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SUMMARY 

Different possibilities for the optimization of gradient elution conditions are 
discussed and compared. An approach is developed that permits calculations of the 
optimal initial concentration and slope of the gradient for the separation of mixtures 
containing compounds with known relationships of capacity ratio versus composition 
of the mobile phase. The approach was used for the selection of optimal conditions in 
the reversed-phase gradient elution chromatography of barbiturates and substituted 
uracils. The agreement between the experimental and expected chromatographic data 
is compared. A general approximate method is suggested for the prediction of the 
slope of the gradient in reversed-phase chromatography. 

INTRODUCTION 

Gradient elution is widely accepted as a highly efficient technique for adjusting 
adequately the retention of sample compounds during elution ~. The conditions for 
gradient elution are usually selected by a trial-and-error method. In many instances 
it would be useful, however, if we were able to calculate the optimal gradient elution 
conditions for a given separation problem from the properties of the chromato- 
graphic system and compounds to be separated, without performing a number of 
preliminary experiments. Such a rational choice of the optimal gradient elution 
profile for a required separation is not possible without a good understanding of the 
influence of the profile of the concentration gradient on retention characteristics 
such as retention volume, peak width and resolution. This aspect has been treated 
quantitatively in Part XI z and elsewhere 3. 

A few papers have been published in which the positions of the maxima and 
bandwidths in gradient elution chromatography were correlated with the profile of 
the concentration gradient in special instances 4-8, but such approaches cannot be 
used as the basis for the optimization of gradient elution chromatography because of 
the lack of general applicability and the complexity of the resulting equations. 

Snyder and co-workersg, ~° developed the concept of so-called "linear solvent 
strength" gradients, which are relatively simple to understand and treat. This concept 
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was recently elaborated by this group and a method for the optimization of these 
gradients has been suggested 3,~1,~2. 

In this paper another approach to gradient optimization is suggested and com- 
pared with the treatment of Snyder and co-workers. 

OPTIMIZATION OF RESOLUTION IN GRADIENT ELUTION CHROMATOGRAPHY: 
COMPARISON OF DIFFERENT APPROACHES 

Optimization of the chromatographic process means finding adequate con- 
ditions so as to obtain a required resolution of sample compounds in as short a time 
as possible. To meet this aim in gradient elution chromatography, the components 
(solvents) from which the gradient is formed and the profile of the gradient should be 
judiciously chosen. Most practical separation problems can be solved by using no 
more than two solvents of different elution strengths. After an appropriate choice of 
the weaker (a) and the stronger (b) solvent, the profile of the gradient should be select- 
ed, i.e., the shape (curvature) and the slope (B) of the gradient and the starting con- 
centration (A) of solvent a in the mobile phase. The optimization of the gradient 
profile requires different treatments if the sample compounds are known and if there 
is information available about their chromatographic behaviour under isocratic con- 
ditions, or if an essentially unknown sample is to be separated. 

Approach according to Snyder and co-workers 
Snyder and co-workers 3,H,~z suggested an optimization approach for "linear 

solvent strength" gradients in reversed-phase chromatography. In "linear solvent 
strength" gradients the logarithms of the capacity ratios of sample compounds, k~, 
decrease linearly with time according to 9,1° 

log k'~ = log k~ -- b(t/to) (1) 

where ka is k~ in the mobile phase at the beginning of gradient elution, to is the column 
dead time and b characterizes the slope of the gradient but depends also on the be- 
haviour of sample compound i in a given chromatographic system (for a more de- 
tailed discussion, see refs. 3, 9 and 10). The concentration profile of a "linear solvent 
strength" gradient together with the character of the relationship between k'~ and the 
composition (isocratic) of the mobile phase (such as described by eqn. 2a or 2b in 
further discussion below) determine the shape of the concentration gradient. In 
reversed-phase chromatography, where eqn. 2b usually applies well, this means a 
linear concentration gradient (linear change of concentration of solvent b in the eluent 
with time) 11. With certain simplifying assumptions (e.g., ka for all compounds very 
large, i.e., A -+ 0; constant separation factors for sample compounds during the 
gradient), a simplified equation for resolution in gradient elution chromatography as a 
function of b in eqn. 1 could be derived3,1°.lL 

As in isocratic elution chromatography, where maximal resolution per time 
unit can be achieved at certain values of the capacity ratios of sample compounds, 
maximal resolution in a given separation time in gradient elution chromatography is 
obtained for a fixed value ofb  (b ~ 0.2; see detailed discussion in refs. 3, 11 and 12). 

The optimization approach according to Snyder and co-workers11,12 suggests 
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gradients using this value of b, from which the slope B of the linear concentration 
gradient can be calculated, provided that n in eqn. 2b is approximately constant in a 
given reversed-phase chromatographic system and its value can be estimated, which 
appears to be a realistic assumption in practice. The initial concentration of solvent 
b is A ----- 0. 

This optimization approach can be applied generally in reversed-phase chro- 
matography, but it cannot give the best utilization of the analysis time or the resolu- 
tion required for each individual separation problem. Therefore, Snyder and co- 
workers11,12 recommend the following "fine tuning" of the separation conditions 
using a trial-and-error method, for which they provide several hints. These should be 
tried subsequently in the following order: 

(a) increase in the initial concentration, A, of solvent b (if sample compounds 
are eluted too late); 

(b) variation in the parameter b in eqn. 1 to obtain a better resolution; 
(c) increase in N by decreasing the flow-rate or by increasing the column 

length, if the resolution is still insufficient; 
(d) changing the organic solvent b if the selectivity is too low or if the sample 

compounds are very strongly retained. 

Present optimization approach 
The optimization approach presented here allows the direct calculation of the 

best profile of the gradient necessary to achieve the separation of a mixture of known 
compounds in as short a time as possible with a gradient formed from two given 
solvents a and b. Thus, "tailor-made" gradients for each separation are calculated, in 
which the solvent strength does not necessarily change linearly. This approach can 
be used for both reversed-phase and normal adsorption and ion-exchange systems, 
but the relationships between the capacity ratios, k', of sample compounds and the 
concentration (c) of the stronger solvent b in the mobile phase under isocratic condi- 
tions must be known, in addition to the respective constants of this equation. In 
principle, different k'  versus c functions may be used, but we shall restrict ourselves 
here to the two simplest and evidently most useful relationships: 

k' -= koe-" (2a) 
and 

k' = k010 -c" (2b) 

where k 0 and n are experimental constants of the sample compound and system used. 
Eqn. 2a can be used in many normal adsorption and ion-exchange systems, 

while eqn. 2b is suitable for reversed-phase chromatography. It is not the purpose of 
this paper to argue about the validity of and deviations from these equations; for a 
comprehensive discussion, see refs. 3, 11 and 13-19. 

In our optimization approach it is assumed that the efficiency (plate number, 
N) of the column used does not depend significantly on the composition of the binary 
mobile phase, which seems to be a reasonable assumption in most situations. The 
optimization of separation by controlling N via the column length or flow-rate can be 
achieved by analogy with isocratic elution and is not considered in the present ap- 
proach, where a fixed value of N is assumed (given column dimensions and flow-rate). 
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It is further assumed that there is no concentration change in the mobile phase 
caused by the column (solvent demixing is negligible) or by the geometry of the in- 
strument. 

Finally, it is assumed that the gradient-generating device used is capable of 
mixing two different liquids so as to produce a concentration gradient according to 
any mathematical function of concentration versus time. It is desirable that the con- 
centration gradient be defined by a gradient function that should be simple and ap- 
plicable to a wide variety of gradient profiles. The following gradient function is 
compatible with these requirements and has proved useful in practice16: 

1 

e = (A~ + BV)~ (3) 

where V is the volume of the mobile phase delivered by the gradient-generating device 
from the beginning of the gradient and A, B and z are adjustable parameters of the 
gradient function; A denotes the initial concentration of the stronger eluting agent in 
the binary mobile phase at the beginning of the gradient, B is the gradient slope and 

characterizes the shape (curvature) of the gradient profile. Other forms of gradient 
function can be also used for the optimization approach. 

Using eqns. 2a, 2b and 3, relationships for important retention characteristics 
in gradient elution chromatography (retention volume, peak width, resolution) were 
derived 16,~7 and the influence of A, B and z (eqn. 3) on these characteristics was deter- 
mined z. The optimization approach suggested here is based on the conclusions from 
this previous work. 

Resolution in gradient elution chromatography 
Let us now consider the gradient elution separation of a two-component sample 

mixture. To achieve the resolution, Rs, required, the parameters A, B and ~ in eqn. 3 
can be calculated from the appropriate equation for Rs, by analogy with the approach 
for the selection of the optimal composition of the mobile phase necessary to obtain 
the resolution required in isocratic elution chromatography 13. In part XI 2, the influ- 
ence of A, B and ~ on the resolution is discussed in detail. It has been shown that there 
are certain values of  the slope of the gradient function, B and/or of the initial con- 
centration of the efficient eluting agent in the mobile phase, A, at which maximal or 
zero resolution of  compounds 1 and 2 can eventually occur in gradient elution chro- 
matography, if nl # n2 in eqn. 2a or 2b. 

The occurrence of an extreme in the Rs~g) = f(A) or Rs~g) = f(B) function 
within the practically useful range of these functions, however, is likely only with 
major differences in nl and n2, which rarely happens in practical systems. Maxima of 
Rs~g) = f(n) functions are more likely to occur, but they are rather flat. By analogy 
with isocratic elution chromatography, the resolution in gradient elution chromato- 
graphy using a given pair of solvents is limited by minimal and maximal values, which 
cannot be exceeded at any practical combination of A, B and ~. 

A can be varied within the possible concentration limits of the more efficient 
eluting agent in the mobile phase (from 0 to Cmax). The slope of the concentration 
gradient is limited by the requirement that the retention volume of the last compound 
eluted, VR~g)z , must not exceed the volume of  the mobile phase delivered on to the 
column from the beginning of the gradient until the maximal possible concentration of 
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the more efficient eluting agent in the mobile phase is achieved, otherwise the elution 
is finished under isocratic conditions with the pure, more efficient eluting agent, and 
that the two components of the mobile phase must remain miscible. If two of the 
parameters A, B and × are known, the maximal admissible (m.a.) value of the remain- 
ing parameter can be calculated, e.g., the parameter B . . . .  or A . . . .  assuming the 
gradient function according to eqn. 3: 

1 1 

C m a x  N - -  A ~ 
B . . . .  = V '  (4a) 

R f o ) z  

1 

A m  a = ( e m a x  ~- - -  V "  B ]  ~" (4b) • • " R ( g ) z  i 

The values of Bin.,. or A . . . .  can be calculated after the introduction of  the appropriate 
relationship for V,~(~)z in accordance with the validity of eqn. 2a or 2b for the experi- 
mental system studied 16. 

METHODS OF CALCULATION 

If the required resolution of a two-component mixture is in principle possible 
in a given chromatographic system, it can be achieved using optimized isocratic 
elution and the application of gradient elution chromatography is unnecessary• On 
the other hand, it is extremely difficult to programme the composition of the mobile 
phase so as to obtain just the resolution necessary for baseline separation of all of the 
components of a complex, multicomponent mixture. This aim, if necessary at all often 
cannot be achieved by using a simple monotonous gradient function and the elution 
conditions have to be programmed separately, step-by-step, for the resolution of 
subsequent neighbouring compounds• Stepwise elution can be used to give an ap- 
proximate solution to this problem• 

Gradient elution using a simple gradient function with three parameters (like 
eqn. 3) can be suitably optimized so that two, or maximally three, independent re- 
quirements could be satisfied• Thus, the parameters of a gradient function could be 
calculated for two or three required values of the resolution at different points on a 
chromatogram or for a required resolution of two compounds and a required reten- 
tion volume of  another compound. Such an approach to the optimization of gradient 
elution would not only be very complex, but also unlikely to be meaningful, as the 
values of A, B and n for one of the requirements could often fall into the range pre- 
cluded by another requirement and the calculation would fail. In our opinion, it is 
more reasonable to base the optimization approach on only one required value for 
the resolution of  the two components of a sample mixture that are most difficult to 
resolve. Consequently, one of the parameters A, B and ~ is determined and the other 
two can be varied, as is illustrated in Figs. 1 and 2. Fig. 1. shows the relationship 
between B and ~ at a fixed value of A and the required value of the resolution of two 
neighbouring substances in adsorption gradient elution chromatography, and Fig. 2 
shows a plot of  B versus A at a fixed value of n and with the same required resolution• 
In both figures, a plot of the retention volume of another sample compound against 
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Fig. 1. Influence of ~ in eqn. 3 on B and the retention volume of the last-eluted compound (V,~(0)4) 
in the adsorption chromatography of four azo compounds. Column, Porasil A; binary mobile phase 
composed of cyclohexane and ethyl acetate. Compounds: 1 = di-(n-butyl)amide, 2 = di-(n-propyl)- 
amide, 3 = diethylamide and 4 = dimethylamide ofp-N,N-dimethylamino-p'-azobenzoic acid. A in 
eqn. 3 = 0. Rs~l,2 = 0.5 required. Eqns. 5, 6 and 7 were used in calculations. V,, = 2.0 ml; N = 
137; k~l = 0.242; ko2 = 0.330; k~3 = 0.65; k~4 = 1.94; nl  ~ n2 ~ n3 ~ n4 ~ n = 1.68. 
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Fig. 2. Influence of A in eqn. 3 on B and the retention volume of the last-eluted compound (V,~cg)4) 
in the adsorption chromatography of four azo compounds. Chromatographic system, compounds 
and operating conditions as in Fig. 1. ~ in eqn. 3 = 0.68. Rs~g)~,2 = 0.5 required. Eqns. 5, 6 and 7 
were used in calculations. For comparison, the values of V,~tg)a are given for gradients with different 
A and ~, where B is optimized with respect to the achievement of Rs~o)l,2 required: I, c = 0.0564V 
(linear gradient, ~ = 1); II, c = (0.0441 V) °'6a (gradient with zero initial concentration of ethyl 
acetate, A -- 0); III, c = (0.1302 + 0.0378 V) °'68 (gradient optimized with respect to the minimal time 
of separation) (c = ~ ,  v/v. 10 -2 of methanol in the mobile phase at the inlet of the column at V ml 
of the eluate from the beginning of the gradient elution). 

a n d  A is s h o w n .  T h e  p lo t s  o f  r e t e n t i o n  v o l u m e  s h o w  a m i n i m u m  a t  a ce r t a in  value  o f  

a n d  A. T h u s ,  it  s e e m s  r e a s o n a b l e  to  a c c e p t  t he  a c h i e v e m e n t  o f  t he  m i n i m a l  r e t e n t i o n  

v o l u m e  o f  an  a r b i t r a r y  c o m p o u n d  as t h e  s e c o n d  c o n d i t i o n  o f  t he  o p t i m i z a t i o n  ap -  

p r o a c h .  T h e s e  t w o  r e q u i r e m e n t s  are  suff ic ient  to  d e t e r m i n e  A a n d  B. 
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The parameter ~ is less significant than the other two with respect to the re- 
quirements of the optimization approach, but it determines the compression of a 
chromatogram expressed by means of a compression criterion, Q (ref. 2), (if eqn. 2a 
applies) and, if necessary, it can be determined from the required value of  Q before 
the optimization of  A and B. 

The optimization of A and B consists in an appropriate choice of  the com- 
pound i, the retention volume of which should be minimal, the determination of the 
minimum of  function V~(g)~ = f(A,B) at given value of ~, while A and B are further 
interrelated so that the required value of resolution Rs(g~l.z of  two appropriately 
chosen compounds with adjacent bands is kept constant. The usual Lagrange mathe- 
matical solution to the problem would suffer from severe difficulties and a modified 
method of solution is therefore preferred. An interval of possible values of A is defined, 
A ~ 0; A < Amax, where Ama x represents the concentration of  the more efficient 
eluting agent in the mobile phase, at which the resolution required is just achieved in 
isocratic elution chromatography. From this interval, the values of  A that are used for 
calculation of the corresponding values of  B necessary to achieve the required Rs~)~.2 
are subsequently chosen. Then, the corresponding values of the retention volume, 
V~(g~;, are calculated and compared. The comparison of the values of V~g~ cor- 
responding to the chosen values of A is used for a subsequent reduction of the interval 
of values of A (the interval is halved in each step) until the minimal value of V~(g)~ is 
found with a pre-set precision (e.g., 1 ~) .  Then, the arithmetic mean of this interval 
represents the required solution for A with the corresponding value of  B. This ap- 
proach is based on the assumption that there is only one minimum of V~(~)~ in the 
interval of the values of A, as in Fig. 2; it is universal and can be applied with different 
k' ---- f(e) and gradient functions. However, a computer is required for the optimiza- 
tion calculations. In the present work, a TI 58 programmable pocket calculator with 
a program capacity of 480 steps was used. Fig. 3 shows the block diagram of the cal- 
culation. 

The equations used for the calculations in the above optimization approach 
will differ according to the gradient function and the function k' : f(c) that apply for 
a given system. 

L Gradient function according to eqn. 3: eqn. 2a applies f o r  a given chromato- 
graphic system. Then, 

B = - -  x /N(X2 --  X,)  (5) 

1 

, X ~  - -  A ~ 

VR(o~ -- B (6) 

where N is the number of plates of the column, which is assumed to be approximately 
equal for all the sample components, V,, is the volume of the mobile phase in the 
column, z is selected before the calculation and 

[ x .~ l ]  ± 
Xj -- L(~nj + 1)Bk'ojVm ÷ A  ~ jx,j+a (7) 
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Fig. 3. Block diagram of the program used in the optimization approach. 

The subscript j = 1, 2 or i relates to compound 1, 2 or i, respectively. The param- 
eter B must be calculated from eqn. 5 using an iteration method (see the block 
diagram in Fig. 3). 

The upper limit of  the interval of  A, A . . . .  is calculated as the concentration of 
the more efficient eluting agent in the mobile phase for a required resolution R~1.2 in 
isocratic elution chromatography13: 
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(1) by an iteration method if nl ~ n2: 

Ama~= [ ko2(1 2Rsx2] 
]°2 

[ "0 + A:lax ] 
(8) 

Here, 
1 

X: = [2.31BVmnjk'oj ÷ 10"Ja] --~J (12) 

and the meaning of the subscripts j, i, 1, 2, and of Vm and N is as above. Eqn. 10 is 
solved for B by an iteration method. 

The upper limit of the interval of A, A . . . .  is calculated as the concentration of 
the more efficient eluting agent in the mobile phase necessary to achieve the resolution 
R~1.2 under isocratic conditions. Using an approach analogous to that in ref. 13 for 
eqn. 2a. we can derive the following relationships based on eqn. 2b: 

Eqn. 13 for n l ¢  n2, which is solved using an iteration method: 

2R~I 2] 

Ama,~ = _.1_1 . log (13) 

nl ko2 " 11 2R~1 2] 4R,1 2 
10 n2A max t ~ - ~ ' ]  ,~v//V 

(2) eqn. 14 for nl ~ n2 = n: 

Arnax = l l ° g { [ ~  (k°2 - k°l) - k°l - k°2] .1} (14) 

The same approach can be used for other gradient functions. For example, if eqn. 2a 
applies and we use a logarithmic gradient function: 

1 
c = log(A u + BV) ~ (15) 

we can calculate B, V;,(g)i and Xj from eqns. 5-7, as in case I above. The value of 

(2) i f n l ~ n 2 = n :  
1 

/F VN 
Amax " ( k ' ° 2 -  k ;1)  - -  k '° '  - -  k ;2]  " 2}n (9) 

= I. [2Rs1,2 

H. Gradient function according to eqn. 3 with x = 1; eqn. 2b applies for a given 
chromatographic system. Then, 

B = v/N(log X2 -- log X1) (10) 

2VmRs'°"2( k~@ )('1 __X;T 2) 

V ' R ( o ) ,  - -  l o g  X~ - -  A 
B (11) 
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Amax, however, should be calculated from the equation 

Ama x = 10Amax 

where A~a x represents the value of Area x calculated from eqn. 13 or 14. 

(16) 

EXPERIMENTAL 

The same gradient elution instrumentation was used as in Part X 17. A reversed- 
phase column, packed with an octadecytsitica reversed phase and a mobile phase 
composed of water and methanol was treated as described in Part X 17, and the same 
samples, substituted alkyluracils and barbiturates, were also used. 

RESULTS AND  DISCUSSION OF THE VERIFICATION OF THE OPTIMIZATION AP- 
PROACH 

Reversed-phase chromatography of substituted uracils and barbiturates on an 
octadecylsilica column using methanol and water as the components of the binary 
mobile phase was used for verification experiments. To illustrate the optimization 
approach suggested above, three model mixtures were chosen. The first mixture con- 
tained homologous lower alkyluracils, 3,6-dimethyluracil, 3-ethyl-6-methyluracil, 
3-n-propyl-6-methyluracil and 3-n-butyl-6-methyluracil. The second mixture con- 
tained 3-sec.-butyl-6-methyluraci l  and 3-tert . -butyl-6-methyluraci l  in addition to the 
components of  the first mixture. The third mixture was composed of barbital, hepto- 
barbital, allobarbital, aprobarbital, butobarbital, hexobarbital and amobarbital. 

For each of  these mixtures, the concentrations of methanol in the mobile 
phase necessary to achieve the required resolution for each pair of  the compounds 
with adjacent chromatographic bands were calculated first. An iteration method of  
solution of eqn. 13 was used. The separation of the most difficult to separate pair 
required the lowest concentration of methanol in the mobile phase, which represented 
the optimal concentration for isocratic elution, Copt. 

Then, the optimized conditions for gradient elution with a linear gradient 
function were calculated using eqns. 10-12. The required resolution of the most 
difficult to resolve pair of compounds should be obtained and the minimal elution 
volume of the last-eluted compound was required simultaneously. The calculated 
optimized gradient functions are shown in Fig. 4. The chromatographic experiments 
were performed under optimized isocratic and gradient elution conditions and the im- 
portant retention data from these experiments are summarized and compared with 
calculated values in Tables I -III .  The method of calculation of retention volumes, 
peak widths and resolution in reversed-phase chromatography under isocratic and 
gradient elution conditions was described in Parts IX 14 and X 17 and elsewhere3,11, is. 

The parameters k£ and n in eqn. 2 for the individual compounds in the chroma- 
tographic system used were determined from the values of the capacity ratios, k', in 
isocratic experiments using mobile phases with different concentrations of methanol 
(linear regression analysis of the experimental log k' versus c function; see ref. 17). 
These values of k£ and n are given in Tables I - I l l  and were used in both optimization 
calculations and calculations of retention characteristics. 
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TABLE I 

COMPARISON OF EXPERIMENTAL AND CALCULATED RETENTION VOLUMES, 
PEAK WIDTHS AND RESOLUTION FOR THE REVERSED-PHASE SEPARATION OF A 
MIXTURE OF HOMOLOGOUS SUBSTITUTED URACILS UNDER OPTIMIZED ISO- 
CRATIC AND GRADIENT ELUTION CONDITIONS 

Column: octadecylsilica chemically bonded on LiChrosorb Si-100 (10#m), 300 × 4.2 mm; V~, = 
3.20 ml, N : 3350. Mobile phase, methanol-water; flow-rate, 0.96 ml/min. Sample compounds: 1 = 
3,6-dimethyluracil; 2 : 3-ethyl-6-methyluracil; 3 ~ 3-n-propyl-6-methyluracil; 4 : 3-n-butyl-6- 
methyluracil. The optimal concentration of methanol in the mobile phase (coot) was calculated from 
eqn. 13 for isocratic resolution, R~ ~ 1.95, of compounds 1 and 2 and the optimal values Aoot and 
Boot for gradient elution according to the function given by eqn. 3 (z : 1) were calculated for the 
required optimal conditions, R,~,2 ~ 2.15, V/~(g)4 = minimum, using eqns. 10--12. The parameters 
k0 and n in eqn. 2 were determined according to ref. 17 and the values of V;~, w, Rs, V~(o), w~o) and 
R,(g) (retention volumes, peak widths and resolution under isocratic and gradient elution conditions) 
were calculated according to refs. 14 and 17. 

Compound ko n Ao~t Boot V~(o ) (ml) w(g~ (ml) R~(o ~ 

Calc. Exptl. Calc. Exptl. Calc. Exptl. 

1 9.51 4.40 0.358 0.165 0.51 0.79 0.24 0.23 
2 15.63 3.69 1.05 1.37 0.26 0.24 2.15 2.47 

2.60 2.72 
3 29.98 3.31 1.74 2.05 0.27 0.26 
4 67.20 3.25 2.40 2.72 0.27 0.30 2.44 2.39 

coot (%, v/v × VA (ml) w (ml) R~ 
10 -~) 

Calc. Exptl. Calc. Exptl. Calc. Exptl. 

1 9.51 4.40 0.509 0.17 0.38 0.23 0.25 
2 15.63 3.69 0.66 0.93 0.27 0.30 1.95 2.00 

4.19 3.37 3 29.98 3.31 1.98 2.06 0.36 0.37 
4 67.20 3.25 4.78 4.54 0.55 0.54 6.15 5.45 

TABLE II 

EXPERIMENTAL AND CALCULATED RETENTION VOLUMES, PEAK WIDTHS AND 
RESOLUTION FOR THE REVERSED-PHASE SEPARATION OF A MIXTURE OF LOWER 
ALKYL-SUBST1TUTED URAC1LS UNDER OPTIMIZED ISOCRATIC ELUTION CON- 
DITIONS 

Column, operating conditions, methods of calculation and meaning of symbols as in Table I. Sample 
compounds: 1 = 3,6-dirnethyluracil; 2 = 3-ethyl-6-methyluracil; 3 = 3-n-propyl-6-methyluracil; 
4 ~ 3-sec.-butyl-6-rnethyluracil; 5 -- 3-n-butyl-6-methyluracil; 6 = 3-tert.-butyl-6-methyluracil. 
Conditions of optimization: isocratic elution, Rs4,s = 1.95. 

Compound k; n Coot V~ (ml) w (ml) R~ 
(%, v/v. 10 -~) 

Calc. Exptl. Calc. Exptl. Calc. Exptl. 

1 9.51 4.40 0.392 0.57 0.93 0.26 0.28 
2 15.63 3.69 1.79 2.02 0.34 0.38 4.07 3.32 
3 29.98 3.31 4.85 4.79 0.56 0.55 6.80 5.96 
4 54.56 3.21 9.66 9.78 0.89 0.91 6.63 6.83 
5 67.20 3.25 11.51 11.99 1.02 1.04 1.95 2.27 

2.57 2.21 6 96.25 3.40 14.39 14.44 1.22 1.18 
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TABLE III 

COMPARISON OF EXPERIMENTAL AND CALCULATED RETENTION VOLUMES, 
PEAK WIDTHS AND RESOLUTION FOR THE REVERSED-PHASE SEPARATION OF A 
MIXTURE OF BARBITURATES UNDER OPTIMIZED ISOCRATIC AND GRADIENT 
ELUTION CONDITIONS 

Column, operating conditions, methods of calculation and meaning of symbols as in Table I. Sample 
compounds: 1 = barbital; 2 = heptobarbital; 3 = allobarbital; 4 = aprobarbital; 5 = buto- 
barbital; 6 = hexobarbital; 7 = amobarbital. N ~ 2330. Conditions of optimization: isocratic 
e l u t i o n ,  Rsl,2 = 1.60; gradient elution, (a) Rs(a ) l , 2  = 1.70; VA<g)7 = minimum; (b) Rs(o)6,7 : 1.75; 
V~g)l = minimum. 

Compound ko n copt V[~ (ml) w (ml) R~ 

( %, v/v. 10 -2) Calc. Exptl. Calc .  Exptl. Calc .  Exptl. 

1 21.81 3 .20  0.523 1.48 1.53 0.39 0.42 
1.60 1.24 2 58.44 3.71 2.15 2.08 0.44 0.47 
2.00 1.92 3 69.44 3.55 3.11 3.03 0.52 0.52 
1.89 1.96 4 106.96 3.66 4.18 4.14 0.61 0.61 

5 187.41 3.78 6.38 6.16 0.79 0.75 3.14 2.97 
2.61 2.32 6 252.29 3.77 8.69 8.10 0.98 0.92 
2.44 2.73 7 617.73 4.29 11.36 10.80 1.21 1.06 

Aopt Boo, VA<g) (ml) w(g) (ml) R~(g) 

Calc. Exptl. Calc .  Exptl. Calc .  Exptl. 

1 21.81 3.20 0.368* 0.061" 2.51 2.58 0.39 0.29 
2 58.44 3.71 3.17 3.27 0.39 0.29 1.70 2.38 

1.48 2.38 3 69.44 3.55 3.76 3.96 0.41 0.29 
1.23 2.07 4 106.96 3.66 4.26 4.56 0.41 0.29 
1.76 2.58 5 187.41 3.78 4.98 5.32 0.41 0.30 
1.34 2.10 6 252.29 3.77 5.53 5.95 0.41 0.30 
0.64 1.11 7 617.73 4.29 5.79 6.29 0.40 0.31 

1 21.81 3 .20  0.523** 0.0082"* 1.41 1.40 0.38 0.32 
1.48 1.37 2 58.44 3.71 2.00 1.86 0.42 0.35 

3 69.44 3.55 2.82 2.67 0.48 0.37 1.82 2.28 
4 106.96 3.66 3.66 3.55 0.53 0.43 1.66 2.23 

2.73 3.14 5 187.41 3.78 5.23 4.98 0.62 0.48 
2.26 2.60 6 252.29 3.77 6.72 6.32 0.70 0.55 
1.75 2.46 7 617.73 4.29 7.99 7.70 0.75 0.57 

* Conditions of optimization: (a). 
** Conditions of optimization: (b). 

The opt imal  (maximal)  isocratic concentra t ion o f  methanol  necessary to 
achieve R5 = 1.95 for  3,6-dimethyluracil  and 3-ethyl-6-methyluracil  is 50% (v/v) 

(Table I). Fig. 4 (curve 1) shows the gradient  funct ion opt imized for the required reso- 

lution, Rs(g) = 2.15, for these two compounds  and the minimal  retent ion volume of  

3-n-butyl-6-methyluracil .  The retent ion vo lume of  the last-eluted compound  in gradient 

elution ch romatography  is half  that  in opt imized isocratic elution. 

In the ch romatography  of  the s ix-component  mixture o f  lower alkyluracils, the 

separat ion o f  3-sec.-butyl-6-methyluracil f rom 3-n-butyl-6-methyluracil  is more  

difficult than the separat ion o f  the other  pairs o f  compounds  and requires a lower con- 

centrat ion o f  me thano l  in the mobi le  phase for isocratic elution than the separation 
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o f  the h o m o l o g o u s  mixture,  ca. 40 ~ (v/v) (Table  II) .  I f  gradient  elut ion is opt imized  
for  this reso lu t ion  o f  the two butyl  i somers  and the min imal  re ten t ion  t ime o f  3-tert.-  
buty l -6-methylurac i l  is required,  the ca lcu la t ion  gives the values A =- 0.392 and  B ~- 0, 
which represents  isocrat ic  elut ion with the  same compos i t ion  of  mobi le  phase as above. 
Thus,  g rad ien t  e lu t ion c h r o m a t o g r a p h y  canno t  diminish the t ime o f  separat ion for  
this mixture  in compar i son  with i socra t ic  elution. 

The reso lu t ion  o f  barb i ta l  and  hep toba rb i t a l  requires a lower  concentra t ion o f  
methanol  in the mobi le  phase  under  i socra t ic  condi t ions  than  the separa t ion  of  the  
other  pairs  f rom the mixture of  ba rb i tu ra tes ,  5 2 ~  (v/v), for a resolu t ion  Rs = 1.6 
(Table  III) .  I f  a resolu t ion  of  ba rb i t a l  and  hep toba rb i t a l  o f  Rs = 1.7 and a min imal  
re tent ion  vo lume o f  the last-eluted a m o b a r b i t a l  are required,  the op t imiza t ion  calcu- 
la t ion  yields A = 0.368 and  B = 0.061 for  the l inear  gradient  funct ion (curve 2 in 
Fig.  4) and  the t ime of  separa t ion  is a lmos t  ha l f  that  in the op t imized  isocrat ic  ex- 
per iment .  

The reso lu t ion  o f  hexobarb i t a l  f rom amoba rb i t a l  is too  low, however  (Fig. 5). 
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Fig. 4. Plots of optimized linear gradient functions for separation of homologous alkyluracils and 
barbiturates. Curve I :  c ~ 0.358 4- 0.165 V, optimized for separation of alkyluracils (optimization 
and operating conditions in Table I). Curve 2: e = 0.368 4- 0.061 V, optimized for separation of 
barbiturates; resolution of barbital and heptobarbital, R~,) = 1.7 required [optimization and oper- 
ating conditions in Table III, conditions (a)]. Curve 3: c = 0.523 4- 0.0082V, optimized for 
separation of barbiturates; resolution of hexobarbital and amobarbital, Rs(o)= 1.75 required 
[optimization and operating conditions in Table III, conditions (b)]. e ~ Concentration of methanol 
in the mobile phase at the inlet of the column, ~ ,  v/v-10-2; Vml = volume of the mobile phase 
delivered on to the column from the beginning of gradient elution. 

Fig. 5. Optimized gradient elution reversed-phase separation of a mixture of seven barbiturates. 
Numbers of compounds and operating conditions as in Table III [conditions (a)]; resolution of 
barbital and heptobarbital (compounds 1 and 2), Rs(o) = 1.7 required; elution according to linear 
gradient function (curve 2 in Fig. 4). V ml = volume of the eluate from the beginning of gradient 
elution. Detection: UV (254 nm), range 0.32 a.u.f.s. 
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Therefore, the optimization approach was repeated with other requirements: the reso- 
lution of hexobarbital and amobarbital should be Rs = 1.75 and the retention volume 
of the first-eluted compound, barbital, should be minimal. The calculated gradient 
function (A = 0.523 and B = 0.0082, curve 3 in Fig. 4) is much less steep and begins 
at a higher concentration of methanol in the mobile phase than in the previous 
optimization. The separation of all of the components in the mixture is satisfactory 
(Fig. 6) and the separation time is slightly increased (ca. 75 ~ of the time for isocratic 
elution) in comparison with the above optimized experiment. 
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Fig. 6. Optimized gradient elution reversed-phase separation of a mixture of seven barbiturates. 
Numbers of compounds and operating conditions as in Table III [conditions (b)]; resolution of 
hexobarbital and amobarbital  (compounds 6 and 7), R~(o ~ = 1.75 required; elution according to 
linear gradient function (curve 3 in Fig. 4). V ml ~ volume of the eluate from the beginning of gra- 
dient elution. Detection: UV (254 nm); range 0.32 a.u.f.s. 

The calculated and experimental retention characteristics under isocratic and 
gradient elution conditions, compared in Tables I-III, are in satisfactory agreement. 
The maximal difference in retention volumes is ca. 0.3-0.4 ml, which is an error com- 
parable to that in the previous experiments with gradient elution reversed-phase 
chromatography 17. The differences between the experimental and calculated peak 
widths were less than 0.1-0.15 ml. 

Using the same optimization requirements as for the second gradient curve, 
we calculated the optimized logarithmic gradient function for the separation of the 
mixture of barbiturates (eqn. 15, n = 1). The parameters of this function are given in 
Table IV, where the profiles of the logarithmic and linear gradient functions are 
compared. It is obvious that the two gradient functions are essentially identical in the 
part of gradient useful for the separation of the mixture of barbiturates. This result 
seems to give further support to the opinion that the curvature of the gradient func- 
tion is much less important than the slope and the initial conditions for the optimiza- 
tion of gradient elution. 
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TABLE IV 

COMPARISON OF THE OPTIMIZED LINEAR AND LOGARITHMIC GRADIENT 
FUNCTIONS FOR THE REVERSED-PHASE SEPARATION OF A MIXTURE OF BARBI- 
TURATES 
Operating conditions as in Table I, sample compounds in the mixture as in Table IlI. Conditions 
of optimization as in Table lII, (b), i.e., Rs(g~6.7 = 1.75; V~0)l = minimum; N ~ 2330. Gradient 
function: (I), c ~ A + B V  (eqn. 3), A = 0.523, B = 0.0082, calculated with use of eqns. 10-13; 
(II) c = log (A + B V )  × (eqn. 15), n = 1, A ~ 3.331, B = 0.067, calculated with use of eqns. 5-7, 
13 and 16. V = ml of the eluate from the beginning of the gradient elution; c = concentration 
of methanol (~ ,  v/v. 10 -2) in the mobile phase at the inlet of the column, corresponding to 
gradient functions I(c0 and II(cil). 

Con- V (ml)  
centration 

0 1 2 3 4 5 6 7 8 9 10 

C 1 0.523 0.531 0.539 0.547 0.555 0.564 0.572 0.580 0.588 0.596 0.605 
CU 0.523 0.531 0.540 0.548 0.556 0.564 0.572 0.580 0.587 0.595 0.602 

SIMPLIFIED GENERAL APPROACH FOR OPTIMIZATION OF REVERSED-PHASE 
GRADIENT ELUTION CHROMATOGRAPHY 

Let us now examine the possibi l i t ies  for  the op t imiza t ion  o f  gradient  elution in 
the reversed-phase  ch roma tog raphy  o f  an  unknown sample  mix ture  in a different 
way to tha t  o f  Snyder  et al. 11. In this instance,  significant s implif icat ions of  the theory 
must  be accepted.  Firs t ly ,  identical  values  o f  n in eqn. 2a will be assumed.  Then,  the 
equa t ion  for  the  difference in re tent ion  volumes,  A V~¢g), o f  two compounds ,  1 and 2, 
can be wri t ten as fol lows:  

• , 1 (2.31nBVmk'o2 + 10 "a ) 
A VR(o): VR(o)  2 - -  VR(o)  1 = ~ ° log 2 . 3 1 n B V m k o l  + 10 "a (17) 

Assuming  a low value o f  A, we neglect  the  te rm l0 nA as a first a p p r o x i m a t i o n :  

1 ( .~2) log ao log a 
A V'~(o) ~ ~ f f  • log ~ n B - -  ~ n B  (18) 

where a0 denotes  the re tent ion ra t io  o f  compounds  1 and 2 in the  pure,  less efficient 
elut ing agent  in the b ina ry  mobi le  phase  under  isocrat ic  condi t ions ,  which should be 
equal  to the re ten t ion  ra t io  a a t  an a rb i t r a ry  compos i t ion  o f  the b ina ry  mobi le  phase 
(a should no t  depend  on the compos i t i on  o f  the mobi le  phase in isocrat ic  elut ion i f  
nl = n2 ~ n). In  pract ice,  however,  n is no t  str ict ly cons tan t  for  the members  of  a 
homologous  series and,  consequent ly ,  a depends  to certain extent  on  the compos i t ion  
o f  the b ina ry  mobi le  phase.  Therefore ,  it  is reasonable  to consider  a in eqn. 18 as the 
re tent ion ra t io  in the  mobi le  phase wi th  a compos i t ion  co r respond ing  to the ar i thmet ic  
mean in the compos i t i on  interval  effective dur ing  the gradient  elution.  

In  a homologous  series, the p lo ts  o f  log k '  versus  the n u m b e r  o f  ca rbon  a toms  
in a l iphat ic  subst i tuents  are close to s t ra ight  lines. Thus,  the logar i thms  o f  the reten- 
t ion rat ios  r ema in  approx imate ly  cons tan t  for two ne ighbour ing  homologues  differ- 
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ing by one CH/ group (log a~ ~ constant). Further, it can be reasonably expected 
that the values of ac and n do not depend much on the type of organic compound in a 
given system of  reversed phase and binary mobile phase. Thus, in agreement with 
other workers, we found n ~ 3.0-4.0 and log ac ~ 0.3 for octadecylsilica reversed 
phase in a water-methanol mobile phase containing 50 ~ of methanoW. 

From eqn. 18, it follows that, with known log a~ and n, we can estimate the 
slope of the concentration gradient in reversed-phase chromatography necessary for 
achievement of the required difference in retention volumes between neighbouring 
members of a homologous series. The difference in retention volumes, A V~(g) can be 
correlated with the resolution, Rs(o~, if we assume that the peak widths in gradient 
elution chromatography, w(g), are approximately equal to peak widths under iso- 
cratic conditions with k' = 1 : 

8 V,,,Rs(o) (19) A V'R(o~ : R...,(o)w(~,~ ~. v ' N  

where Vm is the volume of the mobile phase in the column and N is the number of 
plates (isocratic conditions). 

The use of  eqn. 18 is illustrated by Table V. The values of  n and log ac were 
taken from the experiments in Part X 17. The estimated values of the differences 
between the retention volumes of the two compounds differing by one CHz group in 
the aliphatic substituent are compared with the experimental values for three different 
slopes, B, of the linear gradient function (start of the gradient in pure water, A = 0, 
system 1). 

A similar correlation was shown for experiments performed by Elgass z° and 
Engelhardt and Elgass zl on the gradient elution chromatography of phenacyl esters 
of  saturated fatty acids on a Ca reversed-phase column using a binary mobile phase 
composed of water and acetonitrile. The values of n and log ac for this system were 
estimated from two isocratic experiments with Ca-C12 acids using 100 % and 70 % ace- 
tonitr i le-water .  The parameter n was calculated as the average of  the ratio of the 
difference in log k' and the corresponding difference in the concentration of aceto- 
nitrile in the mobile phase; log ~ was estimated as the arithmetic mean of the differ- 
ences in log k' between two neighbouring homologous acids in the two mobile 
phases. These calculations are shown in the bottom section of Table V. 

The experimental differences in the retention volumes for two neighbouring 
homologues in Table V are in satisfactory agreement with the estimated values, if we 
take into account the simplifications involved in the estimation approach. 

CONCLUSIONS 

The experimental results of reversed-phase gradient elution chromatography 
suggest a good validity of the optimization approaches described. The exact calcula- 
tion procedure requires that the parameters of the function k' = f(e) be known for 
sample compounds in a given chromatographic system. Under this condition, the 
calculations with the use of a computer or a programmable calculator make it possible 
to plan the conditions for gradient elution with a required resolution of a chosen pair 
of  sample compounds with minimal retention volume of another chosen compound 
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TABLE V 

OPTIMIZATION OF GRADIENT ELUTION OF HOMOLOGOUS MIXTURES IN RE- 
VERSED-PHASE CH RO MA T O G R A PH Y  

System L Column: C18 on LiChrosorb Si-100 (10 ~m). Mobile phase: methanol-water.  Sample 
compounds: barbiturates, substituted uracils. The values of log ac and n were taken as average 
values from experiments under isocratic conditions; log ac is the average difference in log k '  between 
two compounds differing by one CH2 group in 50 % methanol-water from the two series of com- 
pounds ~7. 

System II. Column: C8 on LiChrosorb Si-100 (10#m). Mobile phase: acetonitrile-water. 
Sample compounds: phenacyl esters of saturated fatty acids, n-C6-Cls. The values of log a~ and n 
were taken from two isocratic experiments in 70 % (e = 0.7) and 100 % (e = 1.0) acetonitrile-water, 
as shown in the bot tom section. These two experiments and two experiments with linear gradient 
elution were performed by Elgass ~° and Engelhardt and Elgass zl. 

B represents the slope of linear gradient function [eqn. 3; ~ = 1, A = 0 (0-100% CH3OH) 
in system I; A = 0.7 (70-100% CH3CN) in system II]. 

System Compounds Reversed Mobile Log ct~ n B A V[~(g) (ml) 

phase phase Cale. Exptl. 

I Barbiturates; Cls CH3OH-H20 0.3 3.5 0.069 1.2 0.8 
substituted 0.035 2.4 1.8 
uracils 0.017 5.0 4.0 

II Saturated fatty Cs CH3CN-H20 0.1 3.9 0.0075 3.5 3.0 
acid derivatives 0.015 1.7 1.6 

Fatty acid Concentration o f  acetonitrile in the mobile phase P = log P 
(%, v/v'lO -2) kLT-logkl.o n -- 

Ac 
c ~ 0.7 c = 1.0 

log k '  Alog k'cn2 log k" Alog k'cn2 

Cs 0.32 --0.77 1.09 3.63 
0.13 0.09 

C10 0.58 - 0 . 5 9  1.17 3.90 
0.125 0.07 

C12 0.83 - 0 . 4 5  1.28 4.27 

Arithmetic 
mean -- 0.127 * -- 0.08 * - 3.93 

* Log ac = 0.103 (arithmetic mean of Alog kbm at e = 0.7 and c = 1.0). 

( i f  t h i s  r e s o l u t i o n  c a n  b e  a c h i e v e d  u n d e r  i s o c r a t i c  c o n d i t i o n s  in  t h e  g iven  sys tem) .  

T h e  s lope  o f  t h e  g r a d i e n t  in  t he  r e v e r s e d - p h a s e  c h r o m a t o g r a p h y  o f  h o m o l o g o u s  mix -  

tu res  f o r  t h e  a c h i e v e m e n t  o f  a r e q u i r e d  d i f f e rence  in  r e t e n t i o n  v o l u m e s  b e t w e e n  t w o  

n e i g h b o u r i n g  h o m o l o g u e s  c a n  b e  e s t i m a t e d .  
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