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INTRODUCTORY NOTES

The sample constituents form in ITP, in dependence on their concentrations in the loaded sample, either fully developed zones or occupy, as 
spikes, the boundary layers between the zones of constituents of the corresponding effective mobilities. The latter migration mode is typical for the 
ITP (ultra)trace analytes and in combinations with the selective detectors it offers favorable conditions for their sensitive detections.  

The use of a suitable pair of discrete spacers enhances an analytical utility of the spike mode as the spacers reduce interferences in the 
detection of the analyte due to the matrix constituents and minimize a systematic bias in its quantitation. 

The use of discrete spacers is very beneficial also in preparative ITP (defines the trapped fraction via the effective mobilities) and CZE with on-
line ITP sample pretreatment (defines the fraction transferred for a final separation in the CZE stage of the combination).

An experimental search for discrete spacers of required migration properties may be very time consuming, especially, when several trace 
analytes is to be detected and/or determined in one ITP run. Here, the use of predictive capabilities of current ITP steady state models or models 
describing dynamics of the ITP separation offers a frame for an effective approach. To obtain a correct prediction, however, reliable migration data 
(ionic mobilities of actual ionic forms of the separated constituents and the corresponding pK values) are required. 

We developed a procedure in which the calculation of the ITP steady state data, along with a computer based evaluation of the migration 
anomalies (enforced systems, pH inversion) predicts the ITP migration order of the constituents and their effective mobilities under particular 
working conditions and makes an assessment of robustness of the predictions with respect to pH fluctuations. Based on preliminary ITP 
experiments, a group of 42 constituents that can be used as spacing constituents in the anionic separations at pH = 6.5-10.0 (Table 1) was used in 
our work. 

Predictions of the ITP migration orders of the 
separated constituents and pK  and mobility dataA

The literature provides pK  values for many ionogenic constituents in A

water. However, these data scatter (Table 3) and there is hardly any 
criterion to find the ones providing the best approach to the reality. The 
same applies for the (absolute) ionic mobilities of the relevant forms of the 
separated constituents (Table 3). 

The conductivity detector data obtained from the ITP separations of 
mixtures of the spacing constituents (Table 1) in 8 electrolyte systems 
were used in our calculations of the pK  and ionic mobility data. To A

minimize impacts of disturbances linked with the contact conductivity 
detection in ITP on the quality of the data we employed current cleaning 
procedures to maintain a reliable performance of the detection sensors 
and a relative signal scale (relative stepheights, RSH values) was 
employed in obtaining the effective mobility data. The relative stepheight 
of the test constituent (RSH ) relates its effective mobility (m ) with the A,R A

effective mobilities of the leading, m (chloride in our instance) and L 

reference, m (carbonate in our instance) constituents: R 

     

An assessment of robustness of the ITP migration 
order of the spacing constituents

Small pH fluctuations (e.g., Due to an uncertainty in the pH 
measurement) can in some instances significantly influence the effective 
mobilities of the separated constituents and their ITP migration orders. To 
minimize an impact of disturbances of this origin on the ITP separations 
with the discrete spacers, the computer-aided choice of spacing 
constituents includes a step in which their migration orders are predicted 
for a small pH interval (~ 0.05 pH units above and below the value 
chosen). An importance of this step clearly i l lustrates 
isotachopherograms in Fig. 2. 

A prediction of the ITP migration order of spacing 
constituents for a particular electrolyte system
 

A set of the literature data chosen in such a way that the 
prediction of migration order of the spacing constituents at a 
particular pH provides a perfect fit with the experiment (see Fig. 1, 
Experiment and A), however, can provide incorrect predictions at 
other pH values. On the other hand, when agreements within a 
broader pH range are reached it seems reasonable to expect that 
for a particular pH value falling into this range a good prediction can 
be expected, unless the group of spacers does not meet the 
robustness criterion in the neighbourhood of this pH value. When 
this not the case, the calculations of the pK  values and ionic A

mobilities (including a new set of the effective mobilities) are 
needed and fits of the predictions with the experiments for a larger 
group of the electrolyte systems are obtained. Using this iterative 
approach we reached agreements of the predicted and 
experimental data for 8 electrolyte  systems covering, with a 0.5 pH 
unit increment, the pH range of 6.5-10.0. The predicted migration 
order for a group of discrete spacers at pH = 8.5 and an 
isotachopherogram corresponding to its experimental confirmation 
(Fig. 3) were performed in a final step of a search for the migration 
data (Table 3) providing reliable predictions of the separabilities 
and migration orders for the above pH range. 

Instrumentation

An ITAChrom EA 101 capillary electrophoresis analyzer (J & M, Aalen, 
Germany) was used in our experiments. It was assembled with the column-
coupling configuration of the separation unit using modules supplied by the 
manufacturer. The preseparation column was provided with a 800 mm I.D. 
capillary tube made of fluorinated ethylene-propylene copolymer (FEP). 
The length of the capillary tube was 90 mm. A 300 mm I.D. capillary tube 
made of FEP (160 mm in the length) was used in the analytical column. The 
driving currents were 200 and 40 mA in the preseparation and analytical 
columns, respectively. The sample solutions were injected into the analyzer 
with the aid of a 30 ml loop of the injection valve.

Table 1  
 

List of constituents chosen as spacers for anionic ITP separations at pH 6.5 -10.0 
 

No. Constituent Code No. Constituent Code 
 1 Aminomethylsulfonic AMSA 22  N-(2-Hydroxyethyl)-piperazine- N'-3-propanesulfonic  HEPPS 
 2 N- (2-Acetamido)-iminodiacetic  ADA 23  N,N-Bis(2-hydroxyethyl)-glycine                                    Bicine 
 3 Carbonic  Carb 24 Glycylleucine  Gly-Leu 
 4 Piperazine-N,N’-bis(2-ethanesulfonic)  PIPES 25 N-Tris(hydroxymethyl)methyl -3-aminopropanesulfonic  TAPS 
 5 Aspartic  Asp 26 Methioninesulphoxide Metso 
 6 Glutamic                                                                                                                            Glu 27 Asparagine Asn 
 7 2-Aminoadipic                                                                                                                  Amadp 28 Taurine Tau 
 8 2-Aminopimelic                                                                                                                Apm 29 Threonine Thr 
 9 Cacodylic                                                                                                                          Cacd 30 Serine Ser 
10 2-(N-Morpholino)-ethanesufonic  MES 31 Boric Boric 
11 N-(2-Acetamido)-2-aminoethanesulfonic  ACES 32 2,6-Diaminopimelic Dapm 
12 3-(N-Morpholino)-2-hydroxypropanesulfonic  MOPSO 33 N-(1,1-Dimethyl-2-hydroxyethyl)-3-amino-2-hydroxy propanesulfonic AMPSO 
13 3-(N-Morpholino)-propanesulfonic  MOPS 34 Glycine Gly 
14 Piperazine-N,N’-bis(2-hydroxypropanesulfonic)  POPSO 35 2-(Cyclohexylamino)ethanesulfonic CHES 
15 N,N-Bis(2-hydroxyethyl)-2-aminoethanesulfonic  BES 36 Citruline Cit 
16 3-[N-Bis(2-hydroxyethyl)amino]-2-hydroxypropanesulfonic  DIPSO 37 Norvaline Nval 
17 N-(2-Hydroxyethyl)-piperazine-N’-2-ethanesulfonic  HEPES 38 Isoleucine Ile 
18 3-[N-Tris(hydroxymethyl)methylamino] -2-hydroxy propanesulfonic                              TAPSO 39 Norleucine Nle 
19 Glycylglycine  Gly-Gly 40 b-Alanine BALA 

20 N-[Tris(hydroxymethyl) -methyl]-glycine  Tricine 41 Proline Pro 
21 N-(2-Hydroxyethyl)-piperazine-N’-2-hydroxy propanesulfonic  HEPPSO 42 3-(Cyclohexylamino)propanesulfonic  CAPS 

 

Table 2 
 

Electrolyte systems 
 

Parameter Electrolyte systems 

Solvent H2O H2O H2O 
Leading anion Cl

-
 Cl

-
 Cl

-
 

Mobility x 10
5
 (cm

2
 V

-1
 s

-1
)* 79.1 79.1 79.1 

Concentration (mmol/l) 10 10 10 
Counter ion Histidine Imidazole Tris 
Mobility x 10

5
 (cm

2
 V

-1
 s

-1
)* 29.6 52.0 29.5 

pK* 6.04 7.15 8.08 
EOF suppressor HEC

a 
HEC

a
 HEC

a
 

Concentration (%, w/v) 0.2 0.2 0.2 
pH of the leading electrolyte 6.50 7.00 8.50 
Terminating anion MOPS Bicine Glycine 
Concentration (mmol/l) 5 5 5 
Counter ion Histidine Imidazole Tris 
Concentration (mmol/l) 2.5 2.5 2.5 
 

* The data taken from the literature  
a 
HEC = Hydroxyethylcellulose 

 

 
 

Table 3 
 Calculated

a
 and literature

b
 pKa and mobility data of the spacing constituents  

 

No.*  Constituent (i)* pK (range)
a 

pK (range)
b 

mo (range)
a 

mo (range)
b 

1 AMSA                                                    5.75   6.07 (6.02 - 6.13) -  44.0 (43.4 - 44.9) 
2 ADA (2)                         6.61 (6.60-6.62) - - - 
3 Carb (1)   6.35 -  46.1 - 

 Carb (2) 10.33 -  71.8 - 
4 PIPES (1)           2.81     2.81 - - 
 PIPES (2)           6.73 (6.66-6.80)     6.37 (6.33 - 6.37) -  41.6 (40.7 - 42.1) 
5 Asp (1)   3.90    3.90   30.9 (30.1-31.6)  30.9  

 Asp (2)   9.97 (9.90-10.02)  10.00   54.7 (51.8-56.8)  55.4  
6 Glu (1)   4.30 (4.07-4.42)    4.32   27.4 (25.4-28.9)  28.5  

 Glu (2)   9.80 (9.47-9.97)    9.96   53.2 (49.6-55.7)  53.0  
7 Amadp(1)   4.21    4.21  -  26.8 
 Amadp (2)   9.77    9.77  -  44.0 
8 Apm (1) -    4.30 -  25.0 
 Apm (2) -    9.80 -  44.0 
9 Cacd   6.21 (6.18-6.27)    6.33 (6.28 - 6.33)  29.9   30.3 (29.4 - 30.9) 
10 MES                         6.14 (6.10-6.20)    6.18 (6.12 - 6.23)  27.4 (26.8-28.0)  28.3 (27.4 - 29.1) 
11 ACES   6.86 (6.84-6.90)    6.84 (6.78 - 6.86)  31.3  30.6 (29.9 - 31.0) 
12 MOPSO    6.85 (6.75-6.95)    6.95 (6.95 - 6.96)  23.8  26.6 (26.0 - 27.3) 
13 MOPS           7.18 (7.16-7.20)    7.23 (7.22 - 7.23)  24.4  26.9 (26.3 - 27.6) 
14 POPSO (2)   7.76 (7.63-7.85)    7.26 (7.24 - 7.26) -  36.9 (35.9 - 37.9) 
15 BES   7.15 (7.10-7.17)    7.22 (7.21 - 7.23)  24.0  26.7 (26.2 - 27.3) 
16 DIPSO    7.48 (7.35-7.60)    7.59 (7.57 - 7.59) -  25.0 (24.2 - 25.5) 
17 HEPES   7.43 (7.31-7.55)    7.61 (7.59 - 7.63)   21.8  23.2 (22.7 - 23.8) 
18 TAPSO   7.56 (7.39-7.70)    7.67 (7.66 - 7.67) -  24.0 (23.1 - 24.8) 
19 Gly-Gly                                                                                               8.28 (8.20-8.40)    8.24 (8.21 - 8.29)  31.5  31.9 (31.2 - 32.2) 
20 Tricine         8.13 (8.10-8.15)    8.15 (8.13 - 8.16) -  26.6 (25.8 - 27.5) 
21 HEPPSO   7.82 (7.51-8.00)    8.01 (7.96 - 8.02)  22.0  22.0 (21.5 - 22.5) 
22 HEPPS    8.05 (8.00-8.10)    8.01 (7.95 - 8.01) -  21.8 (21.2 - 22.2) 
23 Bicine                         8.33 (8.30-8.35)    8.25 (8.25 - 8.26) -  26.5 (25.8 - 27.4) 
24 Gly-Leu                                       8.43    8.16 (8.08 - 8.18)  25.1  23.9 (23.1 - 24.5) 
25 TAPS   8.42 (8.30-8.55)    8.33 (8.32 - 8.33)  25.0  22.9 (22.0 - 23.6) 
26 Metso -    8.58 (8.57 - 8.60) -  26.9 (26.2 - 27.6) 
27 Aspn   8.94 (8.84-9.03)    8.79 (8.77 - 8.80)  31.6  30.1 (29.2 - 30.6) 
28 Tau                          9.18    8.89 (8.89 - 8.93)  37.9  35.0 (34.2 - 37.1) 
29 Threonine                                           9.18 (9.10-9.23)    9.05 (8.97 - 9.06)  31.3 (30.9-31.6)  30.0 (29.0 - 30.2) 
30 Ser   9.24 (9.21-9.30)    9.10 (9.03 - 9.11)   33.6  31.5 (30.3 - 31.8) 
31 Boric (1)                                                                   9.22 (9.20-9.24) - - -       
 Boric (2) 12.74 - - -       
 Boric (3) 13.80 - - -       
32 Dapm(1)                                            8.80    8.80  -  17.0  
 Dapm (2)   9.90     9.90  -  37.0 
33 AMPSO   9.05 (9.00-9.10)    8.95 (8.92 - 8.96) -  22.1 (21.6 - 23.0) 
34 Gly                                       9.78     9.92 (9.85 - 9.92)  37.4  41.4 (36.9 - 41.7) 
35 CHES         9.45 (9.30-9.55)    9.48 (9.45 - 9.50) -  25.1 (24.1 - 25.6) 
36 Cit -    9.53 (9.52 – 9.53) -  24.2 (22.8 - 25.4) 
37 Nval                               -    9.69 (9.48 - 9.79) -  25.4 (21.7 - 28.1) 
38 Ile                                  9.77    9.77 (9.60 - 9.88)  26.7  26.4 (25.5 - 26.5) 
39 Nle                                   -    9.71 (9.70 - 9.71) -  23.8 (21.8 - 25.6) 
40 BALA                                 10.26 (10.24-10.30)  10.24   30.8  29.2  
41 Pro                                           10.64  10.64   25.4  27.0  
42 CAPS 10.35 (10.30-10.40)  10.40  -  22.0 

i – i-th ionic form of the constituent  
mo - absolute ionic mobility x 10

5
 (cm

2
 V

-1
 s

-1
);  

Fig. 1. An isotachopherogram from the separation of spacing constituents at 
pH=7.0 and predicted migration orders obtained for different pK  and mobility data A

sets.
A = median literature data; 

3 - Carbonic, 4 - PIPES, 5 - Aspartic, 6 - Glutamic, 8 - 2-Aminopimelic, 9 - Cacodylic, 10 - 
MES, 12 - MOPSO, 13 - MOPS, 14 - POPSO, 16 - DIPSO, 17 - HEPES,
19 - Gly-Gly, 21 – HEPPSO. 
R - increasing resistance, LE, TE - leading and terminating electrolyte, respectively.

B = the literature data providing the best fit at
pH = 7.0;C = the data obtained from the ITP experiments and providing the best fit 
within the pH range studied (pH = 6.5 – 10.0).

Fig. 2. A sensitivity of the prediction of ITP migration order to small fluctuations in 
pH of the leading electrolyte. 
The ITP separation carried out at pH = 6.50 and the predictions obtained for pH values 
close to this pH. 
3 - Carbonic, 4 - PIPES, 5 - Aspartic, 6 - Glutamic. 
R - increasing resistance, LE, TE - leading and terminating electrolyte, respectively.

Fig. 3. A confirmation of the prediction of the ITP migration order of the 
discrete spacers at pH = 8.50 based on the experimentally obtained pK  and A

mobility data that provided the best fits within the pH range studied
(pH = 6.5 – 10.0).
12 - MOPSO, 17 -  HEPES, 19 - Gly-Gly,  23 - Bicine, 27 - Asparagine,
30 - Serine. 
R - increasing resistance, LE, TE - leading and terminating electrolyte, respectively.
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This equation was used in calculations of the effective mobilities of 
the constituents of our interest for the electrolyte systems employed 
(covering pH = 6.5-10.0). These served as input data for the calculations 
of the pK values and (absolute) ionic mobilities of the ionic forms 
contributing to the effective mobilities of the separated constituents (Table 
1). Here, current numerical procedures were employed. The data 
providing the best fit with the ITP experiments within the pH range of our 
interest are given in Table 3.

Isotachopherograms in Fig. 1 illustrate an impact of the data 
employed on the predictions of the ITP steady state for a group of the 
spacing constituents at pH = 7.0.

Chemicals, Samples and Electrolyte Solutions

The leading and terminating electrolyte solutions (Table 2) were prepared 
from chemicals obtained from Serva (Heidelberg, Germany), Sigma (St. Louis, 
MO, USA), Merck (Darmstadt, Germany) and Lachema (Brno, Czech Republic). 
Hydroxyethylcellulose (HEC) served as an electroosmotic flow suppressor. 

Aqueous stock solutions of the discrete spacers (Table 1) were prepared from 
chemicals provided by the above suppliers. 

Absorption of CO  by the electrolyte solutions was prevented by keeping the 2

solutions in closed vessels and permanently placed in a desiccator over NaOH 
pellets. The terminating electrolyte solution in the terminating electrode 
compartment of the analyzer was maintained in a closed environment using a gas 
proof cap. The ambient pressure above the solution in the compartment was 
preserved via a microcolumn packed with NaOH pellets. The microcolumn was 
tightly connected to the electrode compartment via a Luer female connector in the 
cap.

EXPERIMENTAL

CONCLUSIONS

! The conductivity detector data obtained from the ITP 
separations of mixtures of spacing constituents in 8 
electrolyte systems were used in calculation of the pK and 
ionic mobility data.

! The impact of the data employed on the prediction of the ITP 
steady-state for a group of the spacing constituents at pH = 
7.0 was shown.

! The effect of the pH fluctuations on the prediction was 
illustrated.

! Experimental confirmation of the prediction of ITP separation 
at pH = 8.5 was done.
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