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Abstract
The effect of the ionization in the RP-HPLC retention of 66 acid-base compounds, most
of them drugs of pharmaceutical interest, is studied. The retention time of the compounds

can be related to the pH measured in the mobile phase (;pH) through the sigmoidal

equations derived from distribution of the neutral and ionic forms of the drug into the
stationary and mobile phases. Fitting of the obtained retention vs. pH profiles provides
the retention times of the ionic and neutral forms and the pKa, values of the drugs in the

H S
mobile phase (WpKa).
The obtained ;pKa values are linearly correlated to the pK, values in water (pra)

with two different correlations, one for neutral acids and another for neutral bases that
reflect the different influence of the dielectric constant of the medium in ionization of acids
and bases. The retention of the neutral species is well correlated to the octanol-water
partition coefficient of the drugs as measure of the lipophilicity of the drug, which affects
chromatographic retention. Also, the retention time of the ionized forms is related to the
retention time of the neutral forms by two different linear correlations, one for anions and
the other for cations. These last correlations point out the different retention behavior of
anions and cations: anions are less retained than cations of the same lipophilicity, as
measured by the octanol-water partition coefficient of the neutral form.

The different retention behavior of anionic, cationic and neutral forms is confirmed
by the hold-up times obtained from different approaches: pycnometry and retention times
of anionic (KBr and Kl) and neutral (DMSO) markers. Hold-up times obtained by
pychometric measurements agree with those obtained by retention of neutral markers
(0.83-0.85 min), whereas hold-up time for anions is mobile phase pH dependent. At
acidic pH it is similar to the hold-up time for neutral markers (0.83 min), but then it
decreases with the increase of mobile phase pH to 0.65 min at pH 11. The decrease can
be explained by the ionization of the silanols of the column and exclusion of anions by

charge repulsion. Although not directly measured, the obtained retention data and
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correlations indicate hold-up time for cations are similar or slightly lower than hold-up
time for neutral compounds (0.77 — 0.83 min).

The model proposed and the correlations obtained can be very useful for its
implementation in retention prediction algorithms for optimization of separation

purposes.

Keywords: Chromatographic retention; Retention models; Acid-base ionization; Hold-up

time; Mobile phase pH
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1. Introduction

It is well-known that the retention of ionic species in reversed-phase high-performance
liquid chromatography (RP-HPLC) is much lower than the retention of neutral ones.
Thus, the retention of ionizable compounds, i.e. compounds with acid-base properties,
is strongly dependent on its degree of ionization [1-6], which in turn depends on the pKa
of the compound and the pH of the mobile phase. The chromatographic retention of an
analyte depends also on the concentration and type of organic modifier used, which in
addition to the retention of the neutral and ionic species also modifies the proportion of
these species because it modifies the pKa of the compound and the pH of the mobile
phase. When an organic modifier is added to an aqueous buffer to prepare the mobile
phase there is a change in the pKa of the buffer and consequently there is a variation in
the pH of the hydroorganic mixture. The pH of the mobile phase is then a powerful
optimization parameter, additional to mobile phase composition, that needs to be
adequately measured and controlled by appropriate buffers.

The correct measurement of pH in HPLC mobile phases and their influence on
retention of ionizable solutes have been previously studied by our group [7-10] and
others [11-16]. Itis clear the pH must be measured in the mobile phase in order to obtain
good relationships between retention and pH. The pH electrode can be calibrated with
buffers prepared in the same solvent composition used as mobile phase (2pH) or more
easily with commercial aqueous buffers (VipH). The two pH scales are related by means
of the © parameter, constant for each mobile phase composition and electrode system
[17,18]. Measurement of pH in the aqueous buffer before mixing it with the organic
modifier (po) does not provide the ionization degree of the solute in the mobile phase.

The aim of this work is to provide a systematic study about the influence of
ionization in retention for a wide range of acid-base compounds of different chemical
nature: monoprotic and diprotic acids and bases, and amphoteric solutes, most of them

drugs of pharmaceutical interest. The retention of the ionized species is specially studied
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in order to determine its significance by comparison to the hold-up time of the column,

which is also discussed.

2. Materials and methods

2.1. Instruments
Chromatographic measurements were performed with an Agilent Technologies (Santa
Clara, CA, USA) 1200 Series instrument equipped with G1312B binary pump and
G1367D autoinjector. In general, an UHD 6540 Accurate-Mass Q-TOF detector with
electrospray ionization (ESI) was used for compound detection in most solutions.
However, a G1315C DAD was also used at 254 nm for detection in the phosphate
buffers. Instrument control and processing were performed by Masshunter software 4.0.
A 100 mm, 4.6 mm i.d, 2.6 um octadecylsilica Kinetex EVO C18 analytical column
provided by Phenomenex (Torrance, CA, USA) with a core-shell Technology was used
for all determinations. This material is stable within the pH range 1-12.

pH measurements of mobile phase were done with a combined Crison 5202
electrode in a Crison 2001 pH meter (Hach Lange Spain, L’Hospitalet de Llobregat,
Spain). The electrode system was calibrated with ordinary aqueous buffers of pH 4.01,

7.00 and 9.21 (25 °C).

2.2. Reagents

Acetonitrile LCMS grade was purchased from Fluka Analytical VWR (West Chester, PA,
USA) and water was purified by Milli-Q deionizing system from Millipore (Billerica, MA,
USA) with a resistivity of 18.2 MQ cm. Reagents used to prepare the buffer solutions
were sodium phosphate monobasic monohydrate (Sigma-Aldrich, 299.0%), formic acid
(Scharlau, eluent additive for LC-MS), acetic acid (Fluka Analytical, eluent additive for
LC-MS), ethylendiamine (Fluka Analytical, = 99.5%) and 25% w/w ammonia solution
Sharlau, extrapur). The 66 studied acid-base analytes were purchased from Sigma-

5
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Aldrich (Steinheim, Germany), Fluka Analytical VWR (West Chester, PA, USA), Riedel-
de Haén (Seelze, Germany), Merck (Darmstadt, Germany), Carlo Erba (Milano, Italy),

Baker (Center Valley, PA, USA) or synthesized in ESTEVE (Barcelona, Spain).

2.3. Procedure

The acid-base solutes of different chemical nature were injected in a HPLC system at 6
different pH values, between 2 and 11, approximately (see Table 1 for the exact pH
values in the different pH scales). The mobile phase composition was 40% acetonitrile
and 60% aqueous buffer. The appropriate detection mode was used for each buffer
solution. For mass spectrometry detection the pH range was restricted to 3-11 because
only volatile buffers were compatible. At VWVpH 2.0, the detection was performed by UV
because a mixture of phosphoric acid and sodium dihydrogenphosphate at concentration
50 mM was used as buffer. pH of this buffer was adjusted with diluted hydrochloric acid.
Formic acid, acetic acid and ammonia solution were used at apH 3.0, 5.0 and 9.0,
respectively. Ethylendiamine was used at po 7.0 and 11.0. The buffer concentrations
at po 3.0, 5.0, 7.0, 9.0 and 11.0 were 10 mM and were adjusted by addition of diluted
acetic acid or diluted ammonia. The pH of the aqueous HPLC buffers was measured
before and after mixing it with the organic modifier, obtaining the apH and the ;pH values
of Table 1. All experiments were done at 25 °C.

Stock solutions of the compounds at 5 mg mL*were prepared by dissolving the
appropriate weight or volume in methanol. A more diluted solution at 0.1 mg mL*was
prepared by dissolving an aliquot of the previous stock solution in an ACN-HO mixture
(40:60). Isocratic conditions were used at flow rate of 1 mL min* and the injection volume
was 10 pL. The hold-up times and extra-column times were measured by injections of
agueous solutions of potassium bromide, detected by UV at 200 nm, dimethy! sulfoxide,

detected by ESI+, and potassium iodide, detected by ESI-. The concentration of these
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solutions was 0.1 mg mL. All results were the average of triplicate injections at each pH
buffer (Table 1).

To measure the extra-column times, a chromatographic connection with
negligible hold-up volume was used.

The pycnometry measurements were performed filling the column successively
with pure water, methanol and acetonitrile at a constant temperature of 25 °C. These
solvents were pumped through the column at a constant flow rate of 1 mL min for an
hour. Immediately after, the pump was stopped, the inlet and outlet of the column were
sealed with screw caps and the column was weighted. This process was repeated three

times.

2.4. Data treatment
The nonlinear regressions of experimental retention with the pH were performed using

available commercial software TableCurve 3D 4.0.

3. Theory

Chromatographic retention for acid-base analytes can be described as a function of the
mobile phase pH and solute pK, with a sigmoidal plot which has a pronounced jump
around the analyte pKi [7,8,19]. The derivation of the function comes out from the
definition of the distribution constant (K¢) which is the ratio of the overall concentrations
of the compound in the stationary and mobile phases [7]. Since concentrations are
difficult to measure directly in HPLC, the equation is usually developed in terms of
retention factor (k), which is the ratio of the amounts of compound in stationary and
mobile phase. k is related to K. through the phase ratio, i.e. the ratio between the

volumes of stationary (Vs) and mobile (Vum) phases:

V|
Ko = kit ®
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Vw (also called hold-up volume) can be directly calculated from the mobile phase
flow and the hold-up time (tv), i.e. the retention time measured for an unretained
compound. However, the volume of stationary phase cannot be easily measured and
then conversion of k to K¢ is not feasible. Therefore, commonly HPLC retention is
described in terms of retention factor, which in the case of an acid-base compound can
be given as the sum of the retention factors (ki) of all acid-base species present in
solution averaged by the molar fraction of each species (a), i.e.
k=2 ka; (2)

k can be linearly related to the adjusted retention time (t'R) and to the retention

time (tr) of the compound through the hold-up time.

= t'_R: _tR-tM (3)
Ly Ly

The general equation relating retention to pH can be equally written in terms of
retention factor, adjusted retention time (or volume) or simple retention time (or volume)
[7]. Because in many instances the exact hold-up time is not known, or may be different
for the different forms of the analyte [6], it seems most practical to write the equation in
terms of retention time, which is the quantity directly measured. In this case the main

eguation can be written as:

Siotr, A10PH Zie0PKa
- n-r 4
R szomfp""zir:op’(ai )
For a monoprotic solute, HA, Eg. (4) can be rewritten as:
PH-pK,
= z‘RHA_HRA‘]O( 2 (5)

1+10(PH-PKa)
where tr,, and fr, represent the retention time of the protonated and the unprotonated
forms of the solute, respectively (charges of the subscripted forms are omitted for
simplicity).
For a diprotic solute, H2A, Eq. (4) can be expressed as:

Ry A ¥R O(pH_pKa1 )+tRA1 0(2|m-|-pKE"1 'pKaz)

tr= —2 (6)

1+1 O(pH—pKa1 )+ 10(@PH-PKay-PKay)
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where tRHzA, try,@nd tg, represent the retention times of the diprotonated,

monoprotonated and unprotonated solute, respectively.

Particular equations (5) and (6) are enough for all cases studied in this work which
are representative of almost all cases encountered in RP-HPLC acid-base retention
fundamental studies. Equation (5) can be applied to monoprotic acids and bases, being
HA and A" or HA" and A, respectively, the subscripted species. Similarly, equation (6)
can be applied to diprotic acids (with H.A, HA- and A% species) and diprotic bases (with
H.A%", HA* and A species) and also to ampholytes (with H,A*, HA and A species).

It has been extensively probed that the fitting capability of these equations are
guaranteed only when pH and pKa correspond to the true pH and pKain the solvent used

as particular mobile phase values (sz or ij scale) [9-12,17,20,21].

4. Results and discussion

4.1. Measurement of extra-column and hold-up times
For practical reasons, usually, the hold-up volume includes the mobile phase volume in
the column but also in the injector, detector and connections. Thus, when the same
column is used in different HPLC systems, such as in this work where different detection
systems were used, the hold-up times and retention factors cannot be directly compared.
The extra-column time (text)), Which is the retention time contribution due to the injector,
detector and connections, of each HPLC system has to be subtracted from all measured
retention times, including hold-up time, for a good comparison. For this reason, the
International Union of Pure and Applied Chemistry (IUPAC) proposes to calculate
retention based on extra-column retention time correction [22].

This approach has been followed in this work and thus all measured retention
times refer to the column solely. The obtained extra-column time values were 0.048 min

for UV detection and 0.249 min for MS detection.
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There is not a clear definition of hold-up time or volume [22—-25] IUPAC defines
the hold-up volume (time) in column chromatography as “the volume of the mobile phase
(or the corresponding time) required to elute a component the concentration of which in
the stationary phase is negligible compared to that in the mobile phase. In other words,
this component is not retained at all by the stationary phase. However, it has been shown
that eluant molecules are adsorbed onto the bonded phase surface or support, forming
a stationary layer of mobile phase components, increasing the volume of stationary
phase and thus decreasing the hold-up volume [24][. It is also known that for different
kinds of molecules, the volume of stationary phase (adsorbed layer) is different.
Molecular exclusion effect and ionic electrostatic interactions may also take place.
Therefore, there are several methods to measure hold-up time which lead to different
results and someones among them have been tested in this work.

Pycnometry is often used to determine the volume of mobile phase inside the
column by weighting the column filled by two solvents of different density [24,25]. The
results obtained for our column were 0.844+0.01 mL and 0.86+0.01 mL using the pairs
of solvents water/methanol and water/acetonitrile, respectively. Density values of
0.9971, 0.7866 and 0.7766 g mL?' at 25 °C were used for water, methanol and
acetonitrile, respectively [26,27]. Given the flow rate of 1 mL min‘* they would correspond
to hold-up times of 0.84 and 0.86 min.

Several unretained markers were also tested, depending on their suitability for
detection system. KBr, KI and DMSO were used for UV, MS-ESI- and MS-ESI+
detection, respectively. Results are presented in Table 1 and Figure 1 for the studied
buffers.

The results show that the neutral marker DMSO gives a constant value of
0.83+0.01 min, regardless of the buffer employed. This value is very similar to the ones
obtained by pycnometry and we assume that it can be taken as the hold-up time for

neutral compounds.

10
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The ionic markers KBr and Kl show a very similar behaviour of variation of the
retention time with the pH of the buffer. At acidic pH values (;pH <4 or po <3), the

retention time agrees with that obtained for DMSO, but later it decreases with the pH of
the buffer. We attribute this behaviour to electronic repulsion between the anionic marker
(Br-or I) and the ionized silanols of the column. At acidic pH, silanols are protonated,
there is no charge repulsion and the hold-up time is the same as the one of neutral
markers. However, when pH increases, ionization of silanols and repulsion increase too
and the hold-up time decreases [28]. A similar behaviour was previously observed by
comparison of the retention times of KBr and 2-nitrobenzoate [6].

Therefore, we can expect the hold-up times (or available mobile phase volume)
of the studied ionized acids to be lower that the hold-up time of the corresponding neutral

species.

4.2 Variation of retention with the pH of the mobile phase

The obtained results are presented in Table 2 (monoprotic neutral acids), Table 3
(monoprotic neutral bases - or cationic acids -) and Table 4 (diprotic compounds: a
diprotic neutral acid, amphiprotic acid-base compounds, and diprotic neutral bases).
Quite good statistics are obtained in most cases. The Tables also present literature data
in water that can be related to the expected fitting parameters, i.e. octanol/water partition
coefficient (log Pow), an unspecific measure of compound polarity (or hydrophobicity)
commonly related to retention parameters, and acid-base dissociation constant in water

(pra) which should be related to the obtained acid-base dissociation constant in the
mobile phase (;pKa). Additionally, the Abraham descriptor of solute hydrogen bond

acidity (A) is also presented because of its clear relationship with log k and log Pow [29].
Inside each table, the compounds are grouped according to dissociation group types

because the expected relation between water and mobile phase (40% acetonitrile)

11
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mainly depends of the acidic group type and solute charge [30]. Figures 2-4 present
representative profiles of the acid-base drugs.

Table 2 shows the fitting parameters obtained for monoprotic neutral acids by
application of equation (5). Compounds have been divided in three groups: phenols,
carboxylic acids, and other ones that do not have carboxylic nor phenolic group (two
barbituric acids, 5-fluorouracil and warfarin). As expected for neutral acid dissociation

[7], the obtained pKa values in the mobile phase (;pKa) are higher (0.8-1.5 pKa units)
than the pK, values in pure water (apKa). Also, in all cases the retention time of the

anions is much lower than that of the neutral forms, although there are some small
differences depending on the type of compounds.

The retention time of the neutral forms of the phenols goes from about 1 min for
the most polar ones (log Pow< 1) to more than 5 min for the most retained ones (thymol
and capsaicin, log Pow > 3). However, the retention time of ionic forms in all cases is the
same than the hold-up time expected for anions at pH 11 (0.65+0.01, see Table 1). In
fact, the retention time of phenolates could be calculated only for the most acidic phenols.

We have not enough basic pH data to calculate retention of phenols with pra> 9

appropriately, but in all cases the observed retention-pH profile is coherent with a
retention time of 0.65 min for the phenolates. In these cases, the retention time of the
anion was fixed to 0.65 min and the rest of parameters were estimated by fitting the tr

S . . . .
data to pH. Some representative profiles are presented in Figure 2A.

Three benzoic acid derivatives and some nonsteroidal anti-inflammatory drugs
were studied as representative compounds of carboxylic acids. They are more retained
than phenols, with retention times of the neutral forms going from about 1.3 min for the
most polar ones (aspirin and benzoic acid, log Pow < 2) to more than 7 min the most
hydrophobic (diclofenac, indomethacin and ibuprofen, log Pow = 3.5). The retention time
of the anionic forms is also higher than that of phenolates and thus, higher than that of

the hold-up time for anions (0.65 min), although the most polar aspirin and benzoic acid

12



302

303

304

305

306

307

308

309

310

311

312

313

314

315

316

317

318

319

320

321

322

323

324

325

326

327

328

present retention time only slightly higher. The retention of the anions is clearly related
to the retention of the neutral forms, although not quantitatively. As commented, aspirin
and benzoic acid show the minimum retentions (0.68 min) and diclofenac, indomethacin,
and ibuprofen the largest ones (about 0.9-1.0 min). Hence, the data shows that these
anions are significantly retained in the column, probably as ion pairs. Figure 2B presents
the profiles of several representative carboxylic acids.

The last group of studied neutral acids (labeled as others in Table 2) is formed
by very polar compounds (barbital, phenobarbital and specially 5-fluorouracil) and
warfarin, which is less polar. The retention of the three most polar compounds is very
low for both, the neutral (tr close to 1 min) and anionic form (not different from the hold-
up time for anions). Retention of warfarin is larger for both neutral and anionic forms, as
expected from the larger log Pow value. The profiles of the four compounds are presented
in Figure 2C.

The results for neutral bases are given in Table 3 for pyridines and amines, and
several representative profiles are presented in Figure 3A for pyridines and 3B for

amines. Conversely to acids, the fitting pK, for bases in the mobile phase (;pKa) are
lower than the pK, values in water (apKa), as expected. The polarity range studied, as

measured by the log Pow value, goes from 0.15 for o-phenylenediamine, which show
very low retention, to 3.95 for sufentanyl with the highest retention (16.52 min for the
neutral form). Retention times of the cations are clearly larger than that of the hold-up
time for anions (0.65 min). Retention time of protonated benzyl nicotinate, the least basic
compound, could not be precisely determined because of the lack of retention data at
ij values lower than the :,pKa . In order to fit the data, the retention time of the cationic
form has been fixed to 0.83 min (the hold-up time of the neutral compounds), as a
consensus value, due to the high variability of retention times shown by cations.
Several diprotic solutes have been also studied and the results presented in

Table 4 and Figure 4. The studied compounds include a diprotic neutral acid with a
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carboxylic and a phenolic group (4-hydroxyphenylacetic acid), four ampholytes with an
amino or pyridino and a phenolic group, and four diprotic neutral bases. All of them are
very or quite hydrophilic (log Pow < 2) and the neutral forms are poorly retained (about 2
min or less), with the exception of chloropheniramine. Retention of the ionic forms is
even lower. Retention of the monocharged anions is in the range 0.63-0.77 min, i.e. close
to the expected hold-up time for anions (0.65 min). Retention of the dicharged anion of
4-hydroxyphenylacetic acid is in the same range (0.63 min) and slightly lower than that
of the monocharged anion of the same acid (0.77 min). This fact suggests that the
exclusion from the stationary phase of the dicharged anions is slightly larger than that of
only monocharged anions. Retention of monoprotonated cations is in the range 0.83-
1.10 min for ampholytes and 0.90-1.50 min for diprotic bases. The retention of fully
protonated diprotic neutral bases (dicharged) cannot be well estimated because of the
lack of enough data at very low pH values, but the retention profiles are consistent with
a retention value close to the hold-up time estimated for neutrals (see profiles in Figure
4B). The profiles clearly show that retention of dicharged cations is slightly lower than

that of monocharged cations. The fitting ;pKa obtained are quite reasonable. As
expected, the fitting ;pKa values are in general higher for acid groups and lower for basic
groups than the pra ones. Numeric exceptions are the values of the first pKa of 2-amino-
4-nitrophenol and ranitidine and the two pKa values of p-phenylenediamine, which show
high uncertainties. Also, the value of the second V3pKa of 4-hydroxyphenylacetic acid is

lower than the corresponding value in water, but the later value is an estimated value,

not an experimental one.
4.3. Conjoint analysis of results

From the results discussed above, some common trends for the different types of studied

compounds are clear.
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On one hand, it is evident that the pKa in the mobile phase (;pKa) is related to
the pKa in water (pra), but it increases for acid groups (loss of hydrogen ions) and
decreases for basic groups (gain of hydrogen ions). Figure 5 plots the ;pKa values
obtained from fitting equations (4)-(6) vs. the literature pra values. Two straight lines,

one for acids and another for bases can be observed. The correlations obtained are

presented in Eqgs. (7) for neutral acids and (8) for neutral bases:

SpK, = 0.978(0.019)"pK,, + 1.38(x0.14) @)

R°=0.9879 SD=0.27 F=2702

SpK,, = 0.938(20.053)"pK,, - 0.58(20.38) (8)

R*=0.9374 SD=0.55 F =314

The slope value of the correlation measures the “resolution of acid strength” for
the compounds in the mobile phase solvent as regards to water (slope unity), i.e. the
ability of the solvent to differentiate between the acidities of the compound’s set [31]. The
two slopes are close to 1, which means that the specific solvation interactions of the
compounds with the studied mobile phase (40% acetonitrile) are similar to those with
water [30]. As expected, the intercepts are positive for neutral acids and negative for
cationic acids (protonated neutral bases). The intercept of the correlation depends on
the differences in basicities, dielectric constants, and specific solvation interactions of
the solute (e.g. hydrogen bonding) between mobile phase and pure water [30]. Dielectric
constant interactions are only significant for dissociation of neutral or anionic acids
because of the change in charges of the dissociation process: a neutral acid is
uncharged but the dissociated anion plus the solvated hydrogen cation have one

negative and one positive charge. Solvent dielectric constant practically does not affect
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dissociation from a monocharged cationic acid (one positive charge) to a neutral base
plus solvated hydrogen cation (one positive charge too). Since specific interactions are
similar in 40% acetonitrile and water (slope close to unity), the negative intercept for
bases should be attributed to a higher basicity of 40% acetonitrile in comparison with
pure water. The dielectric constant of 40% acetonitrile is much lower than that of water
and electrostatic interactions disfavor solvation of ions and increase the pKa, of neutral
acids. This effect surpasses the negative basicity change effect and thus, neutral acids
become weaker in 40% acetonitrile and the plot presents a positive intercept.

On the other hand, it has been long recognized that the retention in reversed-
phase liquid chromatography is related to the hydrophobicity of the compound and thus
shows good correlations to the octanol-water partition coefficient [32—34]. In fact, log Pomw
is frequently used for prediction of retention [35] and log Pow is often determined by HPLC
measurements [29,33,36—38]. In order to test these correlations, log k vs. log Pow has
been plotted in Figure 6A for the neutral forms of the different acid-base compounds. log
k was calculated from the retention times in Tables 2-4 and using the hold-up time
determined for neutral compounds from DMSO measurements (0.83 min). There is a
clear linear relationship between the two parameters according to the following

correlation:

log k = 0.410(+0.025)l0g Pos — 0.705(+0.057) (9)

R?=0.806 SD=0.24 F =266

Some dispersion of the points according to the different types of compounds
studied can be observed in the plot, which can be attributed to the different hydrogen
bond capabilities of the functional groups. For instance, anilines show a higher retention
than predicted whereas phenols and carboxylic acids are slightly less retained than
expected. It has been pointed that reversed phase retention is affected by the hydrogen

bond acidity of the solute, but this property has not a significant effect on the
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octanol/water partition [29]. Taking into account the hydrogen bond acidity of the solute,
measured by the A descriptor of Abraham, as an additional descriptor, the correlation

obtained is presented in Eq. 10 and Figure 6B.

log k = 0.411(x0.019)log Pow — 0.529(x0.076)A — 0.464(+0.056) (10)
R?=0.890 SD=0.18 F =255

The new correlation is slightly better than correlation (9) and more important, no
congeneric effect can be observed in the plot.

Relationship between retention of the ionic forms of the compounds and their
hydrophobicity is more troublesome. In principle we would expected the retention to
correlate to the octanol water partition coefficient of the ion. However, the availability of
log Pow data for ions is scarce and questionable. lons seems to be mostly partitioned to
organic solvents as ion pairs and higher neutral aggregates than by ionic species, and
the partition is strongly dependent on the nature and concentration of the counter ion.
Despite this problem, it seems evident than the hydrophobicity of the ionized form must
be related to the hydrophobicity of the neutral form. Donovan and Pescatore assumed
this difference to be 3.15 log Pow Unities on average, being the actual difference between
the log Pow values of neutral and ionized forms from 1.5 to 4.5 depending on structure
and ionic strength [38]. Hence, we expect the retention of the ionic forms to be related to
the retention of the corresponding neutral forms and to test this assumption we have
simply plotted the retention times of monocharged ions against the retention times of the
corresponding neutral forms in Figure 7. Although there is some scattering of the points
at low retention, two different lines close to linearity are clearly observed, one for anions
from neutral acids and another for cations from neutral bases. Only 4-
hydroxyphenylacetic, out of the 24 acids, and N,N-dimethylaniline and 2-amino-4-
nitrophenol, out of the 26 bases, deviate more than 2SD from the straight lines. The

correlation equations are as follows:
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tr, = 0.0430(x0.0049)t,, + 0.607(0.017) (11)

R°=0.775 SD=0.051 F=76

R, = 0.0845(0.0055)tg, + 0.740(+0.026) (12)

R°=0.908 SD=0.097 F=237

The slope and intercept for bases are higher than for acids and they show that
retention of cations is larger than retention of anions. This fact can be also directly seen
from the retentions of the ampholytes in Table 4.

Correlations (11) and (12) provide a further evidence of the different hold-up times
for anions, neutral forms and cations. We have taken hold-up times of 0.65, 0.83 and
0.83 min for the three forms, respectively. Replacing the retention time of the neutral
form by its hold-up time of 0.83 min in the two equations, we get hold-up times of 0.63
min for anions and 0.77 min for cations. The calculated hold-up time for anions is in very
good agreement with the taken one and the calculated one for cations is slightly lower
than the taken one. This later point suggests that the hold-up time for cations may be
slightly lower than the hold-up time for neutral compounds (0.83 min) but clearly higher
than that of anions (0.65 min). In fact, the most polar bases show fitting retention times
of their cations in the range 0.77-0.83 min (see Table 2).

Moreover, the two correlations provide a useful tool to estimate the retention time
of the ionic forms of the studied compounds too basic or too acid to estimate it directly
from the fitting to equation (5) or (6), for which we assumed 0.65 min for anions and 0.83
min for cations. Recalculation of the fittings to Egs. (5) or (6) using these new estimations
give the results presented in Table 5. The effect of the correction in the fitting is very
small. The largest corrections are for thymol and capsaicin for which the retention of the
anion moves from 0.65 to 0.84-0.85 min. All other fitting parameters remain very similar

to the ones of Tables 2-4 within the standard error of the fittings.
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5. Conclusions

The retention of ionizable acid-base compounds is strongly dependent of its degree of
dissociation which depend on the mobile phase pH and the specific pKa values of the
compound in the mobile phase too. If the pH of the used buffers is measured in the
mobile phase, fitting of the retention time to pH, provides the pKa values of the compound
in the mobile phase. These pK, values are higher than pKa values in water for neutral
acids, but slightly lower for neutral bases. In both cases, the pK, values in the mobile
phase can be linearly related to the pK, values in water, although with some dispersion
of the points because of the slightly different specific interactions of the compounds with
the two solvents (water and mobile phase). The correlations are good enough to provide
an approximate pKa of the compound in the mobile phase from the pKa in water and thus,
predict the degree of ionization in a specific buffer of measured pH.

The fits also provide the retention time of the anionic, neutral and cationic forms
of the acid-base compounds. The retention of the neutral forms can be directly related
to the hydrophobicity of the compound as measured by its octanol/water partition
coefficient, widely available and easily estimated. The correlation can be improved if an
additional term for hydrogen bond acidity is added. The retention times of the ionic forms
can be directly related to the retention time of the neutral form according to different
linear correlations, one for anions from neutral acids and another for cations for neutral
bases. The results and correlations show that cations are more retained than anions and
both much less retained than neutral forms (as expected in this last instance).

Measurement of hold-up time by different methods (pycnometry, ionic and neutral
markers) shows that the column hold-up time for anions is at most pH values lower than
that for neutral compounds (about 0.83 min in our system) and it decreases with the pH
of the mobile phase (from about 0.80 min at pH 2 to 0.65 min at pH 11). The results from

the correlations between retention times of ions and neutral forms confirm the lower hold-
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up time of anions at basic pH (about 0.63 min) and suggest a hold-up time for cations
between that of anionic and neutral form (about 0.77 min).

Overall, the study shows the importance of the ionization in the retention of the
acid-base compounds and derives relationships of the pKa and retention of the ionic and
neutral forms in the HPLC system to the usually available data in water (pKa and log
Pow). These relationships can be very useful for prediction of retention, establishment of
retention models, and optimization of separations [19,39-41] if the pH of the buffer is

correctly measured in the mobile phase.
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FIGURE CAPTIONS

Figure 1. Variation of the retention time of neutral and ionic hold-up time markers with

the pH of the mobile phase. (¢) DMSO, (A ) KBr, (m) KI.

Figure 2. Retention time vs mobile phase pH profiles of some representative monoprotic
acids. A (phenols): (m) Thymol, (e) 2,4-Dichlorophenol, (A) 3-Methylphenol, (¢) 4-
Chloro-3-methylphenol, (o) Estrone, (o) 4-Nitrophenol, (X) 4-Hydroxybenzyl alcohol. B
(carboxylic acis): (m) Ibuprofen, (e) Flurbiprofen, (A) Ketorolac, (¢) Naproxen, (o)
Aspirin, (X) Salycilic acid. C (other acids): (m) Phenobarbital, (e) Barbital, (A) 5-

Fluorouracil, (¢) Warfarin.

Figure 3. Retention time vs mobile phase pH profiles of some representative monoprotic
bases. A (pyridines): (m) Isoquinoline, (o) Benzyl nicotinate, (A ) Pyridine. B (amines):
(w) N,N-Dimethylaniline, (o) Fentanyl, (A) o-Phenylenediamine, (¢) Sufentanyl, (X)

Tramadol.

Figure 4. Retention time vs mobile phase pH profiles of diprotic drugs. A (diprotic acids
and amphoteric drugs): (m) 2-Amino-4-nitrophenol, (e) 4-Hydroxyphenylacetic acid,
(A) 4-Amino-2-nitrophenol, (¢) Morphine, (X) Piroxicam. B (diprotic bases): (m)

Nicotine, (o) Chlorpheniramine, (A) p-Phenylenediamine, (¢) Ranitidine.

Figure 5. pKa values in mobile phase (;pKa) vs literature ones in water (pra). Acids:
(e) phenols, (m) carboxylic acids, (X) others, (o) phenols with estimated pra values, (o)
carboxylic acids with estimated pra values. Bases: (¢) pyridines, (A) amines, (0)

pyridines with estimated WpKa values, (A) amines with estimated WpKa values.
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694

695

Figure 6. Relationships between chromatographic retention and octanol/water partition
for the neutral forms of the different acid-base compounds. A: Retention factor vs
octanol/water partition coefficient. B: Retention factor vs octanol/water partition
coefficient corrected by the hydrogen bond acidity of the solute. Symbols: (e) phenols,

(m) carboxylic acids, (X) other acids, (¢) pyridines, (A ) amines, (*) diprotic drugs.

Figure 7. Retention of monocharged ions vs retention times of the corresponding neutral

forms. Symbols as in Figure 6.
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696 TABLES
697 Table 1. pH values in water (po) and pH values in the mobile phase of 40% v/v ACN
698 (\f,pH) of the used buffers and retention times of ionic (KBr, KI) and neutral (DMSO) hold-

699  up time markers.

700
wpH  °pH tw (KBr) tw (K1) tu (DMSO)

NaH,PO, 50mM 1.83 2.16 0.801 - -
HCOOH 10mM 2.96 3.55 0.830 0.835 0.828
CH3;COOH 10mM 5.09 5.86 0.732 0.764 0.821
H2NCH,CH2NH, 10mM 6.98 6.84 0.750 0.758 0.832
NH3 10mM 9.05 8.91 0.706 0.719 0.840
H2NCH>CH>NH, 10mM 11.03 10.84 0.658 0.636 0.820
Average 0.746 £ 0.06 0.742+0.07 0.828 +0.01

701
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702

703
704
705
706

Table 2. Parameters (+sd) and statistics obtained in the fits of the retention time of monoprotic acids to mobile phase pH.

Physico-chemical

Fitting parameters Statistics
MONOPROTIC ACIDS . - parameters
tRHA tRA- WpKa R? SD F JpKa |Og Pomw ? AP

Phenols

2,4-Dichlorophenol 3.15+0.02 0.67+0.03  9.19+0.03 0.999 0.03 2593 7.89° 3.06 0.53
2-Chlorophenol 1.92+0.01 0.63+0.06 10.01+0.13 0.999 0.02 1159 8.48° 2.15 0.32
2-1sopropyl-5-Methylphenol (Thymol) 5.41+0.02 0.65 11.73+0.05 0.952 0.05 80 10.50° 3.30 0.52
2-Naphtol 2.49+0.01 0.65 10.73+0.03 0.996 0.03 1037 9.57° 2.70 0.61
2-Nitrophenol 2.24+0.01 0.66+0.02  8.41+0.04 0.999 0.02 3080 7.23° 1.79 0.05
3-Methylphenol (m-Cresol) 1.74+0.01 0.65 11.24+0.03 0.992 0.01 478 10.00¢° 1.96 0.57
3-Nitrophenol 1.70£0.01 0.64+0.02  9.57+0.06 0.999 0.02 1327 8.35P 2.00 0.79
4-Bromophenol 2.29+0.01 0.65 10.33+0.04 0.997 0.03 1559 9.35P 2.59 0.67
4-Chloro-3-methylphenol 2.73+0.01 0.65 10.57+0.03 0.997 0.03 1484 9.27° 3.10 0.67
4-Chlorophenol 2.08+0.01 0.65 10.38+0.05 0.996 0.03 1088 9.38° 2.39 0.67
4-Ethylphenol 2.34+0.01 0.65 11.274+0.04 0.979 0.03 184 10.20° 2.47 0.55
4-Hydroxybenzyl alcohol 0.95+0.01 0.65 10.95+0.11 0.916 0.02 43 9.822 0.25 0.86
4-Hydroxyphenylacetamide 0.94+0.01 0.65 10.74+0.12 0.932 0.02 55 9.99¢ -0.09 0.86
4-Methylphenol (p-Cresol) 1.73+£0.01 0.65 11.34+0.03 0.989 0.01 357 10.26° 1.94 0.57
4-Nitrophenol 1.60+0.01 0.66+0.03  8.52+0.08 0.997 0.03 562 7.15P 1.91 0.82
Capsaicin 5.61+0.03 0.65 10.93+0.02 0.997 0.06 1145 9.76¢ 3.04> 0.53¢
Catechol 1.11+0.01 0.65 10.51+0.09 0.982 0.02 214 9.45°P 0.88 0.88
Estradiol 3.02+0.02 0.65 11.37+0.04 0.976 0.04 161 10.27¢ 4.01 0.86
Estriol 1.22+0.01 0.65 11.49+0.08 0.921 0.01 47 10.25¢ 2.54 1.06
Estrone 4.04+0.02 0.65 11.28+0.04 0.983 0.05 228 10.25¢ 3.13 0.50
Methyl 4-hydroxybenzoate 1.44+0.01 0.68+0.02  9.65+0.06 0.999 0.01 1336 8.372 1.96 0.69
Phenol 1.41+0.01 0.65 11.09+0.04 0.989 0.01 320 9.98° 1.47 0.60
Resorcinol 1.02+0.01 0.65 10.67+0.05 0.990 0.01 410 9.81° 0.80 1.09
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Table 2. Continued

Physico-chemical

Fitting parameters Statistics

MONOPROTIC ACIDS . - parameters

tRiia tR, JPK, R SD F WPKa  logPow® AP
Carboxylic acids
2-Hydroxybenzoic acid (Salicylic acid) 1.61+0.07 0.73+0.03 3.85+0.20 0.981 0.07 79 2.982 2.26 0.71
Acetylsalicylic acid (Aspirin) 1.27+0.04 0.68+0.04 5.31+0.29 0.976 0.06 62 3.482 1.19 0.49
Benzoic acid 1.38+0.05 0.69+0.04 5.40+0.24 0.979 0.06 69 4.202 1.87 0.59
Diclofenac 7.36£0.09 0.98+0.07 5.34+0.05 0.999 0.12 1700 4.21¢ 4.50 0.63
Flurbiprofen 5.89+0.11 0.80+0.09 5.53+0.07 0.998 0.15 645 4.19f 4.16 0.57¢
Ibuprofen 7.51+0.11 0.89+0.10 5.84+0.05 0.999 0.15 1034 4.43¢° 3.50 0.59
Indomethacin 7.45+0.09 0.99+0.08 5.46+0.04 0.999 0.13 1507 4.15¢ 4.27 0.57
Ketoprofen 3.08£0.08 0.77+0.07 5.57+0.11 0.994 0.11 244 4.292 3.12 0.55
Ketorolac 2.07£0.07 0.76+0.06 5.15+0.28 0.986 0.1 108 3.50P 1.68 0.65
Naproxen 3.194+0.08 0.75+0.07 5.77+0.10 0.994 0.12 242 4.28°9 3.34 0.60
Others
5,5-Diethylbarbituric acid (Barbital) 1.05+0.01 0.64+0.01 9.40+0.06 0.998 0.01 728 7.97° 0.65 0.47
5-Ethyl-5-phenylbarbituric acid (Phenobarbital) 1.35£0.01 0.63+0.01 8.85+0.04 0.999 0.01 1454 7.44° 1.47 0.73
5-Fluorouracil 0.85+0.01 0.62+0.03 9.18+0.23 0.959 0.02 35 7.86° -0.89 0.57
Warfarin 4.40+0.10 0.76+0.09 5.91+0.07 0.996 0.14 402 5.01¢ 2.70 0.35

aFrom reference [42]; ® From reference [43]; ¢ From reference [30]; ¢ Estimated values from reference [43]; © From reference [44]; " From

reference [45]; ¢ From reference [46]
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Table 3. Parameters (+sd) and statistics obtained in the fits of the retention time of monoprotic bases to mobile phase pH.

Physico-chemical

Fitting parameters Statistics

MONOPROTIC BASES . . Parameters

IR+ tr, JPK, R2 SD F P log Pow? AP
Pyridines
Benzyl nicotinate 0.83 3.15+0.02 2.14+0.03 0.993 0.04 588 3.16° 2.40 0.00
Isoquinoline 0.80+0.02 1.80+0.01 3.79+0.05 0.998 0.02 922 5.36° 2.08 0.00
Pyridine 0.7740.01 1.12+0.003 3.70+0.04 0.999 0.01 1190 5.16° 0.65 0.00
Amines
2-Nitro-p-phenylenediamine 0.80+0.01 1.14+0.01 3.42+0.08 0.995 0.01 302 4.36° 0.53 0.35
2-Toluidine 0.80+0.03 1.71+0.01 3.43+0.05 0.998 0.02 678 4.452 1.32 0.23
Aminopyrine 0.81+0.01 1.32+0.01 4.10+0.08 0.998 0.01 910 5.002 0.80 0.00
Aniline 0.79+0.02 1.40+0.01 3.54+0.05 0.998 0.02 636 4.60¢ 0.90 0.26
Atropine 1.00+0.05 2.98+0.09 8.24+0.17 0.994 0.09 267 9.60° 1.83 0.26
Codeine 0.93+0.07 1.54+0.08 7.19+0.43 0.918 0.11 17 8.212 1.19 0.33
Diethylcarbamazine 0.89+0.05 1.27+0.06 6.93+0.4 0.902 0.08 14 7.15°¢ 1.62¢ 0.00
Ephedrine 0.88+0.03 2.05+0.04 7.68+0.21 0.994 0.05 268 9.71° 0.93 0.21
Fentanyl 1.57+0.22 9.95+0.27 7.40+£0.13 0.995 0.36 312 8.43° 3.89 0.00
Lidocaine 1.04+0.07 4.53+0.08 7.15+0.07 0.998 0.11 616 7.96f 2.21 0.12
N,N-dimethylaniline 0.81+0.04 4.04+0.02 4.04+0.04 0.999 0.04 3895 5.07° 2.31 0.00
o-Phenylenediamine 0.7940.01 1.03+0.003 3.59+0.06 0.997 0.01 589 4.80° 0.15 0.24
Oxycodone 0.91+0.05 2.51+0.07 7.56+0.20 0.992 0.09 198 7.60° 1.01 0.23°
Propanolol 1.27+0.13 5.55+0.17 7.58+0.19 0.994 0.22 230 9.57f 2.98 0.17
Scopolamine 0.91+0.05 1.29+0.05 6.92+0.40 0.904 0.08 14 7.55P 0.55 0.30
Sufentanyl 2.15+0.41 16.52+0.48 7.19+0.11 0.995 0.66 273 8.012 3.95 0.00
Tramadol 1.15+0.10 4.87+0.20 8.48+0.15 0.991 0.2 173 9.37° 2.63 0.31°

aFrom reference [42]; ® From reference [43]; ¢ Estimated values from reference [43]; ¢ From reference [47]; ¢ Estimated values from reference

[42]; T From reference [44]
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Table 4. Parameters (+sd) and statistics obtained in the fits of the retention time of diprotic compounds to mobile phase pH. z is the charge of the

most dissociated form of the acid-base drug.

Fitting parameters Statistics Physico-chemical parameters
DIPROTIC SOLUTES tRH2A2+2 R o R, ;pKa1 ;pKa2 RZ SD F pra1 praz log Pow?® AP
;"C%ydroxyphe”y'ace“c 2 1.01#0.01 0.77:0.01 0.63+0.01 4.91+0.21 8.99+0.12 0.999 001 540 450° 10.19° 075 0.97
2-Amino-4-nitrophenol -1 1.1020.10 1.32+0.05 0.64+0.07 3.07+0.99 8.44+0.30 0.989 0.07 22  2.62° 6.82° 153 101
4-Amino-2-nitrophenol -1 0.83+0.05 1.39:+0.02 0.63+0.02 2.82+0.20 9.29+0.07 0.999 0.02 223 3.60° 7.59®  0.96  0.30
Morphine 1 0.86+0.04 126+0.08 0.65  7.53:+0.61 10.30+0.30 00933 006 9 818 9.26° 0.89 0.50
Piroxicam 1 0.83  2.14+0.15 0.76:0.08 1.57+0.37 5.40+0.26 0981 013 34 233 507° 178 055
Chloropheniramine 0 0.83  150+0.31 7.60+0.31 2.61+1.25 7.79+0.33 0994 037 114 3.64¢ 927¢ 317 0.0
Nicotine 0 0.83  0.97+0.12 1.45:0.08 2.87+2.15 7.58+1.05 0938 011 10 3.13° 824° 117 0.0
p-Phenylenediamine 0 0.83  0.90+0.08 0.93+0.04 3.69+1.60 6.91+466 0731 006 2  2.8%° 6.16° -0.30 0.31
Ranitidine 0 0.83  0.91+0.09 1.17+0.07 2.90+2.98 7.52+1.43 0879 009 5 218 838  1.03 0.25

aFrom reference [42]; ® From reference [43]; ¢ Estimated values from reference [43]; ¢ From reference [48]; © From reference [44]; From

reference [46]

The retention time of the neutral form is highlighted in bold
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719  Table 5. Parameters (xsd) and statistics obtained in the fits of the retention time to mobile phase pH of acids and bases with pKa values too low

720  ortoo high to estimate the retention of the ion from the fitting. Retention of the ion was estimated from correlation (11) or (12).

L Fitting parameters Statistics
i tRH2A2+2 tRHAz+1 tRAz ;pKa1 V\SlpKaz R? SD F

Morphine -1 0.86+0.04 1.26+0.08 0.66 7.53£0.61 10.29+0.30 0.933 0.06 9

Piroxicam -1 0.92 2.14+0.15 0.76+0.08 1.61+0.38 5.40+0.26 0.981 0.13 34
2-1sopropyl-5-Methylphenol (Thymol) -1 - 5.41+0.02 0.84 11.71+0.05 - 0.952 0.06 80
2-Naphtol -1 - 2.49+0.01 0.71 10.70+0.03 - 0.996 0.03 1016
3-Methylphenol (m-Cresol) -1 - 1.74+0.01 0.68 11.23+0.03 - 0.992 0.01 478
4-Bromophenol -1 - 2.29+0.01 0.71 10.27+£0.05 - 0.997 0.03 1357
4-Chloro-3-methylphenol -1 - 2.7340.01 0.72 10.52+0.03 - 0.997 0.03 1413
4-Chlorophenol -1 - 2.084+0.01 0.70 10.34+0.05 - 0.996 0.03 995
4-Ethylphenol -1 - 2.34+0.01 0.71 11.25+0.04 - 0.979 0.03 184
4-Hydroxybenzyl alcohol -1 - 0.95+0.01 0.65 10.98+0.11 - 0.916 0.02 43
4-Hydroxyphenylacetamide -1 - 0.94+0.01 0.65 10.77+0.12 - 0.933 0.02 55
4-Methylphenol (p-Cresol) -1 - 1.73+0.01 0.68 11.33+0.03 - 0.989 0.01 357
Capsaicin -1 - 5.61+0.03 0.85 10.90+0.02 - 0.996 0.06 1132
Catechol -1 - 1.11+0.01 0.65 10.52+0.08 - 0.982 0.02 216
Estradiol -1 - 3.02+0.02 0.74 11.35+0.04 - 0.976 0.04 161
Estriol -1 - 1.22+0.01 0.66 11.49+0.08 - 0.921 0.01 47
Estrone -1 - 4.04+0.02 0.78 11.26+0.04 - 0.983 0.05 228
Phenol -1 - 1.41+0.01 0.67 11.09+0.04 - 0.988 0.01 320
Resorcinol -1 - 1.02+0.01 0.65 10.69+0.05 - 0.990 0.01 413
Benzyl nicotinate 0 - 1.01 3.15+0.02 2.21+0.04 - 0.993 0.04 595
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Figure 3.
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Figure 4.
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