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Theoretical assumptions concerning the intfuexe of the compasitior; of binary 
mobile phases on capacity ratios in adsorption chromatography have been verified 
for binary mobiIe phases composed of etha&,--_pentane; n-propanol-n-heptane; 
dioxanz-n-heptane and chtoroform-n-heptane. CaicuIated and experimental values 
of retention characteristics in gradient eIut.ion chromatography have also been com- 
pared for these systems. The agreement between experiment and theory was satis- 
factory, just as 2 was for a mob&z phase composed of cycIohexane and ethyf acetate 
(as described in Part III of this series). Practical aspects of the solvent systems tested 
as the mobile phase in gradient elution chromatogaphy are discussed, and the rela- 
tionship of plate number to compositiorr of mobile phase is considered. 

- 
.-- 

INTRODUCTI.ON 

A theory that makes possible estimation of reter;tion characteristics (Mention 
voIume, band width, pIate number and resolution) in gradient elrrtion liquid cbromato- 
graphy was described in Parts I and Ii of this series?m2. Its practicaI utility ia adsorp- 
tion chromatography was~tested by using model experiments with four N,N-dimethyl- 
p-ami.nobenzeneazobenzoyI amides, which wzre chromatographed 0~1 coiumns packed 
with silica (Porasil A) in a binary mobile phase ofethyi acetate and cycIohexane3s4: the 
experimental eisltion characteristics were ~II gcod agreemerlt with the theory- 

In the present work, the theory has been verified for adsorpzion chromatogra- 
phy using severa! other mobiie phases, mainly those compatibie with a UV detector. 

THEORETpL 

In the theoretical approach vetied in this paper, the vaiidky of a simpie 
relationship between the concentration (mole fraction} of the more efficient eluting 



plate ramber and reso!ution i_n grxknt dution chromatograpbjr, it was ft@h% asi- 
sumed that RO chtig~ occcred in the coapoiitiou of the Eobiie phase during tran- 
sgotr. fron the outlet of tke _&diem-generating devie to -rhe colum _and ‘&at_the 
gradied-generatinc de&z was able to produce any required mathemhzai f&m of 
the reIationsk$ ‘betxveeo the concentration (c) oftke nor2 ef52ient elutillg componmt 
in rhe binary nobiie phase at tke outlet of the grad&t-g&rating dctiice-md the vol- 
uuc (v) of mob!Ie phase delivered. ?%is retationship was chosen as follows’: 

ffere, A, a and se arc adjustzbfe constants that characterize tke shape of the 
gradient ~%nction and are defined as: 

where c,, is the initial concentration (c) at the kghtig of _mdienc efution and V, is 
the vohme of e&&e where c = c,; an arbitrary valxe caan be chosen for C~ (witk 
advm+%ge, crc = i or C~ = 0). 

By using eqzs. i and 2, the Mlawing reIatioi&ips for retention voiume 
(VRcpj, YrE&, F&C width (w& plate n-m&r (N&and resolution of&vo coqmunds 
t and 2 (R,,,) in gra&+nt ekioa chrom2to_gaphy were derived”: 



(9) 

In these-equations, V, represents the total volume of the mobile phase in tke 
cot&&; N is the plate number in tkis colnmn in Socratic elutioirckromato~phy 
unc& c?*herwise identical conditions; V= is +Ae volume of connecting tubing between 
th$‘outlet of the gradient-generatins device and the top of the coIumn; and V.&, 
Y g(g)> ‘+# a& iFWIS are the retenticn volumes and peak widths ofsvllpIc compounds 
I an@ 2, resptivefy. To a first approximation, IV was assumed not to depend on the 
compo$5on of the binary mobile phase, circumstances that had been-approximately 
obtained in the &stem cyclohexane-ethyi acetate3. IIn some practical separations, how, 
ever, %$e plate number can be influenced by the composition of the mobile phase; 
in other words, ICY depend on the capacity ratios (retention volumes) of the sampIe 
comj+mds. 

If diffusion of so!ute in the stationary liquid phase (or in the “stagnant” 
mobiie phase in the pores of the support materiat) or adsorption-desorption kinetics 
controls mass transfer during the ckromatographic oFration, the covponding 
contribution to the total plate height wiI1 depend on the capacity ratio of the soIute5. 
For stationary liquid-phase difFusion, a simplified equation for the coatribution to 
plate height, -3, cau be written: 

where D=.is the stationary-phase dXusion coeEcient, v is the mobile-phase velocity 
and d is the approximate thicbess of the liquid Iayet OQ the support material. 

~3y assuming that diffusion in the stationary liquid phase predotiates over 
the other contr13utions to tke tofA solute-peak broadening, eqn. 10 can be rearranged 
as follows: . 

where L is the Iength of the column. It is ashamed that the values r~f k’ are not too 
low, so that the term i/k’ is Icwer tkaE the sum (2 f x-l) and cau bz neglected. 

The sepaation of protonated N,N-dimethyi-p-aminobenzeneazobenzoic acid 
esters and amides by c&ion-exchange chron;atographf is an example of diffusion- 
&trolled separation. 

The contributions of the Wagnant” mobile-phase Fusion and of adsorption- 
desgr@ion @neticscancompIicate the relationship betv;een Xand PR, but, as the exact 
gthematical form of these ef%cts is not weu LCILOWII, we rook eqn. lOa as a basis for 
further considerations. 

If hSs relaticnship is respected in the eqtatioos for peak width in isocratic 



and stepivise &ion chromatogrqxhy (se eqn. 17 in ref. 2 and eqn. 5 in ref.-41, &Jlez 
eq~atians acquire somewkx altered forms : 

and 

By inx_ting into ecp. 7 the plate number as it would be in isocratic elation 
chromatography wkh the same composition of mobile phase as tke @la1 composition 
in the momecz of ektion of the peak maximum in gradient elution chromatography, 
the equation for peai: width irr gradient elution chromato_graphy can be written in the 
foIlowiing form : 

The peak width in combined two-stzp ch~ticn chromatography, isocratic irr 

the first step (volume of mobile phase used in this step = VI; capacity ratio = k'J 

foiicwed by the second (gradient) step, can be w,rit%n as: 

In these instaxes, the resolution can be zkuulated by combining eqns. El-14 
with tk we&k;rown eqn. 9. 

EXPEECMENTAL 

The inst-xmentatiorl, operatiing conditions and compounds chromarographed 
in this work were essentially the same as those used ia Part III of this series3. The g&s 
COIUMQ (40 x 3.0 mm) was packed with Po_~~ii AC&l), 31-75pm waters ASS., 
Milford, Mass., U.S.A.); for his CO~UKUI, F/, was 2.00 ml, and the yolue of (xI~- 
nec-tig tubing betweeen ‘cfe m.ixiq chamber of the gradient pump and the injection 
pati of the column (Fa w2s 0.30 ml. 

Tne mobife phzse~ tested were: I, n-pentaroethanpi; LT, .r-heptane-n-pro- 
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panolf- ill, n-heptane-dioxane; IV, z-heptane-chioroform : and V, cyctohexane- 
ethyl acetate. 

- AII solvents were of reagent grade and were distilled before use; n-propanol 
and dioxane were dehydrated by distiIfetion with metaIIic sodium and kept in a soi- 
vent reservoir fitted with a calcium &bride card-tube. Tfie components of the binary 
mobile phase were tied c3rectIy from two solvent reservoirs in the required constant 
ratio by means of a gradient pump (isocratic elution) or in a volume ratio changing 
with time according to the seIected mathematical function (eqa. 2) drawn on 2 shett 

of paper fastened OQ to the rotating drum of the phot=Iectric curve-fotiower of the 
gradient-generating pump3. As the flow-raze of the mobiIe phases tested was indepen- 
dent of their COmpOsitiOU, the Due contractions connected with mixing of the two 
solvent components were not signi&m~ and could be neglected. 

RESULTS .4ND DISCUSSION 

Binary mobile phases usefut in gradient elution chromato_-aphy should 6e 
~(3 chosen as to meet certain requirements and restrictions, which are given as foUows: 

(I) The sample compounds should be sofubIe in the binary mobile phase. 
(2) The components of the binary mobiIe phase shouId be compIetely miscibIe 

over the whole concentration range used for elution, and shouId not react with one 
another or with the sample. 

(3) The solvents shouId not interfere with detectors used. ‘4s. in spite of some 
published data’, a diXerential refractometer cannot be used with Tdvantage in con- 
nection with gradient eIution, only mass-transport (wire) and photometric detectors 
would seem to be useful for this technique. Most common solvents are sufficiently 
more volatile than the chromatographed cornFounds and can be used wi!hout dif- 
ficulty with mass-transport detectors. Similarly, as aIrnod af1 common soIvents are 

transparent in the visibIe region, ihe use of photometric detectors operating in this 
range gives rise to no diEcult&; such detectors, however, can only be used for the 
detection of co[oured substances. The most frequently used photometric detectors, 
therefore, operate in the UV region (at 254 or 280 nm, or at any conrinuousIy ad- 
jusrabIe wavelength& Thus, if serious base-Iine shifts are to be avoided, the compo- 
nents of a binary mobiIe phase should exhibit negligibIe absorption at the wavelength 
used. 

(4) The main advantage of gradient eIution chromarography consists in the im- 
proved sepzraticn of mixtures containing compounds Giffering widely in rster.tion. 

To tzke fuII advantage of the technique, it is im;lorta.nt to control the capacity ratios 
of the sampIe compounds over a wide range in the course of elution. This means that 
the eiuting power of the mobile phase must be adjnstab:e within sufXcientIy broad 
limits. In adsorption chromatography, this can most convenienrly be achieved by 
using as components of the binary mpbile phase two compounds that diSer sutficient- 
ly in poIariry. Moreover, the larger the difference in poIarities betwen these two com- 
ponents, the better should be ‘the validity of eqn. I (see ref. I). The generation of more 
complex gradients using several solvents with gradually increasing polarities is some- 
what difEcuIt in practice when using commercially avaiEabie equipment. 
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the adsorkzt is IXJ~ sigilificamlq- changed daring gradient eIution; otherwise, there 

wift be _di&rences between the experiment&f retention voiumes an< the- vahes Cd- 
culated by using eqn. 6. A constant content of water (which does not CbaQS s&Tifi- 
cmt!y &‘a time) czn be attained provided that the adsorbent is thoroughly Pre- 
equilibrated with the two components of the moSiIe phase. Th=e components shOu;d 

QOE differ much from eact other ii~ water content. With this aim, the more Polar com- 
ponent of the mkbile phast, which is always ‘more miscible W:~LII water should be freed 

from excess of water (the less polar component C~II be saturated with water). 
(6) knother assumption involved in Ehe derivation of eqn. I, i.e., that the 

composition of ‘&e mobile phase remtins con&nt during transport from the gradient- 
generating device to the outlet of the columrz wh211 _gdient elutiorz is applied, is not 

strictly vatid ir: practice:e. The more polar component of a binary mobi!e phase is so&d 
prefsrentiaily on the adsorbent; consequently, the compositioil of the mobile phase 

changes with time ‘ts the mobtie phase advances through the COILLIIKL Thk prefer- 
ential adsorption (the “solvent-demiting effect”) becomes more signif%zant as the dlF- 

Ference in pokrky Retwezn th, p components of the binary mobiie pha.s2 incr2~e~. It 

has been observed that sudden changss in po!arity of tie mobile phase during et&on 

can give rise LO problems. namely, IncompIzte separation of some samp!e componenrs, 

peak splitting, and 2~2~ the occurr2xe of ‘-ghost” p2aks3. To eiiminate these difficui- 
ties, some workers prer2r to use a set of several (Srrydsr and SaundersP.LO used six; 
Scott and Kuceral’ used tneive) individul solvents with gradually increasing pofari- 

ties for the gcnzration of concentration gadients. 
To investiate the ~KI&PRCZ of EL-e ‘%oIventdemixing elect” in a binary mobile 

phas2 composeci Of n-heptane and n-p:opanol (solvents with a large difference in 
polarities), we compared the than ge OF the concentration of n-propanoi wirh time 
dutig gradient 2Wi0n at the 0ctIer of 2 column of For.asii A (!?a;7 x 2 mm) and in 

the same squipment without the co!~rnn, using 2 W deiector. The detector r2sponse 
was virtually identicaaf in’ both ins~aces when a linear gradiens ~12s ~JJE from 0 to 
E(30% of n-propanol in 0.5 or I h. The curve measured with the column instalied 
sho~~2d a delay 0.Z0.5 ~z.I bigh2r than the CO~IUIIII void =:oiume (see TabIc 1). me 
siEuati011 was di!%2~nE ~h21? a Iin2ar ,mdient WAS ND from 0 to 10% ofn-propanot 

in 0.5 or 1 h. In this ~IES~ZXLC~, the detector response at the o&et of tie column was 

divided into twe parts (se2 Fig. 1). ELI the Er3t par+ the concenhtioa ofn_propanof 
iOCre%-?d much more SfOW& than +&e concentration profi[e ia tb2 system without the 

co~~~~. This pad RES fcI;ob%d by a sudden 1~~s incrwe in &f2ctor response_ ?fie~, 

a2 mFom2 of fie det2ctoF S~O~I d2cr2zscd to the IzveI predict& b the expeemmt 
VfithOtit the column, End the WoDd part of the concentration profile was again vir_ 
tu2Uy Idznticaf in both ezcpximents. 
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TABLE !: 

THE INFLUENCE OF ‘-SOLVENT-DEMIXING EF!=ECl? IN GRADIEKF ELUTTON SD- 
SORPTION CHROMATOGRAPHY ON PORASIL A 
A linear gradient (0.5 h) UTLS run from 0 to 100% and from 0 to IO%, res_ectiveIy, ofn-propan in 
n-beptand usLog J column (900 x 2 mm) packed with Porasii A(60), 37-75 ,um, and in the system 
where the colrlmn was replaced by a tube (0.2zrm f_D.; 0.3 ml in voiume). A gradient pump (P_OM 
6SGU5; Workshops of the Czechosiovak Academy of Sciences, Prague) deiivered mob& phase to a 
Waters M6OGG high-pressxe pump. The response of a CJV detaor (254 urn, Waters Associates) at 
thz outIet of the cohnxn or of the tube was registered, and the delay between start-up of the gradient 
arid the begnning of the conax~tration change registered by the detector was mzzsurrd. Predicted 
deIay vaIues were calculated from the void volumes of the individual instrument componenti (deter- 
mined in independent eqxriments), Cz., PPM pump. 2SGml; mixing chamber zmd czxmzctring 
~tubing, 0.30 ml; coIumn and injection poq 3.05 mi; tub& inserted instead of coi~mn, 0.30 ml. 

Gradient Flu w-rate of Deky (ml) Deviafion from 
mobile phase pf2aYcted va!ze 
(d/min) Cohmn Tding Diference (mil 

0 to 100% 0.96 5.95 3.17 2.78 +0.03 
R-propanol 0.46 6.11 3.21 3.90 to.15 

0.16 6.10 3.1-I 2.96 - iO.21 

Gto fO% 0.96 596 3.0s 2.68 tG.13 
n-propzlol 0.46 &xl 3.09 3.31 -+-0.X 

0.16 6.45 3.02 3 42 fG.67 

Predicted v&e 5.85 S.IG 2.75 - 
- 

Fig. l. Concent~tion proii.Ies rn-ured in gradient elution experiments with uld witbout a cc&mm 
(9GO x 3 mm) of Porassi! A (37-75 pm); theexperimenti method is described in the iegznd to Table 1. 
Full Iines represent the concentrzdon change ofrr-propanal in experiments .tith tubing in pIace of‘ the 
column and broken iir?es show this chaage in experiments with the coIunm instzkd. The points COR- 
sidered ZS the beginning ofconcentration cbmge are marked. These points were taken as t&k basis of 
the data in Table I. Detector: UV (254 oq Waters Associates); range 0.16 absorbance units (full- 
scale) (aufs) Ccurves I-3) and 0.02 aufs (curves 4-6). Concentration chz~ge from 0 to X00% of n- 
propznol in rr-heptane (0.5 b): curves l-3: from 0 to lo% of n-propznol in rz-heptane @5 E): curves 
46. Row-rate of mob& phase: O.% mi per min for c-es t sod 4; 0.46 mf per mirt for curves 2 and 
5: 0.16 ml per mir. for curves 3 and 6. c = Yolume % of n-proparlol x G.O[; c = time (min). 
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Fig. 2. Camp.zkon of a ~~crncntion protire in gradient eiutioa chrom&xraphy measured by means 
oFa UV detector Gith the rewltS of_= cbxomat3graphic ZQ&S% of the irzdividual frzaions. Coi~rrm: 
PoRGI A (37-75 pm), 900 IC Z mm. Mobile phase: Linear gradient from 0 ta 10% <v)/j of n-prspaqo! 
in n-heptane W.XlQQbijhed in 0.3 h. Flow-rate: 0.40 ml Qer min. DckcKK: w (254 nm: watecs 
A.wxiate$; range 0.02 aufs. The futi ewe represena the record of the UV det&or. BeIow the curve, 
1 E fractions (0.4-0.8 nl each) t&en For w chromsto~phic anziysis ax marked. For e&x fraction, 
tic concentration of n-heptae (61-t vcrtic~I be] aad that of rr-propanol (second veL+caS tie> zre 
traced inside the corresponding interval (the seaGtivity of the b%rumtnt for n-pro~aof was 6% x 
!zater thorn the sensitivity for II-hcptzue). c = Vo!ume y< of n-propaol x O.OI ; I = Circe (min). 

sdt~ of g2s ~hr0m2t0g2phi~ 2~2lysis of narxw fractions of detector eR%ient sr.ce 
shown in Fir 3. 2, Ia which the heights of the I;eaks corresponding Eo the two Compo- 
nents of the mobiie phase ze simwn for each fraction. Et can be seen tist a sudden 
increase In mpropanoi concentration occurs in f_ractioas 6 and 7, and a further moder- 
ate increase is observed in the folfowing fractions. Gas c!~romato@q#c data show 

LIO sharp-speak” of n-propane! concentmtion; therefore, the“peakS" on_ the detector- 
response curves can be amibuted to turb4ence in the demzrcrceIl due to rnixkg of 
then-pro~arrolfrontwitIrn-hept2nera'~ertirantoash2rpincreaseirrthe~~~n~2- 

tioo of+propane! ahove IQ% fv,'v). The occurence of2 "fake pe&" is less siguifi- 

cant, butst~lldis~nct,atIcwersecsidvifi~ ofthedetectot(sx Fig. I).. andvery small 
peeks due to turbAence i-r the detector ceil were observed in earlier experiments with 
spectrophotometic detection in the visiEZe re&n at a low sensitivity IeveP. 

Theexper;.c~entsdesCdbedabove show t&at, the “solvent-demLting effect” can 
cause significant deviation from the predicted concerxration gad&t functiorr in the 

ion ConCmtr&on region (O-3%, by v~I.,ofn-propanol m n-heptme). ms effxt Can 

seriousty in&Ekx the raerition vohImes Of tie compounds eluted ezriy, bu’i no signif- 
irxu~t &an@~ in eiution behaviour of the more strongly ret&ed Sapte Components 

are to be expected. AS will be seen from the follorving discussion, fn mobge pbes 

Contaitiing SGOEg SOlve!ltS in ~oWCOnCe~ItratiOn.e~+ t is notaiwar> s&j&y o&yed, 

The dev&ioriS from thi~eq~tion,togetherwi:htbe “solv~t_de~ngeffect*', make 

fhpr~s~of~ina~~mis~~-;~nta~ng~iesspoIarscl~en~(suC~aSC~o~ofo~dio~a~~ 

a.& dichloromethane] desirabIe if the sainple componenu are w&& re&ined p-y the 
coiuiluz. 
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Nevertheless, the good agreement between experimental retemion volumes and 
the values calcuIated from eqn. 6 in the current (see the following discussion) and pre- 
vio& experiments with different mobiIe phases indicates that this ef%ct dozs not 
sigr@cant!y influence the results. This experience Ied us to omit attemp@ to introduce 
mathematical corrections for preferential adsorption into the Goretical equation t‘or 
retention volume in gradient elution chromaro,=phy_ 

With respect to the above rules, we compared sever& different solvent systems 
as binary moblfe phases. Cyclokexane and etky1 acetate, which kad buzz tested in 
previous work, would interfere with the I_!! detector operating at 254 nm, as the 
upper range of absorption of ethyl acetate is about 260 urn, and cyclokexane often 
contzins si~ificant amounts of UV-absorbing impurities (e.g.l benzene}. From z 
variety of other sotveil&, those commerciaILy avaitable with minimum fighi: absorp- 
tion at 254 nm were seie:ted as suitabie components of binary mobile phases for ad- 
sorption chromatogr~pky. 

Several solvents of diKerent polarities were tested as the more efficient eluting 
components of tkc binary mobiie phases. Methanol couid not be used in mixtures with 
non-polar kydrocarbons because of i% limited so’iubility in these solvents. The sampk 
compounds studied showed only Iimited sohbility in a mob& phase composed of 

Id-dichloroethane and n-keptane and were very strongly retained on the column. 
For this reasog this motile phase (which can b= useful in other practica! stparations) 
cotid not be studied kere. 

When rz-pentane was a component of Eke mobile phase (in tixtures witk etha- 
not), bubbIe formation occurred in tke phmger b!ock of tke gradient pump; this 
would cause serious ffow irregularities if experimects were run at ambient temper- 
ature. This aifEcufty could be eliminated by cooling the plunger block witk a -mixture 
of ice and solid carbon dioxide, but, as suck cooling was inconvenient, syste~rs con- 
taining rr-pentane were not used in experiments wi*& gradient elation. rr-Heptane was 
selected as the best non-polar component available for the binary mobiIe phases. 
The remaining solvent systems studied were: rr-keptane-Pr-propanol; n-keptane- 
disrzne aad n-heptane-chIoroform. The pofprities of the more efficient eiuting com- 
ponents decrease? in the above order, and so did the rotaf polarity change that could 
be obtained during gradient elution. 

Tke results of verification ofeqn. 1 in the four binary mobile phases tested are 
skrjwn in Tabte II and in Figs. 3 and 4. The figures show graphs of the Eogaritkms of 
retention volumes ( ylR) of tie sample comporrnds against the logarithms of the mote 
Fraction and the volrrme concentration of the more polar component in the binary 
mobile phase. Significant deviations from linearity Kere observed in the mobile phase 
composed of ethanol and n-pentane in both high-polarity (X >, 0.33) and low- 
poIarity (x < 0.W) regions, and partly in tke mixture of rr-propanol and n-keptane 
in the high-polarity region (X -3 &St). The deviations in the binary mobile phase 
cornposed of erhanol and n-pentane could be influeoced by the water content (3-47:) 
of the etkand used. It seems probable that part of the water in the ethanol became 
irreversibly sorbed on the adsorbent during the experiments. Consequently, the ac- 
tivity of the Porasi! could be decreased in iater experimenn as cumparcd with earlier 
ones. This behaviolrr was partly confirmed in experimerts repeated with a mobile 
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Fig. 3, Rehtioaship between retention vokmes, VP. (m& of N,N-dimerhyI-p-zminobenzemx3zo- 
benzoyl tides and concentration of the more efEkitnt eIuting component in the b&z-y mobile phase 
<ethanoLmpent2ne in a and b; rr-propanok-heptanz in c and d) during chcomzco_eraphy on Porz~i[ 
A. The coccentration L- eupr*A a~ the mok fraction (x) in a and c and as the voiume concentration 
(c) in b and d. G~mpounds: I = dimethyiamide- . 2 = diethyiamide; 3 = di-n-propyla;nide: 4 = 
di-n-butyIamid+. Operating conditions as in Tzbk II. 

phase of equaf composition after two or three weeks of experiments with mobile 
phases of different composition. The retention-voiuze vaiues wzre slightly (but sis- 
nificantfy) higher in_ the repeated experiments. which indicates a slight decrease iE: the 
activity of the adsorbent with time (in contrast to rhe assumptions made in the deriva- 
tion of eqn. I). 

No change in activity was observed in experiments with n-propanol and rr- 
heptane; rr-propanol, like the other more polar components of the binary solvent sys- 
tems (except ethanol), was dehydrated. The graphs of fog Vi against log x or Iog c 
are linear over the whole concentration range studied for mobile phases composed 
of rz-heptanexhIoroform or n-heptanediosane, and almost Linear for mobile phase 
containing rz-heptane-n-propanol. 

Linearity of the &mphs in Figs. 3 and 4 is equal@ good if the concentration is 
expressed iu volume units instead of mole fractions. as it is evidenced by the corre- 
f&on coeilkients in Table H. A similar linearity was obsemed in earlier experimc.ats 
with mixtures of ethyl acetate and cyciohexane, where the difFerences between the 
two concentration expressions were not highly significant, in contrast to the mobile 
phases studied now. 

The condusion to be drawn from the above experiments is that eqn. i is vaiid 
for all the mobile phases studied within the prectica[Iy useful concentration limits, 



,-05 Lo== @-I :OS LOGC 

Fig. 5. Relatioosbip berwxn retention volwn~ (V’& of N,N~nerhyl-p-aminobn~~~o~zo~~ 
amides snd the wncea~~tion of the more &icienr chrtiog component in *he binary mob& pk 
(dioae-n-heptane in z and b; chloraforrri-n-heptae ia c and. d) during chrwmtogr2phy on For&I 
A. The concentration is expressed s the male fraction <x) in a md c mnd 2s the vohme concentration 
(c) in b and d. C~mpoun& 1 to 4 as in Fig. 3. O~tiog c3adiriom zs in Tabie II. 

and, moreover, t‘.lt volume concentrations cm be used in calculations according to 
this equation, even when they difFer significantly from the mole fractions. 

The experimenta! vaiuzs of the coefiicients n and /c’~ in eq4n. I. in different mobile 
phases are shown in Table II. In the derivation cf eqn. I, as the simp!ificztion of 
Snyder’s model of edsorption, the parameter IE represents the ratio of the area of 
acisorbent surface occupied by an adsorbed moIecuIe of sample compound to that 
acctipied by an adsorbed molecule of the more poiar of [he solvents in the mobile 
phase. Snyder’s coocept of adsorption aswnes mona-layer zdsorptian on a. coatinu- 
03s and homogeneous surface of the adsorbenP*I’. 

During the preparztioa of Parts E-III of this series? far publication, Socze- 
winsici and Gofkiewicz13 pubIbhed an equarioa, ~&nalIy identical with eqn. I, to 
describe adsorption on discrete Edsorption sites of equal enera. The fatter model was 
recowized as better suited to_describe adsorption 011 silica in binvy systems contain- 
ing strong st5lvents than tie modei of Snyder”. r rn the node1 of Soczewinski and Gal- 
kiewicz, n represents tie number of adsorbable functionrri csfoups in a moIecu[e of 
sampIe cornpcxmd. 

- Comparison Of the ccs&kierits n in Table II seems to support the soi&bIfity 
of the model of Soczewinski and Golkiewicz to the adsorption systems studied. Tfie 
vafrtes ofn iii mobife pfizses contai$ng ethanol 2nd n-propanol ze close to uGvi, 
whife in oEher mobile phases (in which dioxzns, chloroform axid ethyt acetate af2 tie 
morepoku components) IE dues zre ratkerclose to 2. N,h'-Dimethyl-p-amino~n_ 



zeneazobenzoyl tides cont2iu two polar adsorbabte .functionai soups (the amide 
and the tertiary amino groups). LEI soiutions cor;tiCng alcohols, soIvation is Iikeiy 

to occur with a hydrogen bond, which cas block one of these soups (probably the 
amida soup), so that only one (the amino &oup) is avaiIab!e for adsorption. This 

e&ct cannot occur in mobile phases contzining chioroform, dioxane or ethyl acetate, 
so that in these phases two functional goirps are ava.iIzble for adsorption. 

The parameter k’, is influenced not only by the poIarity of the more efficient 
eluding solvent, but aIso by the activity of the adsorbent. The difFerences in activity of 

Porasti between each set of experiments with the differeut mobile phases studied were 
evidently large enough to cclange the order of_PO in the different mob>iIe phases, so that 
this order did no: a_= with the order of poIarities of the more effcient eluiing com- 
ponents. This may be partly becarrse the vabies of PO 2re reiativeiy ctose to one XI- 
other in the binary mobile phases tested. 

The vatidity of eqns. 6-S in gradient eiution chromatography with binary mo- 
bile phases composed of n-heptane and n-propano1. n-heptane an5 dioxane and .r~- 
heptane and chloroform ~2s tested experimenta!Iy in a way anzfogous to that used 
with the system cycIohexane+thyl acetates. The voIume concentration of the more 
polar solvent in n-heptane was changed continuously according to the Fadient ftmc- 
tion feqn. 2) during elution. The parameters of the gndient functiorrs tested are given 
in Tables ILL-LX. In addition, experiments were performed with two mobile phases 
in which the male fraction instead of the vohme concentration of the stronger soivent 
~2s chan_ged accordins to eqn. 2. For this purpose, the mdient function was so con- 

structed that tne correspondin g votume concentrations were caIctrlated for the 30 

Fig. 5. Change in the vokme concentrafioc (c) of the more efficient eking component with time 
kradient function) for the finear ch2i3ge in the corresponding mofe frzction in the binsy mobile 
phases dia.=-rr-heprace (fd curvcss) and n-propanol-n-heptane (broken curves~. The fu:t iines 
represent the Iinezr change in the volume concentration with time. x = r/r,, H here r is the time elapsed 
from the kgintig of the gradient progrme and I, is the time necessary for complete change of 
the concentration: c = 0 to I. Paramefers ofthe gradient: A = 0; x = i ; if = 0.051Bfs (A). 0.025974 
CC}, 0.01X37 (C) and CkOO6S935 CD). 
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GR.ADIEhT E&U-fIOK IN LC. Y IT. 2.9 

chosen mole fractions used in eqn. 2 and plotted against time in the graph used for 
~_~eratipti cf the pdient. This is ~illustited by Fig. 5, ir; s-hi& t&he straight lines re- 
pretit the change of mole fraction with time (z = I-0) and the curves show the corre- 
span-ding changes in vol_cme concentration for the two so!vent systems. 

The results of ali the gradient-efution experiments are given in Tables KC-K. 
Here, the experimental vafues of retention voIume, peak width, plate numberaad reso- 
Iution are compared with the vakes caicuiated from eqns. 5 -3 using the constants 
n and k’,, determined in experiments with isocratic elutior. About 8.5 ‘A of the exped- 
mental retention volumes differ from the caknlated values by less than 10% (rel.), 
which-is in agreement with results for the mobiIe phase cyclohexane-sthyl acetates. 
The agreement between the experimentaf and calculated values of We), dVCn and RscF, 
is also similar to that in experiments with cyclohexaae-ethyl acetate. 

Figs. 6 and 7 show further evidence for the validity of eqn. 6. As has been 
showr?, the graph of Iog V’,,, against log B should bc linear for grakent elution ex- 
periments in which eqn. 2 applies and A = 0. Such is the case in Figs. 6 and 7, which 
show these graphs for mobile phases composed ofn-propanoi 2nd n-heptane, and of 
dioxane and n-heptane, respectively, for different values of X. 

In Figs. 6 and 7, ,maphs constructed from data from the experiments using the 

Fig. 6. Rcktion5hip txtweerr retention voIr?mrs, VRuI-(ml), of N,Kdimethyl-p-2minoiser~ene2io- 
benzoyi zmides and parameter B in gradient elation chromatograghy on Ponsil A with the binvy 
mobile phze n-propznoI-rz-hcpkme. P~zters of the gradient eiution: A = co = 0; V, = 3S.5 
mi; x = 0.5 (a), 3.0 (c) or 1.0 (b 2nd CI). In a. b and c the volume concentratiou of n-propxnA was 
cban~ed with time according to the abwe pammeters; d show the resuks of eqeriments in nbich 
t!x molefriraion of rr-propanol w2s &wed with time according to these par2meiers. the acti 
&a&e of voIume concentration M’EtL time being showu zh Fig. 5 (broken curies).. Compourxk: 
I = dimethykunide; 2 = diethykmide; 3 = di-n-propytixde; 4 = di-n+utyIamide. Operating con- 
ditions as in’T2bIeUL 



Fig_ 7. Reratiocsbip beabs3l retemion VOIames, Y ‘R(s) (ml), of x,N-yI-p-aobeIizen~o- 
t#nzoyl a.rnkks and parameter B in gdieut elution chroz~~iogzapfry on Pox&i A with the binary 
mob2e phzsz diosurz-n-hepfa~e. !?XZIUC&IS OC the g~die~t EW~MI: A = ca = 0; I?, = 35.5 n-6: 
x = I .O. (a) The mole k&on of dio.xaee was changed with tie acmrdkg to these parameters. ihe 
actual &age of volume cmmmtndon with tired being shown in Fig. S <f&i CLEWS). @) The vo!ume 
wncenzatio~ of &once was ckimged with time according to the above pa-zzeren:. Ccunpounds: 
L = dimetiykmide; 2 = dietbyiam~de; 3 = dG~~propyIarnide; 4 = di-n-butykmide. Oper&ng am- 
ditiions 2s in -r&k M. 

pdient curve (eqg. 2) based on the mote fraction of tie more polar solvent are com- 
pared with those wiising the volume concentration of this soiver;t as the basis of the 
_mdient cmxe (z = I). Cqmparison of these graphs, as weli as comparison of Tables 
IV and VI_ (rz-propan&n-heptan$J and Tables VQ arid VIII (dioxane-rz-he&ane)+ 
.&ova that no si@kznt improvemeqt of resu!ts’k gained l5~~ using moie fr&tions in- 
ste,zcl of~voiume conczntratiians as the bask for constrtiing the e_dient curves. 

The infuencx of tie composition of-tie mobile phase on the~plak number was 
ako teste& The eqn~. (I I-14) for pee Fvidth wt%e derived by assumingz fiRear &an_= 
in N v&h retention volume, Exljerime~ital values ofN {or the f&- sampie co&p~uc& 
sa_died in ~OLX diEkent mobtie phases are show in Table X Tne plate nun&s are 



&+E%RIMENTAL VALUES OF PLATE B-UMBER QV) OF S,~-~fM~HYL-p-A~iINO_ 
B_~ZENEAZOBENZO.YL AMIDES IN ADSORiZTION CKROXfA10GRAPKY ON PORASfL 
x 

Cohm~~: 400 x 3 mp; V, = 2.00 ml; Porasil A(60). 37-75pnt. Flow-me of mob&z phase: 35.5 
m&k. Ceteaion: photometric, MOnm. Chromatographed compounds: 1. = di-n-butyltide; 2 = 
c+propy@mide; 3 = diethylamide; 4 = dimrtbylamide; CCT. 8 pgeach. Mobile phucs:I = ethanol- 
n-pentane; fI = n-propa.50~heptznt; La = dio.xaEe-n-tepe: w = chIoroform_n-Ileptaile. c = 
7: (uoi.) oftbe mare efikiem compamnt in the mobile phase. The experimentA values of Nrepresent 
the arithmetic mans from three experiments. 

I 0.5 
I .5 
3.0 
5.0 
8.0 

12.5 
70.0 

Jx 0.5 
1.5 
3.0 
5.0 
S.0 

1x5 
XL0 
35.0 

m 7.5 
IO.0 
IS.0 
20.0 
30.0 
$0.0 

IV to.0 
15.0 
10.0 
25.0 
30.0 
40.0 
50.0 
cx?.a 

17’ 
II3 
79 

IO4 
- 
- 
- 

76 
99 

- 
- 
- 
- 
- 
- 

161 
156 
- 
- 
- 
- 

- 

IZS 
III 
- 
- 
- 
- 
- 

354 
83 
77 
SS 

- 
- 
- 

184 
99 

- 
- 
- 
- 
- 
- 

192 
176 
- 
- 
- 
- 

- 

165 
I30 

- 
- 
- 
- 

- 
192 
IQi 
84 

IX 
9s 

- 

not constant over the whoie concentration range, whereas they were approximately 
so in experiments with the mobile phase cyclohexaze-ethyl acetate;. 

The relationship between experimental pla~ numbers and PR was not .strictIy 
linear, but it could be approximauci to a tine because of the significant random error 
in dete_nxitiqg N. The coeficients of the regression Lines representing the relation- 
ship (eqn. ZOa) were caiculated using tkle linear-regression method and were used for 
fu&er dcdations of H’(~,, N,,, ar;d I&, according to eqns. 13, 8 and 9. 

~_ The calculated retention characteristics, which are aiso shown in TabIes HI- 
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3.X mostfy difFeb$ fittIe from dab calcukd OII tie basis of tine (ax-rage) Vahe of 
N for each cod~fnation of sample compound and tiobikphase (qns. 7%. 3% 
agxemezii ktween c&~&ted and experimental data was, in -somk instsnces, poorer. 
k caicrriations using eqn. J3. This may k attributabfe to the way of eStimatiW tie 
constants C zmi D 0Feqn. lOa, nainely, that atl -dies of It’ in isocratic elutioti 6%: 
pximents, inchding thosS sipiScantly deviated from the- trend followed. by tither 
uahxss, were taken as a basis for Linear-regkssion an&sis. On the other has& the 
qproach making, use of eqn. iOa is IikelJr to signikanti~ increase the aaxracji of 
cakukting retention charracteristiq if the dependence of N on retention rolume <or 
composition of +&e mobile phase) is more distinct than in tie examples reporfzd here. 


