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Abstract

Due to their beneficial effect on selectivity, peak shape, and sample loading, the use of mobile phase anionic additives, such as for-
mate (HCOO−), chloride (Cl−), and trifluoroacetate (CF3COO−), is increasing in both reversed-phase chromatography (RPLC) and liquid
chromatography-mass spectrometry (LC/MS). Similarly, perchlorate is a common “ion pair” agent in reversed-phase separation of peptides.
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lthough many studies have suggested that anions effect in chromatography is due to the formation of ion pairs in the mobile pha
he anions and cationic analytes, there has been no independent verification that ion pairs are, in fact, responsible for these obs
rder to understand the mechanisms by which anionic additives influence retention in chromatography and ionization efficiency in e
ass spectrometry, we studied the formation of ion pairs between a number of prototypical basic drugs and various additives by

he effect of anionic additives on the electrophoretic mobility of the probe drugs under solvent conditions commonly used in chroma
or the first time, ion pair formation between basic drugs and anionic additives under conditions commonly used in reversed-p
hromatography has been confirmed independently with all anions (i.e. hexafluorophosphate, perchlorate, trifluoroacetate, an
sed in this study. We measured ion pair formation constants (Kip) for different anionic additives using capillary electrophoresis (CE)
btained quantitative estimates for the extent of ion pairing in buffered acetonitrile–water. The data clearly indicate that differe
dditives ion pair with cationic drugs to quite different extents. The ion pair formation constants show a clear trend with the ord
F6

− > ClO4
− > CF3COO− > Cl−. However, the extent of ion pairing is not large. At a typical RPLC mobile phase additive concentra

0 mM, the percentages of the analytes that are present as ion pairs are about 15%, 6%, and 3% for hexafluorophosphate, per
rifluoroacetate, respectively. The fraction of the analytes present as a chloride pair is even smaller.

2005 Elsevier B.V. All rights reserved.
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. Introduction

.1. Effect of anionic additive on separation of basic
ompounds in RPLC and LC/MS

Due to the presence of ionizable silanol groups on sil-
ca based stationary phases, mobile phase additives are often
sed to reduce peak tailing and achieve better resolution in

∗ Corresponding author.
E-mail address:carr@chem.umn.edu (P.W. Carr).

the separation of basic compounds[1,2]. The use of anioni
additives, such as formate, chloride, trifluoroacetate, and
chlorate are well known for improving the separation of b
drugs, peptides, and proteins[3–12].

Roberts et al.[10] have demonstrated that anionic
ditives can significantly affect the retention of basic dr
in RPLC. The retention of bases in the presence of an
follows the order: H2PO4

− < HCOO− < CH3SO3
− < Cl− <

NO3
− < CF3COO− < BF4

− < ClO4
− < PF6

− and is consis
tent with the “Hofmeister Effect” (i.e. the anion’s ability
cause “salting-in” and “salting-out”)[13,14].

021-9673/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
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LoBrutto and coworkers[7–9] studied the effect of both
pH and the concentration of different anionic additives on the
retention of small basic drugs. The effects of “chaotropic”
anionic additives, such as perchlorate and trifluoroacetate,
were attributed to the desolvation of the cationic analytes with
water and a consequent enhancement in their hydrophobicity
[8]. A somewhat vaguely defined “ion association” model
was proposed to rationalize their experimental data[7,9].

In addition to their effect on retention and selectivity, other
anionic additive effects in RPLC have been reported. McCal-
ley [15] has shown that the nature of the buffer can affect both
the peak shape and plate count. Gritti and Guiochon[16–20]
recently demonstrated effects of concentration and type of
buffer on the adsorption isotherms and overload band pro-
files of cationic analytes. Ion pair formation or ion-associated
complexation between the cationic analytes and the anionic
additives in the mobile phase was invoked to explain the ex-
perimental observations.

The effect of anionic additives on electrospray ioniza-
tion efficiency in mass spectrometry is well known[21].
Mirza and Chalt[22] studied the anion effect on electro-
spray ionization of peptides and proteins. The decrease in the
net average charge of peptide and protein ions in the pres-
ence of the various anions was shown to follow the order
CCl3COO− > CF3COO− > CH3COO− ≈ Cl−. Ion pair for-
m were
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to confirm our understanding of the mechanism by which
anionic additives act to alter the retention of bases in RPLC.

1.2. Measurement of ion pair formation constants by CE

In CE, the electrophoretic mobility (µ) of a charged
species can be monitored by means of the following equa-
tion:

µ = LdLt

V

(
1

tm
− 1

teof

)
(1)

wheretm andteof are the migration times of the analyte and
the electroosmotic flow (EOF) marker,Lt the total length of
the capillary,Ld the detection length, andV the total voltage
applied across the capillary.

When a univalent anion present in the running buffer forms
a complex with a univalent cation, the mobility of the cation
decreases upon increasing the anion concentration. The type
of additive and its concentration on mobility has been dis-
cussed and applied to the measurement of formation con-
stants[26–30].

In the case of the formation of a neutral ion pair with 1:1
stoichiometry between the analyte and the additive, the ion
pair formed between the analyte and the ion pairing agent has
no charge
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ation in solution and ion suppression in the gas phase
roposed as the mechanisms behind the observations
esults conclusively demonstrated that the appropriate s
ion of eluent anion is very important for the optimization
lectrospray mass spectrometry.

Similar studies were performed by Huber and Premst
23] on the effect of different anionic additives on prot
nalysis by LC/MS. They showed that formic acid gives

er signal detectability than trifluoroacetate due to the
ression of gas phase ion formation by trifluoroacetate.

As discussed above, the much postulated “ion pair
ffects are very important and have attracted conside
ttention in the separation of both pharmaceutically
iologically interesting analytes. Even though it is w
ecognized that the anionic additives have a signifi
ffect on the retention and peak shape of analytes, espe
ationic analytes, the retention mechanism of analytes i
resence of mobile phase additives, such as those men
bove is not at all clear. Several mechanisms, including

on pair formation in the mobile phase and dynamic
xchange in the stationary phase, have been propos
xplain anion effects on retention[3,5,6,24,25]. Although
ertain types of interactions between the analytes
nionic additives (e.g. ion pair formation, “ion associatio
r solvent desolvation caused by anionic additives)
een suggested as possible mechanisms for the effe
mall, relatively hydrophilic additives on the separa
f basic drugs, to our knowledge there has been no d
onfirmation of ion pair formation. No independent exp
ments have been done to interpret the chromatogra
ata. There is a great need for independent experimen
+ + X− Kip
� (A+: X−) (2)

free = [A+]

[A+] + [A+ : X−]
= 1

1 + Kip[X−]
(3)

ion pair = 1 − αfree = Kip[X−]

1 + Kip[X−]
(4)

hereKip is the ion pair formation constant between the
lyte A+ and anionic additive X− in the running buffer,αfree

he fraction of free base which has not been ion paired
ion pair the fraction of the ion paired base.

Since the ion pairs are neutral, they migrate with the E
he net electrophoretic mobility only comes from the frac
f the base that has not formed ion pairs.

= µ0αfree = µ0 1

1 + Kip[X−]
(5)

µ0

µ
= 1 + Kip[X−] (6)

here the superscript 0 refers to the mobility in the abs
f the ion pairing additive, andµ the electrophoretic mobilit

n the presence of additive at a concentration of [X−].
A plot of the relative mobility (µ0/µ) as a function of con

entration of additive [X−] based on Eq.(6) is linear, and
hus, we are able to obtain the ion pair formation cons
rom the slope. Obviously, mobility decreases as the con
ration of the ion pair agent is increased. Unfortunately,
nalysis is greatly complicated by the fact that even in th
ence of any direct chemical effect (i.e. ion pair formati
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the mobility of an ion is perturbed by a general non-chemical
electrostatic interaction.

According to Onsager’s treatment, which is related to the
Debye–Ḧuckel model of ionic interaction, the mobility of a
charged species should decrease linearly as a function of the
square root of the ionic strength[31,32]:

µ ≈ µ0 −
[

1.4 × 106 |z+z−|
(εT )3/2

2g

1 + √
g
µ0

+ 41.25

η(εT )1/2F

] √
I (7)

where the subscript 0 denotes the analyte’s mobility at in-
finite dilution, ε medium’s dielectric constant,T the system
temperature,z+ the magnitude of the charge on the cation,z−
the charge of the anion,η the running buffer’s viscosity,g an
electrolyte parameter,F Faraday’s constant, andI the ionic
strength.

For uni-univalent electrolytes,g in Eq. (7) is equal
to 0.5. The slope of mobility versus the square root of
ionic strength is called the Onsager limiting slope. In the
Debye–Ḧuckel–Onsager model, i.e. Eq.(7), the ion is consid-
ered to be a point charge of zero-size. However, studies have
shown that this simplification is in error when ionic strengths
exceed a few millimolar[31,33]. Nonlinearities were ob-
s ths.
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Kip = K0
ip

γA+γX−

γAX

(10)

whereK0
ip is the ion pair formation constant at zero ionic

strength, andγAX , γA+ , γX− the activity coefficients of the ion
pair, analyte, and additive, respectively.

According to the Debye–Ḧuckel equation, the activity co-
efficient in reasonably dilute solutions can be written as[33]:

− logγi = Az2
i

√
I

1 + Ba
√

I
(11)

A =
{

2πNA

1000(εkBT )3

}1/2 (
e3

2.303

)
(12)

whereB is defined by Eq.(9), a as in Eq.(8), andzi the
magnitude of charge on the ion of interest.

For 1:1 stoichiometric ion pair formation with a uni-
univalent analyte and additive,zAX equals zero andz2

A+ (z2
X− )

equals 1. If we assume the same ion size parameter for all ions
(i.e.a in Eq.(11) is the same for all species), Eq.(10)can be
rewritten as:

logKip = logK0
ip − 2A

√
I

1 + Ba
√

I
(13)
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It has been demonstrated that the mobility as a func
f the ionic strength can be estimated from Pitts’ equa
hich accounts for the finite size of the ion[31,33,34]. For
ni-univalent electrolytes, Pitts’ equation can be written

≈ µ0 −
[

1.4 × 106

(εT )3/2

2g

1 + √
g
µ0 + 41.25

η(εT )1/2F

]

×
√

I

1 + Ba
√

I
(8)

=
(

8πNAe2

1000εkBT

)1/2

(9)

herea is the ion size parameter,NA the Avogadro’s numbe
B the Boltzmann constant, and e the electron charge.

Roy and Lucy[35,36]studied the effect of ionic streng
n ionic mobility at different percentages of organic mo
er in both acetonitrile–water and methanol–water syst
ccording to their studies, the effect of ionic strength on
ility increases as the amount of organic modifier in the bu

s increased. The effect is also solute dependent.
In addition to its direct effect on mobility, ionic streng

lso influences the ion pair formation constant. The ion
ormation constant at a given ionic strength can be expre
According to the above discussion, it is clear that m
aining a constant ionic strength during any study of the e
f ion pairing on mobility is essential.

. Experimental

.1. Capillary electrophoresis

All CE experiments were performed with a P/ACE MD
apillary electrophoresis system (Beckman Coulter
ullerton, CA) equipped with a UV-absorbance detector.
ata acquisition and processing were controlled by 32 K
oftware from Beckman. Fused-silica capillaries with an
ide diameter of 363�m and an internal diameter of 52�m
ere obtained from Polymicro Technologies (Phoenix, A
V-absorbance detection was set at 254 nm. The cap
as thermostated to 25◦C, and the absence of significa
oule heating was confirmed experimentally.

.2. Reagents

All chemicals were reagent grade or better. Cati
rugs were purchased from Sigma (Sigma Corp., St. L
O). HPLC grade acetonitrile was from Burdick & Jacks

Muskegon, MI). HPLC water was obtained from a Barns
anopure deionizing system (Dubuque, IA) and run thro
n “organic-free” cartridge followed by a 0.2�m particle
lter. The solution was then degassed under helium
olvents were filtered through a 0.2�m filter (Lida Manu-
acturing Corp., Kenosha, WI) before use. Other chem
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used in this study were purchased from Aldrich (Aldrich
Chemical Co., Milwaukee, WI).

2.3. Procedure

The buffers at pH 4.8 were prepared from acetic acid and
sodium acetate. The buffers at pH 2.3 were prepared from
5 mM hydrochloric acid. Running buffers with different an-
ionic additives were prepared by adding the sodium salts of
each anion to the buffer. Sodium chloride was used to adjust
the ionic strength for some of the experiments. The concen-
trations of buffers and sodium salts were reported with respect
to the volume of the aqueous-organic mixture. The samples
were prepared at about 0.05 M in 35/65 acetonitrile–water
and then diluted to about 10−4 M with the corresponding run-
ning buffers. Acetophenone was used as the neutral marker.

The total length of the capillary for experiments at pH
4.8 is 32 cm, with a length to the detector of 10 cm. The
capillary for experiments at pH 2.3 had a total length of
60 cm and a length to detector of 50 cm. Each end of the
capillary was burned approximately 0.5 cm to remove the
polyimide coating to avoid detachment of the polymer
which happens upon exposure to buffers containing organics
[36,38]. Freshly made capillaries were conditioned using
the following rinses (15 psi): 0.10 M sodium hydroxide
(30 min), followed by water (30 min), and then the running
b ffer
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whereLt and Ld are the total and detection length of the
capillary;V the voltage applied across the capillary during
the voltage separation step;tA, tN1, and tN2 the migration
times of the analyte, the first neutral marker, and the second
neutral marker;tmigr the time during whichV is applied;tin
the injection time;td the experimentally determined delay
time (5.3 s);trampup and trampdown(both 0.17 min) the time
required for changing voltage from 0 to V.

3. Results and discussion

3.1. Effect of ionic strength on the mobility of a charged
species

As discussed, increases in ionic strength and ion pair for-
mation strength both lead to a decrease in mobility. The ef-
fects of ionic strength on the mobility of basic analytes (see
Fig. 1 for structures) are shown inFig. 2. A theoretical line
based on Pitts’ equation is also included. The coefficients
and solvent parameters in Eq.(8) used for acetonitrile–water
(35/65, v/v) are[36,41]: viscosity 0.92 centipoises, dielec-
tric constant 63.0,Ba 2.65, andµ0 in theoretical line is
calculated usingµ at 20 mM sodium acetate buffer with-
out any additive. In dilute solutions, to a good approxima-
t ic
s

e
v ous
s
a r
t sed.
W

o-
b er-
a ions
uffer (30 min). The capillary was conditioned in the bu
or 10 min at a voltage of 10 kV before the first run of
ay. Between each run, the following rinses were perfor
20 psi): 0.1 M sodium hydroxide (2 min), followed
ater (2 min), and then by running buffer (2 min).
pen beaker of the same composition as the running b
as put inside the instrument compartment to saturat
tmosphere to suppress evaporation of the running b

36].
Separations at pH 4.8 were performed at a voltag

0 kV with the short end of the capillary (10 cm) as the
ection side. Samples were injected by pressure at 0
or 4 s. During the separation, a pressure of 100 psi wa
lied to both ends of the capillary to avoid bubble forma

39].
Determination of the electrophoretic mobility at pH

as performed according to the method of Williams and V
40] to overcome the slow EOF problem. First, a mixtur
nalytes and acetophenone was injected into the capill
.6 psi for 4 s. Second, the sample band was pushed

he capillary by applying 1.0 psi for 3.5 min. Subsequent
oltage of 10 kV was applied for 2.0 to 4.0 min, depend
n the mobility of the analyte. After the voltage separat
cetophenone was injected again at 0.6 psi for 4 s. Fin

he three sample bands were pushed past the detecto
ressure of 1.0 psi for 9.0 min. The mobility was calcula
sing the following equation:

= (tN1 − tA)LdLt

V (tN2 + 0.5tin − td)(tmigr − 0.5trampup− 0.5trampdown)
(14)
ion, we can assume thatη is constant at different ion
trengths.

Li et al. [31] and Lucy and Roy[36] have optimized th
alue ofBa in Eq. (8) and successfully used 2.4 in aque
olution for both anions and amines. The values of bothBand
are solvent dependent. A value of 2.65 is used here foBa

aking into consideration of the amount of acetonitrile u
e assumed thatawas the same as in Li’s work.
As seen fromFig. 2, the rate of decrease in m

ility as a function of ionic strength differs consid
bly from hexafluorophosphate to chloride. The an

Fig. 1. Structures and pKas of the basic drugs.
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Fig. 2. Effect of ionic strength and type of additive on mobility based on the Pitts’ equation. Conditions: 35/65 acetonitrile/buffer, 20 mM sodium acetate
buffer at pH 4.8, and 0 to 60 mM NaX (X− = PF6

−, ClO4
−, CF3COO−, Cl−). Plot legends: (
) PF6

−; (�) ClO4
−; (©) CF3COO−; (×) Cl−; dotted line,

theoretical prediction (based on Pitts’ equation withη = 0.92 cP,ε = 63.0,Ba= 2.65, and whereµ0 is calculated fromµ at 20 mM sodium acetate buffer without
any additive. We assume that perphenazine is singly charged). (A) nortriptyline; (B) amitriptyline; (C) perphenazine.

tested show a clear trend for their effect on mobility:
PF6

− > ClO4
− > CF3COO− > Cl−. The greater rate of de-

crease in mobility for hexafluorophosphate, perchlorate and
trifluoroacetate cannot be explained by the general depen-
dence of mobility on ionic strength as described in Eq.(8)
since the ionic strength is the same for all four salts. This
indicates that ion pairing must be taking place with some of
the salts.

Previously, Roy and Lucy[34–36]had assumed that the
Pitts’ plots would be nonlinear if ion pairing were present.
However, even in the case of hexafluorophosphate, where ion
pairing is strongest, linear behavior is still observed (Fig. 2).
Thus, linearity alone cannot be used as a criterion for the
absence of ion pairing. Rather, differences in the slope in
Fig. 2 from that predicted by the Pitts’ equation are better
indicators.

However, we do observe that the decrease in mobility
when sodium chloride was used is very small; surprisingly
it is even weaker than that predicted by the Pitts’ equation.
Since we worked at pH 4.8, it is possible that basic drugs

weakly adsorb on the capillary wall[42–44], and thus, as salt
is added the competition between the cation of the salt and
the basic drug decreases the fraction of drug adsorbed at any
instant, thereby, increasing its mobility. It is also possible that
we have underestimated the ion size parameter (a) to be used
for basic drugs. However, only absurdly large values ofa,
about 15Å, make the theoretical slope less than the slope in
chloride media. Our best guess is that a wall effect is the chief
issue. Based onFig. 2, we cannot decide whether there is ion
pairing between the drugs and chloride. Nevertheless,Fig. 2
demonstrates that even if there is ion pairing for chloride ion,
it is very small.

According to our chromatographic studies, chloride does
show a very weak ion pairing ability with the cationic drugs
used in current study[45].

To definitively eliminate the wall effect and help explain
the RPLC results in chloride media[45], we repeated the
chloride ion CE experiment at pH 2.3. At this pH, the wall
effect is minimized. 5 mM hydrochloric acid was used as the
low pH buffer[46].
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Fig. 3. Effect of ionic strength on mobility based on the Pitts’ equation.
Conditions: 35/65 acetonitrile/buffer, 5.0 mM hydrochloric acid at pH 2.3,
and 0 to 55 mM NaCl. Plot legends: (©), nortriptyline; (�) amitriptyline; (
)
perphenazine; dotted lines, theoretical predictions (based on Pitts’ equation
with η = 0.92 cP,ε = 63.0,Ba= 2.65, and whereµ0 is obtained from the
intercept of the experimental lines. We assume that perphenazine is doubly
charged).

Fig. 3 shows the effect of concentration of chloride ion
on the mobility of basic drugs. Theoretical lines based on
Pitts’ equation are included. As seen inFig. 3, the decrease
of mobility as a function of the salt concentration is greater
than the predictions by Pitts’ equation for all three drugs,
confirming the formation of ion pairs between the analytes
and chloride ions.

Table 1compares the mobility of basic drugs at pH 2.3 and
4.8. As the salt concentration increases, the effect of pH on
mobility decreases, which is a result of the blocking of silanol
groups by the higher salt concentration[47]. We want to point
out that perphenazine, a diamine with pKas of 3.7 and 7.8,
has significantly higher mobility at pH 2.3 compared to the
value at pH 4.8. We believe that this is a result of the change
in its charge state from one to two. As can be seen from
Table 1, at an ionic strength of 60 mM, the difference in the

Table 1
Effect of ionic strength and running buffer pH on mobility

Analyte/pH/mobilitya Ionic strength

20 mM 40 mM 60 mM

Nortriptyline
2.3b 2.034 1.858 1.793
4.8c 1.849 1.740 1.734
Ratiod 1.10 1.07 1.03

A
2.3 1.994 1.822 1.737

P

mobility at these two pHs is less than 5%, which indicates the
effectiveness of blocking “wall effect” by addition of salts.

Based on Eq.(10), the ion pair formation constant must
also be affected by the ionic strength. Under our conditions
of 35/65 acetonitrile–water mixture, the change in ion pair
formation constant as the ionic strength is varied from 20 mM
to 80 mM is about 15%. Although this is not a big effect, it
can be important.

To suppress any inadvertent effect of ionic strength on mo-
bility, we used sodium chloride to maintain the ionic strength
constant. As seen inFig. 2, chloride does not have a strong
ion pairing effect. Also, since hydrochloric acid is a strong
acid, chloride does not alter the pH of the solvent. A total ionic
strength of 80 mM was used to limit possible wall adsorption.

3.2. Effect of type of anionic additives on ion pair
formation constants

Since CE only involves interactions in the fluid phase, we
believe that the ion pair formation constant obtained from CE
studies should give accurate estimates of the extent of ion pair
formation in the mobile phase in RPLC and LC/MS.Fig. 4
andTable 2show the curve fitting according to Eq.(6). For
comparison purposes, results with and without ionic strength
adjustment are presented. As seen inTable 2, chloride is a very
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mitriptyline 4.8 1.824 1.722 1.721
Ratio 1.09 1.06 1.01

erphenazine
2.3 2.676 2.362 2.171
4.8 1.403 1.295 1.294
Ratio 1.91 1.82 1.68

a Unit of mobility is cm2/Vs× 104.
b CE running conditions same asFig. 3.
c CE running conditions same as chloride inFig. 2.
d Ratio of mobility at pH 2.3 vs. the value at pH 4.8.
eak ion pair agent. There were only very slight change
he mobility of each analyte as we varied the concentra
f sodium chloride.

In view of how weak ion pairing effects are, mobility me
urements at higher additive concentrations are needed
ain really accurate estimates of ion pair formation const
owever, since our purpose is to study the ion pair effe
PLC, in which a typical mobile phase additive concentra
ould be around 20 mM, we kept the additives’ concen

ion at fairly low levels. The use of a low salt concentra
lso limits Joule heating problems in the CE measurem
hich became evident when we did use higher salt con

rations.
Even though we worked within a relatively small ran

f additive concentrations, it is clear to us that the diffe
nionic additives used here show quite different abilitie

orm ion pairs with these cationic drugs. The trend inKip is
bviously in the order: PF6− > ClO4

− > CF3COO− > Cl−.
The trend inKip is consistent with a number of anion

ated phenomena: the effect of anion type on the retenti
ations in RPLC, the so called “Hofmeister Series” or salt
ut coefficient, the extractability of anions in promoting
air extraction of cationic drugs out of water into nonp
olvents, the order of retention of these anions in anion
hange chromatography, the sequence of anion interfe
ffects in liquid membrane anion selective electrodes,
ost fundamentally the hydration energetics of the anio
As discussed in the introduction and demonstrate

ur recent studies[45], the anions show significantly d
erent effects on retention of basic drugs in RPLC. The
ention of basic drugs in the presence of anionic addi
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Fig. 4. Effect of anionic additives on mobility at a constant ionic strength of 80 mM maintained by sodium chloride (including the ionic strength from acetate
buffer). Conditions: 35/65 acetonitrile/buffer, 20 mM sodium acetate buffer at pH 4.8 and 0 to 60 mM NaX (X = PF6

−, ClO4
−, CF3COO−, Cl−). Plot legends,

same asFig. 2. (A) nortriptyline; (B) amitriptyline; (C) perphenazine.

follows the same order as ion pair formation constant, i.e.
PF6

− > ClO4
− > CF3COO− > Cl− [45].

The type of anion in a salt has a considerable differential
effect on the solubility of proteins and nonelectrolyte in
aqueous solutions; which is often referred as the “Hofmeis-
ter” or “Lyotropic” Series. The series follows the order:
H2PO4

− > SO4
− > CH3COO− > Cl− > Br− > NO3

− > ClO4
−

[13,14,48]. The anions at the beginning of the series cause
the greatest “salting out” effect. That is, they show the
greatest reduction in the solubility of proteins and non-
electrolytes[49]. Such anions are called kosmotropes. On
the other hand, certain anions cause “salting in” that is an
increase in solubility, and are termed chaotropes[50,51].
The salting in/out or chaotropism/kosmotropism phenomena
are associated with the interactions between the anions and
the aqueous media (i.e. structure breaking and structure
making effects). The chaotropic anions tend to break the
“water structure” and make aqueous solvents less “polar”
[51,52].

Anions can affect the extraction of amines from water
to organic solvent by promoting ion pairs with the amines
[48,53–57]. The extraction efficacy follows the sequence:
ClO4

− > Br− > NO3
− > Cl−. Higuchi and coworkers[53,54]

have demonstrated that anions show very different extents of
extraction of basic pharmaceuticals and this is due to differ-
ences in their ion pair extraction equilibrium constants.

Anions have different retentions on anion exchange
materials following a similar sequence: ClO4

− > BF4
− >

CF3COO− > Cl− > H2PO4
− [58].

According to the compilation by Umezawa and Umezawa
[59], the sequence of anionic interference effects in liquid
membrane anion selective electrodes frequently shows the
order: ClO4

− > BF4
− > NO3

− > Cl− > HCOO− > H2PO4
−.

The above anion effect phenomena are both related and
seemingly unrelated. The relative positions of anions in each
sequence are consistent. We point out these parallel trends
because it is all too easy to detect the commonality in the trend
in the effect of anions in liquid chromatography and ion pair
formation and jump to the conclusion that ion pair formation
is responsible for the chromatography when the root is really
a more fundamental property shared by a seemingly unrelated
phenomenon. A more detailed interpretation of anion effects
in chromatography is presented in our recent work[45].

According to the compilation by Marcus[60,61], the trans-
fer free energies of various anions from water to non-aqueous
solvents differ very greatly. Small anions (e.g. Cl−, F−) tend
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Table 2
Effect of type of anionic additives on ion pair formation constantsa

Nortriptyline

1b 2c 1 2 1 2 2

PF6
− PF6

− ClO4
− ClO4

− CF3COO− CF3COO− Cl−

R2d 0.9915 0.9992 0.9220 0.9404 0.9604 0.9779 0.7994
S.D.e 0.022 0.009 0.028 0.038 0.011 0.016 0.021
Interceptf 0.990 1.003 1.016 1.023 1.008 1.011 1.015
S.D.g 0.019 0.008 0.023 0.032 0.009 0.013 0.018
Kip (×M−1)h 7.58 9.98 3.01 4.81 1.76 3.31 1.35
S.D.i 0.50 0.20 0.62 0.86 0.25 0.35 0.48

Amitriptyline

1 2 1 2 1 2 2

PF6
− PF6

− ClO4
− ClO4

− CF3COO− CF3COO− Cl−

R2 0.9924 0.9997 0.9144 0.9368 0.9966 0.9900 0.7747
S.D. 0.029 0.007 0.039 0.045 0.0037 0.011 0.020
Intercept 0.987 0.997 1.004 1.023 0.998 1.002 1.013
S.D. 0.024 0.006 0.032 0.037 0.003 0.009 0.016
Kip (×M−1) 10.46 12.83 4.01 5.46 2.01 3.53 1.14
S.D. 0.65 0.17 0.87 1.00 0.08 0.25 0.44

Perphenazine

1 2 1 2 1 2 2

PF6
− PF6

− ClO4
− ClO4

− CF3COO− CF3COO− Cl−

R2 0.9976 0.9816 0.9995 0.9916 0.9147 0.9661 0.8265
S.D. 0.010 0.039 0.002 0.018 0.015 0.021 0.026
Intercept 0.993 1.025 1.002 1.009 0.997 1.016 1.016
S.D. 0.008 0.033 0.002 0.015 0.013 0.018 0.022
Kip (×M−1) 6.16 9.07 3.57 6.20 1.57 3.54 1.82
S.D. 0.22 0.88 0.06 0.40 0.34 0.47 0.59

a Mobility results fitted according to Eq.(6).
b CE running conditions same asFig. 4.
c CE running conditions same asFig. 2.
d Square of correlation coefficient of the fitting.
e Standard errors of the fitting.
f Intercept of the fitting.
g Standard errors of the intercept.
h Slope (i.e. ion pair formation constant) of the fitting.
i Standard errors of the slope.

to be strongly solvated by protic solvents like water and al-
cohols, while large anions (e.g. ClO4

−, I−) are relatively
weakly solvated. Thus, the energies required to transfer an-
ions from water to non-aqueous solvents are considerably
smaller for anions like perchlorate than those for anions like
chloride. This is consistent with the trend of ion pair forma-
tion constants observed here. We believe that ion pairs with
anions like hexafluorophosphate form more easily because
such anions desolvate more readily than do anions like chlo-
ride, which are so strongly hydrated.

3.3. Effect of concentration of anionic additive on the
fraction of ion paired base

Table 3 shows the extent of ion pairing at differ-
ent concentrations. An example of the effects of anionic

additive concentration on the percentage of the analyte
(amitriptyline) that is present as ion pairs is given in
Fig. 5.

As seen inTable 3, from 0 mM to 60 mM, the fraction of
the analyte that is present as an ion pair differs from trifluo-
roacetate to hexafluorophosphate. Nevertheless, the extent of
ion pairing is not large. At a typical RPLC mobile phase ad-
ditive concentration of 20 mM, the percentage of the analyte
that is present as ion pairs are about 15%, 6%, and 3% for hex-
afluorophosphate, perchlorate, and trifluoroacetate, respec-
tively. The fraction of the bases present as a chloride pair is
even smaller. As expected, we note that the strength of ion
pairing does not differ radically among the cations. Diamond
has pointed out that the order of ion pair extraction among
amines follows the trend: primary > secondary > tertiary[57].
We did not detect large differences in the behavior of the
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Table 3
Effect of concentration of anionic additives on the fraction of ion paired analytesa

Analyte Anion αion pair (%) Concentration needed for 50% ion-pairing (mM)

20 mM 40 mM 60 mM

Nortriptyline
PF6

− 13 23 31 130
ClO4

− 6 11 15 330
CF3COO− 3 7 10 570

Amitriptyline
PF6

− 17 29 39 100
ClO4

− 7 14 19 250
CF3COO− 4 7 11 500

Perphenazine
PF6

− 11 20 27 160
ClO4

− 7 13 18 280
CF3COO− 3 6 9 640

a Values are based on Eq.(4) andKips are fromTable 2at constant ionic strength.

Fig. 5. Effect of concentration of additive on the fraction of the ion paired
analyte.αion pair is calculated by Eq.(4) andKips are based on the fitting
results of amitriptyline inTable 2at constant ionic strength. (a) PF6

−; (b)
ClO4

−; (c) CF3COO−.

drugs studied here even though different types of amines were
tested.

4. Conclusion

For the first time ion pair formation between basic drugs
and anionic additives under conditions commonly used in
RPLC has been independently confirmed by capillary elec-
trophoresis. Ion pair formation constants measured by CE
show the same trend as their effect on retention in RPLC:
Cl− < CF3COO− < ClO4

− < PF6
−. The differences in the

strength of ion pairing for the different bases are a good deal
smaller than the differences between the anions. The CE data
give a quantitative estimate of the extent to which analytes
are ion paired, which is valuable in interpreting data in RPLC
and LC/MS when ion pair agent are used.

We believe our studies offer very useful information for
further method developments in ion pair chromatography and
will be helpful for ion pair agent application in RPLC and
LC/MS.
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