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SUMMARY

Theoretical assumptions concerning the influence of the compaosition of binary
mobile phases on capacity ratios in adsorption chromatcgraphy have been verified
for binary mobile phases composed of ethamci—+-pentane; r-propanol-z-heptane;
dioxane-n-heptane and chloroform-n-heptane. Calculated and experimental values
of retention characteristics in gradient elution chromatography have also been com-
pated for these systems. The agreement between experiment and theory was satis-
factory, just as it was for a mobile phase compased of cyclohexane and ethyl acetate
(as described in Part III of this series). Practical aspects of the solvent systems tested
as the mobile phase in gradient efution chromatography are discussed, and the rela-
tionship of plate number to composition of mobile phase is considered.

INTRODUCTION

A theory that makes passible estimation of retention characteristics (retention
volume, band width, plate number and resolution) in gradient elution liquid chromato-
graphy was described in Parts [ and IT of this series®+?. Its practical utility in adsorp-
tion chromatography was tested by using model experiments with four N,N-dimethyl-
p-aminobenzeneazobenzoyvl amides, which were chromatographed on columns packed
with silica (Porasil A) in a binary mobile phase of ethyl acetate and cyclohexane’*: tha
experimental elution characteristics were in good agreement with the theory.

In the present work, the theory has been verified for adsorpdon chromatogra-
phy using several other mobile phases, mainly those compatible with a UV detector.

THEORETICAL "

In the theoretical approach verified in this paper, the validity of a simple
relationship between the concentration (mole fraction) of the more efficient eluting
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cox::;pouent in the binary mobile pi:ase (c) and the capacity ratio ofa §ample cfofhPOUﬁd
(k%) is assumed; this relationship is expressed by: . -

R mekey e
where k" and # are constantsh. .0 . B
In the derivation of eqizations for retention volume, retention ratio, peak width,
plate number and resolution in gradient elution chromatography, it was further as-
sumed that no change occurred in the composition of the mobile phase during tran-
sport from the outlet of the gradient-generafing device to-the column and that the
gradient-generating device was able to produce any required mathematical form of
the relationship between the concentration (c) of the more efficient eluticg component
in the binary mobile phase at the outiet of the gradient-generating device -and the vol-
ume (V) of mobile phase delivered. This relationship was chosen as follows®:

c=(z£7f_—:—B-V)" - 7 @

*lere, 4, B and x are adjustable constants that characterize the shape of the
gradient functon and are defined as:

A=c 3)

and:
L =3
C;:x — ng

VS‘

B= @)

wherz o, is the initial concentration (¢) at the beginaing of gradient elution and ¥V is
the volume of eluate where ¢ = ¢¢; an arbitrary value can be chosen for ¢ (with
advaatage, ¢, = L or ¢ = Q).

By using equs. i and 2, the following relationships for retention voiume
{Freer» ¥ eas)s peak width (i), plate number (N} and resolution of two compounds
} and 2 (R} in gradient elution chromatography were derivad®:

oty = P 4+ Vreny N )
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In these equations, ¥, represents the total volitme of the mobhile phase in the
coiumn N is the plate number in this column in isocratic elution~chromatography
under otherwise identical conditions; V; is the volume of connecting tubing berween
the outlet of the gradient-generating device and the top of the column; and Fi,,,
Vacases Wegsr and W,y are the retention volumes and peak widths of sample compounds
I and 2, respectively. To a first approximation, N was assumed nof to depend on the
composition of the binary mobile phase, circumstances that had been-approximately
obtained in the system cyclohexane—ethyl acetate®. In some practical separations, how-
ever, the plate number can be influenced by the composition of the mobile phase;
in other words, Nc:m depend on the capacity ratios (retention volumes) of the samp[e
compounds.

If diffusion of solute in the stationary liquid phase (or in the “stagnant”
mobile phase in the pores of the support material) or adsorption~desorption kinetics
controls mass transfer during the chromatographic operation, the corresponding
contribution to the total plate height will depend on the capacity ratic of the solute®.
For stationary liquid-phase diffusion, a simplified equation for the contribution to
plate height, A, can be written:

k d=-v (10)

H=4axwy B,

where [3_ is the stafionary-phase diffusion coefficient, v is the mobile-phase velocity
and 4 is the approximazte thickness of the liquid Iayer on the support material.

‘By assuming that diffusion in the stationary liquid phase predominates over
the other confrikutions to the total solute-peak bfoademng. eqn. 10 can be rearranged
as follows:

L (1 + &N L-P, L-D .
f= = * ~ A s - - kN X £ -
N H k* dz-+ a2-v (2 = k) C+D-Vp (10a)
whére L is the length of the column. It is assumed that the values of £’ are not too

Iow, so that the term 1/k’ is lower than the sum (2 - &'} and can be neglected.

The separation of protonated N,N-dimethyl-p-aminobenzeneazobenzeic acid
esters and amides by cauon-exchauge chromatography® is an example of diffusion-
controlled separation.

) The contributions of the “stagnant” mobile-phase diffusion and of adsorption—
desorption kinetics can complicate the relationship betveen X and ¥'g, but, astheexact
mathematical form of these effects i is mot well known, we took egqo. 10z as a basis for
further considerations.

- If this relaticnship is r&cpected in the equations for peak width in isocratic
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and stepwise elution chromatography (aee eqn. 17 inref. 2 aud eqn. 5 in ref..4), these
equations acquire somewhat altered forms:

N 3 7 . '. —-n 3
w st P thg e B {ror isocratic elution)} (In

AVC+D-Vyky-c™"

and

-f '. - L -
wa tVelkorcn 1) (for stepwise elutior) (12)

CHDVrkye”

By mmserting into eqn. 7 the plate number as it would be in isocratic efation
chromatography with the same composition of mobile phase as the actual composition
in the moment of elution of the peak maximum in gradient elution chromatography,
the equation for peak width in gradient elution chromatography can be written in the
following form:

L
x

: « 51 . c 1 - o —_— j-xn
Weg A 4 Vrr: (! . [‘-ﬁ {,{ i B (VR(g) V:)f } (i3)

f
/ _1_
1 CH DV (i + kg [4% + B-(Viggyy — V")
The peak width in combined twao-st=p eluticn chromatography, isocratic in
the first step (volume of mobile phase used in this step = ¥;; capacity ratioc = £';)
folicwed by the second (gradient) step, can be written as:

.\-|v-

LR | N R

- 3.(1{“,, — V;'T‘ié‘;:;‘")]_zu}

WA (14)

Ve o vufiohfet o (rin— o b))
3

In these instances, the resolution can be czlculated by combining egns. 11-14
with the well-known ean. G.

[

EXPERIMENTAL -

The instrumentation, operating conditions and compounds chromatographed
in this work were essentially the same as thosa used is Part U] of this series®. The slass
colums (400 x 3.0 mm) was packed with Parasil A{60), 37-75 pm (Waters Ass.,
Milford, Mass., U.3.A.}; for this column, ¥, was 2.00 ml, and the volume of con-
necting tubing between the mixing chamber of the gradient pump and the injection
port of the column (F7) was 0.30 ml. .

. The mobile phases tested were: I, n-pentane-ethanoi: il. n-heptane—n—pro—
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panol: HI, n-heptane-dioxane; [V, a-heptane-chloroform: and V, cyclohexane—
ethyl acetate. :

All solvents were of reagent grade and were distilled before use; n-propanol
and dioxane were dehydrated by distillation with metallic sodium and kept in a soi-
vent reservoir fitted with a calcium chiptide guard-tube. The components of the binary
mobile phase were mixed directly from two sclvent 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 selected mathematical function (egn. 2) drawn on a sheat
of paper fastened on to the rotating drum of the photeelectric curve-follower of the
gradient-generating pump’. As the flow-raze of the mobile phases tested was indepen-
dent of their composition, the volume cgntractions connected with mixing of the two
solvent components were not significant and could be neglected.

RESULTS AND DISCUSSION

Properties of difierent Linary solvens systems as mabile phases for gradient elution in
adsorption chromatography

Binary mobile phases useful in gradient elution chromatography shouid be
so chosen as to meet certain requirements and restrictions, which are given as follows:

(1) The sample compounds should be soluble in the binary mobile phase.

(2) The components of the binary mobile phase should be completely miscible
over the whole concentration range used for elution, and should not react with one
another or with the sample.

(3) The solvents should not interfere with detectors used. As, in spite of some
published data’, a differential refractometer cannot be used with idvaniage in con-
nection with gradient elution, 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 comuvounds and can be used without dif-
ficulty with mass-transport detectors. Similarly, as almost all common solvents are
transparent ir the visible region, the use of photometric detectors operating in this
range gives rise to no difficulties; such detectors, however, can only be used for the
detection of coleured substances. The most frequently used photometric detectors,
therefore, operate in the UV region (at 254 or 280 nm, or at any coatinucusly ad-
justable wavelengthj. Thus, if serious base-line shifts are to be avoided, the compo-
nents of a binary mobile phase should exhibit negligible absorption at the wavelength
used.

(4) The main advantage of gradient elution chromatography consists in the im-
proved separaticn of mixtures containing compounds differing widely in retention.
To take full advantage of the technique, it is important to controf the capacity ratios
of the sample compounds over a wide range in the course of elution. This means that
the efuting power of the mobile phase must be adjustable within sufficiently broad
limits. In adsorption chromsztography, this can most conveniently be achieved by
using as components f the binary mnbile phase two compounds that difer sufficient-
Iy in polarity. Moreover, the larger the difference in polarities betwean these two com-
ponents, the better shculd be the validity of eqn. ! (see ref. {}. The genzration of more
complex gradients using several solvents with gradually increasing potlarities is some-
what difficult in practice when using commercially avaifable equipment.
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(5} In adsorption chromatography, a constant activity of adsorbent is assumed
in ean. 1. The change in adsorbent activity due to preferential adsorption of the more -
polar selvent of the binary mobile phase may to some extent interfere with the’ vahdl'ty
of egn. 1, mainly in the low concentration range; it is therefore necessary to checic the
validity of eqn. ! for each combination of solvents. :

Further, it is important that the amount of water adsorbed on the-surface of
the adsorbent is not significantly changed during gradient elution; otherwise, there
will be differences between the experimental retention volumes and the va[ue; c‘:ﬂ-
ciilated by using eqn. 6. A constant content of water (which does not change signifi-
cantly with time) can be attained provided that the adsorbent is thoroughly pre-
equilibrated with the two components of the mobile phase. These components shouid
not differ much from each other in water content. With this aim, the more polar com-
ponent of the mebile phase, which is always more miscible with water should be freed
from excess of water (the less polar component can be saturated with water).

(6) Another assumption involved in the derivation of equ. I, ie., that the
composition of the mobile phase remains constant during transport from the gradient-
generating device to the outlet of the column when gradient elution is applied, is not
strictly valid in practice. The more polar componznt of a binary mobile phase is sorbed
preferentially on the adsorbent; conseguently, the compaosition of the mobile phase
changes with time 1s the mobile phase advances through the column. This prefer-
ential adsorption (the “solvent-demixing effect™) becomes meore significant as the dif-
ference in polarity hetwezn the compenents of the binary mobile phase increases. It
has been observed that sudden changes in polarity of the mobile phase during elution
can give rise to problems, namely, incomplete separation of some sample components,
peak splitting, and ever: the occurrence of “ghost” peaks®. To eliminate these difficul-
ties, some workers prefer to use a set of several (Snyder and Saunders®!® used six;
Scott and Kucera'® used twelve) individual solvents with gradually increasing pofari-
ties for the generation of concentration gradients.

To investigate the infiv ence of the “solvent-demixing effect™ in a binary mobile
phase compeosed of n-heptane and #-propanol (solvents with a large difference in
polarities), we compared the change of the concentration of n-propanol with time
during gradient elution at the outlet of a column of Porasil A (500 X 2 mm) and in
the same equipment without the column, using a UV detector. The detector response
was virtually identical in both instances when a linear gradient was run from 0 to
1699, of n-propanol in 0.5 or 1 h. The curve measured with the column installed
showed a delay 0.2-0.5 ml higher than the column void volume (see Table [}). The
situation was different when a linear gradient was run from 0 to 10% of #-propanal
in 0.5 or i bh. In this instance, the detector response at the outlet of the column was
divided into two parts (sce Fig. I}. In the first part, the concentration of n-propanot
increased much more slowly than the concentration profile in the system without the
column. This part was fcliowed by a sudden large increase in detector response. Then,
the response of the detector soon decreased to the level predicted in the experiment
without the column, and the second part of the concentration profile was again vir-
tually identical in both experimeants. ’ o

» T.o ascertain the nature of “pezks™ on the detector-response curves in experi-
ments with _the co{umn_, ti‘l& composition of the mobile phase leaving the UV detactor
was determined by an independent analytical method (gas chromatography). The re-



GRADIE\IT ELUTIONIN LC. ¥II. 15

TABLETI

THE INFLUENCE OF “SOLVENT-DEMIXING EFFECT™ IN GRADIENT ELUTION AD-
SORFTION CHROMATOGRAPHY ON PORASIL A

A linear gradient (0.5 h) was run from 0 to 1009/ and from 0 to 10 %, respectively, of n-propanol in
r-heptane using + column (800 % 2 mm)} packed with Porasit A(60), 37~75 oy, and in the system
where the coUmn was repiaced by a tube (0.2 mm I.D.; 0.3 ml in volume). A gradient pump (PoM
68005, Workshops of the Czechosfovak Academy of Sciences, Prague} delivered mobile phase to a
Waters M6000 high-pressure pump. The response of a UV detector (254 nm, Waters Associates) at
the outlet of the column or of the tube was registered, and the delay between start-up of the gradient
arid the beginning of the concentration change registered by the detector was measured. Predicted
delay values were calculated from the void volumes of the individual instrument components (deter-
mined in independent experiments), viz.,, PPM pump, 2.50 mi; mixing chamber and connecting
tubing, 0.30 ml; column and injection port, 3.05 mi; tubing inserted instead of column, 0.30 ml,

Gradient Flow-rate of Delay (mi} Deviation from
mobile phase predgicted value
{rdjmin)} Columnr Tubing Difference (ml)
0 to 100% 0.96 585 3.17 2.78 +0.03
r-propanoi 0.46 6.11 3.21 2.90 . +0.I3
G.16 6.10 3.14 2.96 +0.21
0to 10% 6.96 5.96 3.08 2.88 +0.13
n-propanol 0.46 6.40 309 3.3t +0.56
0.16 6.45 3.02 3.42 +G.67
Predicted value 5.85 3.10 2.75 —
1
c 1

Fig. . Concentration profiles measured in gradient elution experiments with and without 2 column
(300 x 2 mm} of Porasil A (37-75 gmy}; the experimental method is described in the legand to Takle I.
Full lines represent the concentration change of r-propanol in experiments with tubing in place of the
column and broken lines show this change in experiments with the column installed. The points con-
sidered as the beginning of concentration change are marked. These points were taken as the basis of
the data in Table [. Detectar: UV (254 nm; Waters Associates); range .16 absorbance units (fuli-
scale} (aufs) (curves 1-3) and 0.02 aufs (curves 4-6). Concentration change from 0 to 100 of n-
propanol in n-heptane (0.5 h): curves 1-3; from 0 to 10% of n-propanol in n-heptane (3.5 k): curves
4-¢. Flow-rate of mobile phase: 0.96 ml per min for curves I and 4; 0.46 mi per min for curves 2 and
5; 0.16 m! per min for curves 3 and 6. ¢ = Volume % of n-propanci x 0.0t; ¢ = time (min).
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Fig. 2. Comparison of 2 concentration profile in gradient elution chromatography measured by means
of 2 1}V detector with the results of gas chromatographic analysis of the individual fractions. Column:
Porasil A (37-75 gm)}, 900 < 2 mun. Mobile phase: linear gradient from 0 to 10% {v/v} of n-propanol
in n-heptane accomplished in 0.5 h. Flow-rate: 0.40 ml per min. Detector: UV (2534 nm; Waters
Associates): range .02 aufs. The full curve represents the record of the UV detector. Below the curve,
11 fractions (0.4-0.8 ml each) taken for gas chromatographic analysis are marked. For ezach fraction,
the concentration of n-keptane (first vertical line) and that of n-propanol (second vertical line} are
traced inside the corresponding interval (the sensitivity of the instrument for n-propenof was 6t X
greater than the sensitivity far r-heptzne). ¢ = Volume 94 of r-propano! x 0.8{; ¢ = time (min).

sults of gas chromatographic analysis of narrow fractions of detector effisent nre
shown in Fig. 2, ia which the heights of the peaks coiresponding to the two compo-
nents of the mobile phase are shown for each fraction. It can be szen that a sudden
increase in n-propanol concentration occurs in fractions 6 and 7, and a further moder-
ate increase is observed in the following fractions. Gas chromatographic data show
no sharp “peak”™ of r-propancl concentration ; therefore, the “pezks” on the detector-
response curves can be attributed to turbulence in the detecior cell due to mixing of
the i#7-prorarnol front with n-heptane rather than to a sharp increase in the concentra-
tion of n-propanot above 107 (v/v). The occurrence of a “faise peak™ is less signifi~
cant, but still distinct, at lower sensitivities of the datector (see Fig. 1}, and very small
pezks due to turbualence in the detector cell wers observed in earlier experiments with
spectrophotomertric detection in the visible region at a low sensitivity levet®=.

The experirients described above show that the “solvent-demixing effect™ can
cause significant deviation fron: the predicted concentration gradient function in the
iow concentration region (0-3 9, by vol., of n-propancl 1a n-heptane). This effect can
seriousty infivznce the retention volumes of the compounds eluted early, but ne signif-
icant changes in elution behaviour of the more strongly retained sample components
are to be expectad. As will be seen from the following discussicn, in mobile phases
containing strong solvents in low concentration. egn. 1 is not aiways strictlv abeved.
The dev:ztions from this equation, together with the “solvent-demixing effect”, make
the use of binary mixtures containing less polar sclvents (such as chioroform, dioxane
and dichloromethanc) desirable if the sample components are weakly retained by the
column. .



GRADIENT ELUTION IN LC. VIIL. : 17

Nevertheless, the good agreement between experimental retention volumes and
the values calculated from eqn. 6 in the curreant (see the following discussion) and pre-
vious® experiments with different mobile phases indicates that this effect does not

H +f f- tha rogril¢te Ths ca lIad + IE et fq F As
msmucam_y influence the results. This c‘:‘{penenw Ied us to omit atiempis to introduce

mathematical corrections for preferential adsorpiion into the theoretical equation for
retention volume in gradient elution chromarography.

With respect to the above rules, we compared several different solvent systems
as binary mobile phases. Cyclohexane and ethyl acetate, which had beea tested in
previous work, would interfere with the UV detector operating at 254 nm, as the
upper range of absorption of ethyl acefate is about 260 nm, and cyclohexane often
contains significant amouats of UV-absorbing impurities (e.g., benzene). From a
variety of other solvents, those commercially available with minirrum fight zbsorp-
tion at 254 nm were selected as suitabie componeats of binary mobile phases for ad-
sorption chromatography.

Several solvents of different polarities were tested as the more efficient eluting
components of the binary mobile phases. Methanol could not be used in mixtures with
non-polar hydrocarbons because of its limited solubility in these solvents. The sample
compounds studied showed only limited solubility in a mobiic phase composed of
t.2-dichloroethane and n-heptane and were very strongly retained on the column.
For this reason, this mobile puase (which can be useful in other E.‘J"ZiCLiCa! S:'paL'Z.LEOﬁS)
cotid not be studied here.

When n-pentane was a component of the mobile phass (in mixtures with etha-
noi}, bubble formation occurred in the plunger block of the gradient pump; this
would cause sericus flow irregularities if experiments were run at ambient temper-
atures. This difficuity could be eliminated by cooling the plunger block with a2 mixture
of ice and solid carbon dioxide, but, as such cooling was inconvenient, systems con-
taining r-pentane were not used in experiments with gradient elution. n-Heptane was
selected as the best non-polar component available for the binary mobile phuases.
The remaining solvent :ystems studied were: #-heptane-z-propamol; n-heptane-
diovane and n-heptane-chloroform. The polarities of the more efficient eluting com-
ponents decrease+ in the above order, and so did the rotal polarity change that could
be obtained during gradient elution.

Verification of egan. I

The results of verification of eqn. 1 in the four binary mobile phases tested are
shewn in Table IT and in Figs. 3 and 4. The figures show graphs of the logarithms of
retention volumes (V') of the sample compounds against the logarithms of the mole
fraction and the velume coacentration of the more polar component in the binary
mobile phase. Significant deviations from linearity were observed in the mobile phase
composed of ethanol and n-pentane in both high-polarity (x = 0.33) and low-
polarity (x < 0.04) regions, and partly in the mixture of #-propancl and n-heptane
in the high-polarity region (x >= 0.51). The deviations in the binary mobile phase
composed of ethanol and r-pentane could be influenced by the water content (3-49;)
of the ethanof used. [t seems probable that part of the water ia the ethanol became
irreversibly sorbed on the adsorbent during the experiments. Consequently, the ac-
tivity of the Porasil could be decreased in later experiments as compared with earlier
ounes. This behaviour was partly coafirmed in experiments repeated with a mobile
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Fig. 3. Relationship between retention volumes, Ve (mi) of N,N-dimethyi-p-zminobenzeneazo-
benzoyl amides and concentration of the more efficient eluting component in the binary mobile phase
{ethanol-n-pentane in a and b; r-propanocl—+-heptane in ¢ and d) during chromarography on Porasit
A. The corceatration is exprassed as the mole fraction (x) int 2 and c and as the volume concentration
{c} in b and d. Compounds: | = dimethylamide; 2 = diethylamide: 3 = di-n-propylamide: £ —
di-n-butylamide. Operating conditions as in Tabie I.

phase of equal composition after two or three weeks of experiments with mobile
phases of different composition. The retention-volume values were slightly (but sig-
nificantly) higher in the repeated experiments. which indicates a slight decrease in the
activity of the adsorbent with time (in contrast to the assumptions made in the deriva-
tion of eqn. ).

No change in activity was observed in experiments with n-propano! and n-
heptane: n-propanol, like the other more polar compenents of the binary solvent sys-
teras (except ethanol), was dehydrated. The graphs of log F;; against log x or log ¢
are linear over the whole concentration range studied for mobile phases composed
of n-heptane—chloroform or n-heptane—dioxane, and almost linear for mobile phase
containing r-heptane-#-propanol.

Linearity of the graphs in Figs. 3 and 4 is equally goad if the concentration is
expressed in volume units instead of mole fractions. as it is evidenced by the corre-
fation coefficients in Table II. A simiiar linearity was observed in earlier experimeats
with mixtures of ethyl acetate and cyclohexane, where the differences between the
two concentration expressions were not highly significant, in contrast to the mobile
phases studied now.

The conclusion to be drawn from the above experiments is that egn. t is valid
for all the mobile phases studied within the practically useful concentratior limits,
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Fig. 1. Relationship berween retention volumes (Vg of N,N-dimetbyl-p-aminobenzeneazobenzoyt
amides and the concentration of the more efficient eluting component in the binary mobile phase
(dioxane-r-heptane in @ aad b; chloroform—n-heptane in ¢ ang d) during chromatography on Porasil
A. The concentration is expressad as the mele fraction {x) in a and ¢ and as the volume concentration
{c) in b and d. Compounds 1 to 4 as in Fig. 3. Ogerating coaditions as in Table If.

and, moreover, that volume concentrations czn be used in calculations according to
this equation, even when they differ significantly from the mole fractions.

The experimenta! values of the coefficients n and &% in eqa. [ in different mobile
phases are shown in Table IL. In the derivation of egn. I, as the simplification of
Snvder’s model of adsorption, the parameter z represents the ratio of the area of
adsorbent surface occupied by an adsorbed molecule of sample compeund to that
occupied by an adsorbed molecule of the more polar of the solvents in the mobile
phase. Snyder’s concept of adsorption assumes mona-layer adsorption an 2 cogtinu-
ous and homogeneous surface of the adsorbenti®2,

During the preparation of Parts I-III of this series!® for publication, Socze-
winski and Qolkiewicz!® published an equation, virtuafly identical with egn. I, to
describe adsorption on discrete adsorption sites of equal energy. The Iatter model was
recognized as better suited to describe adsorption on silica in binary systems contain-
ing strong solvents than the model of Snyder'. In the model of Soczewinski and Gol-
kiewicz, rr represents the number of adsorbable functional groups in 2 molecule of
sample compound.

- Comparison of the coe'ﬁ.sents r in Table Il seems to support the suitability
of the model of Soczewinski and Golkiewicz to the adsorption systems studied. The
values of # in mebile phases containing ethanol and n-propano! are close to umity,
while in other mobiie phases (in which dioxans, chloroform and ethyt acetate are the
more polar components} # values are rather ciose to 2. N,N-Dimethyl-p-aminoben-
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zeneazobenzoyl amides contain iwo polar adsorbable functional groups (the amido
and the tertiary amino groups). In sofutions containing alcohols, solvation is likely
to occur with a hydrogen boad, which can block one of these groups (probably the
amido group), so that only one (the amino group} is available for adsorption. This
effect cannot occur in mobile phases contzining chioroform, dioxane or ethyl acetate,
so tnat in these phases two functional groups are available for adsorption.

The parameter k%, is influenced not only by the pclarity of the more efficient
eluting solvent, but also by the activity of the adsorbent. The differences in activity of
Porasil between each set of experiments with the different mobile phases studied were
evidently large enough to change the order of &, in the different mobile phases, so that
this order did not agree with the order of polarities of the more efficient eluting com-
ponents. This may be partly because the values of &'y are relatively close to one an-
other in the binary mobile phases tested.

Gradient elution

The validity of eqns. 6-9 in gradient elution chromatography with “ipary mo-
bile phases composed of n-heptane and n-propanal. n-heptane anu dioxane and #-
heptane and chloroform was tested experimentally in 2 way analogous to that used
with the system cyclohexane—ethyl acetate. The volume concentration of the more
polar solvent in n-heptane was changed continuously according to the gradient func-
tion {(eqn. 2} during elution. The parameters of the gradient functions tested are given
in Tables III-IX. In addition, experiments were performed with two mobile phases
in which the mole fraction instead of the volume concentration of the stronger solvent
was changed according to eqn. 2. For this purpose, the gradient function was so con-
structed that taoe corresponding volume concentrations were calculated for the 40

Q.£]

G [eX3 !

Fig. 5. Change in the volume concentration (c) of the more efficient eluting component with time
(gradient function} for the linear change in the corresponding mole fraction in the binary mobile
phases dioxape-rn-heptane (full curves) and n-propanol-r-heptane (broken curves). The fult lines
represent the linear change in the volume concentration with time. x = ¢/¢,, where ¢ is the time elapsed
from the beginning of the gradient programme and ¢, is the time necessary for complete change of
the concentration; ¢ = 0 to i. Parameters of the gradient: 4 = O;x = {; B = 0.051948 (A}, 0.025974
(D), 0.0£2987 (C) and 0.0061835 (D).
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chosen mole fractlons used in egn. 2 and plotted agam.,t time in the graph used for
‘generation of the gradient. This is illustrated by Fig. 5, in which the straight lines re-

" present the change of mole fraction with time (> = 1.0) and the curves show the corre-
sponding changes in volume concentration for the two solvent systems.

- The resulis of all the gradient-elution experiments are given in Tables III-TX.
Here, the experimental values of retention volume, peak width, plate number and reso-
lution are compared with the vaiues calculated from egns. 5 9 using the constants
r and k' determined in experiments with isocratic elutior. About 85%; of the experi-
mental retention volumes differ from the calculated values by less than 109 (rel.),
which is in agreement with results for the mobile phase cyclohexane-ethyl acetates.
The agreement between the experimental and calculated values of wy,, N,y and Ry,
is also similar to that in experiments with cyclohexane—ethyl acatate.

Figs. 6 and 7 show further evidence for the validity of eqn. 6 As has been
shown?, the graph of log V'g,, against log B should bte linear for crrad:e:ﬂ: elution ex-
periments in which egn. 2 apphes and 4 = 0. Such is the case in Figs. 6 and 7, whick
show these graphs for mobile phases composed of a-propanocl and #-heptane, and of
dioxane and n-heptane, respectively, for different vzlues of z.

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

log V;Q}
(a}

I \

-3 -25 -2 lgB 15 -i5 IogB

2 -L3 L6 -4 logB 2 -t8 s -f4 g8

Fig. 6. Reiationship between retention volumes, Vg, -(mil), of N,N-dimethyl-p-aminobernzeneazo-
benzoyl amides and paramster B in gradient elution chromatography on Poresil A with the binary
mobile phase n-propancl-n-haptane. Parameters of the gradient elution: £ = ¢, = ¢; F, = 38.5
mi; 2 =0.5@), 2.0() or 1.0 (b and d). In a, b and ¢ the volume concentration of r-prapanol was
changed with time according to the above parameters; d shows the results of experiments in which
the mole fraction of r-propanol was changed with time according to these parameters. the actuai
change of volume concentration with time being shown in Fig. 5 (broken cunes). Compounds:
1 = dimethylamide; 2 = dicihylamide; 3 = d(—n-pzop) lamide; 4 = dl-n-butyiazmde Operating con-
dmons as io’ Table TIE.
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. & log & -t

Fig. 7. Relationship between retention volumes, F'rqy (mi}, of N,N-dimethyl-p-aminobenzeneazo-
benzoyl amides and parameter B in gradient elution chromatography on Porasil A with the binary
mobile phase dioxane-n-heptane. Paramstars of the gradient elution: 4 = ¢, =8; ¥, = 38.5mi;
x = 1.0. (a) The mole fraction of dicxane was changed with time according to these parameters, the
actual change of volume concentradon with time being shown in Fig. 5 {full curves). (b) The volume
concentration of dioxane was changed with time according to the above parameters. Compounds:
i = dimethylamide; 2 = diethylamide; 3 = di-n-propylamide; 4 = di-r-butylamide. Operating con-
ditions as in Table VIL.

gradient curve {eqn. 2} based on the mole fraction of the more polar solvent are com-
pared with those using the volume coacentration of this solvent as the basis of the
gradient curve {(x = 1). Comparison of these graphs, as well as comparison of Tables
IV and VI (n-propanol-n-heptane) and Tables VII and VIII (dzoxane—r-heptane}.
shows that no significant improvement of results’is gained by using mole fractions in-
stead of volume concentrations as the basis for constructing the gradient curves.
The influence of the composition of the mobile phase on the plate number was
aEso tested. The eqns. (1 1-14) for peak width were derived by assuming a linear change
in ¥ with retention volume. Experimental values of N for the four sample compounds
>‘udiec{ in four different mcbde phases are shown § in Table X. The plafe numbers are



-G&A.D_mrsir ELUTION INLC. VIL. - - 31

TABLE X

EXPERIMENTAL VALUES OF PLATE NUMBER (N) OF N,N-DIMETHYL-p-AMINO-
BENZENEAZOB!:NZOYL AMIDES IN ADSORPTION CHROMATOGRAPHY ON PORASIL

Column. 400 X 3 mm; ¥V, = 2.00 ml; Porasil A(60), 37-75 ym.. Flow-rate of mobifle phase: 38.5
mi/h. Detection: photometric, 440 nm. Chromatographed compounds: I = di-n-butylamide; 2 =
di--propylamide; 3 = diethylamide; 4 = dimethylamide; ca.8 ugeach. Mobile phases:I = ethanol~
r-pentane; Il = n-propanol-n-heptans; IIT = dioxane-n-heptane; IV = chioroform-n-heptane. ¢ =
%a (voL.) of the more efficient compoaent in the mobile phase. The experimental values of N represent
the arithmetic oieans from three experiments.

Mobile c - N for compaund
phase

I 2 32 £
I a.s 172 354 — —

£.5 It3 a3 192 —
3.0 79 77 167 318
50 104 g8 84 201

80 — — 124 168
125 - - 98 13¢
26.9 - — — 93
It G.5 76 184 - -
LS 9 - 9% 114 -~
3.0 - - 114 -
50 - — 92 13t
8.0 — — 79 106
£2.5 — — — a3
20.0 — — — &3
350 — — — 58
111 1.5 161 192 189 —
10.0 156 176 201 tet
15.0 - — I62 208
20.0 — — 150 £95
30.0 - — IGO0 146
40.0 - — — 122
Iv 0.0 — — 227 —

£5.0 128 t6s 197 240
20.0 It 130 177 188

250 — - 160 205
300 — - 155 189
400 - — 128 82
500 - - — 16G
6.0 - - — 148

not constant over the whole concentration range, whereas they were approximately
se in experiments with the mobile phase cyclohexane—ethyl acetate’.

The relationship between experimental plate numbers and V' was not strictly
linear, but it could be approximated to a line because of the significant random error
in determining N. The coefficients of the regression lines representing the relation-
ship (eqn. 10a} were calculated using the linear-regression method and were used for
further calculations of wy,,, N, and R,,, according to egns. 13, 8 and G.

The calcuiated retention characieristics, which are also shown in Tables [II-
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IX, mostly differed little from data calculated on the basis of one (average) value of
X for each combination of sample compound and mobile phase (eqns. 7-9). The
agreement batween calcuiated and experimental data was, in some instances, poorer.
in caiculations using eqn. 13. This may be attributable to the way of estimating ine
constants C and D of eqn. 10a, namely, that all values of ¥ in isocratic elution ex~
periments, including those significantly deviated from the trend followed by other
values, were taken as a basis for linear-regression analysis. On the other hand, the
approach making use of eqn. (0a is Eikely to significantly increase the accuracy of
calculating retention characteristics if the dependence of N on retention colume (or
compaosition of the mobile phase} is more ch«tmct than in the examples reported here.
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