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Abstract

pH gradient high-performance liquid chromatography (HPLC) is a method of reversed-phase high-performance liquid chromatography
suitable for ionogenic substances. It consists in programmed increase during the chromatographic process of the eluting strength of eluent
with respect to the analytes separated. On the analogy of the conventional organic modifier gradient reversed-phase HPLC, in the pH gradient
approach the eluting strength of the mobile phase increases due to its changing pH: increasing in case of acids or decreasing in case of bases
At the same time the content of organic modifier remains constant. A theory of the pH gradient HPLC has been elaborated. The resulting
mathematical model is easily manageable. Its ability to predict changes in retention and separation of analytes following the changes in
chromatographic conditions is demonstrated. The pH gradient method is uniquely suitable to det&gwadags of analytes. An equation
is presented allowing to calculat&pvalues basing on appropriate retention data. The effectKgrape discussed of the concentration
of methanol in the mobile phase. The RP HPLC-derividd gata correlate to the referencKpvalues {/pK,) but are not identical. That
may be explained by the effects on the chromatographically determigedfghe specific interactions of analytes with stationary phases.
The proposed pH gradient RP HPLC procedure offers a fast and convenient means to get comparable acidity parameters for larger series of
compounds, like drug candidates, also when the analytes are available only in minute amounts and/or as complex mixtures.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction is due to Barbosa and coworkdid. The effect of pH on
retention of bases was also examined by LoBrutto g§84l.
Retention of ionogenic analytes in reversed-phase HPLC A narrow range pH gradient was employed by Little et al.
is known to strongly depend on pH of the eluent. That of- [9] to improve separation of some acidic analytes. A sys-
fers convenient means to rationally modify separation of tematic analytical use of approach using a wide-range the
ionizable compounds. A theory for isocratic systems with pH gradient became feasible after application of universal
a buffered water mobile phase was given by Horvath et al. buffers[10,11] The empirical approach was supported with
[1]. Van de Venne et a[2] extended the studies on the re- an approximate theorfl2,13] Recently we succeeded in
lationships between eluent pH and analyte retention to the providing a comprehensive theoretical background for the
methanol-water mobile phases. Appropriate mathematical method[14,15] The pH gradient RP HPLC is executed by
formalistics was reported by Lopez Marques and Schoen-linearly increasing (in case of acid analytes) or decreasing
makers[3]. Rules of selection of pH of the mobile phase (in case of bases) the pH of the eluent of a constant or-
to optimize separations have been defined by Snyder andganic solvent content, thus providing a functional increase
coworkerdq4]. The effects of organic modifiers on acid—base in analyte dissociation and consequently, a decrease in its
equilibria in mobile phases, along with a critical review of retention. A stringent theory allows predictions of gradient
a vast literature on the subject, have been defined by Rosesetention at changing chromatographic conditions.
and Bosch5,6]. An up-to-date presentation of the subject  Acidity parameter K5 is of utmost importance to pre-
dict physicochemical, material and biological properties of
individual members of a congeneric series of compounds.

* Corresponding author. Tek48 583493260; fax:+48 583493262,  Specifically, pharmacokinetics (ADME-absorption, dis-
E-mail address: roman.kaliszan@amg.gda.pl (R. Kaliszan). tribution, metabolism, excretion) of xenobiotics depends
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on their Kz. Mostly, because K, affects apparent drug
lipophilicity. Therefore, modern approaches to the search
for new drugs, like high-throughput screening (HTS), re-
quire ready access to theKp data of drug candidates,
often supplied as complex mixtures, e.g., by combinatorial
chemistry[16].

pH-metric titrations and spectrophotometric analysis are
routinely used for 5 determination[17]. However there
are limitations of those procedures, like poor compound sol-
ubility (pH-metry) or a lack of a chromophore, so that the
ionized and the non-ionized molecules cannot be differenti-
ated spectrophotometricall¥8]. Because many compounds
of pharmaceutical interest tend to be poorly soluble in water
and are usually not readily available in a high purity form,
the classical techniques are not practical in HTS.

Liquid chromatography (LC) may be applied to determine
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the mobile phase has been established. The rationale is as
follows [14]. For monoprotic acids the retention factkyris:

k= finarkina) + fia-1ka-] (3a)
And for monoprotic bases it is:
k= fign+1kgn+] + fiB1k(8] (3b)

where subscripts identify specific dissociated and non-disso-
ciated forms of acid or base amdienotes mole fraction of

~individual forms. There are known the following relation-

ships:
1
[HA] = Ka/[HJr] +1 (4)
fin-1=1— fina )

dissociation constants of ionogenic substances. The advanwith K, denoting analyte dissociation constant and TH

tages of the LC methods are: a very small quantity of the
analyte required for assay and no requirement of high purity
of the sample. Among the LC techniques used for deter-
minations of K, are reversed-phase TLC and HP[1®],

ion chromatographf20] and ion-exchange chromatography

[21]. Capillary electrophoresis has also since some time been

used for that purposi2,23]

Effects of pH on the mobile phase on isocratic RP HPLC
retention factork, has been the subject of numerous publi-
cations[1,3,24—26] On the basis of that relationship, there
is a means to determinékpg from a series of 810 isocratic
retention measurements at different pH of the eluent. Iso-
cratic (actually polycratic) HPLC determinations d€pare
time consuming, however, and nowadays medicinal chem-
istry needs a faster method.

In liquid chromatography with gradient elution the funda-
mental equation describing analyte retention, valid for either
the organic modifier gradient or the pH gradient, is:

J

whereV is the cumulative volume of the mobile phase flow-
ing through the column since the beginning of gradi&ft,
the column void (“dead”) volume ank] the analyte reten-
tion factor, corresponding to the composition of the mobile
phase at column inlet. The passage of a differential volume
element, &, of the mobile phase through the column re-
sults in a fractional band migratiorxd= dV/(Vok;). When

the total volume of mobile phase introduced onto the col-
umn equals the reduced retention voluriig, = Vg — Vo,

the sum of fractional migratio®_ dx = 1. Analogously:

J

whererg = tr — to denotes the reduced retention tif@&].
Description of retention factor of ionizable compounds
as a function of pH at constant organic modifier content in

YR 1dv

Vok_i_l )

f?eldt_l
toki

)

symbolizing hydrogen ion concentratioBgs. (4) and (5)
are for acids. Analogous equations hold for bases. Now,
Eq. (3) can be transformed to the following well-established
relationships.

For acids:

¢ _ KAl +hay107PR a4 Ky 10°FePE

1+ 10PH-PKa 1+ 10PKa—pH
(6a)
For bases:
_ kgnp + ke 10 PKe k) o kg 10PKaPH
- 1+ 10PH-PKa - 1+ 10PKa—pH
(6b)

In the pH gradient RP HPLC procedure the pH of the
eluent changes linearly with time:

pH = pHy + at (7

where pH is the starting pH and is the programmed rate
of pH change. Therefore, for retention factkr, at pH =
pH, + at, Egs. (6a) and (6bgan be rewritten in the forms
of Egs. (8a) and (8h¥or acids and bases, respectively:

b — kia-1 + k[HA] 10PKa—(pHo+ah)
e 1 + 10PKa—(PHo+a)

(8a)

kign+) + kiB) 10(PHo+ah—pKa
1 + 10(PHo+a)—pKa

Substitutingegs. (8a) and (8binto Eq. (2) gives the fol-
lowing equations for pH gradient HPLC.

For acids:
ffée 1 1+ 10PKa—(PHo-+ah)
0
J

ki =

(8b)

d=1

— 9a
10 kja-1 + k[HA] 10PKa—(pHp+at) (9a)

For bases:
R 1 1 4+ 10(PHo+ah—pKa
10 k(g + kpp) LOPHo+a)—PKa

dr=1 (9b)
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Fig. 1. Changes of instantaneous retention fad¢grduring pH gradient
elution for a hypothetical base oKp = 6.

Placing ¢ = k) in Egs. (9a) and (9b)pne gets:
For acids:

1+ 103Ka—(pH0+at)

R
/o a-1 T fHA 10PKa—(PHo+al) dr =1 (102)
For bases:
R 1 4 10(PHo+ah)—pKa
/ [/ + t 10(pHo+at)—pKa dr=1 (1Ob)
0 figH+) T B

During the pH gradient elution, the actual pH of the mo-
bile phase in the column at timtds delayed for a value of
the HPLC system dwell timeg (Fig. 1). Therefore:

pH=pH; when 0<r <ty (11a)
pH=pHy +a(t —1q) when g <t <itc+1qg (11b)
pH=pHy+atc when r>1c+1y (11c)

where pH denotes pH at the beginning of gradient rtg,
the time of gradient run andthe rate of pH change which
is equal toApH#G.

Taking gradient delayty, into account, one obtains the
following equations describing retention in pH gradient RP
HPLC.

For acids:

tll? 1 ,

/ —dr=1 when g <1qg (12a)
0 IHa]
W R 14+ 100Ka—(pHo+a(l—td))

/ —dr + f - - o d=1
RN a la-q + lnag 10P a=(PHp+a(t—ta))

when 14 <ig <itc+1q (12b)

tg+id 1 + 10PKa—(pHy+a(r—ta))
dr +/ / / OPKa—(pHo+a(t—ta)) dr
CEER SR IR °

IS
0 Ha]

R 1 ,
~|—/ —dr=1 when g >1c+1g
tg+td t[A—]

(12¢)
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For bases:
t{Q 1 ,
/ —dr=1 when 1z < (13a)
0 g
W] R 14 10PHota(t—10)—pPKa
/ o—dr + / ; o dr=1
0 g g T 8] 10(PHo+a(t—14))—pKa
when g <itgr <tc+1qg (13b)
W q fg+td 1 4+ 10(PHo+ar—1a)—pKa
——dr + / y ; i dr
0 t[B] tq [[HB+] —+ [[B] 10(p O+a(l—ld))—PKa
1 1
+/ - dr=1 when g >1c+1qg (13c)
Igtid “[BH+]

Egs. (12a) and (13aescribe analyte retention at constant
pH (isocratic conditions with regards to eluent pH), when
t[’HA] andth] do not change with time and apply to the case
when the analytes are washed out from the column prior to
the start of pH gradient. Thukgs. (12a) and (13account
for isocratic part of the chromatographic run and are relevant
in the case of substances of a l&vand a high (bases) or a
low (acids) K, when the applied gradient of pH comprises
the pH values far from the analyte’p. Such a situation
is of no usual RP HPLC separation concern.

Egs. (12b) and (13hjescribe the case when the analyte
retention time is between the start and the end of pH gradi-
ent. These equations are sums of two integrals. First integral
refers to isocratic retention, as describeddms. (12a) and
(13a) respectively. Second integral accounts for the reten-
tion at actual pH gradient conditions. Actually, when val-
ues oftfHA] and th are relatively large (as often happens
in practice), the first part irEgs. (12b) and (13bgan be
neglected and then the solution simplifies. Nonetheless, the
solution of completeéEgs. (12b) and (13bis also possible
as we demonstrated in our previous w¢tid]. Thus, the
solution for bases is:

/ H*—pKa
tEHB+] 111 t[HB‘*’] + th] 100 P H H**
T )Y ek POt P
[B] [HB+] T °[B]
q ,
= (1 — E) at[HB+] (14a)

Analogously, the equation describing pH-gradient RP
HPLC of acids has the form:

fa-] ffa-y + fang 20°727 -
; —1)log-; , KapH + pHy — pH
Tra) fa-y T fnag 10°727PT0
td ,
=— (1 - ) atip (14b)
[HA)

The symbol pH* denotes pH at the end of the column at
the moment when the analyte leaves it, i.e."pH pHy +
a(tp — tq).
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The third situation in pH gradient RP HPLC, accounted
for by Egs. (12c) and (13chappens when the analyte’s re-
duced retention timey, is longer than the sum of the gra-
dient time,tg, and the gradient delay timgy,. The meaning
of the first two terms irEgs. (12c¢) and (13aemains as ex-
plained above. The third interval describes analyte elution
after completing the gradient program, i.e., at isocratic pH
conditions formed after attaining the final pH denoted here
as pH:, which maintains a full ionization of the analyte. So-
lution of Egs. (12c) and (13dp like that given above for
Egs. (12b) and (13byith one difference, namely the pH
+ a(t — tq) for the time of chromatographic rure tg + tq
equals the pH at the end of gradient programg pliH effect,
the general equation is for bases:

He—pK,
(tEHBﬂ 1) |ogtfHB+]+th]1(P PPt oH, + pH
- o, — PHo F
1g) tEHB*’] + th] 10PHo—PKa
tq th —Ig — tg
=(1-—=-F——— a5 (15a)
18] HB+]
And for acids:
/ / / Ka—pH
Ay L Iogt[A_] + fa] 100 F 4 pHg — pHe
"THa ffa-y F fpag 10PEePPo
th — G — ¢
= (1- A _RTE T (15b)
fHA] fia-

Egs. (14a), (14b), (15a) and (156an be rearranged to
the respective forms, from which th&p parameter can be
calculated. For bases, when< ry < 1g + 1q:

PKa
10" e+ e R ey ety _ g

t/
= pH** + |Og / [B] / / / / / —at,
v+ 1 — 10°%E1 R~ g+ Ut g+

(16a)

For acids, wheng <ty <1 +1q

PKa

tia 2071 TR Gy ) g
t/
A

= pH** - |Og 7 T 7 7
1— 1O—at[HA] (’R_’[A—])/(’[HA] —z[A_])—atd

(16b)

For bases, wher;, > 1 + 1g:

PKa

t[/B] 10ath] (tgrt[’HBﬂ)/(t[’B] *fEHBﬂ)*atd*atG _1

= pHg + log T —
tEHB*] 1 — 10™®1 'R ng+))/ V) g+ 3l

(173a)
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For acids, wheng > 16 + 14

PKa=pHe
Iogt[/HA] lo—atEHA] (z’R—tEA_])/(tfHA] —I{A_])+atd+atg _1

tEA*] 1_ 107atEHA] (tgrz[’A_])/g[’HA] 7t[’A_])+atd
(17b)

To determine g, a proper measurement of eluent pH
is a precondition. Various procedures of measurement of
pH of the HPLC mobile phases and the specific pH and
pKj, scales to which they lead, have recently been discussed
in details for methanol/water eluent systefds7,28] The
most appropriate seems to be a procedure consisting in
measurements the pH of the mobile phase after mixing
the aqueous buffer and the organic modifier. The electrode
system can be calibrated with the usual agueous standards.
This leads to the absolute pH scajgH. When the elec-
trode system is calibrated with the same mixed organic
solvent like the mobile phase, tipH scale is obtained.
These scales have eventually been defined and recom-
mended by IUPAJ29]. When the K, value is calculated
based on the retention data obtained using a given mobile
phase, pH of which has been expressed in one of these
two scales, the thermodynamically meaningful dissociation
constant of the compound is also in the same s §
or 3pKa).

In this work the determinations of pH were carried out
at the presence of aqueous standards, taking into considera-
tion the influence of the organic modifier (methanol). When
no notation precedes the pH and/d¢;psymbols then the
respective values apply to tfig@H and/or,pK, scale.

Normally, to obtain measurable RP HPLC retention pa-
rameters an organic modifier must be added to the mobile
phase, especially in case of water insoluble substances. How-
ever, in biological systems drugs are assumed to encounter a
mainly aqueous environment. Therefore, methods to deter-
mine aqueousk, (\pKa) are desired. To obtaifjpKa pa-
rameters from the chromatographically determifed 5 or
SPK, values an extrapolation of data obtained at several mo-
bile phase compositions or some semiempirical corrections
have been suggest§80,31] To obtain extrapolatet}pKa
data, the Yasuda—Shedlovsky relationship is recommended
of the following form[32,33]

SpKa + log [H20] = % +b (18)

The WpK, is obtained fromEq. (18)by extrapolation to
the inverse of 78.3 (the dielectric constant of water) when
taking log [H:O] = 55.5 (the molar concentration of pure
water). The procedure was applied to potentiometric titration
data[34] as well as to K, data from isocratic HPL{35,36]

The above derived equations describing pH gradient RP
HPLC (Egs. (14) and (15)) can be used for prediction of
retention of individual analytes and hence, for rational op-
timization of separation conditions in both gradient and
isocratic modes. Solution of Eqgs. (14) and (15) is done
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numerically, employing standard mathematical programs, linear changes in pH of mobile phase were obtained by

like Excel. The K5 parameters can be directly calculated mixing of buffer | with buffer Il. The values of pH used in

from Egs. (16) and (17). calculations were obtained as described below.

To use appropriate equation one needs input data from

two experiments, both at a constant pH providing com- 23 Mobile phase used in experiments on pK,

plete suppression of analyte ionization but applying differ- getermination [15]

ent organic-water gradients. From these experiments, an ap-

propriate organic modifier concentration may be evaluated The buffer described above was difficult to use because

from the linear solvent strength (LSS) theddy], allowing  of its tendency to precipitate in spite of the applied in-

for a range of well measurable retention factors of the an- ¢reased temperature (35) of the chromatographic pro-

alyte under study. At the same time, one can calculate 10g cess. We succeeded in obtaining another universal buffer

kw parameter corresponding to pure water eluent and con-devoid of that shortage. Again, mobile phase contained

sidered to be the most reliable chromatographic measure ofyethanol as the organic modifier (solvent B). Buffers

analyte lipophilicity[38]. Then, a programmed pH gradient  of WoH — 3.00 (buffer 1) and¥pH = 10.50 (buffer II),

run is performed with a constant concentration of organic mixed at various proportions, formed the agqueous compo-

modifier but at the pH range which provides a full complete nent of the eluent. Essential aqueous solvent formed three

suppression of ionization of the analyte at the beginning of compounds, each at the concentration of 0.004 M: citric

the gradient and its total ionization at gradient end. One acid (CIT), tris-(hydroxymethyl)aminomethane (TRIS) and

additional injection of the analyte after completing the pH  3_(cyclohexyloamino)-1-propane sulfonic acid (CAPS).

gradient program provides the retention factor of its ionized Byffer | was made from that solvent by adjusting pH with

form. 1M HCI. Buffer Il was prepared by pH adjustment with
1M NaOH. During the pH gradient run buffers Il, together
with a fixed content of methanol, and | were mixed in a

2. Experimental section mix chamber. The composition of the buffer was found in
_ preliminary experiments to provide the linear change of pH
2.1. Equipment during the pH gradient runs at various methanol content

(Fig. 2). Because it would be difficult to measure pH dur-
The HPLC system applied was Merck-Hitachi LaChrome jng the gradient run, the changes$ifH with the content
(Darmstadt, Germany-San Jose, CA, USA) of the dwell of methanol were determined for solutions of buffer | and
volume, Vg, of 1.4ml, equipped with a diode array de- puyffer Il (Fig. 3. The actual,pH during the pH gradient
tector, autosampler and thermostat. Chromatographic datayn was calculated bigq. (19)(assuming linear changes of

were collected using D-7000 HPLC System Manager, Ver- pH) employing necessary data obtained by the regression
sion 3.1 (Merck-Hitachi). The column was XTerra MS C-18, equations given ifFig. 3

150 mmx 4.6 mm i.d., particle size pm (Waters Corpora-
tion, Milford, MA, USA), packed with octadecylbonded sil-
ica. Mobile phases contained methanol as the organic mod
ifier. Water or buffers of fixed pH formed the aqueous com- ) o
ponent of the eluent. 1% urea was used as the column dead N EQ. (19)4pH, is the value at the beginning of the
volume, Vo, marker. The dead volume such determined was 9radient run,pHe is the value at the end of the gradient
1.64 + 0.02ml. The injected sample volume was 0 (both for a given constant content of methandd),is time
The analytes were dissolved in methanol at concentration

of 0.5 mg/ml. Chromatographic measurements were done at

35 + 0.1°C with eluent flow-rate of 1.5ml/min. All the wPH **]
reagents and analytes employed were of a highest commer- 121
cially available quality. 10 -

S HH- — SpH
SPH = §pHo -+ W2TE —WPT0; — SoHy + at (19)
- G

2.2. Mobile phase used in experiments on prediction of pH
gradient retention [14] 6

o00% B
5 ©25%B
Universal buffer consisted of parts | and Il. Basic solvent & g
was formed by three acids, all at concentrations of 0.004 M:
phosphoric, acetic and boric. Buffer | §foH = 3.00 was 0 T T . . )
made from that basic solvent by adjusting pH with 1 M HCI. 0 20 40 60 80 100

Buffer Il of WpH = 10.50 was prepared by pH adjustment % (viv) buffer Il
with 1M NaOH. The measurements were done with an HI rig. 2. $pH of the solution formed by mixing of buffer | and I in the
9017 pH-meter (Hanna Instruments, Bedfordshire, UK). The presence of different methanol contents.

x 50% B
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wPH, o] SpH =9E -05(%B)? +0.01(%B) +3.00
3,601 R? =0.998

T T T T v %B (v/v)
(@ o000, 10,00 20,00 30,00 40,00 50,00

SpH =6E —05(%B)? +0.01(%B) +10.50
R? =0.993

10,504

10,404
10,301
10,201

10,104

10,00 ' ' ' ' ' 968 (vIv)
(b) o000, 10,00 20,00 30,00 40,00 50,00

Fig. 3. Changes in §,pH with increasing content of methanol (% B) in
solution: buffer of WpH 3.00 (a); buffer of ypH 10.50 (b). Ris correlation
coefficient.

of the gradient run and a is the programmed steepness of
the pH gradient.

3. Results and discussion

Experiments on prediction of retention depending on pH
gradient conditions began with a series of measurements for

9297 opserveD 2 4

o]

2 0,15

Py 1

2

§0.10

= 3

20,05~ U

<

0,00
T T T T T T T T
4 8 12 16 20 24 28 32

Retention Time (min)

0,204 PREDICTED
5 2 4
< 0,15 A
Py 1
2
£0,10-|
£ 3
20,05 \5
<
0,00 —
4 8 12 16 20 24 28 32
(a) Retention Time (min)

Table 1
Experimental data used for calculation of §pK, values of test analytes
chromatographed on XTerra MS C-18 column

Analyte 18] met] IR wPKa wpKa
(HPLC) (li)
Aniline 867 176 816 4.87 4.63
p-Anisidine 1141 184 859 529 534
2-Amino-5-nitropyridine  16.37  1.65 752 6.83 7.22
2-Methylobenzimidazole 23.09 2.96 893 6.32 6.19
Morphine 42.08 205 779 743 821

tig) and g+ are isocratic retention times (in min) of non-dissociated
and dissociated forms, respectively; tr is the pH-gradient retention time
determined with pH gradient from 10.50 to 3.00 formed within gradient
time, tg, of 8min. Retention data were obtained on XTerra MS C-18
column with mobile phase containing 7% (v/v) of methanol flowing with
the rate of 1.5ml/min at 35°C. Values of jpKa (HPLC) caculated for
these conditions and the \ypK, data taken from literature [40-42] were
used for retention predictions at all the other conditions applied.

a set of five basic test analytes. In Fig. 4 exemplary pH gra-
dient chromatograms of a test mixture of analytes are com-
pared as determined experimentally and calculated from our
model. It can be noted that pH gradient, provides relatively
narrow, symmetrical peaks of approximately the samewidth,
with minimized tailing. That reduced peak tailing is of spe-
cial value in case of basic analytes for which the tailing is
a serious problem with the standard HPL C procedures. The
decreased peak tailing might be due to peak compression
[39]. That may be explained as follows. The pH of eluent
is linearly decreasing over the time during the pH gradient
run in case of bases. At any site in the column, the ana-
lyte molecules passing through it are exposed to a weaker
eluent than the molecules which pass through it later. A
stronger eluent (lower pH) pushes bases faster than aweaker

4 4
0407 5BseRVED 2

m
0,00 / -

T T T
2 4 6 8 10 12 14 16
Retention Time (min)

o
w
s

Absorbance (AU)
o o
SO N}
° 9

0,404 PREDICTED 4

N

=)
20,30 1

e

0,00 j . -
2 4 6 8 10 12 14 16
(b) Retention Time (min)

Fig. 4. Experimental and theoretically predicted chromatograms of test mixtures of analytes on XTerra MS C-18 column at the content of methanol in
mobile phase of 3% (v/v) with the pH gradient time, tg, of 25min (&) and at the content of methanol 7% (v/v) with pH gradient time, tg, of 20min
(b). 3,pH ranged from 10.50 to 3.00. Analytes are: (1) aniline, (2) p-anisidine, (3) 2-amino-5-nitropiridyne, (4) 2-methylbenzimidazole, (5) morphine.
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Table 2

Isocratic retention times (in min) of non-dissociated, tjg) and dissociated, fg+) forms of test bases on XTerra MS C-18 column in relation to the content

of methanol in the mobile phase

Analyte % (v/iv) MeOH

3% % 11% 15%

Ug] [HB+] i) [HB+] tig) I[HB+] L] f[HB+]
Aniline 11.87 2.12 8.67 1.76 6.72 1.65 5.44 1.60
p-Anisidine 18.80 2.32 11.41 1.84 7.79 1.56 5.76 1.49
2-Amino-5-nitropyridine 25.76 1.98 16.37 1.65 11.33 1.39 8.40 1.25
2-Methylobenzimidazole 36.80 475 23.09 2.96 16.00 213 11.76 1.73
Morphine (74.04)2 3.36 42.08 2.05 22.61 112 13.89 1.09

In parenthesis are data calculated from the linear solvent strength theory on the basis of two initial methanol gradient runs of 5-100% (v/v) B at gradient

times, tg, of 20 and 60min.
@ Not determinable experimentally.

one (higher pH). Thus, the tail is consequently pushed back
into main peak and peak tailing diminishes. In pH gradient
HPLC peak compression might only be expected if analyte
retention takes place at pH close to its pKa. Otherwise, the
analyte moves actually at isocratic conditions.

Based on the necessary experimental data, i.e., the re-
tention times of dissociated and non-dissociated forms and

the §,pKa (HPLC) calculated from a single pH gradient run
(Tables 1 and 2) the expected pH gradient retention times
can be calculated for different chromatographic conditions.
In Table 3 the observed and the calculated retention times
are collected. The two type of data agree well as evidenced
by the low mean relative errors of the predictions. It is
also clear that the model proposed follows the changes

Table 3
Experimental, trexp, and calculated, trcac, pH gradient retention times (in min) of test analytes on XTerra MS C-18 column for four concentrations of
methanol in mobile phase and for various pH gradient times, tg

(a) 3% (v/v) MeOH

Analyte Gradient time, tg
7 10 15 20 25 30
tRexp tReac USNG  tRexp IRcac USING  tRexp Rcac USNG  trRexp tRcac USING  tRep tRcac USNG  trRexp tRcac USiNG
wPKa WpKa wPKa WpKa wPKa WPKa wPKa WpKa wPKa WpKa wPKa WpPKa
Aniline 865 839 858 10.80 10.27 10.49 12.00 11.74 11.79 11.73 11.86 11.86 11.68 11.87 11.87 11.71 11.87 11.87
p-Anisidine 885 866 862 11.15 10.86 10.80 14.16 14.16 14.07 16.29 16.75 16.67 17.65 18.22 18.17 18.29 18.66 18.64
2-Amino-5- 779 740 7.06 973 922 873 1213 12.07 11.35 14.40 14.70 13.77 16.48 17.09 15.98 1829 19.22 17.99
nitropyridine
2-Methylo- 1045 9.92 10.03 1341 11.78 11.93 15.87 14.84 15.07 17.76 17.80 18.11 20.21 20.65 21.02 22.64 23.34 23.78
benzimidazole
Morphine 947 840 7.70 11.97 10.17 9.16 14.35 13.05 1154 16.55 1586 13.85 18.91 1859 16.10 21.49 21.24 1827
Mean relative 531 7.10 7.99 10.16 364 6.69 208 5.22 249 529 255 4.99
error (%)

(b) 7% (v/v) MeOH

Anayte Gradient time, tg
5 10 15 20
tRexp tRealc Ugng tRe(p tRealc using tRa<p tReac USing tRexp tReac using
wPKa WpKa wPKa WPKa wPKa WpKa wPKa WpKa
Aniline 6.83 651 664 845 857 861 859 867 867 859 867 867
p-Anisidine 6.75 656 653 955 9.73 9.68 1093 11.22 11.20 11.31 11.39 11.39
2-Amino-5- 6.05 576 551 875 862 814 1056 11.10 10.44 1227 13.15 12.37
nitropyridine
2-Methylo- 733 7.03 7.10 10.03 10.17 10.33 1251 13.12 13.35 14.75 1581 16.10
benzimidazole
Morphine 6.35 6.01 551 875 892 7.93 11.04 11.70 10.20 13.25 14.32 12.34
Mean relative error (%) 435  6.27 163 452 391 377 481 3.69

The retention times were calculated using either 3 pKa (HPLC) parameters previously determined (Table 1) or \ypKa values taken from the literature
[40-42].
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Table 4

Gradient retention times, tg, (in min) obtained in two methanol gradient
HPLC runs of different gradient time, tg at pH 10.50 for bases and 3.00
for acids, on XTerra MS C-18 column

Table 5

Contents of organic modifier (methanol), % B, in eluent and methanol
gradient RP HPLC retention times, tg, on Xterra MS C-18 column
observed and calculated from the linear solvent strength theory

No. Analyte Gradient retention time, tr No. Anayte % B tr(observed) tR (calculated)
tc = 20min tg = 60min Bases
B 1 Aniline 0.00 13.93 (+0.18) 11.64
""S‘f A 6.24 79 2 N-Ethylaniline 3000 13.15 (£0.71) 1598
niine : ' 3 Papaverine 4400 12.05 (£0.24) 1508
2 N-Ethylaniline 7.52 10.99 !
3 verine 8.48 1411 4 Morphine 1400 18.85 (+2.87) 15.56
2 ,;l"ap i 1019 1653 5 Brucine 38.00 13.66 (+0.24) 16.10
orphine ' : 6 Codeine 3500 12.83 (£0.17) 16.19
5 Brucine 12.64 2541 .
6 Codei 15.07 33.04 7 p-Anisidine 3.00 1549 (+0.33) 1349
] Aef”.f;. oy o a1 8 Acridine 46.00 14.68 (£0.17) 1571
o g'.rg.s‘ ine 603 1281 9 N-Methylaniline 1900 12.83 (£0.11) 15.00
ciane ' ' 10 N-Benzodimethylaniline ~ 38.00 12.58 (£0.08) 15.16
9 N-Methylaniline 10.80 20.43 -
) - 11 2,4,6-Collidine 34.00 12.72 (£0.10) 15.44
10 N-Benzodimethylaniline 12.35 23.01 o
- 12 2,2’-Bipyridene 25.00 13.48 (+0.16) 16.08
11 2,4,6-Collidine 13,47 27.63 . . .
o 13 2-Amino-5-nitropyridyne 7.00 14.47 (+£0.06) 15.04
12 2,2'-Bipyridene 8,59 13.31 )
13 2 Amironitroovrid 1218 2659 14 Benzylamine 12.00 13.28 (+0.18) 16.19
" B'm;”;{‘a‘l’%"']g' ropyridyne 1207 ol 15 N,N-Diethylaniline 50.00 19.72 (£0.25) 2355
15 N,N-Diethylaniline 16.99 38.72 16 2-Methylbenzimidazole 12.00 13.84 (£0.13) 15.21
16 2-Methylbenzimidazole 1291 28.43 Acids
Acids 1 Barbituric acid 18.00 18.46 (+0.11) 20.00
o . 2 Warfarine 46.00 1854 (£0.19) 19.95
1 Banbituric acid 9.84 17.96 3 1-Naphthylacetic acid 3400 1882 (£017) 2023
2 Warfarine 15.05 34.77 . .
. . 4 2,6-Dimethyl-4-nitrophenol  32.00 18.75 (+0.17) 19.93
3 1-Naphthylacetic acid 13.02 27.56 .
4 > 6-Dimethvl-4-nitrophenol 1208 26.28 5 p-Nitrophenol 8.00 20.50 (+0.20) 20.31
. ',\;_t'mh yl' -hitropheno 003 1308 6 2-Chloro-4-nitrophenol 2600 19.14 (+0.12) 20.36
p-mitropheno ' : 7 2,4,6-Trichlorophenol 46.00 18.44 (£0.09) 20.46
6 2-Chloro-4-nitrophenol 12.17 22.98 8 p.Toluic acid 2600 2113 (+0.08) 2150
7 2,4,6-Trichlorophenol 15.64 34.77 P ) : ) :
8 p-Toluic acid 11.89 23.28 In parenthesis are standard deviations.

Methanol content, % B, changed from 5 to 100% (v/v).

in elution sequences wherever these are experimentally
observed.

Studies on application of the pH gradient RP HPLC to
the determination of pK, started for a series of 24 test an-
aytes with two organic modifier (methanol) gradient runs
with different gradient times, tg, at pH ensuring complete
suppression of ionization. The tg of 20min and of 60min

2 A y =0.895x + 0.0317

1 R? =0.956; s = 0.349

0 T T T T T 1
4 5 6 7 8 9 10

w PK, (lit)

Fig. 5. Correlation, R2, between +PKa (HPLC) data determined by the
pH gradient RP HPLC method on X Terra MS C-18 column and literature
WPKa data for a series of bases identified in Table 6. Bars denote standard
deviations of measured data points and s is the standard error of estimate
by regression.

was applied keeping the pH of 10.50, in case of bases, and
of 3.00, when dealing with acid analytes. Retention times,
tr, measured in those gradient runs are collected in Table 4.

Based on the results of two initial organic gradient RP
HPLC runs, for each test analyte that organic modifier
(methanol) concentration was evaluated from the LSS the-
ory [37], which provided retention times suitable for car-
rying out the pH gradient experiments. The retention time
of about 15min appeared to be the most suitable time for

] 1
.
4
81 5
~ 7 7
9
%6' +3 ‘2‘6
(]
8
%5 *
4 y =0.934x + 1.440
R? =0.922; s = 0.382
3 . . . , ,
3 4 5 6 7 8
w PK, (lit)

Fig. 6. Correlation, R2, between +PKa (HPLC) data determined by the pH
gradient RP HPLC method on XTerra column and literature Y pK 5 data for
a series of acids identified in Table 6. Bars denote standard deviations of
measured data points and s is the standard error of estimate by regression.
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Table 6
pH gradient RP HPLC retention times, tr, obtained on XTerra MS C-18 column at specified times of gradient, tg, along with the isocratic retention times
of ionized forms of analytes, trion, the reference acidity constants, \vpKa (lit), and the chromatographically determined acidity parameters 3 pKa (HPLC)

No. Analyte tr trRion wpKa (lit) wPKa (HPLC)
Bases (tg = 12min)

1 Aniline 12.91 (+0.43) 2.67 (+0.03) 4.63 4.21 (+0.09)

2 N-Ethylaniline 12.30 (+£0.48) 1.70 (+0.05) 5.12 4.84 (+0.14)

3 Papaverine 10.95 (+0.29) 1.72 (+0.01) 6.40 5.51 (+0.20)

4 Morphine 9.71 (+£0.58) 1.25 (0.00) 8.21 7.07 (+£0.19)

5 Brucine 8.71 (+0.38) 1.36 (+0.00) 8.26 7.48 (£0.12)

6 Codeine 8.39 (£0.41) 1.10 (+0.02) 821 7.56 (£0.09)

7 p-Anisidine 12.58 (+£0.54) 2.72 (£0.07) 5.34 4.96 (+0.06)

8 Acridyne 13.65 (+0.60) 241 (+£0.12) 5.58 4.33 (+0.08)

9 N-Methylaniline 12.18 (+0.32) 1.92 (+0.05) 4.85 459 (+0.11)

10 N-Benzodimethylaniline 7.12 (+£0.33) 1.11 (+0.02) 8.91 8.33 (+£0.03)

11 2,4,6-Collidine 9.98 (+0.41) 1.07 (+0.00) 7.43 6.48 (+0.08)

12 2,2'-Bipyridene 12.83 (+£0.09) 3.24 (+0.16) 433 4.15 (+0.01)

13 2-Amino-5-nitropyridine 10.12 (+0.56) 1.91 (+0.03) 7.22 6.60 (+0.06)

14 Benzylamine 7.07 (£0.35) 1.65 (+0.03) 9.33 8.52 (+£0.08)

15 N,N-Diethylaniline 13.14 (+0.87) 1.29 (+0.02) 6.61 5.41 (+0.07)

16 2-Methylbenzimidazole 11.10 (+0.56) 2.45 (+£0.03) 6.19 5.90 (£0.09)
Acids (tg = 15min)

1 Barbituric acid 14.85 (+0.06) 1.44 (+0.35) 7.43 8.67 (+0.03)

2 Warfarine 9.47 (+0.09) 1.56 (+0.02) 5.1 5.87 (+0.05)

3 1-Naphthylacetic acid 10.50 (+0.11) 2.58 (+£0.03) 4.26 6.10 (£0.06)

4 2,6-Dimethyl-4-nitrophenol 13.94 (+0.06) 1.53 (+£0.02) 7.07 8.08 (+0.01)

5 p-Nitrofenol 13.92 (+0.07) 1.23 (0.00) 7.15 8.02 (+£0.04)

6 2-Chloro-4-nitrophenoal 10.44 (+0.08) 1.69 (+0.02) 5.45 6.20 (+0.01)

7 2,4,6-Trichlorophenol 12.55 (+0.08) 2.79 (+0.11) 6.23 7.27 (+0.05)

8 p-Toluic acid 8.82 (+0.19) 1.42 (+£0.04) 4.37 5.29 (+0.07)

In parenthesis are standard deviations.

that. The requested methanol content in the mobile phase
varied from 0% for aniline to 50% for N,N-diethylaniline.
The organic gradient RP HPLC retention times, predicted
and observed, are given in Table 5. The differences between
the corresponding data are minor.

Now, having the earlier determined methanol concentra-
tion in the eluent, a programmed pH gradient RP HPLC
experiment was carried out. The pH gradient run started at
pH which ensured an effective suppression of ionization of
analytes. It ended at pH providing analytes full ionization.

Fig. 7. Yasuda—Shedlovsky relationships for four exemplary basic analytes. Respective pK, data were determined in pH gradient RP HPLC experiments.

Acridine Brucine
y 77 Y 10 -
y = -178x + 9,3535 9.5 y = 28.754x + 8.2928
T 651 R"=0,890 2 R? = 0.0554
sy L, ) P Py —0
S 6 S 85 - T ’ v
% X o4
3 i
S 55 5
7.5
5 . . , , , ) 7 . . . . )
0.0155 0.016 00165 0.017 0.0175 0.018 0.0185 0015 00155 0016 00165 0017 00175
1/e
1/e X X
Papaverine 9 - 2,4,6-Collidine
y
9 = 450,66 + 14,806 — 85 -
Y i Py 2 y =-276,47x + 12,334
g ° _ B g s \ R =0952
T o J
5 ! ¢ g v * 3
3 <
£ 6 e 754
% s
44 . . . . 7 , , ,
0.0155 0.016 0.0165 0.017 0.0175 0.0145 0.0155 0.0165 0.0175
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Table 7
The WpKa (HPLC) parameters determined by RP HPLC on XTerra MS
C-18 column after Yasuda—Shedlovsky extrapolations

Analyte wpKa (lit) wpKa (HPLC)
2,4,6-Collidine 7.43 6.98
Acridine 5.58 5.29
Papaverine 6.40 7.07
Brucine 8.29 7.02

In practice, for bases the pH gradient starts at pH 10.50 and
ends at pH 3.00. For acids, its starts at pH 3.00 and ends at
pH 10.50.

Finally, at the pH ensuring a complete ionization of the
analytes, an additional sample injection was made to get re-
tention of theionized forms of the compounds, trion. Table 6
collects the pH gradient RP HPL C retention times, tr, and
theisocratically determined retention times of ionized forms,
trion, along with the determined, 3, pKa (HPLC) and the lit-
erature, wpKa (lit), dissociation constants.

The gradient times applied were evaluated from the re-
tention times of non-ionized forms of analytes in a given
chromatographic systems. Important was to ensure the gra-
dient time shorter than the retention time, tg, of the least
retained analyte. Hence, the gradient time applied for bases
was 12min and for acidic analytes 15min.

The pKa values determined by pH gradient RPHPLC for a
series of basic and acidic analytes strongly correlate with the
reference \WpK, data taken from literature. The correlation
coefficients, R, for basic and acidic analytes were 0.978 and
0.960, respectively (Figs. 5 and 6).

The effects of methanol content on WpKa (HPLC) de-
termined by the pH gradient method are given in Fig. 7.
The Yasuda—Shedlovsky extrapolations [32,33] presented in
Fig. 7 are assumed to eliminate the effects of organic modi-
fiers on pK, values. From Fig. 7 it can be seen that there re-
ally are more or less linear plots for pH gradient-determined
> PKa (HPLC) values. The WpK4 (HPLC) values obtained
after Yasuda—Shedlovsky extrapolations (Table 7) are simi-
lar to the reference W pKa. Still, the ¥ pKa (HPLC) datadiffer
for up to about 0.7 pKa unit from the literature YpK, data
These differences may be explained by specific inputs to
the chromatographically determined parameters of specific
interactions of analytes with silanol of the stationary phase
material.

4, Conclusions

pH gradient HPLC is a new separation mode which ex-
tends analytical versatility of the technique. It appears to be
especially suitable and effective for separation of ionogenic
substances and may be a method of choice for separation of
those bioanalytes which are sensitive to higher concentra-
tions of organic solventsin eluents. If theretention of analyte
takes place at actual pH gradient conditions (tg < 1 < tg

+ tg), the pH gradient mode produces narrow, symmetrical
peaks of similar width, without tailing, what is an advantage
over the standard isocratic mode of RP HPLC of ionizable
analytes. Moreover, pH gradient run proceeds two to three
times faster than conventional organic gradient HPLC.

pH gradient RP HPLC can be freely accomplished us-
ing regular equipment. Increasing availability of modern
columns, which can be operated at a wide pH range makes
the pH gradient HPLC even more attractive.

pH gradient RP HPL C can be comprehensively described
in theoretical terms. The mathematical model here provided
can be a good first approximation of real situation. It has
successfully been verified empiricaly. Predictions from the
model of the pH gradient retention times at different chro-
meatographic conditions are acceptable. Hence, the rationale
is provided to choose and to optimize separation conditions
of analytes making use of only few predetermined experi-
mentally data. The necessary empirical data are derived in
three initial gradient HPLC runs. two organic gradient runs
of different gradient time with pH of the buffer providing a
full suppression of analytes' dissociation and one pH gradi-
ent run at a constant concentration of the organic modifier; at
the end of that pH gradient run one additional injection pro-
vides the required for calculations isocratic retention time
of a dissociated form of the analytes. From these data the
vaues of $pK, of analytes can be calculated and used for
prediction of the pH gradient retention times at any chosen
gradient times and also, for the prediction of isocratic reten-
tion at a given content of organic modifier and any pH.

pH gradient RP HPLC offers also a unique means to ef-
ficiently determine acidity of candidate compounds of de-
sired biological or material properties. The chromatograph-
ically derived WpKa (HPLC) parameters of both basic and
acidic analytes strongly correlate to the reference acidity
parameters, WpKa, so far arduously determined by the con-
ventional titrations of aqueous solutions. The observed lin-
ear Yasuda—Shedlovsky relationships alow elimination of
the effect of methanol, used as the organic modifier of the
eluent, on the chromatographically determined pK5. How-
ever, the reference and the chromatographically determined
wpK a parameters differ. Nonidentity of the chromatographic
wPKa parameters and the reference \ypK, data may not be
disadvantageous from the medicinal chemistry view point
as a two-phase HPLC system may better mimic the living
system than the homogenous water solution. On the other
hand, the chromatographically determined J,pKa values are
the most appropriate for predicting effect of eluent pH on
retention and hence for optimization of RP HPL C separation
conditions.
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