
SUMhsAEtY 

T’be Kohiransch reguIating functions (the o-functions) have been calculated 
for the moving zones in carrier-free displacement electrophoresis (isotachophoresis) 
experiments_ We verified experimentally that the o-functions of the different migrating 
zones have the same value at the steady state- From studies of the Kohhauseh 
functions it is easy to decide whether interaction betweer~ the constituents 6f a zone 
OfXUS. 

The ‘heory of ekctrophorctblly displaced boundaries was outlined by Kohl- 
rausch in L897l. Kohlrausch introduced the c&unction (%iie.bebarrliche Funktion”), 
de&ted as CD = .Zc,/n~, where c, is the concentration and mf the mobility of the ion]. 
Kohlrausch derived mathematically that the o-f?.mction has the same value in two 
phases separated by an electrophoretically moving boundary. In spite of tie great 
importance of this statement in theoretica tre&ments of all kinds of e!e-ctiophoresis 
methods, to the best of our knowledge, no experiments to verify it have been 
published. The reason could be the lack of electrophoresis techniques that permit 
accurate, simrcltaneorrs measurements of the corxcentrations c, and the mobilities nzJ. 
The electrophoresis apparatus used has some unique futures that render it very 
suitable for such mcasurexents (see Discussion). For reasons also given under 
Discussion we these to determine the Kohirausch functions in displacement electro- 
photi (isotachophosesis) experiments. 

Only the themy of displacement eleetrophoresis that is of interest for our 
veri6cation experiments is given here. For a more exhaustive treatment, see refs. 
2and3. 



The electrophoretic mobility of an ion is de&xi as its ve!ociq- at unit fieki 
strength: 

m = v/E (0 

wherem = mobility (m~/Vsec), v = velocity (m/set) and E = eltid Eeld strength 
WmY- 

The fieId strength can be expressed as 

E=L=i 
AK K 

(2) 

where I= current (A), A = cross-set,onal area (mZ), K = conductixG;ty (Q-‘m-1) 
and i = current density (A/nz). 

Combination of eqns. 1 and 2 provides the mobiIity eqation: 

VAK 
m=- 

I (31 

w=bicb o&u is used for the calculation of ion mobiMes_ 
T%e determina tion of counter-ion mobility demands further consideration. The 

procedure is as follows. The current density in a solution is a fncticn of the ion 
conce~tratioas snd velocities: 

i = FZc,qv, (4) 

F = Faraday’s constant M 96 488 A_sec/equiv., c,concentration of the ionj(mol/m+) 
ad z, = charge of the ion j (equiv_/mol) (z uld v, as well as m in eqn. 3, are given 
positive signs for cations and negative signs for anions)_ 

Consider a zone CL consisting of an ion L and a counter ion R (Fig_ 1). (we 
assuIlte that we perform the experiments at an i&mm&&e pH where the contribu- 

@ T*R- St R- I tc R- 0 
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Intmdu&on ofeqn_ 2 gives a fnnction suitable for the cx&xIation of counter-ion 

mobility : 

K 
mg=mL-- 

Ic,,,, 

The ctAkn&ons of the zones a, #I and y in Fig. I can be detexmined from the 
mobility V&ES (eqns. 3 and 8), and the measured ion concentrations and their 
valencies: 

The ratio of the CB-functions for the hvo zones a and /? can be Cal&M either 
directly from ecps. 9a and 9b or from the following equation, obtained by corn- 
bining eqas. 9a, 9b, 3,s and 6: 

A similar equation for the zones Q and y is obtained by combining eqns. 9% 9c, 3, 
8arxd6: 
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me equations were aIs used to estimate the uncertainty in the c&dated vaks 
of the c&mction ratio (see Table II). 

The vahres of the w-functions in parentheses in Tables IIa and IIb were 
calculated from eqns. 9a and 9b, putting rn: = rng = the arithmetic mean of the 
mea,w_ed counter-ion mobilities in the zones a and @, and in Table EC from eqns. 9a 
and SC, putting rng = m,Y = the mean vahre of the counter-ion mobihties in the 
zones (I and y- 

Recgents 
All chemicals [po’tium acetate, cobalt@) acetate, copper acetate, acetic 

acid and hydrochloric acid] were of pro anal&i purity. Tris(hydroxymethyi)amino- 
methane (Tris) and Isulphosalicyhc acid (SSA) were purified by recrystalhzation 
iu 40% ethanol. 

AH experiments were carried out in the free solution eIectrophoresis equipment 
previously described in deli-. The electrophoresis &amber was a 4O-cm long, 
slowly rotating horizontal quartz tube with an inner diameter of approximately 2.5 
mm_ The rotation has been shown to give efficient stabilization against convectional 
disturbances. A syringe pump was connected to one electrode vessel, making it 
possible to apply a controlled liquid ffow in the eIectrophoresis tube. The apparatus 
was equipped with a photo&ctric scanning device, giving the ultraviolet absorption 
pattern of the zones on the strip chart of a recorder. The scanning wavelength was 
280 nm; the background absorption at 320 run was automatically subtracted by 
means of a rotating f&i. 

Loanin, She eiectrophoresk tube 
The left electrode vessel and half of the tube were filled with leading btier 

with the aid of a syringe A sample zone about 10 cm long (ca. 0.5 ml) was applied 
in contact with the Ieading buffer while the tube was rotating. The remainder of the 
tube and the right e!ectrode vessel were then C&d with terminating buffer. 

E!ectropImesis 
After the electrophoresis current had been switched on, a count&low of 

kding btier was applied to keep the front boundary of the sample zone stationary 
in the tube, permitting complete adaptation of the sample zone concentration to the 
leading zone. The steady-state sample concentration was considered to be reached 
when the scanner trace showed that the concentration was constant throughout the 
zone and no further change in zone length could be detected (Fig. 2). The counterflow 
was turned off and the migration distance of a moving boundary was then determined 
bs- seaming +Jlt t&e at axurately measured time intervals (the position P of a 
boundary was taken as the point of the boundary that corresponded to half the 
height of the scanning trace; see Fig. 2b). The migration velocity thus obtained for 
one boundary is equal to those of all other boundaries (as they all move with the 
z-2 s@ when the steady state has been attained). The runs were performed at 
20 “C. 



a 

Cp-SSA*- B -F A+- t-$-co%p 
B 

P b 

Fii_ 2. Strip&art recorder traces of scans of the ekctrophoresis tube at 280 EM_ The ions of the 
zones arc indicated below the arve. (a) An&k system, Cl--SSA2--AC- with Tris+ as counter ion; 
(b) cationic system, K+-co2+-01*+ with AC- as counter ion. Recovered fractions are marked by 
numbers 1-3 and Ierters a-d. 

Collection of fractions 
When the front boundary of the sample zone had reached the end of the tube, 

the voltage was switched off and the zones were collected, starting with the termi- 
nating solution. Each zone was withdrawn with a dry syringe. 

The ahsorbaaces of the collected fractions were measured with a Beckman 
ACTA CIlI spectrophotometer at wavelengths of 297, 5i0 and 760 nm for SSA2- 
(the anion of %sulphosalicylic acid), Coz+ and Cu*+, respectively. Standard graphs of 
absorbance a_@nst concentration were constructed at the pM of the zones. 

The wnductivities were measured w&h a RAiometer CD&f3 conductitity 
meter. equipped with a CDC314 microcell, 

One anionic and one cationic system were investigated. 

The leading solution consisted of hydrochloric acid and Tris in the molar 
ratio 1:2, ensuring maximal buffering capacity ar;d good reproducibi&ty. Tne pH 
obtained was 8.3 at 20 “C. Three concentrations of leading soWion were analysed 
(see Tabfe Ia). 5-Sulphosalic$ic acid (SSA) was used as the sample (the sample 
applied was prepared from &he acid and Tris in the molar ratio 1:4). At pH 8.3 



the acid 2ppe2rs almost completely as SSA*- since pK2 w 3 and pK, M Il. The 
sample concentration used was close to the exp&ed steady-state concentration_ The 
termiuating solution consisted of EIAc and Tris, Tris initially being at the same 
concentration as in the hydrochloric acid-Tris buffer in the leading soh~tion. 

Electrophoresis was performed as de~@bed above_ After 2-4 h the conaz- 
trations in the sampIe zone had become adapted to those of the leading zone and the 
c4~1centrations in the tern&a ting zone to those of the sample moue. Fig. 2a shows 
the recorder trace of a scau of the tube. The SSA zone could easily be detected by its 
I?? absorbance. The small peaks pr and p2 at the zone boundark in Fig. 2a were 
probably due to light deviation caused by refractive index differences between the 
zones (Schlieren effects)_ Neither the leading chloride zone nor the terminatiug acetate 
zone showed any absorbance at 280 or 320 nm. 

The mig ition velocity of the front boundary of the SSA zone was determined. 
The standard deviation of this determination was very low, as showu in Fig_ 3. The 

the method of least squares. 
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Fi. 3. Migs-ztion distance of the botuxhry between the Cl’ zone and the SSA’- zone of the anionic 
system (see Fig_ 2a) at difkrent times. The migntioo distacce of the boundary was. obtained fhn the 
seaming pattern on the recorder &u-t. 

Wren the ekctrophoresis was compieted, the contents of the tube were with- 
drawn in fractions 1-3, as indicated in Fig. 2a. The conductivity of each kxtion 
and the SSA concentration in faction 2 were determined, and their measured vahxes 
are listi in Table Ia. The ion mobihties and the values of the o-function of the 
diEerent zones were cakulated from these values by equs. 3, 8 ,9 and 10 (see Table 
IIa). For the calculation of the Kohhausch regulating functions we used both the 
caIcuJ.Med mobilities of the counter ion and their arithmetic means. The values of the 
OJ-functions in parentheses in Tables IIa, IIb and IIc refer to the mean vahxes. When 
comparing the a-functions in Table II it is more suitable to consider those CalcuIated 
from the mean values of the mobihties because these functions according to the 
treatment given in reefs. I and 7, have the same value only if the mobility of an ion 
isthesameiubothphases. 

cafimic syste?n 
KAc-HAc @H 5.40) was chosen as the leading solution and CuA.c&ZAc 

($3 Z-10) as the terminating solution. The applied sample Gontaiued &AC, attd 



25.0 11.3 0.145 0.495 3.22 4.56 
50.0 0.386 22.2 0.253 2.48 8.15 4.56 

10 0.734 43.3 0.484 4.99 7.93 4.56 

0.800 37.5 2s2 6.25 
1.55 74.7 2.70 6.25 

100 0.8OQ 46.5 0.23s 2.44 252 
200 1.55 100 0.369 4.90 270 ::iZ 

EIAc in concentrations approximately equal to the steady-state concentrations. Two 
leading ion concentrations were used, namely 100 and 200 mol/rn3 (see Tables Ib and 
Ic). The counter-flow was applied for 24 h. Fig. 2b shows the scanner trace. The 
0.1 zone could easily be detected by its UV absorbance. The Co zone showed no 
UV absorbance, but was easily kalized by its red &our. The zone length co*uld 
therefore be measured manualIy with a ruler. The position of the boundary between 
the leading K zone and the Co zone (indicated in Fig. 2b by an arrow) was 
established by such a measurement. The fractions that were analysed are indicated 
as a-d. 

The migration velocity was cakulated in the same way as for the anionic 
system; the boundary between Co and Cu was used for this calculation. The 
measured parameters of the cationic system are listed in Tables Ib and Ic. The reIated 
calcuIated mobility and w-function values are presented in Tables fib and IIc. 

AU possible care has taken to minimize the errors in the measurements. The 
uncertainty of a measured physical parameter consists of a standard deviation of the 
measurement and a systematic error related to experimental procedures. The latter 
was estimated according to the precision of the equipment- The limits of the errors 
of the cakukted mobiiities and o-functions in Tables Ha, IIb and IIc were estimated 
using the equation 

(11) 
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Where (.@)i clenoa the relative cl.i&rence in f when the parameter pt is replaced by 
pi t .4pi;f=fTP3; dpt is the standard error ofp,. 

DISCUSSION 

The electrophoresis equipment that was used has the following characteristic 
featules that make it suimbIe for the present investigation. (a) Ekctrophoresis is 
performed in a carrier-free solution; it is accordingIy not neo5sary to compensate for 
disturbances caused by the presence of supporting media (for instance, in the form 
of gels of poiyacrykmide or gradients of sucrose) and viscosity-increasing agents 
(for instance, methykeUuIose). (b) With the photoelectric scanner one can determine 
accurate migration velocities and easily decide when the steady state has been 
attained, (c) Fractions can he withdrawn after completion of a run; the conductivity 
and ion concentration of any zone can therefore he measured with high aecuracy- 
(d) The power supply is equipped with a current stabilizer; vzriations in the tern- 
perature of the cooSag water therefore have very little infiuence on the migration 
velocities of the zon&_ (e) Electroendosmotic flow is eliminated. 

In displacement electrophoresis ah adapted zones migrate_ with the same 
velocity; in addition, the number if ionic species in the zones is smaller than in zone 
electrophoresis or moving boundary electrophoresis. The former method therefore has 
the advantage that it requires fewer measuremeuts than the other two for the 
cakuIation of the UJ-f&ctions. This is the main reason why we chose to utilize the 
displacement technique in this investigation. The conclusions drawn from this study 
are, however, relevant also to zone and moving boundary eIe&rophoresis. 

That the steady state had been attained in our experiments is evident not 
only from the shape of the curves in Fig. 2a and b but also from the fact that the 
conductivities and absorbaneesbf fractions 2 and 3 in Fig. 2a (and b and c in Fig. 2b) 
differed by at most 2 %_ In one controi experiment the SSAz- zone was withdrawn in 
eight fractions. Accurate measure ments showed that the SSA concentration in the 
factions deviated less than 0.5% from the arithmetic mean. 

Theory 
In the deduction given by Kohkauseh’ and Longsworth’ a prerequisite for the 

~-functions to have identical values in all zones moving in an electrical field is that 
the mo%Iity of an ion has ffie same value in the different zones. It is therefore 
necessary to consider the constancy of the mobilities of the counter ions (which are 
the only ions in our experiments, except the negligible II* and OH- ions, that 
appear in more than one zone). Table IIa shows that the mobility of-Tris+ (within 
experimentaI error) has the same value in the a and #I phases. The data in Table IIb 
indicate that it is more uncertain whether this is true for the AC ion in the R’-CoZf 
system. It is obvious, however, that the AC- ion has a di.Eerent mobihty in the 
presence of Cu*+ than in the presence of K+ (Table IIc)_ These considerations are 
in agreement with the experimentahy found ratio between the ~functionsr in Table 
IIa the ratio is close to unity; Table IIb shows possibly some deviation from unity, 
whiIe a very striking deviation is observed in Table IIc. It should be stressed that the 
ionic concentrations cJ in the calcutations of the ~~funetions were set equal to the 



total concentration of the ionj, which is fat fkom correct for the AC- ion in the Cuzc 
zone flable Z&z)- 

The above grat difference between the values of the w-f&n&ions for two 
moving zoues is due to complex formation between Cuzc and AC- (ref. 8). Generally, 
one can state that sign&ant dilkences between the Kobkauschfunctions, calculated 
with the asswnption that no coinplex foriI.lation occurs (as we have done in this 
paper), are an indication of mokcular interactions. A c’toser impectioon of the Kohl- 

rausch hwtions may in some instances give important information about the 
nature of ionic umpksxes, particularly if ion mobilities and ion conamtratims are 
repked by constituent mobilities and constituent concentrations (see ref. 7). 
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