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INFLUENCE OF ORGANIC MODIFIERS ON THE RETENTION BEHAVIOUR
IN REVERSED-PHASE LIQUID CHROMATOGRAPHY AND ITS CONSE-
QUENCES FOR GRADIENT ELUTION
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SUMMARY

In a previous paper it was shown that the key to the description and under-
standing of retention behaviour under gradient conditions in reversed-pbase liquid
chromatography lies in the relationship between the isocratic capacity factor (%) and
the volume fraction of organic modifier (¢). Hence, the presentation of extensive
data on this relationship in different organic modifier systems offers possibilities for
evaluating and refining existing gradient elution models, such as the one of Snyder
and co-workers.

An extensive study of 32 aromatic compounds in aqueous systems containing
10-100 74 of methanol, acetonitrile and tetrahydrofuran as organic modifiers under
isocratic conditions is described. Two major conclusions are drawn that have con-
sequences for gradient elution. Firstly, the relationship between In k and ¢ is generzlly
non-linear, in accordance with previous statements. Secondly, the rate of change of
In k& with @ can be solute dependent. Systematic changes in the slope of the Ink
versus @ curves with absolute retention are observed for methanol and teirahydro-
furan as organic madifiers. It is shown that this conclusion leads to optimal gradients,
which are convex rather than linear.

THEORETICAL

Gradient elution equation
In a previous paper! we have shown that the basic equation for the net re-
tention time (z3) in gradient elution is given by

2 dif~1 ()] _
v M = o

where k(¢) describes the capacity factor as a function of the volume fraction, ¢, of
organic modifier in a binary mixture and 7, is the time spent in the mobile phase.
It should be noted that the chgice of 7, must be consistent with the definition of
the capacity factor and that ¢, cannot be allowed to vary with composition. These
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restrictions are inherent in all gradient elution models. Finally, in egn. 1 f~! is called
the inverse gradient function. If the gradient programme is formulated generally as

e =f(?) . @)

then
=1 &)

For the general case of a non-linear gradient and/or a2 complex k() function, egn.
1 can only be solved by numerical integration.

it should be noted that gradient programmers do not deliver the imposed
gradient without transformation and delay®. Both should be minimized as much as
possible, but delays are easy to account for mathematically! or by injecting the
sample after the start of the programme. For the special case of a linear gradient,
egns. 2, 3 and 1 change into

gp=a-t bt @
YY) =(p —a)/b &)
and
+bt;! d(p .
f Kp) Pla ©

where eqn. 6 can be solved analytically for linear and quadratic relationships between
In k and ¢ (ref. 1).

The case of a linear gradient is of special interest, because of its widespread
use and conceptual simplicity. Also, Snyder and co-workers®* have indicated that
linear gradients are optimal for reversed-phase high-performance liguid chromato-
graphy (HPLC). However, this is only true when a number of conditions are fulfilled,
two of which appear to be rather arguable:

{a) For each solute In k varies linearly with ¢, according to

Ink=Ink, — Sp ™

(b) the slope Sin eqn. 7 is identical for all solutes, i.e., the straight lines for
different solutes in a given modifier system are parallel.
These conditions will now be examined in detail.

Relationship between In k and ¢

It has been predicted from a theoretical model® that In &k varies quadratically
with @. This is confirmed by the experimental data presented below. In agreement
with theory, the curvature is more pronocunced for less polar organic modifiers, but
even in the system methanol-water it is readily apparent if data are collected over
a sufficiently wide range of ¢. The choice of the time spent in the mobile phase, £,
does pot impair these conclusions.
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Consequently k(p) should correctly be expressed as
Ink = Ag®> + Bp+ C 8

Snyder and co-workers®*, conceding this point, nevertheless argue that a linear re-
lationship (eqna. 7) provides an adequate approximation for practical gradient elution.
Indeed, for very large capacity factors (¢ > 10) the solute hardly moves through the
column, whereas in a well designed programme the solute leaves the column before
its capacity factor becomes. very small (k¥ < 1). Consequently, the In &k versus ¢
relationship is of practical interest only over the restricted range of 1 <k << 10 or
O<nk <23.

To verify this argument, data are given in Table I for quadratic curves of
variable curvature drawn through two fixed data points:ln k. = 2, ¢ = 0.3andIn k =
1, @ = 0.5. Obviously a linear relationship between In k and g is represented by the
top line in Table I (4 = 0).

TABLE I

INFLUENCE OF- CURVATURE OF THE Ink VERSUS ¢ CURVE UPON GRADIENT
ELUTION BEHAVIOUR

Coefficients in eqn. 8 1" (min) . nk.~"" k="
A B C
0 — 50 3.5 9.9 0.45 1.28 3.58
1 — 5.8 365 ° 100 04s 124 346
2 — 6.6 38 . 10.0 045 1.24 344
3 — 74 3.95 100 0.45 1.23 3.41
4 — 82 4.1 10.1 0.46 1.20 3.31
) — 9.0 4.25 10.1 046 1.19 329
10 —13.0 5.0 10.2 046 1.14 3.11
20 —21.0 6.5 10.2 0.46 1.07 292

* Calculated by numerical integration for a 01009 linear gradient in 20 min; 7, = 1 min.
** @ = @(te — 2) is the local composition of the mobile phase when the solute leaves the

column.
=" k. is the & value of the solute on leaving the column.

It can be seen from Table I that the only parameter that changes significantly
with increasing curvature is the capacity factor, k., of a solute as it leaves the column.
This parameter is of interest for the calculation of peak broadening and detector
sensitivity under gradient conditions. On the other hand, the net retention time of
the solute (¢3) and the composition of the solvent (g¢.) at which it leaves the column
are extremely insensitive to the imposed curvature. In other words, over the restricted
range 0 < In k& < 2.3 the linear approximation expressed by eqn. 7 provides a good
description of gradient elution behaviour. It should be emphasized that in using
this approximation the intercept In k, has no distinct physical significance. Specif-
ically, &, is not equal to, but rather is much smaller than, the capacity factor of a
solute in pure water (compare Fig. 2a—c below). In fact, the slope S and the intercept
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In &k, in eqn. 7 can be readily expressed in the coefficients of the quadratic expression
(equ. 8): .

5= —3[A(g1 1+ 92) — B + ¢ (g1 + 92 + 2[4(py + @5) — 2B1(¢} + 12 + qpi)lg)
(@1 — @) N
_ 34A@i +9)(@1 + 9 + HB+ S)@L + 192 + 9D + 6C(py + )
I & &g, + @2) 19

where ¢, and @, are the solvent compesitions for which In &k = 2.3 and 0, respec-
tively.

Variation of slope S for different solutes

As the first condition for optimal gradients to be linear does not appear to
be critical, we now turn to the second condition. Some workers have indicated for
different solutes that the slope S in eqn. 7 occasionally varies systematically through-
out the chromatogram®-6. Indeed, the exteasive data presented below show that in
methanol-water and in tetrahydrofuran-water (but not in acetonitrile-water) the
slope, S, calculated from egn. 9 varies systematically with the intercept, In k,, cal-
culated from eqn. 10. It appears that the correlation is approximately linear:

S=p+qlnk, an

The importance of this correlation becomes clear if we wish to define an
optimal gradient. The ultimate aim is a gradient programme such that all solutes
elute with the same peak width and sensitivity. According to Sayder and co-work-
ers™* this is realized when during the chromatographic run

a2

is kept constant. In this expression dg/d? follows from the gradient function (eqn.
2) and is obviously constant for a linear gradient (eqn. 4). However, a linear gradient
can be reconciled with the condition of constant 8 only as long as § is constant.
As we have seen above, this is not true. Firstly, for a particular solute the slope S
(i.e., — dln k/dp) decreases slightly with increasing ¢ (eqn. 8). Fortunately, if we
restrict ourselves to a limited range (1 < k& << 10), this variation is very smalil and
hardly affects the clution behaviour of the solute (Table 1). Consequently, the non-
linear relationship between In & and ¢ presents an insufficient reason to use a non-
linear gradient programme.

Secondly, however, for different solutes the slope S in egn. 12 may increase
significantly with retention (eqn. 11), i.e., with increasing ¢.. In turn, this means
that the parameter §, defined by egn. 12, can be kept constant only if the increase
in S is compensated for by a gradual decrease in dg/d¢ during the chromatographic
run. This results in 2 non-linear, convex gradient programme designed to yield a
constant f.
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Mathkematical expression for the constant-{3 gradient

A mathematical expression for the optimal gradient can be obtained by se-
lecting some k value for which we shall make the elution conditions similar for all
solutes. Such a reference value should be in the range over which we expect solute
migration to take place (1 << k£ << 10). It seems reasonable and coavenient to choose
In X = 1 as the reference & value for the migration of solute zones (see also refs. 3
and 4).

The approach of making conditions equal at one particular k vaiue is a plau-
sible one, as a constant § valuc means that the clution pattera (i.e., the variation
in k£ with time and hence migration velocity and migration distance with time) is
similar for all solutes. It can readily be shown that the choice of the reference value
does not affect the resulting expression for an optimal gradient shape. The gradient
time f; (see below) does vary with the choice of k.., but only to a limited extent.
Choosing la & = 1 to make conditions similar has the advantage that an optimal £
value of about 0.5 can be taken from Snyder and co-workers” work>-*.

According to eqn. 2, the constant-§ gradient is now defined by

do _ B _ B -
(_aT)ln k=1 Stn (@ + qIn ko)t (13

where 2qn. 11 has been used. Substituting In X = 1 and eqgn. 11 in egn. 7 we find

1+pp
nky,———1 % 14
and substitution of eqn. 14 in egn. 13 then yields

dp _ Bl —gq9)
& (o + Pt (15

which can be integrated to yield

¢ _dg B ;
= dz 1
J 1 —q9p (p—.Lq)tmaj ae
or
Bat
—In(l — gp) = 1
If we define a time #; needed to run a complete gradient, i.e., @ from O to 1, we have
t, In(l —
fo = tpony = — r+a ¥ d—q) (18)

If the reference value for & is not taken as In &, = 1, but retained in the derivation,
this expression becomes

fo = — (P + q In kreﬁlztm ln(l — q) (18&)
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Now, eqn. 17 can be expressed as

ln(l —q9) _ ¢ _
®BaA—9 o
or
= l/qll — (1 —a)] (20)

Clearly, = is 2 dimensionless parameter, expressing the running time ¢ {as a fraction
of the total time f; needed to go from pure water to pure organic modifier. Provided
the parameters p and g are known, this total time can be calculated from eqn. 18
for any value of the gradient steepness parameter 8. From eqn. 20, we conclude
that the shape of the gradient programme (g as a function of t) is determined only
by the coefiicient g, which describes the correlation between S and In &k, (eqn. 11).
For the limiting case of 4 = 0, eqn. 20 correctly becomes a straight line:

g=1 @n
and the gradient time becomes, from eqn. 18

r A St
2 22)

B B

because for ¢ = 0, S = p = constant. Eqns. 21 and 22 and 12 can be combined to
yield

IG(e=0)

Br _99 4 (23)

which resembles the simplest form of a linear gradient starting at pure water (egn.
4 for a = 0).

When g # 0, eqn. Z0 describes curved gradients, convex for ¢ > 0 and con-
cave for g < 0. Some examples for g > 0 are given in Fig. 1. Our data suggest that
in reversed-phase liquid chromatography (RPLC) g is not negative. From Fig. 1 it
can be seen that optimal gradient curves become increasingly convex if g increases
until g = 1. Both egns. 18 and 20 become invalid for g > 1. Such g values would
indicate that in going from pure water to pure organic modifier the order of elution
of the solutes would be reversed. Apart from the physical reality of this phenomenon,
such a system would not be of any practical value in gradient elution chromato-
graphy.

Finally, it should be noted that 7; represents the real gradient time only if
the gradient is actually run from pure water to pure organic modifier. In practice,
a gradient programme can be started and stopped at any arbitrary ¢ value. In all
instances, however, the gradient programme should follow the curve prescribed by
eqn. 20. For limited intervals of ¢, eqn. 19 gives the initial and final values of =,
from which the actual gradient time can be calculated with eqn. 18. An example is



ORGANIC MODIFIERS AND RETENTION BEHAVIOUR IN LC 185

) ] —
o 0.5 i —_—t 1
[ 1
| P S P T
04Stg e
—a-t

Fig. 1. Shape of constant-f gradients for various g values.

shown in Fig. 1 for a gradient running from @ = 0.3 to 0.8 (modifier content varying
from 30 to 80%) in a system with g = 0.8. The running time starts at ¢ = 0.17 and
lasts until = — 0.83, so that the gradient is run in over a period equal to # = 0.66
tc. This can be calculated from eqn. 18 with known values of p, £, and 8.

EXPERIMENTAL

All data were collected with the same equipment, consisting of one (isocratic)
or two (gradients) Model 6000A pumps working at a total flow-rate of 1.5 ml/min,
a UK injector, 2 Model 440 UV detector operating at 254 nm and a Model 660
solvent programmer, all from Waters Assoc. (Milford, Mass., U.S.A.). The injector
and column were thermostated at 25° using a circulating water-bath. All experiments
were performed with a single column (30 cm X 4.6. mm I.D.), home packed with
Merck RP-18 material (Merck, Darmstadt, G.F.R.). The solvents used were methanol
and tetrahydrofuran (THF) from Baker (Philipsburg, N.J., U.S.A.) and acetonitrile
from Merck. Water was specially treated with ion-exchange resins and carbon filters
after distillation. All data were collected by means of an on-line coupled PDP 11
computer. Retention times were obtained from the first central moments of the eluted
peaks. -
Special attention was paid to the choice of the time spent in the mobile phase
(2.), as will be reported in a later publication. For the present column 7, = 107 sec,
representing the elution time of water and D,O from about 60 to 809, modifier and
that of potassium bromide over the whole range of ¢, excluding very high concentra-
tions (>90 %)) of acetonitrile and THF. The conclusions drawn below do not change
significantly if #,, is varied within reasonable limits. Each gradient run was followed
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by a reversed linear gradient of 15 min and a re-equilibration period of about 5 min.
Injection of the sample was held up until 1 min after the start of the gradient pro-
gramme as a rough compensation for the delay time in the present system?. Solvents
used to compose gradients were continuously deaerated with helium and all runs
were performed with the injector in the load mode.

The gradient delivery system used does not deliver ideal gradients of any
arbitrary shape. We are at present constructing 2 solvent delivery system that qualifies
for a more reliable test of the conclusions reached in this study?. In the present study
we are restricted to a linear and some convex gradients.

RESULTS AND DISCUSSION

The results of the isocratic measurements on the In &k versus @ relationship are
summarized in Tables IT and ITI, where the coefficients for the quadratic expression

TABLE I
In k& VERSUS ¢ RELATIONSHIP IN METHANOIL-WATER
No. Compound A B C S.D. Ink, S
(egn.8) (eqn.8)  (egn.8) (eqr.7)  (eqn.7)
i Acetophenone 3.73 —10.01 5.51 0.08 4.34 5.74
T2 Anethole 174 —11.24 9.35 0.07 8.13 8.31
3 Aniline 1.84 — 6.09 3.20 0.07 294 4.60
4 Anisole 8.54 —18.70 9.75 0.14 5.77 6.92
5 Anthracene — - — — (1289 (12.60)
6 Benzaldehyde 1.88 — 698 421 0.13 3.72 5.00
7 Benzene 0.30 — 595 5.09 0.08 4.95 5.54
3 Bepzonitrile 3.01 — 8.75 4.79 0.06 4.00 5.59
9 Benzophenone 7.39 —1898 11.09 0.06 6.96 7.86
10 Benzyl alcohol 2.58 — 7.30 3.71 0.11 3.26 5.05
11 Biphenyl 1.18 —11.08 9.77 0.08 8.91 9.06
12 Chlorobenzene 3.56 —1245 849 0.06 6.44 7.01
13 o-Cresol 240 — 8.32 4.95 0.09 423 5.64
i4 Diethyl o-phthalate 7.27 —17.83 9.74 0.07 6.46 7.98
15 N,N-Dimethylanilinre 3.67 —12.39 8.37 0.05 6.26 6.78
16 2,4-Dimethylphenol 2.75 — 994 6.35 0.08 522 6.37
17 Dimethyl o-phthalate 5.46 —14.47 7.07 0.06 5.09 7.23
18 m-Dinitrocbenzene 0.08 — 5.10 401 0.13 3.99 5.01
i9 Diphenyl ether 235 —1284 1021 007 8.58 891
20 Ethylbenzene 1.86 —10.70 8.60 0.06 7.38 7.67
A | N-Methylaniline 3.99 —11.30 6.54 0.07 5.01 6295
22 Naphthalene —0.59 —11.11 11.36 0.18 1181 12.15
23 p-Nitroacetophenone 232 — 8.12 487 009 418 5.52
24 o-Nitroaniline 207 — 7.39 434 0.11 3.81 5.23
25 Nitrobenzene 1.45 — 7.21 494 0.09 4.42 5.44
26 m-Nitrophenol 214 — 7.64 443 0.08 3.89 543
27 Phenol 214 — 6.70 347 0.07 3.13 490
28 1-Phenylethanol 324 — 907 4.89 0.05 404 5.66
b 2-Phenylethanol 204 — 865 4.74 0.08 398 5.58
30 3-Phenylpropanol 3.18 —10.22 6.09 0.10 494 6.33
31 Quinolone 812 —17.77 9.23 0.03 5.58 8.7

32 Toluene - 275 —10.95 7.87 0.05 6.27 6.72
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(eqr. 8) are given together with an overall standard deviation (for In k). The quadratic
curve describes k values up to about 50, with an accuracy that can be estimated
from the standard deviation. For example, a standard deviation of 0.05 implies an
average error in k of about 5%.

(a) (b)
Sk (38
Ink tnk
) ®
LY
\ \
o\ .
° \\1" 3
* ? >
s =t
o —_—s-0 o 1
——>q’
water THF
©
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ink
o
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Fig. 2. Relationships between In &k and @ for three representative solutes in different modifier systems:

(2) methanol-water; (b) acetonitrile-water; (¢) THE-water. @, Naphthalene; O, anisole; %, phenol,
Thin lines, eqn. 8 (k < 50); thick lines, eqn. 7 (1 < k¥ < 10).
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Fig. 2a-c show some typical examples of In & versus ¢ plots in the three solvent
systems studied. The three solutes shown in each diagram are representative of the
whole set of 32 solutes. Some of the differences between the three systems are readily
apparent, and can be summarized as follows.

(1) Separation factors (relative retention) can be identified as the vertical dif-
ferences between the curves for 2 given @ value:

Inay=mhk —lak =4dnk (02

It is clear from Fig. 2a-c that separation factors increase in the order THF <
acetonitrile << methanol. Generally, therefore, methanol can be expected to yield the
highest selectivity for an arbitrary sample. Note, however, that this is a rule of thumb,
as in some particular instances acetonitrile and especially THF show considerable
specificity’.

(2) The rather higher separation factors in methanol-water have the disad-
vantage that samples containing widely varying components cannot easily be analysed
under isocratic conditions. E.g., for the three solutes in Fig. 2a it is impossible to
find a single isocratic composition for which all peaks will elute in the range 1 <
k < 10. If we take ¢ to be 0.65, phenol will elute rapidly with k = 1, but then
naphthalene will take a very long time to leave the column, as it has a capacity factor
of k ~ 50. On the other hand, in water—THF (1:1) both components elute reasonably
fast, as k ~ 1 for phenol and k ~ 3 for naphthalene. Hence, we can say that in the
case of 2 more than adequaie separation in methanol-water, THF is a useful alter-
native medifier to decrease the analysis time under isocratic conditions or to avoid
the use of gradient elution. In general, however, methanol is a more useful modifier
for gradient elution analysis of complex samples.

(3) For methanol and THF the curves for different solutes appear to be ccn-
vergent, whereas for acetonitrile they are more or less parallel. This conclusion can
be generalized to at least the 32 solutes studied (see Fig. 3). Therefore, the degree
of separation is expected to increase when the methanol or THF concentrations are
lowered. The increase in separation time can be compensated for by using shorter
columns. In this way, scparations can purposely be varied in methanol and THF.
In acetonitrile—water systems, however, separation is roughly independent of binary
composition and of separation time, at least over a limited range of k values.

The last conclusion is substantiated in Fig. 3, where for the linear approxima-
tion to the In &k versus ¢ curves (egn. 7), the slopes are plotted against the intercepts
for all 32 solutes in three different systems. Obviously, a positive correlation exists
between ¢ and In &, in both methanol-water and THF-water, but not acetonitrile—
water. The resulting parameters for these correlations according to eqn. 11 are given
in Table IV. For acetonitrile the absence of any correlation implies a g value of zero
and a p value representing the average of all S values. Table IV also includes total
gradient times (¢;) for a2 0-100% maodifier gradient for g = 0.5 and £, = 1.8 min.
Here eqn. 18 is used for THF and methanol and eqn. 22 for acetonitrile. The time
for a 0-100%, THF-water gradient is relatively long, but this is compensated for by
the fact that &k values between 1 and 10 usually occur over a limited range of ¢ and
hence the actual gradient time can be limited to a much shorter period.

As derived under Theoretical, a non-zero value of g implies that the optimal



190 P. J. SCHOENMAKERS, H. A. H. BILLIET, L. DE GAEAN

gradient curve is non-lincar. Because methanol and THF fortuitously exhibit almost
identical values of g, the same, convex gradient curve is predicted to be optimal in
either system. This curve, calculated from eqgn. 20, is shown in Fig. 4. For acetonitrile,
however, g — 0 and hence a linear gradient should be optimal for this modifier
(Fig. 4).
The validity of the theoretical predictions has been verified in two different

ways. Firstly, Fig. 5 shows rigorously calculated chromatograms for a mixture of
solutzs subjected to two different water—methanol and water—~THF gradients. Here

s| (@)
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108~
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S=227 4079 Ink,
coir. coeff. : 098

St (&)
Acetohnitrite—water
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Fig. 3.
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S=433+038 Ink,
corr. coeff. : 076
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= inky

Fig. 3. Correlation between tie slope and intercept of the straight-line approximation of the In &
versus @ relationship in different modifier systems. Solute identification numbers as in Table II.
(@) Methanol-water, § = 2.27 - 0.7 Ia k., correlation coefficient = 0.98; (b) aceatonitrile-water,
average S value = 5.87, correlation coefiicient = —0.06; (c) THF-water, S = 4.33 + 0.78 In ko,
correlation coefiicient = 0.76.

TABLE IV
GRADIENT SHAPE PARAMETERS
System D q n* re Pt
Methanol-water 2.27 0.79 31 0.98 21.8
Acetonitrile-water 5.87¢ Qfs 31 —0.064¢ 211
ZTHE-water 4.33 0.78 32 0.76 35.7

* Number of data points.

** Correlation coefficient.
***For § =0.5 and r, — 1.8 min.
§ Average S value.

¥ No correlation, hence g = 0.

e MeOH, THE,
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0 —— S
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Fig. 4. Cptimal gradient shapes according to egn. 20; g values taken from Table IV.
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Fig. 5. (a) Calculated chromatograms showing the differcace between linear and constant-f gradients
(0-1009% methanol-water) for a series of solutes for which In ko = n. 1, = 1.78 min; G = 0.85;
N = 2500; p = 2.27; ¢ = 0.79; 1 for constant-§ gradient (eqn. 18, § = 0.5), 21.6 min; ¢ for linear
gradient (egn. 22, 8 = 0.5 for S = 5), 17.8 min. All peak areas identical. (b) As in (2), but for 0-100%
THF-water gradients. Conditions as in (a), except #; (linear gradient) = 1 (constant-§ gradient) =
35.7 min; p = 4.33; g = 0.78.

the sample is assumed to consist of components with regularly increasing values of
In k&, (e.g., 2 homologous series). Retention times are calculated from eqn. 6 in the
case of a linear gradient. For the optimal constant-f gradient, the parameters from
Table IV are used to derive the gradient curve (equ. 20) aand the retention times are
found by numerical integration of eqn. 1. In each chromatogram, the peaks are
presented as triangles with 40, base width calculated from an expression derived
from Snyder and co-workers’ model®:4:

L ko + 1)Gt,,
A(Pko + 1)Gt ©5)

40, = (Bko + DVN
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where G is 2 peak compression factor, which can be taken to be constant (G = 0.85),
and N is the column plate number. Obviously, the convex, constant f-gradient is
superior to the linear gradient, because it provides a constant peak width and a
constant sensitivity throughout the gradient elution chromatogram.

The main difference between the methanol-water and the THF-water chro-
mateograms is caused by the cluotropic strength of the organic medifier. Because
THEF is stronger than methanol, more homologues can be eluted under similar gra-
dient conditions. Notice tlat the gradient time with THF is also longer, but that the
peak widths in the two sclvent systems are essentially identical, as long as optimal
gradient shapes are applied. .

As a second test, Fig. 6 illustrates the use of optimal gradients in practice.
The top chromatogram shows a linear acetonitrile-water gradient applied to some
of the solutes from Table I, resulting in a good chromatogram with roughly constant
peak widths and a good distribution of peaks over the chromatogram. The centre
chromatogram is the result of a linear methanol-water gradient applied to the same
solutes. Clearly, the result is inferior to the top chromatogram, because the peaks

ACN-lx'nfar w0o%
3 T
%
3 motfuﬁer
0% L 0%
& * 3] F-)
MeOH -lincar ?
" 0%
»

_3 .

29

o ' b -———tl(rm‘n)
Fig. 6. Gradiznt elution chromatograms of a test mixture; 0-10094 modifier gradients as indicated.
See text for chromatographic conditions. Peaks: 1 = benzyl alcohol; -2 = 2-phenylethanol; 3 =
a<resol; 4 = nitrobenzene; 5 = diethyl o-phthalate; 6 = benzophenone; 7 = naphthalene; 8 =
biphenyl; 9 = anthracene.
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become significantly sharper and more closely spaced towards the end of the gradient
run. The boitom trace presents the results of a convex methanol-water gradient.
Although not exactly representing the optimal gradient shape of Fig. 4, the improve-
ments in comparison with the centre chromatogram are evident.

It can be argued that to improve the middle chromatogram in Fig. 6 it is not
necessary to use a curved gradient. From the centre chromatogram it can be seen
that no bands occur for ¢ < 0.5. Hence, keeping apalysis time roughly constant, a
Iinear gradient from 50 to 100 94 methanol with a two-fold decrease in steepnéss would
lead to increased separation. It can also be seen from Fig. 4 that over limited ranges
of @ the theoretically optimal gradient can be approximated reasonably well by a
straight line. Indeed, the main difference between the centre and bottom chromato-
grams in- Fig. 6 can essentially be reduced to an effective decrease in the gradiest
steepness parameter .

Therefore, if we know that the sample components will elute over a limited
range of ¢, then a straight-line approximation of the optimal gradient (Fig. 4) will
be adequate. In that event a linear gradient should be preferred because of its con-
ceptual simplicity. However, if the gradient is applied for the investigation of samples
in which bands can be expected to occur throughout the chromatogram (0 < ¢ <
1), then the optimal gradient in Fig. 4 will usually give the best results.

Our conclusions with respect to optimal gradient shapes can be supported
by evidence in the literature. Engelbardt and Elgass® include linear gradients for
both acetonitrile-water and methanol-water sysiems applied to a series of faity acid
phenacyl esters. The decreased spacing and peak width towards the end of the
methanol-water gradient programme is in sharp contrast with the constant peak
width observed for acetonitrile-water, in agreement with our conclusions drawn from
Fig. 5. Jordi® gives chromatograms for convex acetonitrile-water gradients applied
to a series of p-bromophenacy!l esters of fatty acids, which shows that the gradients
are too convex, with a collection of closely spaced sharp peaks at the beginning of
the chromatogram. An indication of the validity of the conclusion for THF gradiénts
can be found in the work of Van der Maeden et al.'%, where 2also for the dioxane—

water system optimal gradients are suggested to be convex.

CGNCLUSIONS

The In & versus @ relationship in RPLC is generally non-linear, but this has

no consequences for the shape of optimal gradients.
In methanol-water and THF-water systems the slope of the In k versus ¢
curves varies systematically with the absolute retention and this leads to optimal

gradient shapes that are convex rather than linear.
In acetonitrile-water the slopes of the In k versus ¢ curves show no systematic

changes and therefore optimal gradients for this case are linear.
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