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The accuracy o f the acid dissociation constant (pKa) determined by experimental techniques depends on the 
potential errors in the pH measurement. This dependence is obvious, but, according to common practice, this 
effect is either ignored or treated in a greatly simplified manner when discussing the credibility o f obtained pKa 
values. This paper investigates the influence o f incorrect pH measurement on the pKa values obtained by 
capillary electrophoresis (CE) and microscale thermophoresis (MST). A  simple self-control procedure has been 
proposed to control and reliably predict the corresponding total uncertainty o f the acidity constant. The sig­
nificance o f the pH measurement error was also investigated in relation to the thermodynamic analysis, which 
requires determining the thermal dependency o f pKa values. The obtained results clearly indicate that the 
investigated effect should not be ignored, and the actual accuracy o f methods using electrophoretic separation 
may be worse than commonly assumed. It also points at the need to develop alternative methods that do not 
require measuring pH, such as a known internal standard-based approach. Besides pH-related effects, other 
sources o f inaccuracy o f pKa constant should also be considered.

1. Introduction

The acid-base dissociation constant w ritten  in  logarithm ic form  (p K a) 

is the basic physicochem ical param eter characterizing chem ical com ­

pounds. It determ ines the state o f  a m olecu le at a g iven  pH. Since the 

neutral and ion ized  form s d iffe r in properties such as w ater solubility, 

hydrophob icity, a ffin ity  fo r supram olecular interactions, etc., kn ow l­

edge o f  the pKa va lue is crucial fo r predicting the properties o f  b io log ica l 

compounds, including drugs [ 1 ] . Accurate determ ination o f  the pKa 

va lue is therefore o f  great im portance in pharm acology, m olecular 

b io lo g y  and also analytica l chem istry, because the mechanism  o f  m any 

analytical techniques is based on the ion iza tion  state and corresponding 

properties.

The values o f  the pKa constant can be studied b y  m any d ifferent 

experim ental techniques [2 ] . The cap illa ry  electrophoresis (CE ) tech­

nique is particu larly useful, va lu ed  m ain ly for its accuracy, extrem ely 

lo w  consum ption o f  the sample and reagents, autom ation, as w e ll as the 

possib ility o f  simultaneous analysis o f  d ifferen t compounds and com p lex 

m ixtures, considering the fact that it is a separation technique

characterized by  high resolution [3 ,4 ]. The classic approach is to 

determ ine the relationship betw een  the electrophoretic m ob ility  o f  the 

analyte, w h ich  d irectly  depends on the degree o f  ion iza tion  (Eq.1 ), and 

the pH  va lue o f  the bu ffer being the separation m edium  [3 ] . The m odel 

o f  the nonlinear Boltzmann function (Eq .2 ) is fitted  to  the obtained 

dependence. The in flection  po in t o f  ob ta ined sigm oidal curve points the 

pH  va lue at w h ich  h a lf o f  the poo l o f  analyte m olecules is ion ized , i.e. the 

pK a value. In this m ethod, the m ob ility  is measured in several buffers 

that d iffe r in pH, but show  the same ion ic strength:

( 1)

w here pep is the electrophoretic m obility , Ltot and Leff are the total 

and e ffe c tive  capillary lengths (m ), Unom is the nom inal (program m ed) 

separation vo ltage  (V ); ttot is the tota l (observed ) m igration  tim e o f  

analyte (s ); w h ile  teof is the tim e measured fo r the neutral m arker o f  

electroosm otic flo w  (EO F) (s).

The Boltzmann sigm oid  in the case o f  acidic groups is described as:

Abbreviations: CE, capillary electrophoresis; FITC, fluorescein isothiocyanate; IS-CE, internal standard-capillary electrophoresis; MST, microscale thermophoresis; 
OVM, one-value method; TVM, two values method.
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Meff =
Fa- 10-pK«

10-PKa +  10-PH
(2)

w h ere |teff is electrophoretic m ob ility  at a g iven  pH, and |tA- is 

m ob ility  o f  the ion ic form .

A nother approach is the Internal Standard Capillary Electrophoresis 

(IS-CE) m ethod deve loped  b y  the group o f  Rosós and coworkers [5 -1 1 ] . 

Briefly, this m ethod assumes m easurem ent o f  the electrophoretic 

m ob ility  o f  an analyte and a standard w ith  a known pKa va lue on ly in 

tw o  buffers, corresponding to  partia l and tota l ion ization , respectively  

(Eqs.3 and 4). M ost im portantly, it is not necessary to kn ow  the pH  value 

o f  the buffers used, but the pKa va lu e o f  the standard should be deter­

m ined w ith  high accuracy and should not sign ificantly  devia te from  the 

determ ined pK a va lu e o f  the analyte, fo r a m onoprotic acid:

p K  =  pKais +  logQ  -  logQis 

g iven  that,

Q =  MA ~  Feff

Meff

(3 )

(4 )

w h ere pK^s  is the known va lue o f  the acid ity  constant o f  the refer­

ence com pound, iiA is the e ffe c tive  electrophoretic m ob ility  corre­

sponding to the to ta lly  deprotonated state and is the e ffective  

electrophoretic m ob ility  measured w hen  both  compounds are supposed 

to be partia lly  ion ized. To  enable accurate analysis, the analyte com ­

pound and the internal standard com pound should be in jected together 

from  the same via l. The va lue o f  Q is calcu lated fo r the analyte, w hereas 

the va lu e o f  QjS is calcu lated fo r the internal standard.

The alternatives to IS-CE are the two-values m ethod (T V M ) and one- 

va lue m ethod (O V M ), w h ich  show  som e sim ilarity  to it [1 2 -1 4 ]. As in IS- 

CE, the electrophoretic m ob ility  corresponding to partial and com plete 

ion iza tion  o f  the analyte is used, w ith  the d ifference that it is not 

necessary to  use a standard; instead, it is necessary to  measure the pH  o f  

the bu ffer in w h ich  partia l ion iza tion  is observed. In the case o f  TV M , the 

m ob ility  o f  the fu lly  ion ized  form  is measured experim enta lly , w h ile  in 

O VM  it is theoretica lly  pred icted on the basis o f  a previously d eve loped  

m odel link ing m ob ility  and m olecu lar w eight. For m onoprotic acids, it is 

expressed as:

pKa =  p H  +  log
ma Meff

Meff
(5 )

w h ere ju.eff is electrophoretic m ob ility  -  it needs to be measured in the 

partia lly  ion ized  state o f  a m olecu le at known pH, and |tA- is m ob ility  o f  

the ion ic form .

Other CE-based m ethods o f  ac id ity  analysis em brace spectrophoto- 

m etric approaches, in w h ich  electrophoretic separation is used to  purify 

the analyte and supply it to the detector site, w here the spectral prop­

erties corresponding to  the ion iza tion  state are measured [3 ,1 5 ,1 6 ].

A n  interesting exam ple o f  a m odern technique that was used fo r the 

first tim e to determ ine pK a values just a fe w  months ago is a m icroscale 

therm ophoresis (M S T ) [1 7 ] . M ST is a quite n ew  and rap id ly  deve lop ing 

too l m ain ly used fo r the analysis o f  in term olecu lar a ffin ity  [1 8 -2 2 ]. It 

uses the e ffec t o f  changing the concentration o f  an analyte due to  in­

crease in tem perature, known as therm ophoresis, therm al d iffusion or 

the Soret e ffec t [2 3 -2 6 ]. In practice, the m easurem ent o f  the change in 

fluorescence is used, w h ich  occurs a fter the generation  o f  a tem perature 

grad ient o f  5 -1 0  K in the m icroscopic vo lum e o f  the cap illa ry  containing 

the analyte solution. A fte r  about h a lf a m inute, the equ ilibrium  state is 

reached, usually characterized b y  a decrease in  fluorescence intensity by 

several to several dozen  percent. This is described b y  a param eter called 

norm alized fluorescence (Eq.6 ):

F =  -L norm (6)F hot 

F cold

w h ere Fnorm is the norm alized fluorescence, Fhot is the intensity o f  

fluorescence measured during or after form ing the m icroscopic

tem perature gradient by  an IR  laser, and Fcold is the intensity o f  flu o ­

rescence measured be fore  heating.

A ffin ity  analysis w ith  M ST is possible because the ach ieved Fnorm 

va lu e depends on parameters such as m olecu le size, charge, con form a­

tion, and structure o f  the hydration shell. It has recently  been proved  

that the relationship betw een  Fnorm and the pH  va lu e described b y  a 

m odel analogous to  the electrophoretic m ethod (E q .2 ) can be used for 

the determ ination o f  pKa w ith  h igh accuracy [1 7 ] :

F  =norm
A  -  B

1 +  e(pH-pKa)/0-‘
+ B (7 )

w here A  is the Fnorm standing fo r the non-ion ized state asym ptote, B 

is the Fnorm standing fo r the to ta lly  ion ized  state asym ptote, 0.45 de­

term ines the slope o f  the linear fragm ent o f  sigm oidal curve.

The CE and M ST techniques presented above are on ly  selected ex­

amples o f  acid ity  analysis methods. In the vast m ajority  o f  cases (the 

exception  is the a forem entioned IS-CE m ethod ), the key factor fo r the 

accurate determ ination o f  pK a is the trueness o f  pH  values characterizing 

solutions in w h ich  the parameters adequate fo r the g iven  techniques are 

measured. It is w orth  noting that the uncertainties o f  the pKa values 

determ ined experim en ta lly  usually do not take into account the error o f  

pH  measurement, they are often  lim ited  to the repeatab ility  expressed 

b y  the standard devia tion  (SD ) or the error in determ in ing the m odel fit 

param eter, i.e. the in flection  point, w h ich  is often  m isunderstood as the 

actual pK a error. The aim  o f  this study w as to investigate the real in­

fluence o f  the potentia l inaccuracy o f  pH  m easurem ent on the obtained 

pK a values, and to  com pare this e ffect w ith  other potentia l sources o f  

inaccuracy. For this purpose, tw o  previously described m ethods w ere 

selected: classical m ethod o f  pKa determ ination b y  means o f  CE based on 

a non linear m odel, and the M ST m ethod. W e  used experim enta l data 

obta ined in the past [1 2 ,1 7 ], and conducted systematic pH  measure­

ments in m any buffers w ith  a d ifferen t ion ic com position  using six 

d ifferen t pH  meters.

2. Materials and methods

2.1. Measurements o f  p H

2.1.1. Chemicals

Sodium acetate trihydrate, disodium  hydrogen  phosphate, acetic 

acid, sodium d ihydrogen  phosphate and disodium  tetraborate decahy- 

drate w ere  supplied by Sigma A ld rich  (U SA, M O, St. Louis). Ortho- 

phosphoric acid was purchased from  M erck (Germ any, Dramstadt), so­

dium  hydrox ide solution from  A vantor Perform ance M aterials (Poland, 

G liw ice ), w h ile  potassium ch loride from  Chempur (Poland , P iekary 

óląskie). Certified  pH  standards (ca librators ) solutions o f  pH: 4.00 ±  

0.01, 7.00 ±  0.01, 10.00 ±  0.01 at 25 °C, w ere  obtained from  M ettler 

T o led o  Gm bH (Sw itzerland, G reifensee). A ll solution w ere  prepared 

w ith  de ion ized  w ater (M illiQ , M erck-M illipore B illerica, USA, 111 M A ).

2.1.2. p H  meters

The fo llow in g  pH  meters w ere  used: M ettler T o led o  Expert Pro-ISM  - 

reference pH  m eter, selected due to the smallest uncertainty o f  m ea­

surements declared b y  the manufacturer in the instrument specification 

(Sw itzerland, G reifensee), M ettler T o led o  M icro-Pro-ISM  - pH  m eter I 

(Sw itzerland, G reifensee), Beckman Coulter PH i 510 - pH  m eter II (USA, 

CA, Brea), E lm etron CP-401; 2607/12 - pH  m eter III (Po land , Zabrze), 

Elm etron CP-501; 0502/06 - pH  m eter IV  (Po land , Zabrze), Elmetron 

CP-501; 0541/06 - pH  m eter V  (Poland , Zabrze). Th ey  are shown in 

Fig. 1.

2.1.3. Procedure

The solutions w ere  prepared accord ing to procedure proposed by  P. 

N ow ak  et al. [1 5 ], accord ing to the recipes presented in Tab le 1. Their 

ion ic  strength w as 100 mM.

The com position  o f  pH  standards w as not specified  by  their



Fig. 1. The pH meters used in the experiment.

manufacturers; the presented volum es refer to the tota l vo lum e o f  50 mL 

assuming fillin g  up w ith  de ion ized  water.

A t  the beginn ing the ca libration process w as conducted using pH 

standards (calibrators I-III). A fterw ards the pH  va lue o f  the previously 

prepared solutions w as measured. Then, the pH  va lu e o f  standards 

(ca librators) w as measured. A ll measurements w ere  done in  triplicate. 

Between the measurements, the electrode w as rinsed w ith  de ion ized  

w ater. The room  tem perature o f  22 ±  1 °C w as constant throughout the 

w h o le  experim ent.

2.2. Influence o f  the p H  measurement-related error on p K a values

The electrophoretic and therm ophoretic data co llected  during our 

previous research w ere  used to analyze the pH -related effects [1 2 ,1 7 ], as 

described in deta il be low .

E lectrophoretic data.

F ive m odel compounds w ere  selected, a ll o f  them  represent coum arin 

derivatives fam ily  and their acid ity  (p K a) d iffers quite sign ificantly: 4- 

hydroxycoum arin  (4 .16 ), 10-hydroxyw arfarin  (5 .94 ), 3-hydroxycou- 

m arin (6 .95 ), 7-hydroxycoum arin  (8 .01 ) and 6-hydroxycoum arin  

(9 .10 ) [1 2 ] . Based on the pK a values and the electrophoretic m ob ility  

values corresponding to the to ta lly  ion ized  forms, ava ilab le in the w ork  

[1 2 ], the m ob ility-pH  relationship m odels w ere  sim ulated using the 

O rig inPro program , fo r a ll these compounds (Eq.2 ). From  the obtained 

m odels, the 14 values o f  electrophoretic m ob ility  w ere  read. T h ey  cor­

responded exactly  to the pH  values measured earlier fo r 14 m odel 

e lectro ly te  solutions using a reference pH-m eter (M ettler T o led o ) -

characterized b y  the low est uncertainty o f  pH  m easurem ent declared by 

the manufacturer from  a ll tested pH  meters. Then, fiv e  new  m odels w ere 

fitted  fo r each compound, using the same 14 electrophoretic m ob ility  

values previously read, but d ifferen t pH  values that w ere  measured in 

the same solutions w ith  d ifferen t pH  meters. The in flection  point o f  the 

obta ined sigm oid  curves ind icated the pKa value. By com paring the pKa 

values obta ined w ith  d ifferen t data sets corresponding to d ifferen t pH  

m eters, it w as possible to investigate the discrepancy in pKa values 

resulting on ly  from  the pH  measurement, excluding the in fluence o f  

other effects related to the CE technique.

2.2.1. Thermophoretic data

A n  analogous procedure w as used to  investigate the potentia l in flu­

ence o f  the pH  m easurem ent error on the pKa values obta ined b y  the 

M ST technique. For this purpose, the pK a values determ ined fo r flu o ­

rescein isothiocyanate (F ITC ) in our previous w ork  w ere  used [1 7 ], 

corresponding to four d ifferen t tem peratures (22, 27, 32, 37 ° C). Then, 

sim ilarly  as in the case o f  electrophoretic data, non-linear m odels 

describ ing the dependance o f  Fnorm on pH  w ere  obta ined (Eq.7 ). A fte r­

wards, the pKa values corresponding to various pH  m eters w ere  deter­

m ined. The d ifference was the use o f  Fnorm values on ly  fo r the pH  range 

>  6, because the spec ific ity  o f  the M ST m ethod fo r FITC excludes the pH  

range <  6 as in e ffec tive  ( it  is related to  the dissociation o f  another acidic 

group, w h ich  has an opposite im pact on the therm ophoretic e ffec t [1 7 ]). 

A fterw ards, the obta ined pKa values, adequate fo r various temperatures, 

w ere  used fo r a therm odynam ic analysis based on the V an ’ t H o ff m odel:



Table 1
Composition o f all solutions used in the study, including those prepared in the 
laboratory and the purchased certified pH standards used for pH meter 
calibration.

Solution Buffer composition [m L]

I H3PO4 (100 mM) NaH2PO4 (100 mM)
18 .52 4.80

II certified pH standard (calibrant) I
III CH3COOH (500 mM) CH3COONa-3H2O (500 mM)

14 .16 10.00
IV CH3COOH (500 mM) CH3COONa-3H2O (500 mM)

2.52 10.00
V NaH2PO4 (100 mM) Na2HPO4 (100 mM)

3.59 4.70
VI NaH2PO4 (100 mM) Na2HPO4 (100 mM)

1.01 13.29
VII certified pH standard (calibrant) II
VIII NaH2PO4 (100 mM) Na2HPO4 (100 mM)

0.12 16 .25

IX Na2B4O7-10H2O (50 mM) NaOH (1 M)
3 9 .77 1.02

X certified pH standard (calibrant) III
XI Na2B4O7-10H2O (50 mM) NaOH (1 M)

28.67 2.13
XII Na2B4O7-10H2O (50 mM) NaOH (1 M)

25.05 2.50
XIII NaOH (1 M) KCl (1 M)

0.64 4.36

XIV NaOH (1 M) KCl (1 M)
4.55 0.45

pK a = :
H s

(8)
2.303RT 2.303R

w h ere R is the gas constant (8 .3145 J -m oP  1-K- : ). Accord ingly , the 

pKa values determ ined at various tem peratures w ere  p lo tted  against the 

inverse absolute tem perature (1/T ) and fitted  by the linear function. 

Subsequently, the enthalpic (A H ° ) and entrop ic (-TA S °) terms w ere  

calcu lated from  the slope and intercept, respectively. The tem perature o f  

25 °C (298 K) w as used to calculate the -T A S ° term.

On the basis o f  this m odel, the values o f  the enthalpy and entropy 

factors describ ing the deprotonation  o f  FITC w ere  determ ined in relation  

to the data obta ined w ith  the use o f  various pH  meters. In consequence, 

it was possible to estim ate the error and va riab ility  o f  these parameters 

related to the trueness o f  the pH  value.

3. Results and discussion

3.1. Variability o f  pH

The pH  values measured in a ll prepared electro lyte  solutions using 

a ll six pH  meters, including the reference pH  m eter and the others, are 

shown in Tab le 2 . These values are the average o f  three consecutive 

measurements, separated by  rinsing an electrode. The significant 

d iscrepancy in the pH  va lue across the entire range o f  the tested solu­

tions is notew orthy. The greatest discrepancies in relation  to  the refer­

ence pH  m eter w ere  noted fo r the pH  m eter III, w h ich  gave values 

low ered  b y  about 0.5 units in a ll solutions. This observation  proves a 

sign ificant systematic error that could result, fo r exam ple, from  m icro­

dam age o f  the electrode used. The span o f  the values measured fo r the 

rem ain ing fiv e  pH  meters as the d ifference betw een  the m aximum  and 

m inim um , ranged from  0.14 to  0.52, w h ich  proves the overa ll lack o f  

consistency betw een  tested devices. This discrepancy is greatest fo r the 

solution X IV  expressing highest pH  (abou t 13), w h ich  seems under­

standable considering that a ll pH  meters w ere  ca librated w ith  solutions 

o f  pH  not exceeding 10.

The d irect precision, understood as the repeatability  o f  pH  m ea­

surements w ith  the same pH  m eter, a fter rinsing the e lectrode and its re­

im m ersion in the same solution, w as expressed b y  the SD values (n  =  3) 

presented in Tab le 3 . N otab ly, SD values are low , in  most cases they do 

not exceed 0.03. Th ey  are sim ilar fo r a ll pH  m eters and show  no explic it 

relationship w ith  the acid ity  o f  the tested solutions. This indicates a little 

s ign ificance o f  accidental effects w h ich  could be elim inated by repeating 

the pH  measurements several times in  the same solution. In other words, 

the procedure consisting in a single pH  m easurem ent in a g iven  solution 

does not introduce significant uncertainty, and considering the sign ifi­

cant tim e-effic iency, it should be considered justified .

3.2. Influence on p K a values

The differences in  pKa values obta ined fo r fiv e  m odel compounds 

accord ing to  the procedure described in Section 2.2 are presented in 

Tab le  4 . As expected, the greatest changes in pKa w ere  recorded fo r the 

pH  m eter III, w h ich  prov ided  pH  values burdened w ith  a significant 

error. Then, the pH  m eter IV  was the worst, fo llow ed  by  pH  m eter I, pH  

m eter V, and the best pH  m eter II. The differences in the pK a values in 

relation  to the reference pH  m eter, though excluding the pH  m eter III, 

still range from  +  0.11 to — 0.26, w h ich  should be considered as sig­

n ificant discrepancies. In particular, it should be adm itted  that the ac­

curacy o f  pKa determ ination b y  the classical CE m ethod is generally  

considered to be ve ry  high, amounting to 0.10 or even  less [ 3 ] . It turns 

out that the pH  m eter II is the on ly  one characterized b y  a fu lly

Table 2
The pH values measured in 14 electrolyte solutions using the six pH-meters.

Solution Reference pH  meter pH  meter 

I
pH  meter II pH  meter III pH  meter IV pH  meter V M edian Span*

I 2.00 1.98 1.91 1.39 2.13 2.11 1.99 0.22
II 3.97 3.88 3.99 3.46 3.93 4 .11 3.95 0.23
III 4.52 4.49 4.42 3.91 4.36 4.59 4.45 0.23
IV 5.27 5.21 5.21 4.67 5.10 5.32 5.21 0.22
V 7 .17 7.09 7.05 6.52 6.93 7 .1 1 7.07 0.25
VI 8.09 7.96 8.05 7.43 7.86 7.98 7.97 0.23
VII 7.01 6.93 7.02 6.42 6.88 7.02 6.97 0.14

VIII 8.90 8.68 8.74 8.24 8.63 8.75 8.71 0.27
IX 9.51 9.42 9.47 8.85 9.27 9.46 9.44 0.24
X 10.00 9.91 9.94 9.34 9.74 9.94 9.93 0.25
XI 10.06 9.98 9.99 9.46 9.82 9.98 9.98 0.24

XII 10.46 10.42 10.46 9.85 10.25 10.42 10.42 0.22
XIII 12 .14 12.01 11 .9 3 11 .4 5 11.8 0 11.9 8 11 .9 5 0.34
XIV 12 .9 1 12.78 12.66 12.11 12.39 12 .5 7 12.61 0.52

All pH values are the average from three consecutive measurements separated by the step o f rinsing an electrode. (* )  Span values are presented for five pH-meters, 
without pH meter III (large error excluding the feasibility o f reliable pH measurement).



Table 3
Direct precision o f pH measurements for the reference and tested pH meters (I-V), expressed as standard deviation (n =  3).

Solution Reference pH  meter pH  meter 

I
pH  meter II pH  meter III pH  meter IV pH  meter V Mean

I 0.026 0.012 0.021 0.010 0.012 0.006 0.014
II 0.038 0.020 0.051 0.006 0.000 0.010 0.021
III 0.010 0.010 0.010 0.006 0.000 0.021 0.009
IV 0.025 0.036 0.051 0.006 0.012 0.010 0.023
V 0.021 0.006 0.021 0.006 0.000 0.020 0.012
VI 0.010 0.076 0.056 0.021 0.010 0.010 0.030
VII 0.015 0.006 0.049 0.020 0.000 0.010 0.017
VIII 0.012 0.006 0.035 0.000 0.006 0.012 0.012
IX 0.012 0.000 0.012 0.006 0.006 0.000 0.006
X 0.015 0.012 0.012 0.010 0.010 0.010 0.011
XI 0.010 0.020 0.006 0.021 0.006 0.010 0.012
XII 0.015 0.017 0.020 0.006 0.010 0.006 0.012
XIII 0.000 0.006 0.067 0.006 0.006 0.026 0.018
XIV 0.026 0.010 0.045 0.006 0.006 0.023 0.019
Mean 0.017 0.017 0.032 0.009 0.006 0.012 0.016

Table 4
The differences in pKa values obtained between the particular pH-meters (I-V) 
and reference pH-meter, based on the same set o f electrophoretic mobility data.

Compound pH
meter I

pH
meter II

pH
meter
III

pH
meter
IV

pH
meter V

4-hydroxycoumarin
(pKa =  4.16*)

-  0.06 -  0.03 -  0.55 -  0.10 0.11

10-hydroxywarfarin
(pKa =  5.94*)

-  0.07 -  0.02 -  0.61 -  0.18 0.03

3-hydroxycoumarin
(pKa =  6.95*)

-  0.08 -  0.03 -  0.62 -  0.19 -  0.03

7-hydroxycoumarin
(pKa =  8.01*)

-  0.13 -  0.01 -  0.66 -  0.23 -  0.10

6-dydroxycoumarin
(pKa =  9.10*)

-  0.17 0.01 -  0.66 -  0.26 -  0.12

(* ) -  the values taken from [12 ].

satisfactory agreem ent o f  the obta ined pKa values w ith  the reference pH 

m eter (from  +  0.01 to — 0.03 ), hence, on ly  in this case the assumed 

accuracy o f  the CE m ethod seems maintained. For pH  m eters I, IV  and V, 

the greatest pKa shifts w ere  recorded fo r 6-hydroxycoum arin, i.e. the 

analyte show ing the weakest acid ity  com pared to the other compounds 

(p K a =  9.10). Th is is probab ly due to the intrinsic specific ity  o f  the 

potentiom etric m ethod and the aforem entioned ca libration procedure.

3.3. Influence on thermodynamic parameters

Another issue in this experim ent w as to investigate the potentia l 

change in therm odynam ic parameters values due to the use o f  d ifferent 

pH  datasets. For this purpose, the procedure described in Section 2.2 was 

used, based on therm ophoretic data. The related M ST m ethod recently 

a llow ed  us to  determ ine the deprotonation  enthalpy and en tropy values 

o f  FITC based on the Van ’ t H o ff p lo t d isplaying excellen t linearity  [1 7 ]. 

The obta ined absolute and rela tive  values o f  these parameters fo r the 

ind ividual pH  meters are presented in Table 5 . In general, the differences 

in the enthalpy values are small, not exceeding 3% , even  fo r the pH 

m eter III, w h ich  previously  turned out to be h igh ly  inaccurate. The 

discrepancies in the case o f  en tropy are b igger, but still, apart from  the 

pH  m eter III, they do not exceed 5%. For the pH  m eter III, how ever, they 

exceed 20%. These results seem  to be fu lly  understandable. Enthalpy is 

calcu lated from  the slope o f  the V an ’ t H o ff p lot, w h ile  entropy, from  its 

intersection w ith  the y  axis. Enthalpy values can therefore rem ain un­

changed, despite s ign ificant changes in the pKa values them selves, as 

long as their therm al dependency (1/tem perature) remains constant. 

The fu lfillm en t o f  this condition  entails in turn the change o f  intercept, 

and thus the obta ined va lue o f  the en tropy factor. In conclusion, the 

therm odynam ic analysis o f  the acid-base equ ilibrium  is also susceptible

Table 5
The values o f thermodynamic functions describing the deprotonation o f FITC, 
obtained with the reference and tested pH meters (I-V), expressed in the absolute 
values and percentages o f reference data.

Reference 

pH  meter
pH
meter
I

pH
meter
II

pH
meter
III

pH
meter
IV

pH
meter
V

AH°
(kJ/
mol)

24.6 24.4 24.4 24.1 24.2 24.0

-TAS°
(kJ/
mol)

15.5 15.2 15.5 12.4 14.8 15.8

AH°
(%)

100.0 99.3 99.4 98.2 98.4 97.8

-TAS°
(%)

100.0 98.2 99.9 79.8 95.6 102.3

to  errors related to the accuracy o f  pH  measurement, how ever, due to 

the inherent com pensation o f  som e effects, the expected changes in the 

values o f  therm odynam ic factors, especia lly  enthalpic one, m ay be 

re la tiv e ly  small. It is w orth  noting, how ever, that this experim ent d id  not 

analyze the tem perature-dependent va riab ility  o f  pH  value, but on ly the 

e ffec t o f  using d ifferen t pH  m eters w ith  a characteristic uncertainty o f  

indications. The om ission o f  the need to measure pH  at a ltered tem ­

perature can be another source o f  uncertainty fo r both  CE and MST. 

H ow ever, this prob lem  is in our hum ble op in ion  too  broad to be 

addressed in this article.

3.4. Other effects affecting the uncertainty o f  p K a

In addition  to  analyzing the uncertainty o f  pKa values d irectly  related 

to  the error o f  the pH  m eter, to correctly  estim ate the tota l uncertainty o f  

the m ethod, it is im portant to kn ow  other sources o f  inaccuracy. One 

such potentia l source is the change in pH  over tim e from  the measure­

m ent o f  pH  to the determ ination o f  the pH-dependent param eter, the 

m igra tion  tim e fo r CE (used to  calculate electrophoretic m ob ility ), and 

Fnorm fo r M ST measurements. T o  find out the potentia l im pact o f  these 

effects, tw o  additional experim ents w ere  carried out. In the first one, the 

pH  values in a ll previously  used solutions w ere  measured tw ice, 

im m edia tely  after preparation and stabilizing the pH  fo r several hours, 

and then a fter a month o f  storage in a vo lum e o f  about 50 m L at room  

tem perature. In a second experim ent, solutions o f  known pH  w ere 

transferred to  via ls used in the CE technique in a vo lum e o f  1.4 mL, 

w h ich  w ere  also stored at room  tem perature, how ever, not iso lated from  

the am bient air herm etically. In this case, the pH  values w ere  measured 

a fter fillin g  the via ls and again  a fter 4 and 22 h. In both  experim ents, the 

reference pH  m eter w ith  the highest declared accuracy w as used. In the



case o f  measurements in  via ls, a special m icroelectrode w as used. 

A dd itiona lly , tw o  types o f  via ls w ere  compared: glass - com patib le w ith  

the Beckman M D Q  instrument, and plastic - com patib le w ith  the Beck­

man PA 800 plus instrument. The deta iled  results o f  these experim ents 

are prov ided  in Tables S1, S2, and Fig. S1 in the Electronic Supple­

m entary M ateria l (ESM ).

Briefly, the estim ated averaged pH  change during storage o f  the 

sealed bulk solutions w as 0.04 per month, w h ile  for the non-herm etic 

lo w  vo lum e CE via ls, around 0.01 per hour fo r both  v ia l types. These 

values seem  to be o f  great im portance for estim ating the tota l uncer­

tainty o f  the pK a  values obta ined w ith  the CE m ethodology. In partic­

ular, a change in pH  in via ls sometim es seems unavoidable, as 

program m ed and sequentia lly triggered  electrophoretic analyzes often  

take several hours or even  longer. One should also take into account that 

pH  stability is inherently  related to bu ffering capacity, w h ich  m ay vary  

significantly.

In the case o f  CE, the re liab ility  o f  the pK a  va lue is also determ ined by 

uncertainties in the determ ination o f  the electrophoretic m ob ility  

values, w h ich  m ay be associated w ith  m any d ifferen t effects. These 

include uncertainty o f  m igration  tim e o f  the analyte and the EOF 

marker, inaccuracy related to undesirable interactions o f  the analyte and 

the EOF m arker w ith  the electro lyte  com ponents and inner w a ll surface, 

the d ivergence o f  the actual and assumed ion ic strength o f  the electro­

lyte, as w e ll as a number o f  phenom ena related to the generation  o f  

Joule heat a fter the application  o f  high vo ltage  and insufficient tem ­

perature control: change in viscosity, local d istortion o f  electric fie ld  

strength, ram ping o f  the applied  vo lta ge  and change in ion iza tion  

resulting from  the increase in tem perature [2 7 ]. The solution o f  this 

prob lem  m ay be the use o f  known m ethods fo r correcting e lectropho­

retic m ob ility  values w h ich , h ow ever, are o ften  quite com p lica ted and 

time-consuming. A n  alternative approach is to rationa lly  consider these 

effects w hen  estim ating the tota l uncertainty o f  the pK a  value.

3.5. Estimating the tota l uncertainty o f  p K a

It is obvious that in order to reduce the pK a  error due to inaccurate 

pH  m easurement, the use o f  most accurate pH  m eter ava ilab le is p ivotal. 

H ow ever, even  in such a case, there w ill  be som e sign ificant uncertainty 

introduced, w h ich  should be ve r ified  each time. A  sim ple self­

m onitoring procedure has been proposed fo r this purpose. Its essence 

is to  properly  calibrate the pH  meters on fresh, certified  standard solu­

tions (ca libra tors ), carry out the assumed pH  measurements in w ork ing 

solutions, and then, im m edia tely  a fter com pleting these measurements, 

measure the pH  va lu e d irectly  in  the standard solutions previously used 

to calibrate the pH  m eter (m ostly  these w ill  be measurements in buffers 

w ith  pH  4.00, 7.00, and 10.00). W e  have found out a quite clear 

dependence betw een  the average discrepancy o f  the pH  values m easured 

in the calibrators against the values declared by  the manufacturer, and 

the resulting change in the pK a  value.

Fig. 2 shows the data obta ined fo r pH  m eters I-V. The m ean absolute 

change in pK a , averaged  fo r 5 m odel compounds, resulting from  the use 

o f  a d ifferen t pH  data set, w as taken as y-value. The mean absolute 

devia tion  o f  the pH  values measured in the calibrators from  the declared 

values was, in turn, taken as x-value. Th is relationship is linear and 

could be described by the em p irical formula: y  =  1.08x +  0.03. This 

indicates that the expected pK a  error related to the pH  m eter inaccuracy 

is approx im ately  equal to  the average pH  m easurem ent error revea led  

fo r the calibrators. Th is result is not surprising considering that the pK a  

va lue is read as the position  o f  the in flection  po in t o f  the electrophoretic 

m ob ility  curve in relation  to the pH  axis. Therefore, the proposed self­

control procedure can be considered an e ffe c tive  m ean fo r reliab le 

estim ation o f  the pK a  uncertainty related to the pH  measurement.

The above considerations led  us to  propose a general form ula for 

estim ating the tota l uncertainty o f  the pK a  values obta ined by  the clas­

sical CE m ethod, resulting d irectly  from  the uncertainty o f  the pH  value. 

A  calcu lation m ethod w as proposed, quite often  found in sim plified

w here: up K a (p H )  is the total uncertainty o f  the pK a  related to  pH; ua  is 

the partial uncertainty related to  the pH  m eter error, w h ich  can be 

estim ated based on the self-control procedure described previously; ub  is 

the partia l uncertainty related to random  effects, w h ich  can be expressed 

b y  SD obta ined fo r consecutive pH  measurements in the same solution; 

uc  is the partia l uncertainty o f  pH  related to  storing solutions after pH  

m easurem ent in a herm etic vessel in a large vo lum e (in  order to  ensure 

h igh accuracy o f  the m ethod, it should be avo id ed  and pH  measurements 

should be perform ed im m edia tely  b e fo re electrophoretic measure­

m ents); and ud  is the partia l uncertainty o f  pH  related to their storage in 

via ls p laced on a bu ffer tray inside the CE instrument. The values o f  the 

calcu lated tota l uncertainties fo r the tested pH  m eters and the total 

expanded uncertainties, a long w ith  the source data, are presented in 

Tab le  6 .

As shown in Tab le 6, the estim ated tota l uncertainties o f  pK a  are 

large, even  a fter assuming that the m easurem ent o f  electrophoretic 

m ob ility  takes p lace im m edia tely  a fter the pH  m easurem ent (u b  and uc  

equal to  zero ). Th is can be seen especia lly  from  the expanded

Table 6
Partial and total uncertainties o f pKa values related to pH, obtained for indi­
vidual pH meters.

pH  meter 

I
pH  meter II pH  meter III pH  meter 

IV
pH  meter V

ua* 0.102 0.021 0.620 0.191 0.076
u b * * 0.017 0.032 0.009 0.006 0.012

_ - - - -
u d * * * - - - - -
UpKa 0.104 0.039 0.620 0.191 0.077
UpKa 0.207 0.077 1.239 0.382 0.154

(* )  -  obtained as the average difference o f the pH values obtained for three 
calibrant solutions from the declared true values; pH values were the average o f 
three consecutive measurements; (* * )  obtained as the average SD o f the pH 
values determined for a given pH meter in all tested solutions; (* * * )  -  not 
applicable, it was assumed that the solutions were used for electrophoretic 
separation immediately after pH measurement; UpKa -  expanded total uncer­
tainty (k =  2, confidence level o f 95%).

Fig. 2. The model relationship between the shift o f pKa (caused by alteration o f 
the input pH data) and average pH error measured in calibrant solutions (pH =  
4.00 ±  0.01, 7.00 ±  0.01 and 10.00 ±  0.01).

estim ations o f  the tota l uncertainty o f  param eters determ ined experi­

m entally, as the roo t o f  the sum o f  squares related to the ind ividual

(9 )UpKa(pH) ul  +  ul +  ul +  ul



uncertainty estimates, w h ich  correspond to  an increased confidence 

lev e l (up to 95% ). T h ey  range from  0.08 fo r the most accurate pH  m eter 

II, 0.15 for the pH  m eter V, 0.21 fo r the pH  m eter I, to 0.38 fo r the pH 

m eter IV, om itting the d istinctly d ifferen t pH  m eter III.

These values should be interpreted w ith  caution. On the one hand, 

there is no doubt that the effects related to  the inaccuracy o f  the pH 

m easurem ent are significant, the resulting pK a inaccuracy m ay be even  

several times greater than the o ften  assumed accuracy o f  the CE m ethod 

as a w hole. On the other hand, it is obvious that the principles o f  good  

laboratory practice should encourage the use o f  m odern and proven  pH 

meters, fo r w h ich  the error is as small as possible. In this respect, a ll pH 

meters except II could be considered to not com p ly  w ith  these gu ide­

lines. H ow ever, their use fo r the purposes o f  this experim ent a llow ed  one 

to illustrate the effects discussed here and to ou tline the scale o f  the 

potentia l problem .

Furtherm ore, as discussed above, the tota l uncertainty o f  the pK a 

values determ ined by  the CE technique is not lim ited  to the pH- 

dependent effects. It is w orth  m ention ing that on the basis o f  our pre­

vious w ork , it can be concluded that the average pK a error related on ly  

to therm al effects is at least 0.05 [2 8 ], and it does not y e t contain all 

sources o f  inaccuracy. Therefore, there is no doubt that the overa ll ac­

curacy o f  the pKa determ ination m ethod at the lev e l o f  0 .10 or less, even  

in the m ost optim istic scenario, seems to be unachievable.

4. Conclusions

This w ork  proves that the reliab ility  o f  pH  measurements should 

always be ve r ified  and its in fluence on pKa values obta ined by  CE, M ST 

and other experim ental techniques, should not be ignored. Even 

assuming the use o f  an accurate pH  m eter, the uncertainty associated 

w ith  the pH  m easurem ent cannot be com p lete ly  elim inated. It should be 

contro lled  and lim ited. A  sim ple m ethod is to  va lidate the cred ib ility  o f  a 

pH  m eter by  measuring pH  in standard solutions previously used for 

calibration, im m edia tely  a fter fin ishing target measurements. Accord ing 

to the outcom es obta ined herein, the m ean pH  error measured in this 

w ay  rough ly translates into the same num erical pK a error. Another 

sources o f  inaccuracy are the random  effects w h ich  can be estim ated by 

the SD values obta ined fo r consecutive measurements in the same so­

lution, separated by  the electrode rinsing step. In addition , one must 

take into account the va riab ility  o f  pH  over tim e, w h ich  m ay d irectly  

result from  the actual bu ffer capacity o f  the electrolytes used. A cco rd ­

ingly, the measured m ean pH  change o f  the tested bu ffer solutions in the 

CE com patib le via ls, o f  about 0.01 pH  unit per hour, is o f  interest and 

potentia l in fluence on the final pK a values as w ell.

T o  estim ate the total uncertainty related to  pH, w e  suggest using Eq.9 

and expressing the tota l expanded uncertainty at the 95%  sign ificance 

lev e l (k  =  2 ), w h ich  m ay be m ore in form ative regard ing the actual scale 

o f  the effects discussed: Nevertheless, the tota l uncertainty o f  m ethod­

o lo gy  should also include other im portant effects: Joule heat, ion ic 

strength, and the accuracy o f  the m ob ility  determ ination procedure. A  

thorough analysis o f  these effects w as not the aim  o f  this w ork. H ow ever, 

it can be pred icted that the actual accuracy o f  the classical approach to 

determ in ing pK a b y  means o f  CE w ill  be m ost lik e ly  in the range o f  

0 .15-0.25 pH  unit, not less. The use o f  s im p lified  T V M  and O VM  

methods based on on ly  tw o  electrophoretic m ob ility  values does not 

elim inate the prob lem  o f  pH  measurement, thus these methods cannot 

be considered as a lternatives in this respect. Here, how ever, the IS-CE 

m ethod deve loped  by  Roses and co-workers m ay be ve ry  helpfu l 

[5 -1 1 ], as it does not require pH  measurements at all, but requires 

m eeting other conditions, e.g. find ing a suitable standard w ith  an 

exactly  known pKa value. In some situations, the use o f  IS-CE m ay lead to 

m ore re liab le data than the classical m ethod.

The accuracy o f  the M ST m ethod, because o f  the general sim ilarity  o f  

both m ethodologies, seems to be exposed to pH -dependent effects to an 

extent sim ilar to  CE. In the case o f  therm odynam ic analysis, regardless o f  

the choice o f  the experim ental technique, some errors related to  pH  m ay

be compensated. In particular, this m ay be the case w hen  determ in ing 

the enthalpy o f  deprotonation, w h ich  does not depend d irectly  on the 

absolute pK a values but on their tem perature change.

N oticeab ly , the approach presented in this article is consistent w ith  

the idea o f  green  chem istry. The previously  co llected  electrophoretic 

and therm ophoretic data w ere  reused to de liver n ew  findings. T h ey  w ere 

accom panied b y  the indispensable measurements a llow in g  to predict 

potentia l pH  variations, w ithou t a need to use advanced instruments. 

Therefore, the number o f  requ ired experim ents, w aste production and 

energy intake w ere  appreciab ly reduced. It h ighlights a need fo r pub­

lish ing com prehensive scientific data in the open-access form at, taking 

in to account their second potentia l u tilization.
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