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SUMMARY 

The reversed-phase chromatogr2phic behaviour of selected barbiturates, a&2- 
loids 2nd substituted 2lkyluracils on 2 CL8 bonded phase coluuna wits investigated in 
both isocratic 2nd gmdient elution experiments using 2 biQ2ry mobile phase composed 
of water 2nd methanol. Experimental capacity ~tios of sample compouds under 
isocr2tic conditions fitted well with the lineat rel2tionships of fog k’ Verms concen- 
t&ion of methanol in the mobile phase. The approach for the c&x&&ion of retention 
vohmes and peak widths in gradient elution chromatogr2phy presented earlier w!as 
extended to reversed-phase chromatography and VeriSied experime&ally. The 2-m- 
ment between the experiment4 and theoretically predicted values was satisfactory. 

iNTRODUCMON 

The number of reversed-phase liquid chromatography separations has in- 
creased considerably during the past -few years. At present, the reversed-phase 
technique is by far the most important and versatife liquid chromatographic method 
which permits separations of vtious organic compounds of 2 wide pokrity range 
(hydroczbons to sulphonic a~&+~, including various separations ofnatuf2.l products, 
biochemicals 2nd organic pollut2Qts in w2terg~16-Lg. N2tura.l and eQviromneM.al 
SampIes usuaIIy contain compouuds with large sWW d.iEerences and the elution 
of all sample impounds in one NIL usu2lly m+res the a~plic2tioQ of the gradient 
elution technique, in which good reproducibility of the gradieQt profZe and flow-rate 
is essential for reliable quantitation 2Qd ideQtifk2tion of sample compound. 

The possibility of ca.lcuMing retention data in reversed-phase gradieQt elution 
chromatography would be useful for the identification of pe2h.s. schoenmakers et d4 
described a method for the calcul2tion of retention times based OQ a quadmtic 
function between log k’ 2nd the content of the org2Qic solvent in the moblEe phase, 
but gave Qo experimental vertication of their complex c&t&tioQs. In most practical 
examples, a linear function cm be used instead of the quadratic function in the coQ- 
centration range of p~actic2l importance for chromaFogr2phic sepatations. lQ the 
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present work, our theoretical approach for the prediction of retention data in gradient 
elution operation, published previously for liquid-liquid cbromatography5, has been 
extended to reversed-phase chromatography, yielding a simplified model that has 
heen verified experimentally. 

RETENTION DATA IN REVERSED-PHASE CHROMATOGRAPHY 

The calculation of retention volumes and peak widths in gradient elution chro- 
matography frown isocratic data is possible only if two basic assumptions are fi&illed : 

(1) the mathematical form of the function describing the influence of the com- 
position of the mobile phase on the capacity ratios of chromatographed compounds 
under isocratic conditions is known; 

(2) the mathematical form of the gradient profile [the relationship between the 
composition of the mobile phase at the inlet of column and time (or volume of the 
eluate)! is known and can be expressed in an adequately simple manner. 

The calculations are considerably simplified if the following assumptions can 
be accepted. Firstly, it is assumed that no gradient profile distortion occurs during 
the gradient elution. This requirement is reasonably fuKiJ.led in practice if the liquid 
chromatograph is designed in such a manner that any off-line void spaces and 
excessive volumes of the connecting tubing between the outlet of the gradient pump 
and the inlet of the chromatographic column are avoided. Further, a preferential 
retention of one component of the mobile phase on the column in comp&son with 
the other components can be neglected, which is a realistic assumption in reversed- 
phase chromatography. 

As most practical separation problems can be solved using binary mobile 
phases, one component being a much stronger eluent than the other, the calculations 
of retention characteristics are limited to binary solvent mixtures. In practical 
reversed-phase chromatography, eluents composed of water and methanol or water 
and acetonitrile are used almost exclusively. 

The mechanism of retention on the hydrophobic stationary. phase from 
aqueous-organic solutions is complex and still open to question. Horvath ef aL6 gave 
a detailed discussion of solvophobic effects, which play a role in the reversed-phase 
cbromatographic process. According to these workers, the change in capacity ratio 
wit> change in the composition of a binary mobile phase such as methanol-water or 
acetonitrile-water is due primarily to the changes in the surface tension and in the 
ratio of the edergy required to create a cavity for a molecule of the solute in the 
solvent to the energy required to expand the planar surface of the solvent by the same 
area. For non-ionized solutes, both the electrostatic and the Van der Waals forces 
and the entropy of mixing of the components of the mobile phase remain constant 
or tend to counterbalance each other with changing composition of the mobile phase. 

Other workers4 have attempted to apply the Hildebrand tbeo_ry of regular 
solutions7 to reversed-phase chromatography. % 

As we showed earliefl, the following relationship between the capacity ratio* 
(I?) and the concentration (c) of the more efiicient eluting component in the binary 
mobile phase follows from this theory after certain simplifying assnmptions: 

k’=k;-lo-= (0 



where k; anti n are experimental. parameters characteristic of the stationary, and 
mobile pkse and the sohte. 

Exp. E is formally identical with the relationship found- empiri&lIy- for the 
dependence of the capacity ratio on the con=n~tio~~ of tie organic timponent-of 
the ehxent in reversed-phase chromatography_ The linear character~of experimental 
log k’ versus c curves in reversed-phase chromatography has been demonstrated 
experimentally by a number of wo~kers**~*~~~-~~, at 1-t over a Limited composition 
range of the mobile phase. I& in eqn. I represems &e capacity ratio of the solute in 
the pure weaker eluent (water). It is interesting that the infiuence of various structural 
and system factors OQ k& and n in eqn. 1 can be interpreted in ~uahtative agreement 
with the expressions expected for these parameters from the simphfkd i-egti& solution 
theory’. Thus, from this theory it follows that the retention in titer shoufd in&e 
wirh increasing size (moEal volume) of the solute, incmasing difference in pofarity - 

between the solute and the ehrent (water) and decreasing difherence in pofari~ be- 
tween rhe solute and the stationary phase, which is !&Hy confIrmed by the experimental 
chromatographic hehaviour of different organic compounds in _reversed-phase 
systems. Further, a linear increase of log k’ in water- with increase in the term -I/T 
would be expected and has been measured experimentally for aromatic pheuolic com- 
pounds6 and other aromaticsQ. 

The parameter n represents the slope of the Iog k’ verm c relationship. Atxord- 
ing to the above-mentioned theory’, zz is expected to increase with incrtig sim 
(molal volume) and/or decreasing polarity of the sohrte. This was confhmed experi- 
mentally for n-hexanol and n-octanol in a mobiIe phase composed of water and 
methanoLLo and for phenol, benzopheuone, biphenyl and ~&tkrphenyE ‘in VT&~- 
methanol and water-aaztonitie’~. R should also increase with decreasing polarity 
of the organic solvent used. Experimentally observed IL vaIues for chloronaphthalene 
and antiaquinone in dioxanr+water are bigher than in methanol-wateP and x for 
phenol is. higher in isopropanol than in methanol fJ.-33e infhreuce oftemperature on 
IP has not yet been studied. Further, R should not depend on the-properties(~IiIity 
parameter) of the statiamzry (reversed) phase. Karch ef d2 found idenficai.experi- 
mental values of tz for butanof and pheno&in reversed-phase &.a@ C, in .=k?r- 
methanol mobile phases. The qualitative agreement between the imkrpretation of the 
parame&s k; and R in eqn. I based on the reguiar solution thee* and the experi- 
mentally found dependence of these parameters on certain structural’ and system 
factors do not mean that the solubility parameters from the literatnre can be used to 
calculare rhese parameters. which should &ways be tkhated from the experimentaf 
data measured in a given system. In an attempt to correlate the& ckita;L, kwas found 
that the discrepancies obtained were too krge tc? a&w for the meaning&~ utilization 
of k; ad R cabihted from the solubility parameters. 

In our opinion, there is enough experimental evidence t& encouf&e the 
application of eqn. 1 as a sound basis for CalcrrEations of retention charaeteriktics in 
isocratic and gradient eMion chromatowphy_ Of course, as the derivationof this 
refationsbip impks simplified assmnption~, ckviations from eqrr. f c23.n -be eXpeC%d, 
milkdy fOF CoQCeQtratiOnS Of the OF~~&C solvent NIX the mobile phase dOSf3 ti.0 Or t0 
ZQO%. 
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GWIENT ELUTION 

As we showed previously’, the gradient function [concentration (c) of the more 
efficient eiuting component in the mobile phase V~KSZLS volume of the eluate (v)] can 
be chosen with advantage to be in the form 

where A represents the initial concentration at the beginning of gradient elution, B is 
the slope of the gradient fuuction and x is used for the convenient characterization 
of the shape (curvature) of the gradient. However, the mathematical derivation of 
relationships for retention characteristics in gradient elution chromatography in the 
explicit form would not be possible using gradient function according to eqn. 2. For 
this reason, the derivation is limited, to the linear gradient function with ic =. 1: 

c=A+BV (3) 

According to the mathematical solution given earlieP, the net retention volume, 
V' Rcgj, in reversed-phase gradient elution chromatography is then given by the relaticn- 
dhip 

vkw = & - (4) ‘ 
log (2_31nBV& + IOnA) - +- 

or, if the -gradient ertition is started at zero concentration of the efiicient eluting com- 
ponent in the mobile phase (A = 0): 

The width of the peak in gradient elution chromatography can be understood 
as a result of three effects: the spreading of the solute band with time as it moves 
along the column, the value of k’ at the moment of elution of the peak maximum 
and the compression resulting from the fact that the front of the band moves in the 
mobile phase with a lower eluting strength than the end of the band=.! Neglecting 
the last effect, we derived the relationship for the band width, which can be used in 
reversed-phase gradient elution chromatography5 : 

Eqn. 6 cau be written in another form as 

N is the plate number from isocratic elution chromatography, which is supposed not 
to depend significantly on the composition of the mobile phase. 

Convex concentration gradients of different shapes can be generated using a ._ 
Iogarithnic gradient function : . 

c=log(AftBvp 



where the cuncentration of the e&ient eluting component in tb.e mobile phase at the 
beginning of the gradient is given as log A. With this function, the fobxving equations 
for the net retention volume, V&,. and peak width, w,,, can be derived: 

EXPEEUMEN-FAL 

The concentration gradient was generated in a low-pressure gradient two- 
plunger pump @TM-68005, Workshops of the Czechoslovak Academy of Sciences, . 
Prague) based on a photoekctric curve follower 13. The mixed mobile phase was intro- 
duced into a Waters M6GlO pump (with an adapt&d inlet port, in order to minimize 
the void volume) and delivered via a Waters U6K injector OQ to the column. The 
detector was a Waters 25~nm W detector. The stainless-steel coiumn (300 x 4.2 mm 
I.D.) was packed with an octadecylsika reversed phase prepared fE;om Lichrosorb 
Si 100 (10 mm) by reaction with n-oc~d~~~ichiorosilane”. The results of testing of 
this system for gradient elution will be published later; the equipment is abfe to 
reproduce very we!! any desired mathematical form of gradient function when 
operated in the “LOAD” position of the U6K injector; a correction for the time 
delay of the mixed mobile phase between the outlet of the PPM-68005 pump and the 
~~~I.EIISI had to be made by performing the sample injection a precalculated time after 
the start of the gradient run (198 set at 0.97 ml/min). 

C0nsporzent.s of the mobile pbme 

Deionized water was doubly distilled with addition of potassium pennanganate 
and sodium hydrogen carbonate, and was stored for a maximum of 2 days in glass 
bottks. Methanol was of spectroscopic grade. 

. 

Alkaloids and barbiturates were comnrercial reagent-grade materials. Substi- 
tuted akyluracils were synthesized at the Department of Organic Chemistry, Uni- 
vewity of Pardubice. 

EUBUliTs AND DISCUSSION 

To verify the validity of the theoretical relationships for retention cb~c- 
teristics in reversed-phase gradient elution chromatography, rektiveiy pals test 
compounds were .chosen (barbiturates, xantbine alkaloids and sub&x&d uracik). 
In the reversed-phase cbromtograpby of such compounds, larger deviations from 
ecln. 1 GUI be t?xpecti than with tess polar sohltes. 

Table I gives the values of k; and IZ evaluated by liza.~ regression analysis from 
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the experimental values of the capacity ratios measured in the isocratic elution experi- 
ments with mobile phases containing different concentrations of methanol in water. 
The plots of log k’ against concentration of methanol in the mobile phase are shown 
in Figs. 1-3. The deviations from linearity are negligible with xanthine, hypoxanthine 
and all of the barbiturates tested and can be tolerated with the isomeric butyl-6- 
methyluracils. The plots for lower substituted uracils and especially for caffeine, 
theophylline and theobromine deviate significantly from linearity. 

Fig. I. Semilogarithmic plots of k’ of xanthine alkaIoids versLIs the concentration of methanol in the 
water-methanol mobile phase (c = volume oA x lo-*) on CIs reversed phase. Isocratic elution. 
Column: octadecylsilica chemically bonded on LiChrosorb Si 100 (10pm); 300 x 4.2 mm; V, = 
3.2 ml. Compounds: 1 = caffeine; 2 = theophylline: 3 = theobromine; 4 = xantbine; 5 = hypo- 
xanthine. 

Fig. 2. Semilogarithmic plots of k’ of substituted uracils versus the conoxuration of methanol in the 
water-methanol mobile phase (c = volume 0/O x 10e2) on CIs reversed phase. Column as in Fig. 1. 
Compounds: 1 = 3-rert.-butyM-methyhuacil; 2 = 3-n-butyl-6-met!!yluracii; 3 = 3-sec.-butyl-6 
methyluracil; 4 = 3-n-propyt-6-methyhn-acil; 5 = 3-ethyI-6-methyluracil; 6 = 3&-dimetbyluraciI. 

In gradient elution chromatography, however, it is reasonable to expect 
chromatographed compounds to move along the column with actual instantaneous 
k’ values, which are within an intermediate range of k’ values (isocratic). Thus, it seems 
acceptable to suppose that the capacity ratios during gradient elution are not lower 
than 0.4 and that the mobility of solutes along the column can be neglected if k’ > 10. 
In the correspondin g range of log k’ values (-0.4 to l-O), the lines can be fitted well 
to the experimental plots for all of the compounds. The values of k& and n were thus 
evaluated using only the experimental k’ values from the above region (Figs. l-3). 
It should be mentioned further that the accuracy of the determination of k’ values 
lower than 0.4 is subject to a relatively large experimental error and thus k’ valuesC 
of this magnitude should preferably be omitted in regression analysis in order not * 



Fig. 3. Semilogarithmic plots of k’ of barbiturates versus the concentration of metbzmol in the water- 
m~ol mobile phase (c = volume ok x IO-‘) on CIs reversed phase. Column as in Fig. 1. Com- 
pounds: 1 = amobarbital; 2 = hexobarbital; 3 = butobarbital; 4 = aprobarbital; 5 = allobarbi- 
tal; 6 = heptobarbitd; 7 = barbital. 

Fig. 4. Semilogarithmic plots of k’ of substituted uracils verslls the number of carbon atoms in ali- 
phatic substituents (n,) for different concentrations of methanol in the mobile phase: (1) 10%; (2) 
20%; (3) 30%; (4) 40%: (5) 50%; (6) 60%. Column as in Fig. 1. The points on the lines are fork’ of 
n-substituted uracils. 

to infiuence the results by a systematic error. The fit of the regression lines to the 
experimental data in the range of k’ values between 0.4 and 10 is demonstrated by 
the correlation coefficients in Table I. 

As expected, the retention of all of the compounds studied (and k; values) 
increases with increasing number of carbon atoms in the ahphatic chains. Unsaturated 
bonds and aromatic rings cause a decrease in polarity; thus, in the series of bar- 
biturates, an ally1 group has the same effect as about 2.5 carbon atoms, a phenyl ring 
about 3.5 carbon atoms and a cyclohexenyl ring about 4 carbon atoms. Branching 
of the aliphatic chain has only a minor effect on retention. 

From the experimental data it follows that in the system studied, a good 
validity of eqn. 1 over a wide range of methanol concentrations in the mobile phase 
can be expected only if the substituents on the basic structure of xanthine, uracil or 
barbituric acid represent the equivalent of at least four carbon atoms. 

Figs. 4 and 5 show linear relationships between log k' and the number of carbon 
atoms in the substituents for alkyluracils and barbiturates (phenyl and cyclohexenyl 
rings and ally1 groups were substituted by 3.5,4 and 2.5 aliphatic carbon atoms, respec- 
tively). The contribution of one carbon atom (one methylene group) to log k’, d log‘k’, 
depends on the content of methanol in the mobile phase (Fig. 6), which is in agree; 
ment with experimental data for n-alkano1s’“~‘5. A decrease in d log k’ with increasing 
amount of organic solvent in the mobile phase can be predicted theoretically using 
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Fig. 5. Semilogarithmic plots of k’ of barbiturates versz~s the number of carbon atoms in hydro- 
carboneous substituents (n,) for diKerent concentrations of methanol in the mobile phase: (1) 0% 
(extrapolated from the k& values); (2) 30%; (3) 40%; (4) 50%; (5) 60%; (6) 70%. C01umn as in Fig. 1. 
The lines were fitted through the points corresponding to k' of barbital, butobarbitrd, pentobarbital 
and amobarbital. An equivalent of 2.5 n, was considered for an ally1 group, 3Sn, for a phenyl ring 
and 4n, for a cyclohexenyl ring. The points are not given for aprobarbital (nc = 5) and hexobarbital 
(nc = 6). 

Fig. 6. Plots of loga = dlog k' for substituted uracils (A) and barbiturates (B) versus the concentra- 
tion (c = volume % x 10-3 of methanol in the mobile phase_ The values of log a were taken 
from Figs. 4 and 5 as the slopes of log k’ verse R= lines. The point at 0% methanol is extrapolated 
from k; vdues. 

20 60 
V (ml) 

Fig. 7. Gradient functions used for verification of theoretical relationships for retention characteris- 
tics in reversed-phase gradient elution chromatography using water-methanol as the mobile phase. 
Linear gradient functions: c = A + B - V. A = 0 for functions 2,6 and 8; A = 0.1 for functions 1, 
5 and 7. B = 0.06872 for functions 1 and 2; B = 0.03436 for functions S and 6 and B = 0.01718 for 
functions 7 and 8 (B values were calculated for 2 flow-rate of the mobile phase of 0.97 ml/anin). Loga- 

rithmic-gradient functions: c = log (A$+ SW: c = log(I.2589 -i- 0.3004y) (function 3); c 3 log 
(X.1220 5 0.0701 v)’ (function 4). c = volume concentration of methanol in the mobile phase at the 
inlet of the chromatographic column (volume o/0 x lo-‘); Y (ml) = volume of the eluate. 
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eqn. 1. For two ueighbouring members of a homologous series, pz and (rz+ l), we can 
defhre k’ as k; and k{,,,. Then, d log k’ = log a, where a is the separation face&r for 
compounds n and (nt- I), i.e., (L = k& ,/kL. A contribution of a methylene group to 
the moW volume is approximately constant in a homologous series and, at a constant 
temperature, the corresponding contribution to n should also be constant. Using 
eqn. L for k: and k;,+l,, we can write 

log Q = log k&,1, - log k:, = log k;)<m+ll - tog Eon - c~nc,,,,--nn] 

= log a, - cdn (11) 

A linear decrease in log Q is expectcd with increasing content of the organic solvent 
in the mobile phase (c). Similar deviations of experimental data from the theoretical 
line at low and high crganic component concentrations in the mobile phase to those 
published by Karger et Q!. lo for aliphatic alcohols were observed here; the numerical 
values of log a are also close to their values for alcohols. 

Thus, the selectivity contribution of a methyfene group in reversed-phase 
chromatography seems to be approximately constant for different types of compounds, 
but it depends to a certain extent on the composition of the eluent and increases with 
decreasing content of the organic solvent. 

The experimental n values for barbiturates increase in a similar sequence to 
the k;, values, i.e., with increasing number of carbon atoms in the substituent. The only 
significant difference is observed for the phenyl ring, which causes a much greater in- 
crease in n than in k& Owing to the experimental deviations from eqn. 1 for substituted 
uracils and alkaloids, the n values for these compounds cannot be interpreted. 

GrQ&erzt eZz&iott 
To verify the validity of eqns. 4-7, 9 and 10 for retention volumes and peak 

widths in reversed-phase gradient elution chromatography, selected alkaloids, bar- 
biturates and alkyluracils were chromatographed in experiments in which the con- 
centration of methanol in the mobile phase was changed continuons~y according to 
six different linear and two logarithmic functions as shown in Fig. 7. The i&uence 
of the slope, the initial concentration of me$anol and the curvature of the gradient 
function on the compounds chromatographed was examined. The experimental reten- 
tion characteristics are compared in Tables II-V with the values calculated from 
eqns. 4-7,9 and 10, using k;, and R values from Table I. The differences between the 
experimental and calculated net retention volumes are less than 0.4-M ml, which 
corresponds to CCL 1510% relative, while the diEerences between the experimental 
and calculated peak widths are CQ. 0.1-0.?5 ml (CQ. 20-25% relative). The experi- 
mental peak widths are narrower than the calculated values, probably owing to the 
compression e&ct being neglected in ‘&e calculations. Further, the calculations of _ 
peak widths were based OQ the average valnes of N from isocratic elution experiments 
and the infbrence of the composition of the mobile phase on the chromatographic 
efficiency was also ignored (viscosity effects). 

The errors in the calculated peak widths can be reduced if the values calculated 
from eqn. 6 or 7 are multiplied by an empirical “compression factor”_ This factor 
depends on the parameters of the gradient function and is d.Sicuh to calcuhne 
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TABLE II 

EXPERIMENTAL AND CALCULATED VALUES OF NET RETENTEON VOLUMES 
[V&J AND PEAK WIDTHS [wCp,l OF XANTHLNE ALKALOIDS, SUBSTITUTED URACILS 
AND BARBITURATES IN REVERSED-PHASE GRADIENT ELUTION CHROMATO- 
GRAPHY 

Column: octadecylsilica on LiChrosorb Si 100 (10 pm); 300 x 4.2 mm; V, = 3.2 ml. Mobile phase: 
water-methanol, linear gradient (eqn. 3), 0.97 ml/min. Detection: UV, 254 urn, 0.16 a.u.f.s. The 
cakulations were! performed according to eqns. 4 and 7, using k; and n values from Table I and the 

average values of .N from isocratic experiments: N = 1600 for alkaloids and 2000 for uracik and 
barbiturates. Numbers of compounds as in Table I. 

Paran zters of gradient function (eqn. 3) Compound K?,,, (m0 %7, (ml) 
-- - 

Pla. 
A B Calc. EXptl. Calc. Erprl. 

0.0 0.06872 3 
4 
5 
6 
7 

1: 
12 
13 
14 
15 
16 
17 
20 
21 
22 

4.71 
5.78 
6.92 
4.45 
5.84 
7.52 
8.85 
9.18 
9.52 
7.09 
8.02 
8.61 
9.14 
9.85 

10.37 
10.62 

5.14 
6.32 
7.26 
4.79 
6.21 
7.93 
9.20 
9-58 
9.85 
7.25 
8.14 
8.72 
9.28 

10.02 
10.5s 
- 

0.1 0.06872 3 3.33 3.54 
4 4.42 4.74 
5 5.50 5.64 
6 3.11 3.38 
7 4.46 4.75 
g 6.11 6.40 

10 7.42 7.68 
12 7.74 8.02 
13 8.08 8.33 
14 5.69 5.84 
15 6.58 6.68 
16 7.17 7.31 
17 7.70 7.90 
20 8.40 8.63 
21 S.92 9.13 
22 9.16 9.41 

0.45 0.40 
0.49 0.47 
0.48 0.44 
0.41 0.33 
0.43 0.40 
0.45 0.39 
0.46 0.33 
0.46 0.40 
0.45 0.48 
0.46 0.36 
0.44 0.36 
0.44 0.37 
0.44 0.37 
0.44 0.37 
0.4% 0.40 
0.42 - 

0.44 
0.49 
0.48 
0.40 
0.43 
0.45 

::.Z 
0.45 
0.45 
0.44 
0.44 

:z 
0:43 
0.42 

0.42 
0.42 
0.41 
0.34 
0.39 
0.40 

z-z 
0:47 
0.38 
0.36 
0.31 
0.31 
0.32 
0.33 
- 

exactly, but a value between 0.8 and 0.9 ,wxns a reasonable estimate for many 
practical applications. 

From Tables II-V, the influence of the parameters A and B (and x) of the 
gradient function (eqns. 3 and 8) on the chromatographic behaviour of the sample 
compounds is obvious. The retention volumes of the sample compounds increase wi& 
decreasing initial concentration of methanol in the mobile phase (A and log ~4) and 
decreasing slope of the gradient function QB). If the initial and final concentrations of 



0.0 0.03436 3 7.61 
4 9.17 
5 1157 
6 7.04 
I 9.41 
8 12.47 
PO 15.02 
12 15.69 
13 16.48 
14 11.55 
15 13.71 
16 lQ78 
17 t5.91 
20 17.39 
21 18.42 
22 19.19 

0.1 0.03436 3 
4 
5 
6 
7 
8 
20 
12 
13 
14 
15 
16 
17 
20 
21 
22 

5.00 
6-61 
8.80 
4.53 
6.78 
9.72 
1221 
1286 
13.62 
8.87 
10.88 
11.94 . 
13.u4 
14.50 
15.53 
1629 

7.78 0s 
9.60 .0*66 
11.39 0.64 
6.99 cl.52 
9.44 0.57 
12.60 Oxif 
15.23 0.63 
15.97 0.63 
16.56 0.62 
11.56 0.62 
ES.55 0.59 
MA8 0.60 
IS.%3 0.59 
E7.39 0.58 
18.35 0.59 
19.23 0.55 

5.07 0.55 
6.96 0.63 
8.72 0.63 
4.54 0.49 
6.85 055 
9.9r 
12.49 E 
E3.23 0.62 
E3.8P 0.6E 
&!a 0.60 
IO.SE 0.h 
11.91 0.59 
13.03 0.59 
14.57 0.58 
15.54 8.58 
16.39 0.55 0.47 

0.46 
0.54 
0.66 
0.44 
0252 

a.53 
0.54 . 
0.58 
0.58 
0.2 . 
0.45 
0.47 
0.47 
0.47 
OS0 
- 

0.44 
a46 
O-49 
0.41 
OS& 
0.47 
O-47 
0.47 
0.50 
.0.*7 
0.45 
0.48 
0.46 
0.44 
0.44 

Wmi) 30 

Fig. 8, Gmdient elution separation of barbiturates in reversed-phase chromatagraphy: C~UXIKI: 
Ct. (IO .utm). 3tlO x 42 mm. MobiIe phase, rnethanokvater; conatntratjolf gradient of methanOI 
according to the fun&on c = 0.1 +O.OY?lSV; ffow-rate, 0.97 m.I/mixx;chart spe& lOmm/min; 
detection. UV (254 mu), 0.16 a.u.F.s. Sampk cuompouads: E = barbital; 2 = he@o&bitaI; 3 = 
allobarbital; 4 = aprobarbiti; 5 = butoba%iti; 6 = hexobzbitd; ‘i = pentokbitd. 
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TABLE IV 

EXPERIMENTAL AND CALCULATED VALUES OF NET RETENTION VOLUMES 
[v’,,,,] AND PEAK WLDTHS Cw<,,] OF XANTHINE ALKALOIDS. SUBSTITUTED UR4CILs 
AND BARBITURATES IN REVERSED-PHASE GRADIENT ELUTION CIIROMATO- 
GRAPW 

Numbers of compounds as in Table I; experimental conditions as in TabIe II, except gradient 
function (linear, eqn. 3), and plate numbers of uraciIs (N = 3350) and barbiturates (N = 2330) from 
isocratic experiients(repacked columa). 

- 
Paranleiers of gradient fiimtion (eqn. 3) Compound v&9, cm0 we, (ml/ 

ii 
No. 

B Calc. Euptl. Calc. Exptl. ___- --_c_ 
0.0 0.01718 3 11.78 12.17 0.80 0.42 

4 13.84 15.56 0.94 0.50 
5 18-71 19.21 0.95 0.55 
6 10.57 iO.14 0.56 0.43 
7 14.50 14.35 0.64 0.51 
8 19.92 20-10 0.71 0.57 

10 24.76 25.23 0.74 0.58 
12 26.12 26.63 0.74 0.57 
13 27.89 27.89 0.72 0.56 
14 18.05 17.92 0.85 0.65 
15 22.81 22.27 OX1 0.55 
16 24.74 24.34 0.83 0.59 
17 27.10 26.75 0.82 0.55 
20 30.17 29.98 0.81 0.57 
21 32.21 31.90 0.81 0.60 
22 34.30 33.97 0.75 0.55 

0.X 0.01718 3 7.04 6.93 0.71 
4 9.26 9.85 0.85 
5 13.43 13.11 0.90 
6 6.16 5.51 0.48 
7 9.70 9.06 0.58 
8 14.72 14.37 0.67 

10 19.30 19.25 0.72 
12 20.60 20.65 0.72 
13 22.27 21.85 0.71 
14 13.07 12.36 0.79 
15 17.30 16.23 0.78 
16 19.19 X3.37 0.81 
17 21.46 20.79 0.81 
20 24.45 23.94 0.80 
21 26.46 25.86 0.81 
22 28.51 27.91 0.75 

0.53 - 
0.49 .: 
0.47 
0.41 
0.49 
0.55 
0.53 
0.56 
0.53 
- 
- 
- 
- 

0.87 
0.76 
0.73 

methanol are constant, the retention volumes decrease with increasing convexity of 

the gradient function (logarithmic functions 3 and 4 in Fig. 7). The peak width 
increases slightly with decreasing slope of the gradient function; the effects of the 
initial concentration of methanol in the mobile phase and of the curvature of gradient, 
however, are almost negligible. Al! of the compounds eluted at one gradient function 

have approximately identical peak widths. 
i 

%e influence of the gradient function on the chromatographic separation of’ 
a mixture of barbiturates is shown in Figs. 8 and 9. The speed of analysis increases 
significantly with increasing steepness of the gradient. 
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TABLE V 

EXPERIMENTAL AND CALCULATED VALUES OF NET RETENTION VOLUhtES 
[V&J AND PEAK WIDTHS [Q,,] OF XAN-I-HINE ALKALOIDS, SUBSFFIUTED URACKS 
AND BARBITURATES IN REVERSED-PHASE GRADIENT ELUTIQN CHROMATO- 
GRAPHY 

Numbers of compounds as in Table I; experimental conditions as in Table 11, ex&pt gradienf func- 
tion (logzrithmic, eqn. 8) and plate numbers for uracils (IV = 3350) and barbiturates (IV = 2330) 
from isocntic experiments (repacked column). 

Parfzmeters of grziient function (eqn. 8) Compound Gob (m4 w-1 Imi) 
No. 

x A B Cak EXptl. Calc. Euprc. 

1 1.2589 0.3004 3 
(cc = 0.1) 4 

5 
6 
7 
8 

10 
12 
13 c 
14 
15 
16 

E 
21 
22 

2 1.2589 0.0701 
(co = 0.1) 

3 
4 
5 
6 
7 
8 

10 
12 
13 
14 
15 
16 
17 
20 

2.96 3.32 0.44 
4.09 4.51 0.50 
5.32 5.59 0.51 
2.75 3.17 0.30, 
4.13 4.53 0.34 
6.06 6.46 0.38. 
7.84 8.29 0.42 
8.33 8.77 0.42 
8.89 9.26 0.43 
5.54 5.73 0.45 
6.71 6.79 0.45 
7.53 7.70 0.47 
8.34 8.62 0.8 
9.52 9.83 0.x) 

10.44 10.70 0.52 
11.0s 11.42 0.50 

4.06 
5.46 
7.20 
3.72 
5.57 
8.06 

10.28 
IO.88 
l1.58 

. 7.35 
9.00 
9.99 

lL.00 
12.41 
13.45 
14.23 

4.26 0.50 
5.80 0.56 
7.30 0.58 
3.88 0.35 
5.75 0.38 
8.26 O-43 

10.52 0.45 
11.24 0.46 
X1.82 0.46 
7.48 OSP 
8.95 0.50 

10.06 0.52 
11.17 0.53 
12.62 0.54 
13.59 0.55 
14.46 0.52 

0.41 
0.46 
0.41 
0.44 
0.48 . 
0.46 
0.47 
0.50 
- 

0.50 
0.46 
0.41 
0.43 
0.45 
0.48 
0.48 

0.40 
0.46 
0.41 
0.39 
0.41 
0.38 
0.40 
o-47 
0.49 
0.37 
0.36 
038 
0.37 
0.37 
0.41 
0.39 

CONCLUSIONS 

The results show that the parameters n and k; in eqn. 1 51 reversed&ase 
chromatography are influenced by various structural and system factors in a =er 
which is in qualitative agreement with the effects expected on the basis of the theory of 
regular solutions for liquid-liquid chromatography. 

In our opinion, the agreement between the experimental and cakulakd vd~cs 

of retention volumes and peak widths in reversed-phase gradient elution chromato- 



Fig. 9. Gradient eiution separation of barbiturates in reversed-phase chromatography_ Column: 
Cls (IOpm), 300 x 4.2 mm. Concentration gradient of methanol in the mobile phase (meffianol- 
water) according to the logarithmic function c = log (1.1220 t 0.0701) Y’. Separation conditions 
and numbers of compounds as in Fig. 8. 

graphy is acceptable and can be used as a good basis for calculations of retention 

characteristics and for the prediction of the optimal gradient profile in practical 
gradient ehrtion experiments, even in systems in which significant deviations from 
eqn. 1 occur (as for alkaloids and substituted uracils in this work). The optimization 
approaches for gradient elution experiments will be discussed in the next part of this 
series. 
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