as important is the ease with 

which the experimenter may examine the data at any time during the 

calculations or after the final K is obtained. 
a 
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Data Importation and Editing 

The spectral data stored in the proper format is easily 

brought into the spreadsheet by the import command. There is no need 

to manually "type in" the data which would be a formidable task given 

the size of the data base. A predictable amount of meaningless data is 

found at the beginning of each file. Using the Block, Erase command 

these are easily erased and then the actual data is moved to the 

appropriate location using the Block, Move command. 

Copying Blocks and Formulas 

All the formulas needed to calculate necessary quantities 

from the data are entered once in the appropriate columns of the 

spreadsheet. All required repetition of the calculations are performed 

by copying the formulas to the proper locations with the Block, Copy 

command . If the spreadsheet is organized properly, the variables and 

data values are automatically updated (if need be) as they are copied 

to the desired locations. 

(3 Functions 

Not only can iterative calculations be quickly carried out 

but they can also be evaluated while in progress using logic @ 

functions. Thus obviously spurious results (e.g. those too near isos-

bestic points) can be eliminated automatically given that proper 

criteria are used in the @ statement, usually an @if logic statement 

(e.g. @if(ab6<0,z6,0) which means; if cell AB6 is less than 0, return 

the contents of cell Z6, if not return the value 0.). Calculation and 

evaluation of the final result is based on least-squares formulas 
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which involve summations of various sets of results. These are ex

peditiously carried out using the numerical @sum function. 

Spreadsheet Programming - MACROS 

All the calculations necessary to obtain a final K& value can 

be performed manually, i.e. each command is issued by the 

experimenter. Spreadsheet programs offer the option to automate the 

process, however. They contain a programming language called MACRO 

commands. In essence these commands imitate the keystrokes otherwise 

entered by the experimenter thus eliminating the tedious reissue of 

commands throughout the calculation and the possible careless error by 

the experimenter. 
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CHAPTER 2 

STATEMENT OF THE PROBLEM 

Conventional spectrophotometric methods for determining 

equilibrium constants utilize only a small fraction of the experimen

tal data provided by modern instruments (e.g. photodiode array 

spectrophotometers). The experimental procedure presented in this 

thesis provides sufficient data to calculate an equilibrium constant 

at 0.25 nm intervals in the spectra of the analyte. Data handling 

capabilities of computers using spreadsheet software make possible the 

use of all the available data and can provide statistical weighting in 

terms of the quality of the individual results. The primary objective 

of this work was to develop a method allowing the use of as large a 

fraction of the data as possible in order to maximize the statistical 

reliability of the equilibrium constants calculated for the system 

under study. To do this, an objective method to assign statistical 

weights to the result at any one wavelength and to calculate a best 

value constant and its uncertainty was developed. 
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CHAPTER 3 

EXPERIMENTAL 

Chemicals 

8-Hydroxyquinoline (oxine) (Aldrich) was purified by Dr. Mark 

Deitz of the Strategic Metals Recovery Research Facility by recrys-

-3 
talizing twice from ethanol. A 1.0 x 10 M aqueous stock solution was 

prepared and was stored in a brown glass bottle. 

Methyl orange A.C.S. reagent (J.T.Baker) was used without 

-3 
further purification to make a 1x10 M aqueous stock solution. 

Buffer components were A.C.S. or Analytical reagent quality 

from various manufacturers. Stock solutions of appropriate molarity 

were prepared and stored in glass bottles placed out of the light. 

Those buffers known to be subject to bacterial attack were stored in a 

refrigerator. The buffers used were selected based on their spectral 

transparency and on the buffer range required by the analyte. [3] 

Stock solutions of potassium chloride (MCB) varying from 1.0 

M to 0.5 M were prepared as needed to provide ionic strength control. 

Apparatus 

(TM) 
A Perkin-Elmer Lambda Array Model 3840 spectrophotometer 

interfaced with a Perkin-Elmer Professional Computer Model 7500 was 

used to obtain the absorbance spectra of the analytes. 
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The IBM compatible computer which is used to calculate pK 

values must have at least 1.6 Megabytes of RAM due to the size of the 

spectral files. An IBM compatible computer (DTK Corp.) with 640 K RAM 

(TM) 
was used with the addition of a RAMpage/2 Expanded Memory board 

from AST Research Inc. The total additional memory on the expansion 

board was 1 MB. 

The spreadsheet software used to calculate the equilibrium 

constants was QUATTR0 M̂̂ (Borland). Any similar spreadsheet program 

may be used e.g Lotus 123. 

The pH was measured using an Orion Model 701 pH meter or a 

Fisher Scientific Model 925 pH meter. A Fisher Scientific Combination 

Electrode Model 13-620-92 or a Corning Model 476560 Rugged Bulb 

Combination Electrode was used. These were calibrated over the ap

propriate ranges using NBS buffers [4] for pH = 4.008 and pH = 6.865 

o 

and a pHydrion buffer for pH = 10.00 at 25 C using the constant tem

perature bath. 

A type 54H jacketed quartz cell of 1 cm pathlength (NSG 

Precision Cells Inc.) was converted into a flow-through cell as 

follows. Two 18 gauge syringes were modified by removing the Luer lock 

attachments. These were driven through a small NMR tube septum. The 

septum was then used to seal the cell fill hole. The ends of the 

syringe tubes protruding from the cell were attached to teflon tubing 

using Viton pump hose. The connections were wrapped with copper wire 

to insure air tight seals. The lengths of the syringe tubes within the 

cell were adjusted so that neither would block the light path through 
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the cell and so that the inlet tube was lower than the outlet tube. As 

a later modification, the syringe tubes were sealed into place with 

wax (Apiezon W 100). This was done by cutting the top of a septum down 

so that a plug was formed. The syringe tubes were inserted as before 

and this entire assembly inserted into the fill hole. Wax was then 

applied over the top to seal the assembly in place. 

The analyte solution was pumped to the cell by attaching the 

cell outlet to the inlet of a Fluid Metering Inc. (FMI) Lab Pump Jr. 

Model RHSY. The cell inlet was connected to the reaction vessel (RV) 

containing the bulk of the analyte solution. The pump outlet was 

connected to the RV to complete the circuit. Thus the analyte solution 

was drawn into the cell under negative pressure. Negative pressure 

pumping was designed to prevent leakage from around the septum that 

might have occurred if the solution were forced into the cell under 

positive pressure. The tubing used throughout was 1/16 inch (inside 

diameter) teflon tubing. 

o 

Temperature control to +0.1 C was achieved using a VWR 

Constant Temperature Circulator Bath Model 1155 and the jacketed 

cuvette. Thermostated water was pumped from the bath through the cell 

jacket using an FTS Model CP-10-144 pump at a rate of 300 mL/min. This 

was the basis of the assumption that the cell and bath were at the 

same temperature. The RV and its contents were thermally equilibrated 

in the bath prior to taking the first spectrum. 

The RV was a 500 mL, flat-bottomed, three-necked S/T 24/40 

flask (Ace Glass). Into one neck was inserted the return from the pump 
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outlet and the tip of a large capacity (approx. 100 mL) chromatography 

column filled with acid or basic reagent used to vary the analyte 

solution pH. The tube connected to the cell inlet was inserted into 

another neck. The remaining neck was adapted to receive the pH 

electrode. Figure 1 shows the entire assembly. 

The solution in the RV was stirred gently by use of an immer-

sible, air driven magnetic stirrer held in place by a large--lead 

"donut". 

Experimental Procedure 

Procedure for Acquiring Spectral Data 

Three solutions must be prepared. They are the "start" solu

tion, the acidic or basic reagent solution and, the background 

solution. 

The start solution contains the analyte, the buffer component 

and, sufficient inert salt to achieve the desired ionic strength. 

Bates describes the properties and preparation of buffer solutions of 

constant ionic strength [4]. 500 mL of the start solution is needed. 

The acidic reagent solution contains HC1, the inert salt and, 

the same concentration of the analyte as is present in the start 

solution. If the hydrochloride of a base is used as the buffer com

ponent, then the basic reagent is KOH; everything else is the same. In 

this way there is no need to correct the measured absorbance for the 

volume of acidic/basic reagent added. A volume of 100 - 200 mL of 



Figure 1. Analyte Solution Circulating System 

A. Cuvette (jacketed for temperature control) 

B. Spectrophotometer 

C. Pump (KHI)(pumps analyte solution from RV 
to cuvette) 

D. Chromatography Column (used as a container 

for acidic/basic reagent solution) 

E. Three Neck Flask (Reaction Vessel) 

F. Air Driven Magnetic Stirrer 
C. pH Electrode 

II. To FTS Pump (circulates thermostated 
water through jacket of cuvette) 

B 

r~ 
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the acid/basic reagent is sufficient depending on the concentration, of 

the HC1/K0H and the buffer capacity. 

The background is simply the buffer and salt at the same 

concentration as in the start solution. A volume of 25 mL of the 

background solution is needed if a septum is used to seal the cell 

while 250 mL is needed if the cell is sealed with wax. 

Obtaining a Background Spectrum. The method for getting a back

ground spectrum differs somewhat depending upon the cell 

configuration. If the septum is not waxed in place, the method is 

straightforward. The septum is removed, the cell is filled with back

ground solution and, five minutes allowed for thermal equilibration. 

After the background spectrum is taken, the septum is replaced. When 

the septum is wax-sealed, it is necessary to transfer the background 

solution into a suitable container such as an Erlenmeyer flask which 

is placed into the bath. The solution is then pumped into the cell. 

The first several milliliters to emerge from the return tube are sent 

into a waste container to eliminate unwanted dilution of the back

ground solution from any rinse water remaining in the system. With the 

return tube inserted into the flask, the background spectrum is taken 

after thermal equilibration. 

Obtaining Analyte Spectra. The method for obtaining the analyte 

spectra is the same regardless of the cell configuration. Sufficient 

analyte solution is poured into the RV so that the electrode frit will 

be below the „level of solution. The RV is then placed into the bath. 

Analyte solution is pumped into the cell and again the first several 
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milliliters that come out of the return tube are sent to waste. The 

return tube is placed into the flask and the the system is allowed 

about 10 min for thermal equilibration. 

After equilibration, the pH of the solution is measured. The 

value of this pH will depend upon the buffer used but it is usually 

fairly close to that needed for one of the "extremes" (i.e. pH < pK&-

2 or > pK&+ 2). 

The pH is adjusted as needed to a value at which the desired "extreme" 

form of the analyte predominates.At this point the pH is adjusted by 

adding concentrated HC1 or KOH dropwise so that any error due to 

dilution is negligible. 

Prior to running each spectrum, there should be sufficient 

delay to allow the RV and cell contents to reach a uniform 

composition. For the system used here, 2 min. at a pump setting of 1.2 

to 2 was found to be sufficient. The spectrum is then obtained. The pH 

of the solution is now adjusted to the first intermediate pH by adding 

the acid or basic reagent as appropriate, waiting 2 min. and then 

taking the spectrum. This sequence is repeated for all remaining pH 

values including the other extreme pH value 

Having obtained and stored all the spectra needed, it is now 

necessary to transfer this data to an IBM compatible computer. Since 

the computer associated with the spectrophotometer uses a UNIX operat

ing system, its data files are not MS-DOS compatible. Most commonly 

available spreadsheet programs require MS-DOS machines so the data 
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must be transferred to an IBM compatible machine using the P-E com

puter's inherent transfer command in conjunction with a program 

written by Dr. Roger Sperline of the Strategic Metals Recovery 

Research Facility called PERK1200. The details of the procedure are 

provided in Appendix 1. Two types of files are stored on the MS-DOS 

target disk as a result of the transfer. Each spectrum is saved as a 

"filename.HEX" file (called a HEX file) and a "filename.PRN" file 

(called a PRN file). The PRN file is used in the spreadsheet to calcu

late the pK . r a 

Spreadsheet Calculation of Equilibrium Constants 
Using the Method of Least-Squares 

Quattro is now used to import the spectral data in to a 

spreadsheet wherein the pK is calculated. This calculation using the 
cl 

statistical method of Least-Squares can be performed manually or a 

MACRO program can be written to automate the process. The following 

description of the process is given to provide sufficient information 

for manual calculation. 

To begin, the equations used to calculate the best value of 

pK will now be derived. 
a 

For an analyte solution at any intermediate pH, the total 

absorbance at any wavelength is: 

A = e a C + e . a . C  ( 1 )  
o o a l l a 

Where and are the molar absorptivities for whichever two forms 

of the analyte are present at the intermediate pH in question, aQ and 
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a^ are the respective acid-base fractions [5] and C& is the total 

analyte concentration. A constant light pathlength of 1.0 cm is 

assumed. 

The absorbance of the analyte measured at each of the two pH 

values where one or the other of the two forms predominates serves to 

define the molar absorbances of the two forms: 

A = e [o] and (2a) 
o o 

A. = e. [i] (2b) 

Having used the same total analyte concentration for all measurements, 

[o] = [i] = C . Thus equations (2a) and (2b) can be substituted into 
ci 

equation (1) which yields after simplification: 

A = A a + A. a. (3) 
0  0  1 1  

With a diprotic analyte, with aQ representing the fraction of 

I^B, the fullyprotonated form, the fraction of HB, each a is given 

by: 

2 
[ H P  

"o 2 
[H] + [H] Ka]_ + Kal Ka2 
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a "" K*1 

1,1 [H]2 + [H] Kal + Kal Ka2 

A separation of 4 or more log units between successive pK 

values allows one to assume that, in the search for K^, the pH values 

will always be such that the last term in the denominator of both a 

values can be dropped. Thus, 

[H] 

tt° " W + Kal 

Kal 
al 

[H] + Kal 

Substitution of these equations into equation (3) and rearrangement 

yields: 

(A - A) 
K , = [H] 2 - [H] (AR) (4) 

(A - At) 

The term involving the absorbances will be referred to as the 

"absorbance ratio" (AR). Equation (4) is the basic equation for all 

calculated K .values. Note that it has two linear forms where K n is 
al al 

the slope: 
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or 

K . 
(AR) - ^ (4a) 

[H] 

K 
[H] = ^ (4b) 

(AR) 

Analogous equations apply for • 

The method of least-squares for two observables, [H] and AR, 

is now employed [6]. The least-squares result for the most probable 

value of based on equation (4a) is: 

2 (AR)2 

Ku ~r (5) 

S (AR) [H]h 

Where K.^ is the result at a single wavelength and h is the index for 

individual [H] values. In this equation (AR) is considered the depend

ent variable since its value depends upon the pH selected. 

It is a useful test of the reliability of the 

spectrophotometric measurement in terms of the absorbance ratio to 

calculate ^resulting from the data at a single [H] value (K^): 

N [H]2 

Kah = ~ (6) 

2 [H] (AR) 1 
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Where A is the index for individual wavelengths. The hydrogen ion 

concentration is the dependent variable in this equation and it is a 

constant over all the wavelengths. Equation (4b) has been used to get 

equation (6) and it is obvious that (AR) must also be some constant 

value if equation (6) is valid. In reality (AR) is not constant but 

equation (6) calculates the "best fit" value as does equation (5). 

The results above are quite different from those obtained 

from simple averages of the products: 

KiA " C S « Kih " [H1 ̂  2 (AR\ 

The variances for both types of are calculated as follows. 

» ; ; ! , - i K ^ s < A R > h  <7) 
aA [H] 

or, 

*4" »V(AE) K^KA <8) 

for equations (5) and (6) respectively. 

The variance of the independent variable required by equa

tions (7) is estimated as follows: 
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[H] 
-i - k;1 <s IV - k;5 s  ̂ yih1) (9) 

An analogous equation can be written for the independent variable of 

equation (4b). 

N different values of K will result from using equation 
A aA 

(5) and values of result from using equation (6) . Subset 

allows evaluation of K as a function of [H] and AR at a constant 
a u 

wavelength while subset K ̂  will allow evaluation of as a function 

of AR at constant [H]. 

Because all individual K values in both subsets have calcu-
a 

lated variances, a weighted average may be calculated for each 

subset using the inverse variance of each as its weighting factor. 

Thus, two values of K , both weighted averages, may result from any 
a 

set of experimental data. 

Taking the inverse variance of each result as the weighting 

factor, the following equation is used: 

2 KaA a K .  

K'aX = „ -2 5 (10) 

aK . 
aA 

Where K is the weighted average of the subset K . A similar equa-
aA aA 

tion is used to get by using the individual values in subset 

and their variances. The variance of K', is calculated from: 
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V = 2 aK (11) 
aA aA 

An analogous equation applies for the variance of K^. 

With the above equations in mind, the spectral data obtained 

at each pH value is imported into the spreadsheet with at least four 

empty columns between each set of spectral data. The pH values are 

entered so that they can be associated with their respective spectra 

(at the top of the column for example). The imported spectral files 

form the foundation of the spreadsheet. For reference it is convenient 

to create a column of wavelengths appropriate to the spectra so that 

individual absorbance values may be associated with the proper 

wavelength. Figure 2 is an example of a completed spreadsheet for K ^ 

of oxine. In the figure the first and last eight columns of the 

spreadsheet are shown as well as the first 20 of 400 rows. Figure 3 

shows the cell contents, including formulas, of the first six rows for 

the same sixteen columns found in Figure 2. The necessary formulas are 

entered as shown. The least-squares calculation of an K ^ values 

is broken down into parts since these parts are used in several dif

ferent equations. Formula used repeatedly needs only be entered 

manually the first time it is used. It can subsequently be copied to 

other block • where it is needed. Note the final results for this 

spreadsheet above the last four columns. K' is the weighted average A. A 

of all the K ^ values calculated using the least-squares equations 

presented above. In the two cells to the right the standard deviation 
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E F G H I J K L 

4 WVLNG 2.6 7.3 5.21 162181.0 2.6E+10 
5 ARA2 AR/H 1/ARa2 H/AR 
6 419. 75 12875 -7143 -6339 5. 71E+02 3 . 88E+06 1.75E-03 2 .58E-07 
7 419. 25 82482 45727 62937 1. 29E+00 1 . 84E+05 7.75E-01 5 .43E-06 
8 418. 75 40115 9490 19272 4. 54E+00 3 . 46E+05 2.20E-01 2 .89E-06 
9 418. 25 38008 1613 11443 7. 30E+00 4 . 38E+05 1.37E-01 2 .28E-06 
10 417. 75 26862 -14720 -3883 8. 05E+00 4 .60E+05 1.24E-01 2 .17E-06 
11 417. 25 65932 18362 37534 2. 19E+00 2 .40E+05 4.56E-01 4 .16E-06 
12 416. 75 22525 -13793 5022 8. 65E-01 1 .51E+05 1.16E+00 6 .63E-06 
13 416. 25 61661 19382 41172 8. 84E-01 1 .52E+05 1.13E+00 6 .56E-06 
14 415. 75 -8574 -38484 -30639 7. 91E+00 4 .56E+05 1.26E-01 2 .19E-06 
15 415. 25 41886 3184 16255 3. 85E+00 3 .18E+05 2.60E-01 3 .14E-06 
16 414. 75 64220 11650 27803 5. 08E+00 3 .66E+05 1.97E-01 2 .73E-06 
17 414. 25 17062 -34578 -18108 4. 56E+00 3 .46E+05 2.19E-01 2 .89E-06 
18 413. 75 -49510 -99800 -82076 3. 38E+00 2 . 98E+05 2.96E-01 3 .36E-06 
19 413. 25 42715 -21742 -1356 4. 67E+00 3 .51E+05 2.14E-01 2 .85E-06 
20 412. 75 36000 -23620 -953 2. 66E+00 2 .64E+05 3.76E-01 3 .78E-06 

AZ BA BB BC* BD BE BF BG 

2 pK' aw K' aw STD K'aw %RSD K'av 
3 5.0206 9.54E-06 1.62E-09 0 .016961 
4 1.1E+11 3.8E+17 3.6E+12 
5 H/AR SUM AR*2 SUM AR/H Kaw VAR 1/H 1/VAR Kaw Kaw * W STD Kaw 
6 9.28E -06 3.96E+03 1.50E+07 2.65E-•04 5.86E+09 1.37E+08 3.63E+04 8 .55E-05 
7 3.17E -05 1.95E+01 1.32E+06 1.48E-05 2.21E+09 1.85E+11 2.73E+06 2 .33E-06 
8 2.51E -05 2.67E+01 1.32E+06 2.02E-05 4.87E+09 3.29E+10 6.64E+05 5 .51E-06 
9 3.52E -05 1.28E+01 1.08E+06 1.19E-05 1.97E+09 3.30E+11 3.92E+06 1 .74E-06 
10 3.97E -05 2.11E+01 1.45E+06 1.45E-05 1.04E+09 4.53E+11 6.58E+06 1 .49E-06 
11 4.37E -05 1.06E+01 1.05E+06 1.01E-05 6.21E+08 1.63E+12 1.65E+07 7, .84E-07 
12 7.45E -05 9.90E+00 9.66E+05 1.02E-05 1.65E+09 5.44E+11 5.57E+06 1 .36E-06 
13 1.51E -04 6.03E+00 7.79E+05 7.74E-06 9.44E+08 1.78E+12 1.38E+07 7 . 49E-07 
14 2.71E -04 2.65E+01 1.62E+06 1.63E-05 1.09E+09 3.41E+11 5.57E+06 1, .71E-06 
15 6.00E -05 1.40E+01 1.19E+06 1.18E-05 8.79E+08 8.31E+11 9.78E+06 1 .10E-06 
16 3.07E -05 1.59E+01 1.30E+06 1.22E-05 3.07E+08 2.32E+12 2.84E+07 6, .57E-07 
17 2.07E -05 1.72E+01 1.37E+06 1.26E-05 2.31E+07 3.00E+13 3.76E+08 1 .83E-07 
18 5.24E -05 1.27E+01 1.15E+06 1.10E-05 4.15E+08 2.12E+12 2.32E+07 6 .87E-07 
19 4.20E -05 1.28E+01 1.16E+06 1.11E-05 4.89E+08 1.75E+12 1.93E+07 7 .57E-07 
20 2.66E -05 1.29E+01 1.18E+06 1.10E-05 1.79E+08 5.02E+12 5.50E+07 4 .46E-07 

Figure 2. Example Section of a Completed Spreadsheet. 
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E4: AWVLNG / F4: 2.6 / G4: 7.3 / H4: 5.21 / 14: 1/10A-H4 / J4: +I4A2 

15: 23 / J5: AAR/H / K5: "1/ARA2 / L5: AH/AR 

E6: 419.75 / F6: 12875 / G6: -7143 / H6: -6339 
16: ((H6-$F6)/($C6-H6))A2 / J6: @SQRT(I6)*I$4 / K6: 1/16 / L6: 1/J6 

BD2: ApK'aw / BE2: AK'aw / BF2: ASTD K'aw / BG2: A%RSD K'aw 

BD3: -@L0G(BE3) / BE3: (BF4/BE4) / BF3: @SQRT(1/BE4) / BG3: (BF3/BE3)*100 

BA4: @SUM(AX4,AS4,AN4,AI4,AD4,Y4,T4,04,J4) [109164480566] 
BE4: (§SUM(BE6. .BE405) / BF4: @SUM(BF6 . . BF405) 

AZ5: AH/AR / BA5: ASUM ARA2 / BB5: ASUM AR/H / BC5: AKaw / BD5: AVAR 1/H 
BE5: A1/VAR Kaw / BF5: AKaw * W / BG5: ASTD Kaw 

AZ6: 1/AX6 / BA6: @SUM(AW6,AR6,AM6,AH6,AC6,X6,S6,N6,16) 
BB6: @SUM(AX6,AS6,AN6,AI6,AD6,Y6,T6,06,J6) / BC6: (BA6/BB6) 
BD6: ($A$107-((1/BC6)*BB6))/$A$13 / BE6: (1/(BD6*BC6A4))*BA6 
BF6: (BE6*BC6) / BG6: (§SQRT(1/BE6) 

Formula Key 

CELL 

14 
J4 

16 
J6 
K6 
L6 
BD3 

BE3 

BF3 

BA4 

BE4 

CALCULATES 

, -1 
- 2  

-1 

-1 

[H] 
[H] 

(AR)2 

(AR)[HI 
(AR) 
[H](AR) 

pr;a 
k;a 
STD K', 

2 |H'if  

aX 

CELL 

BG3 
BF4 

AZ6 
BA6 
BB6 
BC6 
BD6 

BE6 

BF6 

BG6 

CALCULATES 

%RSD K' 

See L6? 
2 (AR)h 1 
S (ARJ^Hln1 

a2 
17 -1 m 
aK 

V aA"2 
KaA ctK , aA 
CTk , aA 

Figure 3. Cell Contents of Sample Spreadsheet. 
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and percent relative standard deviation for the weighted average are 

shown. The cell to the left contains the negative logarithm of the 

weighted average. In this case the analyte is oxine. 

While it is possible to perform the necessary operations by 

manually typing in each formula or command, it is much more expedient 

to create a MACRO to "automate" the process. A MACRO entitled ILZV.WKQ 

has been written to do this. Details on its operation are given in 

Appendix 2. 
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CHAPTER 4 

RESULTS AND DISCUSSION 

With the aid of Quattro (comparable software may be used) it 

has been possible to dramatically increase the fraction of experimen

tal data used to calculate ionization constants and hence the 

statistical reliability of Rvalues. While heretofore one or at best a 

small number (30 nm) of wavelengths were used to obtain absorbance 

measurements, we have the capability to conveniently manage the large 

amount of data collected at all wavelengths, perform the calculations 

needed to arrive at a final result, including its statistical evalua

tion, with minimal effort on the part of the experimenter. 

8-Hydroxyquinoline (oxine) was chosen as a model analyte for 

this study because it is a common and well characterized ligand. 

Moreover, it is diprotic with conveniently spaced pK values allowing 
Q. 

this method to be tested at low pH (ca. pH = 5.0) and high pH (ca. pH 

= 9.7). Methyl orange was also used to confirm the procedure. 

For convenience, the analyte under study should have a 

3 
reasonably high molar absorptivity (e > 10 ) permitting use of con-

-3 
centrations on the order of 10 M and below. This simplifies ionic 

strength control since none of the analyte species will have to be 

considered when calculating the ionic strength. Most organic acids and 

-4 - 5 
bases have fairly large molar absorptivities so that 10 and 10 M 

solutions can be used. 
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The results for both K& values of oxine and that of methyl 

orange are summarized in Table 1. The column 2 is the least-squares 

result from the spreadsheet. Note that the first term on the right 

side of equation (4) indicates hydrogen ion concentration. However, 

hydrogen ion activities (a^) as measured by the pH meter were actually 

used in the calculation of K . Thus the results in column 2 of the 
a 

Table are "mixed constants" (K ) and not "concentration constants" 
am 

(K ) as written in equation (4). Column 3 shows the thermodynamic 

constant (K ) calculated from the mixed constant using the Davies 
a 

equation to calculate activity coefficients [7]: 

°-51 4 •" - 0.10 Z2 I 
log 7± 1 + 0.33a.yi 1 

l 

The ion size parameter used for all charged oxine species is 8 and 

that for hydrogen is 9 [8], The activity coefficient for the molecule 

is assumed to be unity. The literature values cited are taken from the 

papers indicated and corrected, if necessary, to be given as K 
a 

values. 

The K „ for oxine was determined from a set of intermediate 
az 

spectra obtained at pH values which were not centered on the pH = pK . 
a 

This bias in the pH of the intermediates has little effect upon the 

final result i.e. it is what one would expect from data centered on pH 

« K . 
a 
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Table 1: Summary of Results 

Spreadsheet Calculated Literature 

Analyte pK pK Value(s) for pK 
sin ct 3 

Methyl orange 3.4071 + 2.3xl0~4 3.4071 3.39 [10] 

4.98 ± 0.04 [9] 

Oxine (K ) 5.02058 ± 7.4xl0"5 4.94268 4.910 ± 0.001? [11] 

9.84 + 0.03 [9] 

Oxine (K ) 9.7343 ± 1.7xl0'4 9.8397 9.813 ± 0.006 [11] 
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The results given above can be compared with the results 

obtained from the conventional method using the same data. Figures 4 

and 5 show the simple (nonleast-squares) average K values calculated 

in two wavelength regions where appropriate analytical wavelengths 

might be thought to exist. Referring to Figure 6, it is important to 

note that according to the analytical wavelength selection criteria, 

one might select a wavelength between 252 - 255 nm as the analytical 

wavelength. This would obviously be a poor wavelength range since the 

percent relative standard deviations (%RSD) are large in some cases 

and because many of the pK^ values are significantly different from 

the accepted value of 4.98 + 0.04 [9], As Figure 5 shows these poor 

result occur in spite of the fact that the wavelength range encom

passes an absorbance peak. On the other hand, Figure 4 indicates that 

more accurate and precise values are obtained in the wavelength range 

shown even though one would not normally expect this range to encom

pass useful analytical wavelengths due to the low total absorbance 

throughout the range. 

Analysis of Errors 

A straightforward interpretation of equation (4) is that at a 

given intermediate pH, a value for K^is defined at every wavelength 

throughout the spectra of the analyte where e does not equal e . Hd d 

Obviously, at the isosbestic points equation (4) collapses. But how 



Results for K . of Oxine from 278.25 - 268.25 run 
al 

AVG K , STD K . RSD K , WVLNG pK STD pK 
aA aA aA aA aA 

9. ,9970E-06 1. ,0238E-07 1. .02% 278. ,25 5. ,0001 0, .0044 

1. .0156E-05 8, .4862E-08 0. ,84% 277, .75 4. .9933 0, .0036 

1. ,0269E-05 8. ,8870E-08 0. 87% 277. ,25 4. ,9885 0. ,0037 

1. ,0235E-05 1. ,0150E-07 0. . 99% 276. ,75 4. ,9899 0. ,0043 

1. .0135E-05 9. .9396E-08 0. ,98% 276. .25 4. ,9942 0. ,0042 

9. .9353E-06 9. .6733E-08 0. ,97% 275. .75 5. .0028 0. .0042 

9, ,7576E-06 1, ,2342E-07 1. .26% 275. .25 5, .0107 0, .0055 

9. .6757E-06 1. .4483E-07 1. .50% 274. .75 5. ,0143 0. .0065 

9. ,6841E-06 1. ,3253E-07 1. ,37% 274. .25 5. ,0139 0. .0059 

9. ,7349E-06 1. ,0842E-07 1, .11% 273. .75 5, .0117 0, .0048 

9. .8138E-06 9, .8827E-08 1. .01% 273, .25 5. .0082 0, .0044 

9. ,8766E-06 7, .9965E-08 0, .81% 272, .75 5, .0054 0, .0035 

9. ,8973E-06 7. .8941E-08 0. ,80% 272. .25 5. .0045 0. .0035 

9, ,8623E-06 7. .5005E-08 0. .76% 271, .75 5, .0060 0, .0033 

9, .7479E-06 9, .1909E-08 0. .94% 271, .25 5, .0111 0, .0041 

9, .6575E-06 1, .0792E-07 1, .12% 270, .75 5, .0151 0, .0048 

9. .5516E-06 1. .2798E-07 1, .34% 270 .25 5, .0199 0 .0058 

9, .4505E-06 1, .4237E-07 1. .51% 269, .75 5, .0245 0, .0065 

9, .4521E-06 1, .5244E-07 1. .61% 269, .25 5, .0245 0, .0069 

9, ,5061E-06 1. .3417E-07 1. .41% 268, .75 5, .0220 0 .0061 

9, .5099E-06 1. .1962E-07 1. .26% 268 .25 5 .0218 0 .0054 

Figure 4. Results from 278.25 - 268.25 nm Range of Possible 
Analytical Wavelengths. 
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Results for K . of Oxine from 257.75 - 247.75 nm 
al 

AVG K STD K RSD K WVLNG pK STD pK 
a a a a a 

8, .6000E-06 4. ,7218E-08 0. .55% 257. ,75 5. ,0655 0. ,0024 

8. ,4094E-06 6. ,3726E-08 0. .76% 257. ,25 5. ,0752 0. 0033 

8. ,1679E-06 7. ,8746E-08 0. ,96% 256. ,75 5. .0879 0. ,0042 

7, ,8983E-06 9. ,9145E-08 1. ,26% 256. ,25 5. .1025 0. ,0054 

7. .5829E-06 1. ,1826E-07 1. ,56% 255. ,75 5. .1202 0. ,0067 

7, ,2608E-06 1. .3988E-07 1. ,93% 255. ,25 5, .1390 0. ,0083 

6, .9444E-06 1, ,7243E-07 2, ,48% 254. ,75 5, .1584 0. ,0107 

6, .6553E-06 2. ,0392E-07 3. ,06% 254. ,25 5, .1768 0. ,0131 

6. .4268E-06 2. ,2551E-07 3. ,51% 253. ,75 5, .1920 0. ,0150 

6, .2145E-06 2. ,4504E-07 3. .94% 253. .25 5, .2066 0. ,0168 

6, .0893E-06 2. .5736E-07 4. ,23% 252. .75 5, .2154 0. .0180 

5, .9932E-06 2. .6271E-07 4, .38% 252. .25 5, .2223 0, ,0186 

5. .9119E-06 2. ,6999E-07 4, .57% 251, .75 5 .2283 0, .0194 

5. .8723E-06 2. ,6944E-07 4. .59% 251. .25 5, .2312 0, .0195 

5, .8542E-06 2. .6746E-07 4. .57% 250. .75 5, .2325 0, .0194 

5, .8691E-06 2. .6188E-07 4, .46% 250, .25 5 .2314 0, .0190 

5 .9232E-06 2. .4745E-07 4, .18% 249, .75 5 .2274 0 .0178 

6 .0053E-06 2. . 3644E-07 3, .94% 249, .25 5 .2215 0 .0168 

6 .0971E-06 2. . 2459E-07 3 .68% 248 .75 5 .2149 0 .0160 

6. .2028E-06 2. ,0850E-07 3, .36% 248, .25 5 .2074 0 .0144 

6 .2947E-06 1, , 8581E-07 2, .95% 247, .75 5 .2010 0 .0126 

Figure 5. Results from 257.75 - 247.75 nm Range of Possible 
Analytical Wavelengths. 
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small may the difference in molar absorptivities be before the data 

becomes unusable? 

Analysis of Primary Measurement Errors 

In this section the errors inherent in all measured quan

tities will be examined and their impact upon quantities derived from 

them will be assessed. 

Mass. All stock solutions of buffer components and KC1 were 

of sufficient concentration and final volume that masses on the order 

of tens of grams were needed. The analytical balance used for all 

weighing has a reading error of +0.0001 g resulting in a weighing 

error of + 0.0002 g. This is reflected in negligible errors in the 

calculated molarity( = 0.001%). The contribution to the total error in 

ionic strength from the weighing errors for the buffer components and 

KC1 is minute. 

The analyte stock solutions were more dilute than those for 

. 3  
the buffer components and KC1. Stock solutions were 1.0x10 M for 

oxine and methyl orange. In the worst case, that for oxine, the amount 

required to make up the solution was 70 mg. The relative error in this 

case is approximately 0.3%. The relative error for methyl orange is = 

0.1%. One might suspect the greater weighing error in the analyte 

stock solutions would have serious impact upon the final molarity of 

the start and acid/basic reagent solutions used in the experiment and 

therefore the value of the equilibrium constant obtained. However, the 

absolute concentration of the analyte is immaterial so long as the 

concentration used during the analysis is sufficient to produce useful 
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absorbance values and as long as the acid reagent and the start solu

tion are precisely the same concentration (preferably from the same 

stock solution). 

Volume. All solutions were prepared in volumetric flasks. 

Stock solutions and the analyte start solutions were diluted to volume 

in 1000 mL or 500 mL class A flasks having an NBS tolerance of 0.03%. 

flasks. The acid reagent solutions were prepared in 100 mL class A 

flasks having 0.08% tolerances. 

The start and acid/basic reagent solutions were prepared from stock by 

measuring the appropriate volumes into the volumetric flasks using a 

50 mL buret with a +-0.05 mL uncertainty. 

Weighing error and volumetric error combine to give some 

finite error in concentration for each solution prepared. The es

timated concentration error for a typical 1 M stock solution prepared 

in a 500 mL flask is + 3.0x10 ̂ M. The error for the 0.05 M buffer 

component of an analyte start solution of 500 mL is estimated to be + 

-4 
1.02x10 M. The error for the KCl added to obtain an ionic strength of 

0.1 M is of similar magnitude. Total error in the ionic strength is on 

the order of 0.02%. Volume error has greatest impact upon the final 

concentrations of the start and acidic/basic reagent solutions used in 

an experiment since the necessary volumes of stock solution were 

measured using a 50 mL buret. These solutions are intended to have 

precisely the same analyte concentration to eliminate the need to 

correct for dilution throughout the course of the experiment as the 

acidic/basic reagent is added to adjust the pH. Different volumes of 
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the analyte stock solutions were needed to prepare the start and 

acidic/basic reagent making the relative errors different in each 

case. Typically, approximately 20 mL of the analyte stock solution was 

needed to prepare a start solution, so that the relative error is 

around 0.25%. On the other hand, only about 3 mL were needed to 

prepare an acidic/basic reagent solution. The relative error in this 

case is nearly seven times that of the start solution, that is ap

proximately 1.7%. All the acidic/basic reagent is added by the end of 

the experiment making the maximum relative error about 0.4%. The 

actual effect of this error is a constant change in the total analyte 

concentration throughout the experiment. The seriousness of this 

concentration change can be diagnosed at the isosbestic points. It 

will be shown later that it is more likely that absorbance measurement 

and wavelength errors not concentration error are the major factors 

causing non-ideal isosbestic points. We consider error due to change 

in total concentration to be negligible. 

Photometric Errors. The absorbance and wavelength errors 

(photometric errors) for the instrument used were checked by averaging 

50 absorbance spectra of 5x10 oxine from 200 to 350 nm. The absor

bance plot with the % RSD included is shown at Figure 7. Clearly, 

absorbance and wavelength errors combine to produce large total error 

when the absorbances are small but the absoptivities are changing 

rapidly with wavelength. The same is true when the absorbances are 
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large but the change in absorptivities with wavelength is so rapid 

that large errors still result. The AR in equation (4) is comprised of 

three different measured absobances. The error in the ratio depends 

upon the absolute error in each absorbance and the relative errors in 

each differences. 

Qualitatively three points can be made regarding absorbance 

ratio error. First, at the isosbestic point the absobance ratio will 

be meaningless and so the calculated at this point must be 

disregarded. Second, at those points in the spectra near isosbestic 

points where the total difference between the absorbances of the pure 

extreme forms is small, the differences between the absorbance of each 

extreme and the intermediate absorbance are even smaller. Thus even 

small errors in the absorbance measurements become significant near 

the isosbestic points. Similarly, when the intermediate absorbance 

value is close to that of either extreme, the difference is again 

small and the relative error due to absorbance measurement error 

becomes significant. Third, one expects that in regions where the 

absorptivities are changing rapidly with wavelength, wavelength error 

will contribute in greater part to the total error in the measured 

absorbance. The total error due to errors in the absorbance ratio can 

be minimized by using intermediate absorbance values which result in 

the largest possible differences between those values and the absor

bances of the extremes and by using measurement obtained in regions 

were the molar absorptivities of the species present change only 

slightly with wavelength. 
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Three things are apparent regarding the impact absorbance 

measurement error has on calculated K values, (1) ionization con-a 

stants calculated near isosbestic points will be subject to relatively 

large error,(2) those calculated with intermediate absorbance values 

yielding an absorbance ratio close to unity will be the values least 

effected by absorbance errors and, (3) the "best" values will occur 

at wavelengths where the difference between extremes is large, the AR 

is close to unity and, where the molar absorbtivities do not change 

rapidly within the wavelength region. The standard deviation (STD) for 

the K . calculated at each wavelength can be used as a gauge of the 
EA 

quality of that result and the inverse of the variance applied as a 

weighting factor so that a weighted average K . (K' ) is calculated 
dA 3. A 

for the entire ensemble of K . values. This scheme serves to automati-
aA 

cally weight out those K ^ values with large standard deviations (e.g. 

those calculated at unfavorable wavelengths). 

Isosbestic Point Error 

The best place to find evidence of photometric error is to 

examine isosbestic points. If the different spectra fail to cross at a 

definite point, the error is due to wavelength irreproducibility, 

absorbance measurement error and/or, a change in the total analyte 

concentration from one spectra to the next. A typical isosbestic is 

shown in Figure 8. The error in both absorbance an wavelength is 

estimated by weighting each crossing point according to the number of 
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unique intersections for single pairs of curves present at that point. 

Thus the intersection at 243.65 nm is weighted 6, while all other 

intersections are assigned unit weight. The weighted average 

wavelength and absorbance are 243.63 + 0.18 nm and 1.22 + 0.01 A 

respectively. The percent relative standard deviation for absorbance 

is 0.82% and is well within that shown in Figure 7. The wavelength 

error is very close to the manufacture's specification of + 0.20 nm. 

Error in Measured pH 

The pH values were measured to + 0.002 units. The accuracy of 

any pH (actually pa„) measurement depends upon the temperature. The 

magnitude of the change in pa^ with temperature at 25 & C is typically 

0.002 pau units K ^ for the calibration buffers [4] and the tempera-
ri 

ture is controlled to within 0.1 degree, the error due to temperature 

change is + 0.0002 pa units. 

The liquid junction potential remains constant since the 

solution composition is essentially constant and since both [H] and 

[OH] are very low. 

The calibration buffers for pH = 4.008 and pH = 6.865 were 

NBS standards prepared according to Bates [4]. The uncertainty for 
o 

these buffers is given as + 0.006 at 25 C. The pH = 10.00 buffer has 
O 

an uncertainty of + 0.02 at 25 C. It is not possible to give a good 

estimate of the calibration error caused by the uncertainties in the 

standards and possible temperature changes. However, this error is 

constant for all measured pH values and is therefore a systematic 

error which does not effect the precision of the measurements. A 
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calibration error would most likely be responsible for inaccurate 

results. 

Overall Reliability of Least-Squares 

Two subsets of values exist. One subset is comprised of 

results obtained at each wavelength (K .). The other subset contains 

the results from the calculation of K at each pH value (K , ). Each 
a ah 

subset yields a weighted average result. Tables 2 and 3 show the 

results for the and subsets, respectively, for the of 

oxine. The weighted average K values, K' and K' , differ and so do 
8L ElI cl A 

the uncertainties. While both values fall within the range of accepted 

values (see Table 1), the value of is well over an order of mag

nitude more precise than This is due to the fact that 400 

individual K values (not all shown in Table 3) representing the best 

fit of nine unique combinations- of [H] (actually a^) and AR are 

averaged when is calculated. In this way random errors in both 

measured quantities are damped out. The result is calculated with 

nine values of K . which are best fit results from the same combina-
ah 

tions as for K . However, the quantity [H] is constant throughout the 
cia 

series of absorbance ratios defined by the intermediate spectrum 

obtained at that same [H]. Therefore, the nine values of K obtained 

do not account for random errors in the pH measurement. It is not 

until the weighted average is taken to get that the error in [H] 

is smoothed out to any degree. The poorer precision of is a 

manifestation of the pH error. It is for this reason that the K' 
cla 

values for all analytes are reported as the best values. 
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Table 2. Results for the Least-Squares Calculation of of Oxine. 

pH K ^ P^ah Stan. Dev. % Rel. Stan. Dev. 

5.210 8.52E-06 5.07 7.7E-07 9.04 

5.160 9.25E-06 5.03 2.13E-07 2.30 

5.110 9.23E-06 5.035 1.73E-07 " 1.87 

5.050 9.08E-06 5.04 3.51E-07 3.86 

5.010 9.27E-06 5.033 1.83E-07 1.97 

4.940 9.2E-06 5.04 3.01E-07 3.27 

4.900 9.46E-06 5.024 1.09E-07 1.15 

4.840 9.4E-06 5.027 9.93E-08 1.06 

4.780 8.97E-06 5.05 2.2E-07 2.46 

pK', K', Stan. Dev. K', % Rel. Stan. Dev. K' v ah ah ah ah 

5.030 9.33E-06 5.66E-08 0.61 
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Table 3. Results for the Least-Squares Calculation of of Oxine. 
Not all K . values are shown. aA 

pK', K', Stan. Dev. K', %Rel. Stan. Dev. K' . r aA aA aA aA 

5.0206 9.54E-06 1.62E-09 0.017 

WVLNG K X aA Stan, . Dev. K , aA %Rel. Stan. Dev K , aA PKaA 

370.75 9, .73E-06 1. . 96E-08 0.20% 5.0118 
370.25 9. ,94E-06 4, .03E-08 0.41% 5.0027 
369.75 9, .94E-06 3, . 87E-08 0.39% 5.0027 
369.25 9. .83E-06 3, , 15E-08 0.32% 5.0074 
368.75 9, ,77E-06 3, ,78E-08 0.39% 5.0102 
368.25 1. .00E-05 3. ,33E-08 0.33% 4.9993 
367.75 1, ,00E-05 3. .38E-08 0.34% 4.9998 
367.25 1, .00E-05 2, .64E-08 0.26% 4.9980 
366.75 1. .00E-05 2. .62E-08 0.26% 4.9979 
366.25 9. .84E-06 2, .68E-08 0.27% 5.0071 
365.75 9. ,90E-06 2. .92E-08 0.30% 5.0042 
365.25 9, ,89E-06 4. .18E-08 0.42% 5.0049 
275.75 9. .92E-06 2. .91E-08 0.29% 5.0035 
275.25 9. ,74E-06 3. .76E-08 0.39% 5.0116 
274.75 9, .65E-06 4, .38E-08 0.45% 5.0156 
274.25 9. ,66E-06 4, ,01E-08 0.42% 5.0151 
273.75 9. .72E-06 3. .20E-08 0.33% 5.0124 
273.25 9. .80E-06 2. .75E-08 0.28% 5.0087 
272.75 9. ,87E-06 2. .40E-08 0.24% 5.0055 
272.25 9. ,89E-06 2. ,57E-08 0.26% 5.0047 
271.75 9. ,86E-06 2. ,13E-08 0.22% 5.0061 
271.25 9. ,73E-06 2. .74E-08 0.28% 5.0117 
270.75 9. ,64E-06 3. ,15E-08 0.33% 5.0160 
270.25 9. ,53E-06 3. ,87E-08 0.41% 5.0211 
269.75 9. ,42E-06 • 4. ,39E-08 0.47% 5.0259 
269.25 9. .42E-06 4. ,46E-08 0.47% 5.0259 
268.75 9. ,48E-06 3. , 99E-08 0.42% 5.0231 
268.25 9. ,49E-06 3. , 39E-08 0.36% 5.0226 
267.75 9. ,50E-06 3. , 05E-08 0.32% 5.0223 
267.25 9. 41E-06 3. ,20E-08 0.34% 5.0265 
266.75 9. ,33E-06 3. ,67E-08 0.39% 5.0300 
266.25 9. .20E-06 3. ,85E-08 0.42% 5.0362 
265.75 9. ,03E-06 4. ,20E-08 0.47% 5.0444 
265.25 8. ,91E-06 4. ,55E-08 0. 51% 5.0499 
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Figures 9 and 10 are plots of the standard deviation (STD) of 

the individual K values versus wavelength for K - of oxine and K of CLA Hi ci 

methyl orange respectively. The spectra of the two extreme,forms of 

the appropriate analyte, scaled to fit the plot, are included so that 

the significance of these plots is more apparent. It is seen that, 

based on the standard deviations for individual K . values, more 
aA 

useful values of Ka result from the spectrum of an analyte than is 

considered possible in the classical spectrophotometric method. In 

both Figures most deviations are less than 2% of their corresponding 

K ^ values. As stated previously, even regions where the difference 

between the extremes is small (e.g. 270 - 320 nm for oxine) produce 

K . values of greater precision than regions where the difference is 

large (e.g around 250 nm for oxine). The reason for this is that the 

rate of change with wavelength of the molar absorptivities is an 

important factor and, if it is large, will tend to cancel out any 

benefit from large absorbance differences. Unsealed spectra for oxine 

and methyl orange are found at Figures 6 and 11, respectively. 

Because the final is a weighted average over all values of 

K ^ with the inverse variance of each used as the weighting, it is 

no accident that the variance of the final is smaller than any of 

the variances for the K values. [Young] Taking a weighted average 

over a large number of individual values, most of which have similar 

variances, only serves to produce a result with surprisingly small 

deviation as the results in Table 1 illustrate. 



Figure 9 

STD for Least—Squares Ka1 (Oxine) 
Scaled spectra added for reference. 
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Figure 10 

STD for Least—Squares Ka (Meth. Or.) 
Scaled spectra added for reference. 
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Figure 11 

Spectra of Methyl Orange 
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CHAPTER 5 

CONCLUSIONS 

The classical spectrophotometric method for the determination 

of ionization constants has been successfully improved by exploiting 

the advantages offered by modern diode-array spectrophotometers, 

spreadsheet programs and, by the application of least-squares data 

analysis. The result is the ability to readily process, in spreadsheet 

format, the large amount of data provided by the spectrophotometric 

procedure to yield a more statistically reliable constant. Heretofore, 

in the classical method, absorbance data at only one or at best a few 

wavelengths was taken along with the appropriate pH values to calcu

late a pK& at each value of pH and then to present the result as the 

simple arithmetic mean of the individual pK values. This average is 
cl 

not the most probable value nor was any weight given to the results 

possible at the number of other wavelengths judged to be unacceptable 

for absorbance measurements. It is shown that it is unnecessary to 

select a particular wavelength at which to obtain absorbance measure

ments because the method described in this thesis uses all the 

absorbance data throughout the spectra obtained. The need to subjec

tively choose an analytical wavelength, based on the classical 

selection criteria is eliminated. 

It is also shown that the pH values chosen at which to obtain 

intermediate spectra need not be centered on pH = P â- The error i-n 
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the absorbance measurement is so small that no real need exists to use 

absorbance ratios which are very close to unity and which are measured 

at absorbance peaks where the difference between extremes is greatest. 

The most significant source of error (systematic and random) 

is the pH measurement. This is seen in the greater precision found in 

pK^ values as compared to pK^ values as exemplified in Tables 2 and 

3. 

8-Hydroxyquinoline and methyl orange were selected as model 

analytes. The results as shown in Table 1 compare well with the 

literature values and are manifestly greater than an order of mag

nitude more precise. 

This method can be readily applied to other systems involving 

other acids/bases or metal complexation equilibria in aqueous or 

nonaqueous media. 
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APPENDIX 1 

PROCEDURE FOR TRANSFERRING P-E FILES TO AN IBM 
COMPATIBLE COMPUTER 

(1) Connect the TTY 2 port on the P-E computer to COMM 1 on 

the IBM Computer. 

(2) At the "login" prompt on the P-E computer enter TRANSFER. 

(3) Place the target diskette in the A drive of the IBM 

compatible. 

(4) Put the diskette containing PERK1200 and DECHEX into 

drive B of the IBM compatible. 

(5) Run PERK1200. 

(6) Follow the instructions on the P-E screen to transfer a 

file. 

(7) When the "transfer" prompt returns to the P-E screen, 

follow the instructions given on the IBM screen. 

(8) Run DECHEX. 

(9) Enter the filename of the file to check or abbreviate. 

(10) If the file is to be used with the MACRO presented in 

Appendix 2, it must have every other number eliminated. Enter 2 at the 

prompt asking for which n th number to keep. This will produce a PRN 

file which is half the size of the original file. DECHEX eliminates 

numbers starting with the first in the file. Thus, in a file of a 

spectrum from 400 - 200 nm at .25 nm intervals, the readings at 400, 

399.50, 399.00 nm, etc. are eliminated. 

(11) Repeat steps (5) through (10) for all subsequent files. 
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APPENDIX 2 

MACRO FOR DATA ANALYSIS 

The MACRO described here was written to automate the analysis 

of the spectrophotometric data. It performs five basic operations in 

the following order. 

(1) All necessary data files are imported into the worksheet. 

The operator is prompted to import the spectra of both extremes, 

instructed to enter the number of intermediate spectra, and then is 

prompted to import the intermediate spectra. The imported files are 

edited to erase all useless numbers which make up the first 32 numbers 

in a PRN file for a "half spectrum". The use of this MACRO as written 

is restricted to half spectrum PRN files which are created by the 

DECHEX program described in Appendix 1. 

(2) A graph is presented which is comprised of the two ex

treme spectra and one of the intermediate spectra close to pH = pK . 
cl 

This allows the operator to take note of any unusable portions of the 

spectra so that they may be edited out. The editing options are 

presented after the operator has cancelled the graphical display by 

hitting the return key twice. All obviously useless portions of the 

spectra should be erased to provide more room in memory for the sub

sequent calculations. 
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(3) Each intermediate spectrum is evaluated to determine the 

number of times the AR at each wavelength is within 0.1 of unity. 

The number of times that the AR is within 0.1 of unity is displayed 

one cell below and one cell to the left of the pH value for the inter

mediate spectrum involved. The operator is allowed to scan the 

results of this test by moving the cursor to view the entire 

worksheet. The purpose of this feature is to allow the operator deter

mine if any of the intermediate spectra were acquired at a pH = P^a" 

This will be useful if the pK^ is not known and the appropriate inter

mediate pH range is being sought. 

(4) The least-squares K ^ values and the final weighted 

average K . are calculated in the last stage of the MACRO. The results 
cL A 

for the K , subset are not calculated. However, all necessary elements 
ah 

-1 -2 
for their manual calculation are provided (e. g .  [H](AR) and (AR) ). 

The MACRO is started by entering ALT-I simultaneously and 

is designed to prompt the user throughout the execution. After each 

prompt the return key must be hit to continue. At various times the 

user regains control of the cursor to perform operations requiring 

soma flexibility. An example is the option to erase parts of the 

spectra. The MACRO enters the command for Block, Erase but the user 

is required to specify the block to be erased by pointing it out. The 

command sequence is completed when the operator strikes the return 

key. Whenever the MACRO has surrendered cursor control to the user, 
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striking the return key gives control back to the MACRO so the user 

must be sure the correct actions have been taken. 

The text of the MACRO follows. Subroutine names are shown 

in upper case letters and are not part of the series of commands. At 

times cell addresses in brackets precede the command. This indicates 

that the command must be in that cell. The first cell of the MACRO 

should be C6. 

{goto}f6~ 
{windowsoff}{paneloff} 
(/ block,erase}a6..a200~ 
{/ Name,Create}wave~e6..e8192~ 
{windowson}(panelon) 
{getlabel "This MACRO imports half spectra only!!!!!!!!",a8) 

{GetLabel "Import the spectra of the low pH extreme of the 
analyte.",a9} 

(import} 
{getlabel "Import the spectra of the high pH extreme of the 

analyte.",all} 
{import) 
{getnumber "Enter the number of intermediates to be imported.al3) 
(if al3=0}{quit) 
{rephalf} 
(branch \w) 

IMPORT 
(/ File,ImportNumbers}{?}~ 
{windowsoff}{paneloff} 
{/ Block,Erase}{esc}.{d 31}~{end){down} 
{/ Block,Move}{end}{d}-{u 32}-{end}{u) 
{Windowson}{panelon} 
{u 2}pH?~{?}~ 
ID 2}{R} 
{ )  

{return} 



\w 
{goto}wave-
(windowson) 
{getnumber "Enter the wavelength (nm) of the low end 

of the spectra.",a31} 
(getnumber "Enter the wavelength (nm) of the high end 

of the spectra.a32} 
{let a33,(a32-a31)}{windowsoff} 
(let a34,a33/.5}{paneloff} 
{/ Math,Fill}wave~a32-.25--0.5~a31+.25-{up 2)WVLNG~ 
{/ block,align}c-{R 2) 
{ }  

(branch pregraph) 

rephalf 
() 
(for a58,1,al3,1,c63} 

[C63] {/ File,ImportNumbers){?}-
(windowsoff)(paneloff) 
{/ Block,Erase)(esc).(d 31)-(end)(down) 
{/ Block,Hove)(end)(d)-{u 32)-(end)(u) 
(windowson)(Panelon) 
(u 2)pH?~{?)-
(R)1/10A-(L)~ 
(R)+(L)A2~ 
(L 2) 
{D 2)(R 5) 

CALCKa 
{) 
(update) 
( )  

(goto)wave-
(R 4) 
(windowsoff) 
((h6-$f6)/($g6-h6)) A2~ 
(/ Block,Copy)-(D).(D a232)-(R) 
@SQRT(I6)*I$4~(;calcs AR*1/H) 
(/ Block,Copy)-(D).(D a232)~ 
(u)AR/H-(/ block,align)c-(R)(D) 
1/(L 2)-(;calcs 1/(AR)a2) 
(/ Block,Copy)-(D).(D a232)~ 
(u) '1/ARa2-(/ block,align)c-(R)(D) 
1/(L 2)—{;calcs [H]/(AR)J 
(/ Block,Copy)-(D).(D a232)~ 
(u)H/AR-(/ block,align)c~(D) 
( )  

(for a94,2,al4,1,c97) 
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(branch finish) 

[C97] {/ Block,Copy)(end)(down){L 3)~(right 2)~(R 5) 

FINISH 
{windowson) 
(R){u 2){getlabel "Point out the values for sum 1/HA2.",al04) 
@sum((?))-
(windowsoff)(/ block,values)— 
(/ block,copy)~al07~ 
{ }  

{ )  

{ )  

(d 2)(windowson) 
(getlabel "Point out the values for sum ARA2.",all3) 
@sum((?))-
(windowsoff) 
{/ Block,Copy)-(down).(D a232)~ 
{/ Block,Copy)(end)(down)~(R)~(R) 
{ } 

( }  

{U)SUM AR/H-{1)SUM ARA2~{/ block,align)c(r)-
(d)(R 2) 
((1 2)/{l))~{;calcs Ka) 
(/ Block,Copy)~(down).(D a232)~ 
(u)Ka~{/ block,alignjc-
<d)(r) 
($a$107-((1/{1))*(1 2)))/$a$13-{;calcs VAR 1/H) 
(/ Block,Copy)-{down).(D a232)~ 
( R )  
(1/({1)*{1 2)A4))*(1 4)~(;calcs 1/VAR Ka) 
(/ Block,Copy)-{down).(D a232)~ 
{u){L)VAR 1/H-{R)'1/VAR Ka~(/ block,align)c(L}~ 
() 
(R)(d)({1}*{L 3))-{;calcs Ka*W) 
( }  

{/ Block,Copy}~{down).(D a232)~ 
(u)Ka * W~(/ block,align)c-
(d)(R) 
@sqrt(l/{L 2))-
{/ Block,Copy)-{down).{D a232)~ 
(u)STD Ka-{/ block,align)c~ 
(U)(l 2) 
(§sum( (D 2) . (END) (D))~ 
{/ block,copy)-{R)~ 
{U)((D)(R)/(D))~ 
(R)@sqrt(l/(D)(L))~ 
(R)((L)/(L 2))*100-
(L 3)-(§log({R))~ 
(U)WAVG pKa~(R)WAVG Ka~(R)STD Ka-(R)'%RSD Ka-(/ block,align)c(1 3)-



{ )  

{getlabel "THE END !!!!!!",al42) 

count 
{windowsoff) 
{goto)wave~ 
(R 4) 
{let al4,al3-l) 
{let al53,(a33/.5)-l) 
{ )  

@if(@abs((h6-$f6)/($g6-h6))>=.9#and#@abs((h6-$f6)/($g6-h6))<1.1,$e6, 
{/ Block,Copy)-{D).{D al53)~ 
{ )  

{for al57,1,al4,1,cl67} 
{branch value) 

[C167J {/ Block,Copy)(END){D)-{r 5)~{R 5) 

VALUE 
{goto)wave~ 
{R 4) 
{for al72,1,al3,1,cl75) 
{branch survey) 

[C175 ] {U)(Scount ((d) . {END) {D) )-
{D){/ Block,Values){end){down)— 
{U}(/ Block,Values)—{D} 
{R 5) 

SURVEY 
{windowson) 
{getlabel "Use cursor to find the center pH.",al73) 
{?)-

{getlabel "Erase unwanted pH spectra.",al75) 
[C211] {/ block,erase){?)-
{getlabel "Do you want to erase more? Y or N.",a212){if a212="Y") 
{branch c211) 
{getlabel "Now move the data over to the extremesa 
[C214] {/ block,move){?)~{?)~ 
{getlabel "Do you want to move more? Y or N.",a215){if a215="Y") 
{branch c214) 
{getnumber "Enter the number of pH's eliminated.",al78 
{let al4,al3-al78) 
{ )  

{branch calcka) 



PREGRAPH 
{windowson}{panelon} 
{getlabel "From the graph note the regions to erase.", 
{/ Graph,ResetAll)(windowsoff}(Paneloff) 
(/ Graph,Type)x 
(goto)wave-
{/ XAxis.Labels).(end){down}-{R) 
{/ ISeries,Block).(end){D)-(R) 
{/ 2Series,Block).(end){D)-(R 16) 
{/ 3Series,Block).(END){D)— 
{/ XAxis,ScaleMode)a 
{/ YAxis,ScaleMode)a 
{/ XAxis,Title){bs 15)WAVELENGTH (nm)~ 
{/ yaxis,title)(bs 14)ABS (PE units)-
(windowson)(panelon) 
(/ graph,view) { ? ) — 
(getlabel "Erase the appropriate regions and move the rest 

up to the labels.",a47) 
[C221] {/ block,erase)(?)~ 
(getlabel "Do you want to erase more? Y or N.",a212)(if a212="Y 
(branch c221) 
(getlabel "Now move the spectral data up to the labelsa53) 
[C224] (/ block,move)(?)-(?)~ 
(getlabel "Do you want to move more? Y or N.",a215)(if a215="Y" 
(branch c224) 
{/ Name,Create)wave-e6..e8125~ 
(getnumber "Enter the wavelength (nm) of the new low end 

of the spectra.",a31) 
(getnumber "Enter the wavelength (nm) of the new high end 

of the spectra.a32) 
(let a33,(a32-a31)) 
(let a34,a33/.5) 
(branch count) 

UPDATE 
(getlabel "Count the number of rows.",a230)(?)~ 
(getnumber "Enter the number of rows.",a231) 
(let a232,a231-2) 
(return) 
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