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Abstract

Analysis of B-blockers, basic pharmaceutical compounds witly palues greater than 8.5, in reversed-phase HPLC can
sometimes be challenging in terms of selection of the mobile phase pH, buffer concentration, and acidic modifier. The effect
of the type and concentration of various mobile phase additives on the reversed-phase HPLC retention of these compounds
was studied. HPLC analysis was performed at a mobile phase pH of 3 ensuring the protonatiof-tidbkers. It was
found that at increasing perchlorate anion concentration at a constant mobile phase pH the retention fac@hlockdir
compounds studied increased to varying degrees. The relative increase in the retention was attributed to ion interaction with
the anionic mobile phase additive. Similar trends were observed when other types of inorganic salts such as,NaH PO ,
NaPF, , NaBF, , and CF CO Na were employed. Differences in selectivity dithleckers were obtained at a constant pH
and an equimolar concentration of the different additives throughout the whole concentration range stiud2@D2
Published by Elsevier Science BV.
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1. Introduction methods have been developed for analysispef
blockers due to the great interest in the pharma-
B-Adrenoceptor blocking drugs are important sub- ceutical industry [3—6].
stances of therapeutic value in the treatment of Rapado-Martinez et al. used a micellar mobile
cardiovascular disorderg-Blockers can be used in phase for the chromatographic analygiblafckers
the treatment of hypertension, angina pectoris, ar- [7,8]. A OM5sodium dodecyl sulfate (SDS)
rhythmia and congestive heart failure [1,2]. Several mobile phase containing propanol andMO0.01

high-performance liquid chromatography (HPLC) NaH PO at pH 3 was used onga C column.
Secondary equilibria related to the analyte inclusion
in the micelles shifted the retention @-blockers.
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761-9772. concentrations of SDS and higher concentrations of
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B-blockers [9]. The retention factors ¢#-blockers
with a phosphate buffer—acetonitrile mobile phase at
pH 3.0 were studied on a,¢& column in the presence
of different organic amines (diethylamine, tetra-
ethylammonium,N,N-dimethyloctylamine, etc.) and
in the presence of alkyl-sulfonates (pentanesulfonate,

hexanesulfonate, heptanesulfonate, etc.) as well as

without these mobile phase additives. Alkyl-sulfon-
ates were used as ion-pairing reagents while the
organic amines were used as a masking agent for
residual silanols. Mobile phases containing only
buffer and organic solvent gave similar or better
separation than most of the mobile phase additives
studied.

Shen et al. developed a reversed-phase HPLC
method employing ion-pairing for the analysis of
B-blockers in human plasma [10]. Using a Hypersil-
ODS microbore column they found that through the
increased addition of SDS anion at a constant mobile
phase pH of 2, the retention @ftblockers reached a
maximum. Further increase of the SDS anion con-
centration led to a gradual decrease in the retention

factor. The authors suggested that an ion-exchange

desolvation mechanism is responsible for different
retention maxima of the solutes.

Thompson et al. studied the effect of various
polarizable anions on the chiral separation of four
optical isomers of aminoindanol on a Crownpak CR
crown ether column [11]. Significant increases in

[based on cellulose tris(4-methylbenzoate)] column

under reversed-phase conditions [13]. It was found
that the resolution of the propanolol enantiomers

could be enhanced by the addition of perchloric acid
and/or sodium perchlorate. Other types of anions

such as PF, , BF , and GCI CO were selected as
additives to the mobile phase and gave similar or

greater resolution of the enantiomers.

In a previous paper we described the retention

behavior of several basic compounds as a function of
the concentration of chaotropic mobile phase addi-
tives in the mobile phase at low pH [14]. The

increasing order of retention was shown to agree

with the theory of chaotropicity [15].

It was shown that the retention factor increased for

protonated basic compounds due to their electrostatic
interaction with the perchlorate and trifluoroacetate

anions. This in turn led to increased hydrophobicity
of the ion-associated complex. Solvation shell of the

basic analyte is disrupted due to formation of the

ionic complex therefore causing an increase of
apparent analyte hydrophobicity. A desolvation pa-
rameter was derived through mathematical modeling
and correlated to the experimental data [16].

Our study focuses on the retention behavior of
basic pharmaceutical compopiiddsckers, as a
function of type and concentration of mobile phase
additive. The effect of chaotropic mobile phase
additives, such as NaClO ,, NgH PO , ,NaBF ,

retention factor were obtained with mobile phases
containing nitric acid, trifluoroacetic acid and per-
chloric acid. However the separation factors for both
pairs of enantiomers were the same regardless of the
type of anion employed.

Machida et al. found that changes in retention for 2. Experimental

2 CF,CO Na, and NaPF on the retention factor were
studied and the desolvation parameters were de-
termined.

hydrophobic amino compounds could be obtained by
the addition of highly polarizable counter-anions:
H,PO, CI', Br , NG, , I [12]. Using a crown
ether silica based column, they had shown that
increased selectivity and retention of alanpweaph-
thylamide and 1-(1-naphthyl)ethylamine enantiomers
could be achieved at a constant mobile phase pH of
2.0, 15% methanol and a fixed concentration (500
mM) of the potassium salts. The capacity factors
were the greatest with iodine and the least with
dihydrogenphosphate.

Ishikawa and Shibata successfully performed a
chiral separation of propanolol on a Chiralcel OD-R

2.1. Apparatus

A Hewlett-Packard (HP) 1100 HPLC system

(Hewlett-Packard, Wilmington, DE, USA) was used

for the chromatographic analysis. Chromatograms
were processed using HP ChemStation software. The
column used was a Zorbax Eclipse §DB-C< , 150
4.6 mm 1.D., particle diamejen §Hewlett-Pac-

kard). Mobile phase pH was measured with a Fisher

Scientific Accumet pH meter 15 (Denver Instrument,

USA). The pH meter was calibrated with buffer
solutions of 1.00, 2.00, 4.00, and 7.00.
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2.2. Chemicals

Perchloric acid (redistilled), trifluoroacetic acid
(spectrophotometric gradep-phosphoric acid (ana-
lytical grade) and acetonitrile (HPLC grade) were
obtained from Aldrich (Milwaukee, WI, USA). Inor-
ganic salts sodium perchlorate, sodium hexafluoro-
phosphate, sodium tetrafluoroborate, sodium tri-
fluoroacetate, and sodium dihydrogenphosphate were
also obtained from Aldrich. Th@-blockers nadolol,
acebutolol, atenolol, labetalol, metoprolol, pindolol,
alprenolol, and propanolol were purchased from
Sigma (St. Louis, MO, USA).

2.3. Chromatographic conditions

Chromatographic analysis was performed under
isocratic conditions at a flow-rate of 1.0 ml/min. UV
detection of the3-blockers was done at 225 nm. The
eluent composition was aqueous—organic (70:30).
The pH of the aqueous phase was held constant at
3.0 by adjustment with phosphoric acid for the
experiments utilizing the following inorganic salt
additives: sodium hexafluorophosphate and sodium
tetrafluoroborate. The pH of the aqueous phase was
held constant at pH 3.0 by adjustment with phos-
phoric acid, trifluoroacetic acid and perchloric acid
for experiments utilizing sodium dihydrogenphos-
phate, sodium trifluoroacetate and sodium perchlor-
ate, respectively. Counter-anion concentrations were
increased by addition of the salt of the respective
anion. 3-Blocker solutions were prepared at 0.1 mg/
ml concentrations.

Column void volume was determined to be 1.38
by the injection of deuterated acetonitrile in a neat
acetonitrile eluent [17].
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compounds. The analytes chosen were atenolol,
nadolol, acebutolol, metoprolol, labetalol, and pro-

panolol. The concentration of perchlorate anion in

the aqueous portion of the mobile phase was in-

creased by the addition of sodium perchlorate. The

pH of the aqueous portion was held constant at 3.0.

For all of the compounds studied a characteristic
sharp increase in retention factor is seen at the low
concentration region. The retention factor plateaus as

the concentration of perchlorate is increased above

10/m
The retention factor increas@-#&mrenergic

compounds is in agreement with the theory of
chaotropicity [15]. Acidic counter-anions in the

mobile phase may cause the disruption of the
primary and secondary solvation shell [19] of proton-

ated species in solution. The perchlorate anion has a
negative charge dispersed about the entire ion.
Through electrostatic interaction the perchlorate

anion is attracted to the positively ghdnigekler.

lon interaction occurs between the two oppositely
charged molecules, which displaces the surrounding
water molecules as the two ions approach each other.

As a result of this desolvation the apparent hydro-

phobicity increases therefore increasing the analyte

affinity for the stationary phase.
In a previous paper [16] mathematical description
of the effect of this solvation—desolvation equilibria
on the HPLC retention factor was given. The re-
sulting Eq. (1) relates the HPLC retention factor with
the counter-anion concentration in the mobile phase:

ks —k

1T Kus 1)

S

KA1

where [A ] is the concentration of chaotropic anion,

k is the analyte retention factoK analyte desolva-
tion parameterk, and k . are the analyte limiting
retention factors for completely solvated and com-
pletely unsolvated forms, respectively.

3. Results and discussion

B-Blockers are typically secondary amines. The
B-blocker structures and theirKg values [18] are
shown in Fig. 1. The analytes were studied at a
mobile phase pH of 3.0 to ensure complete protona-
tion of all analytes. Protonation occurs on the
secondary nitrogen group of these compounds.

Figs. 2 and 3 show the influence of perchlorate
anion concentration on retention of sevegablocker

Assuming the absence of analyte—analyte interac-

tions and thermodynamic equilibrium of the chro-

matographic system, desolvation patanimder

cates the slope of the retention dependence in the
low counter-anion concentration region. The upper
dashed line in Fig. 4 illustrates the limit of the
desolvated retention factor when the analyte is

completely desolvated. A larger value for the con-
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stantK indicates the analyte nears complete desolva-
tion at a low concentration of chaotropic counter-

anion resulting in a sharper knee in the curve.

3.1. Effect of different mobile phase additives

There are several mobile phase additives that can
affect retention behavior of amines. Guo et al. had
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K, of B-blockers obtained from Ref. [18].

shown the influence of phosphoric, trifluoroacetic
and heptafluorobutyric (HFBA) acids on the reten-
tion and resolution for a mixture of basic peptides of
similar size but containing varying number of posi-
tively charged groups [20]. It was found that the
hydrophobic mobile phase additive HFBA induced
the greatest change in the retention time of the
peptides and the magnitude of the retention increase
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no retention without the mobile phase additive.

The effect of hexafluorophosphate, tetrafluorobo-
rate, trifluoroacetate, dihydrogenphosphate and per-
chlorate anion species on tReblocker retention was
Fig. 2. Dependence of the retention factors for labetolol, investigated. Retention increases were observed for
acebutolol,_ anq nadolol versus the concentration qf perch_lgrate the B-blocker compounds using a Zorbax Eclipse
counter-anion in thg mobile phase. Chromatographl_c conditions: XDB-ClS column with an aqueous—acetonitrile
column: Zorbax Eclipse XDB-G; (1504.6 mm), mobile phase: . L. . .
aqueous adjusted with perchloric acid and/or sodium perchlorate (70:30) mobile phase composition at increasing
(pH 3.0)—acetonitrile (70:30), flow-rate: 1 ml/min, detection: UV~ concentration of each of the respective anions at a
at 225 nm. constant pH of 3.0.

A comparison of the acebutolol retention depen-
dencies on counter-anion concentration for different

91 depended on the number of positively charged
3: residues in the peptide. Iskandarani et al. tried
P several tetraalkylammonium and alkylsulfonate salts
PR as mobile phase additives in separating amino acids
;‘: Ilﬂbﬂﬂlvl and peptides [21]. The alkylsulfonate anions success-
5 . . a . a e fully separated peptides that would otherwise show
1
0

T T T d
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ClO; [mM]

451 counter-anions is shown in Fig. 5. Regardless of the
41 counter-anion employed in the mobile phase at
32: increasing counter-anion concentration, a consequent

25 :“Tc‘d‘“’l“:"" increase in the retention for alB-blockers was
“ e observed. At each concentration studied the greatest
L5 retention increase was obtained when hexafluoro-
L
0.5 1
0 T r T T V
0.0 15.0 30.0 45.0 60.0 75.0
ClOs [mM]

Fig. 3. Dependence of the retention factors for metoprolol,

pindolol, and nadolol versus the concentration of perchlorate
counter-anion in the mobile phase. Chromatographic conditions as
in Fig. 2.

3
25
=< 2
8 —o— tetrafluoroborate
6 **_,/4(——‘—’* ~#- dihydrogen phosphate
rf’j—«- et _a_rifluoroacetate
4 s -> hexafluorophosphate
24 8 —%- perchlorate
30 45 60 75 90
0.0 150 300 450 60.0 75.0 Conc. A” [mM]
ao; . .
vl Fig. 5. Plot of the acebutolol retention factors versus counter-
Fig. 4. Dependence of the retention factors for propanolol versus anion concentration in the mobile phase for different counter-
the concentration of perchlorate counter-anion in the mobile anions used. Chromatographic conditions: column: Zorbax Eclipse
phase .k, and k. are the limiting retention factors for solvated XDB;C (258.6 mm), mobile phase: aqueous (pH 3.0)-
analyte in the absence of counter-anion and for completely acetonitrile (70:30), flow-rate: 1 ml/min, detection: UV at 225

desolvated analyte, respectively. nm.
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phosphate was employed and the lowest when
dihydrogenphosphate was employed. The differences
observed in the analyte retention maybe attributed to
the extent of anion solvation. The hydration of ions
differs from ion to ion. The anion that was least
capable of being solvated and had a greater propen-
sity for ion interaction led to greatest disruption of
the analyte solvation and consequently the increase
of the analyte hydrophobicity.

Dihydrogenphosphate anion in an aqueous en-
vironment is highly solvated due to its hydrogen
bonding capabilities. Trifluoroacetate anion is ca-
pable of acting as a hydrogen bond donor and
acceptor however is not as polar as dihyhydrogen-
phosphate since its negative charge is more delocal-
ized as a result of the electron withdrawing fluorine
atoms. Tetrafluoroborate has four electron withdraw-
ing groups further delocalizing the negative charge
and may act only as a very weak hydrogen bond

A. Jones et al. / J. Chromatogr. A 964 (2002) 179-187

acceptor. Perchlorate has four electron withdrawing
oxygen atoms. However greater changes in retention
were observed with perchlorate as opposgd to BF .
This maybe attributed to the charge density in which
the charge is more delocalized in perchlorate than
tetrafluoroborate since the central atom, Cl, has a
greater atomic radius than B. PF had shown the
greatest effect on the desolvation of the protonated

B-blockers. This anion has six strong electron with-

drawing groups further delocalizing the charge and
hence being the least solvated anion of the series
studied. An interesting solubility relationship occurs
between hexafluorophosphate and perchlorate such
that low solubility of hexafluorophosphate salts

correspond to low solubility of perchlorate salts [22]
hence indicating similar properties in their solvation.

Fig. 6 represents an overlay of the chromatograms

for Biblockers analyzed at an equimolar con-
centration of the different inorganic additives. It is

AU
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ii.__,[L 5 } "w__“;’i p AN A,
P14
c
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7 vl 30 mM BF;
J o
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: C - Acebutolol
= o D ¥ D - Metoprolol
E E - Labetalol
F N A r\ 30 mM ClOy F - Propanolol
c F
R et
i 5 ;
E
ﬂ 0\ 30 mM H,PO,
o LN L | N
] 5 10 T 15 E) 25 20 it

Fig. 6. Chromatograms of a mixture @fblockers with different inorganic anions in the mobile phase. Chromatographic conditions as in

Fig. 5.
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shown that an increase in selectivity can be obtained
solely by changing the type of inorganic additive
employed.

In the derivation of the Eq. (1) we assumed an
existence of the following equilibrium:

185

level. The dihydrogenphosphate counter-anion
showed a noticeable difference from all other coun-

ter-anions employed. This suggests that the stability

of ion-associated complexes of dihydrogenphosphate

with studied analytes is three to five times more

stable than for other counter-anions.

[Analytesolvated] + [A ;olvatgd@ [Analyte+ v Ai]

In contrast to the stability of ion-associated com-

plexes, the limiting retention factors are significantly

lonic interaction of the protonated basic analyte
with the counter-anion leads to their mutual desolva-
tion and formation of an ion-associated complex.
The reversed-phase HPLC retention of that complex
is dependent not only on the degree of analyte
hydrophobicity but also on the strength of the ionic
interactions and the properties of particular counter-
anion used. Figs. 5 and 6 reveal the significant effect
of the type and amount of counter-anion on the
retention of the same analyte.

Desolvation parametdf in Eq. (1) is essentially
the equilibrium constant of the solvation—desolvation
process. To a certain extent this constant represents
the stability of the ion-associated complex. In Table
1 the values are given for the desolvation parameters
and limiting retention factors that were calculated
from the experimental dependencies shown in Fig. 5.

The desolvation parameters of egtblocker with
the different inorganic counter-anions except for
dihydrogenphosphate were essentially on the same

higher for hexafluorophosphate, perchlorate and
tetrafluoroborate than for trifluoroacetate and espe-
cially for dihydrogenphosphate. There is a greater
than 10-fold increase in the analyte retention for all
analytes when hexafluorophosphate is employed
instead of dihydrogenphosphate.

While the general effect of the counter-anion
concentration is similar for all mobile phase modi-
fiers (Langmuir-type isotherm) the most significant

retention change occurs in a region between 0 and 10

M. At higher concentrations of counter-anions their

apparent hydrophobicity and charge delocalization
are probably the most important factors affecting
analyte retention.
The effect of these counter-anions on the retention
of protonated basic compounds is of practical impor-
tance because of their potential for improvement

towards HPLC method development. The retention

increase caused by the chaotropic counter-anion can
induce significant changes in selectivity.

Table 1
Desolvation parameter @§-blockers with different inorganic anions
Atenolol Nadolol Acebutolol Metoprolol Labetalol Propanolol
kUS
PR, 0.722 1.495 4.410 6.514 14.096 24.762
Clo, 0.248 0.531 1.600 2.293 5.039 8.748
BF, 0.168 0.418 1.305 1.843 4.170 6.714
CF,COO 0.162 0.399 1.290 2.378 3.292 4.057
H,PO, 0.000 0.083 0.380 0.529 1.283 2.047
K
PR, 0.283 0.138 0.095 0.072 0.059 0.050
Clo, 0.203 0.166 0.095 0.078 0.070 0.049
BF, 0.211 0.139 0.108 0.094 0.075 0.077
CF,COO 0.272 0.124 0.062 0.028 0.152 0.012
H,PO, 0.430 0.526 0.465 0.459 0.498 0.534
-k
Calculations were performed using MathCad optimization of Eq. kKB:————— + k

KIA] +1° v
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pH 3.02 A: nadolol
0.59 mM CIO, B: propanolol
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i D: pindolol
c G E: metoprolol
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Fig. 7. Chromatograms of a mixture @fblockers ando-chloroaniline analyzed at constant pH and increasing perchlorate concentration.

Chromatographic conditions as in Fig. 2.

Fig. 7 illustrates the influence of the chaotropic
counter-anion concentration on the selectivity. At
0.59 nM concentration of perchlorate anion, all of
the compounds are resolved. Atenolol, nadolol,
pindolol, and metoprolol elute fairly close to one
another and also close to the void volume. The

concentration. The increase of the salt concentration
in the mobile phase, thus, led to significant changes
in the selectivity and elution order of the studied
analytes.

increase of the retention for all compounds except 4. Conclusions

for o-chloroaniline is observed upon the addition of
5.6 mM CIO, to the mobile phase. TheKp of
o-chloroaniline is 2.64 indicating that at the mobile
phase pH studied the compound was not completely
in the ionized form. lon association between
chloroaniline and perchlorate therefore does not
occur considerably and no consistent retention in-
crease is observed. Further increase of the perchlor-
ate concentration in the mobile phase led to the
corresponding increase of the retention of AH
blockers, while the retention of-chloroaniline re-
mained essentially unchanged. This is in accordance
with the chaotropic effect [16], which is applicable
for fully protonated analytes, while partially proton-
ated species are not affected by the counter-anion

The effect of the type and concentration of
different inorganic mobile phase additives on the
reversed-phase HPLC retenfieblookers was

studied. These analytes are fully protonated at low

pH and chaotropic counter-anions in the mobile
phase disrupt the surrounding water molecules and
increase the relative analyte hydrophobicity.

Effect of the counter-anion concentration in the

mobile phase for all studied analytes was found to be
well described by the general equation derived

previously [16]. Analysis of the equation parameters
calculated from experimental retention data show
similar effect of all types of counter-anions studied
on the analyte solvation—desolvation equilibria.
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