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SUMMARY 

A general equation for the final RF value of a solute chromatographed under 
conditions of stepwise gradient elution with one void volume of mobile phase has 
been derived. The elution process and the distance travelled by the spot as a function 
of eluent volume are illustrated graphically for retention-eluent composition relation- 
ships typical of a displacement adsorption mechanism or for reversed-phase chro- 
matography. A computer program (in BASIC) is given for the simulation of stepwise 
gradient thin-layer chromatography. The program can be used for the optimization 
of stepwise gradient programs by computer simulation of the elution process. 

INTRODUCTION 

In Parts I* and II2 it was demonstrated that a sandwich chamber with a glass 
distributer3*4 simplifies the use of continuous 5,6 and stepwise2v6 gradient elution in 
thin-layer chromatography (TLC), as the eluent is delivered to the layer by a capillary 
siphon from a small container, or is introduced directly, in small portions, under the 
distributer1JJ*6. Qualitative rules for the modification of the gradient profile were 
formulated in Part I’; however, it would be advantageous to have a mathematical 
model of the process involved. 

Numerous mathematical considerations concerning gradient elution have been 
mostly restricted to continuous column chromatography7-lo. Several workers11-*7 
considered the movement of zones under conditions of stepwise elution and derived 
corresponding equations that took into account the delayed overtaking of the solute 
band by the consecutive zones of increased concentration of the modifier. In this 
paper analogous considerations are applied to the migration of consecutive zones of 
the mobile phase and the corresponding migration of the solute band in TLC where 

l For Part II, see ref. 2. 
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the elution stops when the front of the mobile phase has reached the far end of the 
plate. The mathematical relationship between the RF values of solutes, the applied 
gradient program and the retention-eluent composition relationships involved are 
presented as a computer program that permits the study of the chromatographic 
process and the resulting separation of the components of the sample on the computer 
screen. 

THEORETICAL 

Gradient elution is used when the sample to be chromatographed contains 
components with a wide range of retention parameters. Consider a twenty-compo- 
nent mixture with capacity factors k’ of the components forming a geometrical pro- 
gression, the divisor being equal to 2 [/z’(j) = 0.97 (j - l)] and exponentially de- 
pendent on the modifier concentration (molar or volume fraction c), in accordance 
with the Snyder-Soczewinski model of adsorption18-22: 

a(j) = 25.6/2’ (solute No. j = 1,2, . . ., 20) (1) 

log k’(j) = log a(j) - 111 log c; k’@ = a@~-~“; RF, = 1/[1 + a(j)c-“I (2) 

where a(j) = k’(j),,,od for c = 1.0 (pure modifier). 
The log k’ vs. log c plots of the twenty solutes are given in Fig. 1, which has 

+ 
i0 li ;6 h l-6 iS Ii li li lb . 

Fig. 1. Family of linear log k’ vs. log c,,,~ plots for hypothetical solutes l-20 with capacity factors forming 
a geometrical progression according to eqns. 1 and 2); slope = -2. For isocratic elution only ten solutes 
give RF values in the range 0.04496 (left-hand ordinate). 



STEPWISE GFUDIENT DEVELOPMENT IN TLC. III. 65 

l7-2U 
16 
15 
14 

13 

"lo 

x 

1 

6 

$2, 
0 

LOI, F 

b. 0.4 .;: 
00.-1s 

4. 
-lb 

.13 
OS5 -12 

.-I1 

Oh-$0 

ia 

0.2 : 

I 

f6 
32 

0' 

Fig. 2. (a) Two-step development of the hypothetical mixture (Fig. 1). Lines of unit slope: migration of 
the fronts of the first (c = 0.1) and k-cond (c = 0.5) zones of the stepwise gradient; the remaining lines 
represent the migration of the individual compounds of the mixture, accelerated in the second zone. Solutes 
9-l 1 ark accumulated near the front of the more concentrated mobile phase. (b) RF values of the hypo- 
thetical series of solutes after five-step de;elopment (c = 0.05, 0.1, 0.2, 0.5, 1.0). 

a parallel RF axis subordinated to the right-hand-side log k’ axis; m = 2. It can be 
seen that no isocratic eluent can separate all the components: pure modifier (c = 1 .O) 
separates well solutes l-7 and the less polar solutes are accumulated near the solvent 
front; for c = 0.1 (lo%), solutes 7-14 are well separated, the remaining ones being 
accumulated either near the start line or the front line; for c = 0.02 (2%), solutes 
l-10 are accumulated on the start line. Thus, only half of the components can be 
satisfactorily separated by isocratic elution. 

The separation can be greatly improved already by two-step gradient elu- 
tionz3J4 (Fig. 2). However, the distribution of spots along the chromatogram is 
uneven, some spots being accumulated near the front of the more concentrated eluent 

’ 4 
I 

Fig. 3. Five-step development, equal volumes of the eluent fraction (0.2 of the void volume). Lines of unit 
slope: fronts of consecutive concentration zones. Exponential gradient program: 0.05, 0.1, 0.2, 0.5, 1 .O; 
retention vs. modifier concentration relationships corresponding to eqn. 2 for m = 1. 
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owing to the steep gradient of elution strength. In the case illustrated in Fig. 2, the 
mixture (Fig. 1) was eluted to half the length of the plate with 10% modifier and the 
elution continued with 50% modifier (c = 0.5). 

A still better distribution of spots can be obtained with multi-step gradients 
and especially with continuous gradient programs. In earlier papers1J,5,6, &lo-step 
or continuous gradients were used; to find a compromise between the smoothness of 
the gradient profile and simplicity of the elution procedure, a five-step gradient seems 
to be the most convenient. As will be demonstrated below, such a profile does not 
cause accumulation of spots near the boundaries of the consecutive concentration 
zones. Such a process will be considered theoretically and then generalized. 

Fig. 3 represents the migration of the fronts and zones of a mobile phase 
composed of five fractions of eluent of exponentially increasing concentration of the 
modifier (five-step,gradient). Equal volumes (v = 0.2) of the five fractions are applied 
so that the cdiisecutive fronts of the concentration zones are lower by 0.2 unit relative 
to the preceding ones. The ordinate axis represents the migration along the TLC 
plate and the abscissa the volume of eluent absorbed by the layer; the void volume 
of the layer is assumed to be equal to 1. 

Consider the migration of the spot of solute B from the start line. The spot 
migrates in the first zone of eluent longer than would be expected from v(1) = 0.2, 
as the front of the next concentration zone must first overtake it1*J4J5; the spot 
migrates a distances y(1) in the first zone and the corresponding volume of mobile 
phase, x(l), is equal to 0.2 + y(1). The coordinates of the first intersection point 
[x(l), y(l)] can be calculated by analytical geometry from the equation of the migra- 
tion of the spot b = RF(i) . x(l), where RF(i) is the RF value of solute in the first 
concentration zone] and that of the front of the second concentration zone b(l) = 
x(1) - 0.21. The solution gives 

0.2 0.2 
x(1) = 1 _ RF(I) and y(1) = 0e2 RF(1) = - 

1 - RF(I) k’(l) 

where y(1) is the fractional ARF value of the spot travelled in the first concentration 
zone of the mobile phase. It is evident from Fig. 3 that 

x(1) = 0.2 + y(1) (3a) 

The discussion is repeated for the second concentration zone, in which the RF 
value of the solute is RF(*). Transferring the origin of coordinates to the former 
intersection point [x(l), y( 1)] we obtain y(2) = 0.2/k’(2); the volume of mobile phase 
corresponding to this migration distance is equal to x(2) = 0.2 + y(2) = 0.241 - 
RF(*)) (see Fig. 3). The total distance (RF) travelled by the solute spot in zones 1 and 
2 is equal to y(1) + y(2). 

By analogous reasoning we obtain for the third concentration zone y(3) = 
0.2/k’(3) and x(3) = 0.2 + y(3) = 0.241 - RF&. After migration in three gradient 
zones, the RF value is y(1) + y(2) + y(3), which corresponds to absorption by the 
layer of eluent fractions with a total volume x(1) + x(2) + x(3) = 0.6 + y(l) + 
y(2) + Y(3). 

For single development of the layer x = 1.0. It can be Seen from Fig. 3 that 
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the intersection of the solute migration line [slope = RFt4J in zone No. 4 with the 
migration line of the front of zone No. 5 occurs beyond the area of the diagram so 
that the calculated y(4) value would be fictitious, and could be obtained only by 
continued elution with the last eluent fraction until x = x(1) + x(2) + x(3) + x(4) 
> 1. This fact requires the introduction of suitable corrections to the equation de- 
scribing the migration of solute spot under stepwise gradient conditions. 

It follows from the discussion of the case under considerations (Fig. 3, five 
consecutive eluent fractions equal to 0.2 of the total volume of the solvent in the 
layer) that the total volume of mobile phase corresponding to i migration steps is 

x = c x(4 = c w.2 + Y(ill = o-2 F 1 _lR,,, 
I I 

and the hypothetical RF of a solute travelling through i zones is 

Y = RF = c J@ = 0.2 1 I/k’(z) (5) 
1 I 

To find the real RF value of solute it must be assumed that the last, say the 
hth, development step is incomplete: 

h-l 

iFl x(z) < 1, but i x(z) > 1 and y = RF = 0.2 hi’ l/k’(z) + z(h) (6) 
i=l i=l 

and the real migration path z(h) of the solute spot in the last (hth) incomplete stage 
is calculated from the proportion (see Fig. 3 for solute B, h = 4): 

h-l 

z(h) 

1 - c 40 

i=l 

v(h)= x(h) ; 

h-l 

1 - 1 x(i) 

z(h) = 
i=l 

1 + k’(h) 
= RF(h) [I - ;< X(i)] 

(7) 

It should be mentioned that only the solutes of very high initial k’(z) values [very low 
RFtl) values] migrate through all five zones of mobile phase concentrations, so that 
their final RF is below 0.2 (Fig. 3, solute A). The number of zones through which the 
solute spot migrates also depends on the eluent volume fractions used, i.e., the step 
lengths and heights of the concentration program (gradient steepness) and the slope 
of the log k’ w. log c plot (eqn. 2). On the other hand, a solute of high RFfl) value 
for the first concentration zone [in the case illustrated, when REtI) > 0.81 migrates 
all the time in the first zone and its RF value is then not l/k’ (fictitious RF) but 
l/(1 + k’), in accordance with the well known equation (see Fig. 3, solute C). 

The equations can be generalized for a solute (j) for any number of steps (z) 
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and fractional volumes of the eluent, v(z) [x v(z) = 11. The total volume of mobile 
phase corresponding to fi) is i 

x(j) = i x&i) = i [v(i) + y(g)] = ; v(i) 
i=l i=l i=l 1 - RF@i) 

(8) 

The actual final RF value of solutej (considering that the last, hth, development step 
is incomplete) is 

h-l 

RF = c y(i,h) + z&h) = c - 
i=l 

(9) 

h-l 

(for 1 x(i,i) < 1) 
i=l 

h-l h-l 

z(i,h) = y”(i,h) 
i=l 

x' ’ (j, h) 

i=l 

= 1 + k’(j,h) 

I- h-l -I 

= &(j,h, 1 1 - c x(h) J (10) 
i=l 

(the double primes mean that the value is fictitious, i.e., beyond the migration dia- 
gram). 

The corresponding computer program for eqns. 9 and 10 in BASIC is given 
in Table I and can be used to analyse the paths of the series of solutes under stepwise 
gradient conditions for various parameters (slope of log k’ vs. log c plots, eqn. l), 
lengths [v(z)] and heights [c(i)] of the gradient program (for any number of steps n). 
In the authors’ laboratory a ZX Spectrum + personal computer was used. The paths 
of the individual solutes from the series are shown on the monitor screen and the 
numerical values of the final RF coefficients are printed. The program can be modified 
for other sets of solutes (other versions of eqn. 1) and retention-modifier concentra- 
tion equations. For instance, for reversed-phase systems of the type 
octadecylsilica-water + methanol another type of retention-eluent composition 
relationship is frequently observed*-10J1-22: 

log k’ = log Q - mc; k’ = a - IO-“; RF = 1 + p1 lo_” (11) 

where c is the concentration of modifier (methanol) in volume fractions, a is 
the k& value for pure water as eluent (for c = 0) and the slope m is equal 
to log k:, - log kmd = log kL/k,& For the hypothetical model mixture a similar 
geometrical progression of a(j) values can be chosen, e.g., 

21s 262 144 
a0 = 2’ - - ~ 0’ = 

2j 
1, 2, . . ., 20) (12) 



TABLE I 

COMPUTER PROGRAM FOR NUMERICAL AND GRAPHICAL REPRESENTATION OF STEP- 
WISE GRADIENT ELUTION 

The program is written in BASIC for operation on a Sinclair ZX Spectrum + microcomputer making use 
of all facilities of this version of BASIC. For this reason, adaptation to other microcomputers has not 
been taken into consideration. The program requires a screen monitor and a printer as peripherals. All 
data would be read from the keyboard and every reading is proceeded by a suitable explanatory text. An 
arbitrary number of concentration steps and an arbitrary number of solutes may be used for simulation. 
The volumes of portions of the eluent and their concentrations may be arbitrary. Only one subroutine for 
drawing the diagram is used. Coincidence of notations of variables in the program and the text was 
preserved if it did not lead to misunderstanding. The results of the program are the diagram of gradient 
concentrations, the diagram of the paths of solutes and the final RF values for each substance. 11 should 
be noted that the program below is for normal-phase systems. To alter it for reversed-phase systems 
substitute steps 240 and 260 in the program as follows: 
240 LPRINT “THE R-P SYSTEM” 
260 DEF FN k(i,i) = 262 144/((2ljl * 

la LPRINT 
20 LPRItIT “STEPWICE CRRDIENT” 
3R I PRIM __ ~ .._... 
40 IflPUT “THE N11NPER DF STEPS n=“i,, 
50 LPRINT “THE tttJMBEP OF STEPS n=“,n 
60 LPRIHT 
70 IttPlJT “THE HUNIBER OF SOLUTES b=“j b 
30 LPPINT “THE NUtlEER OF SOLUTES b=“i b 
TO LPRIttT 

100 DIM :<,I;. DIM v!n): DIM k(b>n>l DIV R(b>n> 
110 DIM x(b,n), DIM Hb,n): DIPI Sb,n?: DIM zCb,n) 
128 LPRINT .__ _. -. 
138 LPPINT “THE COttCEHTRRTIOEt OF MODIFIER ON I-th STEP” 
1Jc1 I PRTIJT - _ _. _ 
150 FUR i=l TO n 
160 INPUT “r=“;c( i 1, “v=“Iv< i 1 
170 PRINT *‘~(‘n-i-“)=nm 

’ ’ 
,cC i >, “v< “1 1; ” >=“iv( i > 

180 NEXT i 
190 
200 

:‘:: 2 
230 
240 
250 

% ,000 
286 

:;: 
310 
3a 
330 

::: 

COPY 
CLS 
LPRINT 
to SUB 1000 
LPRIttT 
LPRINT “THE q-P SYSTEN” 
LPRINT - 
DEF FM k~i~ij=25.6~(~2tJ~Ptc(l)~m~~ 
DEF FEt R(J,i>=INT <1000/<1+FN kCJ,i)>)/l 
IttPUT “THE SLOPE m=“;m 
:;;_i; “THE SLOPE m=“im 

‘L;;F=‘;; “THE DISTRNCE TRRVELLED BY SPOTS 

FOd i=l TO b 
FOR i=l TO n 
LET x<J,i)=v(i)/<l-FN R(J,i)) 
LET r(j,i>=v(i)/FN klJ..i) 
NEXT i 
LET s--0 
FOR i=l TO n 
LET s=s+x< J , i ) 
LET s(J,i)=j 
NEXT i 
FOR i-1 TO n 
IF i >=2 RND 5< J I i >>=l THEN GO TO 520 
IF d J, 1 I>=1 THEN GO TO 480 
NEXT 1 
GO TO 64B 

RFTER n DEVELOPMENT STEPS 

36ti 
378 

480 LET R=FN R< J, i > 
490 PLOT 10,108 DRRW 160,R1160 
500 LPRINT “Rf(“j j; “>=“;R 
510 CO TO 640 
520 LET z(j,i)=(l-slJ.i-l))lFN RIi,i) 
530 LET R=0 
540 FOR P-l TO i-1 
550 LET R=R+r(J,p> 
560 NEXT P 
570 LET R<J,ij=INT (1000X(R+z(J,i~))~l000 
530 LPRINT “Rf~“iji”)a”jR(j,i) 
530 PLOT 10,10 
600 FOR h=l TO i-l 
610 DRRW ~(j,h)f160,Y(j,h)*160 
620 NEXT h 
2:; ERy ~l-s(j,i-l))Y160,z(J,i~~l60 

650 LET v=0 
660 FOR i=l TO n 
670 LET y=v+v( I 1 
600 PRINT RT 21,vtZli” “iv 

(Continued on p. 70) 



TABLE I (continued) 

630 PLOT lB+v1160.10: DRAW (1-\~%160,( l-r/Ml60 
700 CIRCLE 10+i+160~n,l0,1 
710 CIRCLE 171~10+iY160/n~l 
720 NEXT i 
730 PRINT RT 10,24,“Rf=B>S” 
740 PRINT RT @,24i”t”j”Rf” 
750 PRINT RT 21,24j”--)“i”V,X,S” 
760 NEXT I 
770 PLOT 10~10: DRFtbJ 16080: DRRM 0,160: DRRW -160,0~ DRRW b-160 
780 COPY 
798 CLS 
800 INPUT “REPEAT PROFILE OF GRRDIENT aS=l OR REPERT RNOTHER SLOPE a$=0 

.j u ) II ; ,sa*_“, a* 

810 IF aS=“l” THEN GO TO 10 
820 IF aO=“B” THEN GO TO 240 
830 STOP 
840 RUN 10 

1000 LPRINT “THE PROFILE OF STEPMISE GRRDIEMT” 
1010 LPRINT 
1020 FOR i=l TO n 
1030 IF i>=Z THEM GO TO 1070 
1046 PLO? 0,c<i)X160. DRFM 160/,,,0 
1050 PLOT 0,0: DRRU 0,cl: i Ml68 
1060 GO TO 1030 
1070 PLOT I i-l XlCB.‘n,c( i Nl60: DRRL.1 160/n,0 
1080 PLOT ! i-l )1160/n,c! i-1 X160: PERW 0,tcC i PC< i-1 >M160 
1090 NEXT i 
1100 PLOT 0>0’ DP.RlI 0,160’ DRRM 160,O, DRRN 0,-160: DERW -160,0 
1110 FOR i=* TO n 
1120 PRINT RT 21,< i-l w20fni i 
1130 PRINT FIT 121-20’Xdi ~~,20~“_(“ii;“)=“.~r(l) 
1140 HE>!T i 
1150 COP’I 
1160 CLS 
1170 LPRItiT 
1180 LPPItlT 
1130 RETIJRH 

STEPWISE CRRDIENT 

THE NUNEER OF STEPS n-5 

THE CONCETRRTION OF MODIFIER ON 1-M STEP AND THE VOLUME OF ELUENT ON I-th 

THE S-P SYSTEM 

THE SLOPE m-2 

THE DIFTRNCE TRRVELLED BY 

RfC 1)=.818 
Rf<2>=.03s 
Rf(3)=.862 
Rf[: 4 )=0.1 
Rf(S>=B. 144 
Rf(6>=& 166 
RfC7 >=8.245 

Rf( 14 )=0.735 
Rf(lS)=&791 
Rf( 16 >=0.864 
RF< 17)=0.927 
RF< 18>=0.962 
Rf( 19)=8.98 
Rf(Z0>=8.99 

SPOTS RFTER n DEVELOPMENT STEPS 

THE PROFILE OF STEPWISE GRRDIENT 

’ c13,-0.2 

I r-J 
I- 
_c (2, =a. 1 

~2__3_4_6~ 
c I,, r.ae 

0.2 0.4 0.6 0.6 -->u.x,s 

STEF 
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The analysis of stepwise gradient processes in reversed-phase systems requires a suit- 
able modification of the program (included in Table I). 

The assumed mathematical model is somewhat simplified; for instance, it does 
not take into account solvent demixing effects4~2sJ6, which are especially significant 
for the low-concentration region of the gradient profile4qi8 (the effect can be mini- 
mized by pre-wetting the layer before spotting the sample4). Part of the mobile phase 
is stagnant in the pores of the adsorbent and the exchange of the stagnant liquid in 
contact with the new concentration zone may delay the migration of its front and 
cause some smoothing of the sharp (initial) concentration steps. 

CONCLUSION 

The computer simulation of stepwise gradient elution can be used for various 
purposes. The study of migration paths and RF values of solutes for various gradient 
programs and retention-modifier concentration relationships is valuable for teaching 
purposes, as it illustrates the operation of gradients in comparison with isocratic 
elution and gives general experience in choosing the optimal gradient shape (lengths 
and heights of the steps). The chromatograms obtained by trial gradient runs can be 
compared with computer data for model mixtures and modified programs tried by 
computer simulation to give an improved distribution of the spots. 

The examples chosen in this study concern simplified situations (parallel, equi- 
distant log k’ vs. log c plots). In real systems, more complex situations can be en- 
countered, e.g., the spots may form two groups separated by a wide gap on the 
chromatogram (ref. 1, Fig. 6c). The situation can be simulated by assuming that the 
middle solutes (e.g., Nos. 7-13) in the hypothetical series are non-existent and the 
task is to choose a gradient profile that would secure maximal compression of spots 
7-13 and equidistant distribution of the remaining solutes l-6 and 14-20. Another 
cause of complications may be differentiation of the slopes (m) of the log k’ vs. log c 
plots of the individual solutes, which may lead to crossing of some of the paths 
and changes in the sequence of the spots. Some more complex situations will be 
analysed in subsequent papers in this series. 

The computer program can also be adapted to stepwise gradient elution in 
column chromatography (for other programs for optimization of continuous gra- 
dients in column chromatography, see ref. 10, p. 485, and ref. 27; several programs 
for the optimization of TLC are given in ref. 28). The differences are that numerous 
void volumes of the eluent are used in elution and the process is terminated when 
the last solute (j = 1) leaves the column [i.e., its1 y(z) = 1; see refs. 9-171. 

LIST OF SYMBOLS 

Different symbols are used in the BASIC program for technical reasons (e.g., 
Rf instead of RF, s instead ofz). 
i No. of solute (l-20). 

&i-l) 
No. of elution step (eluent fraction). 
capacity factor of solute j in the tih step. 

Wi) corresponding fraction of solute in the mobile phase. 
Rfi,i) RF value. 
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concentration of modifier (molar or volume fraction) in the ith step. 
volume of eluent introduced in the ith step. 
distance (A&) travelled by solute j in the ith step. 
corresponding volume of mobile phase. 
total distance (RF) travelled by solute j after i steps. 
fractional distance travelled by solute j in the last (incomplete) step. 
slope of log k VS. log c plot. 

1 - Rf(i,,i) 

v(i) 

WA 

R(j,z] . [I - s(i,i - l)] 
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