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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 (Ct), and trifluoroacetate (GEOQO"), 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.
Although many studies have suggested that anions effect in chromatography is due to the formation of ion pairs in the mobile phase between
the anions and cationic analytes, there has been no independent verification that ion pairs are, in fact, responsible for these observations. In
order to understand the mechanisms by which anionic additives influence retention in chromatography and ionization efficiency in electrospray
mass spectrometry, we studied the formation of ion pairs between a number of prototypical basic drugs and various additives by measuring
the effect of anionic additives on the electrophoretic mobility of the probe drugs under solvent conditions commonly used in chromatography.
For the first time, ion pair formation between basic drugs and anionic additives under conditions commonly used in reversed-phase liquid
chromatography has been confirmed independently with all anions (i.e. hexafluorophosphate, perchlorate, trifluoroacetate, and chloride)
used in this study. We measured ion pair formation constéds} for different anionic additives using capillary electrophoresis (CE) and
obtained quantitative estimates for the extent of ion pairing in buffered acetonitrile—water. The data clearly indicate that different anionic
additives ion pair with cationic drugs to quite different extents. The ion pair formation constants show a clear trend with the order being:
PR~ >ClO,~ >CRCOO >ClI~ . However, the extent of ion pairing is not large. At a typical RPLC mobile phase additive concentration of
20 mM, the percentages of the analytes that are present as ion pairs are about 15%, 6%, and 3% for hexafluorophosphate, perchlorate, an
trifluoroacetate, 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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1. Introduction the separation of basic compourids?]. The use of anionic

additives, such as formate, chloride, trifluoroacetate, and per-
1.1. Effect of anionic additive on separation of basic chlorate are well known for improving the separation of basic
compounds in RPLC and LC/MS drugs, peptides, and proteif8-12].

Roberts et al[10] have demonstrated that anionic ad-
Due to the presence of ionizable silanol groups on sil- ditives can significantly affect the retention of basic drugs
ica based stationary phases, mobile phase additives are oftemn RPLC. The retention of bases in the presence of anions
used to reduce peak tailing and achieve better resolution infollows the order: HPO;~ <HCOO <CH3SO3~ <Cl~ <
NO3~ <CRCOO <BF; <CIO4~ <PK~ and is consis-
* Corresponding author. tent with the “Hofmeister Effect” (i.e. the anion’s ability to
E-mail addresstarr@chem.umn.edu (P.W. Carr). cause “salting-in” and “salting-out’L3,14]
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LoBrutto and coworker§7—9] studied the effect of both  to confirm our understanding of the mechanism by which
pH and the concentration of different anionic additives on the anionic additives act to alter the retention of bases in RPLC.
retention of small basic drugs. The effects of “chaotropic”
anionic additives, such as perchlorate and trifluoroacetate,1.2. Measurement of ion pair formation constants by CE
were attributed to the desolvation of the cationic analytes with
water and a consequent enhancement in their hydrophobicity In CE, the electrophoretic mobility) of a charged
[8]. A somewhat vaguely defined “ion association” model species can be monitored by means of the following equa-

was proposed to rationalize their experimental §aia]. tion:;
In addition to their effect on retention and selectivity, other Lali [ 1 1
anionic additive effects in RPLC have been reported. McCal- 1 = — (t— - t—f) 1)
m eo

ley[15] has shown that the nature of the buffer can affect both
the peak shape and plate count. Gritti and Guiodi6r20] wheret, andteos are the migration times of the analyte and
recently demonstrated effects of concentration and type ofthe electroosmotic flow (EOF) markéy, the total length of
buffer on the adsorption isotherms and overload band pro- the capillaryl4 the detection length, aridthe total voltage
files of cationic analytes. lon pair formation or ion-associated applied across the capillary.

complexation between the cationic analytes and the anionic Whenaunivalentanion presentin the running buffer forms
additives in the mobile phase was invoked to explain the ex- a complex with a univalent cation, the mobility of the cation

perimental observations. decreases upon increasing the anion concentration. The type
The effect of anionic additives on electrospray ioniza- of additive and its concentration on mobility has been dis-
tion efficiency in mass spectrometry is well knoj2i]. cussed and applied to the measurement of formation con-

Mirza and Chalt[22] studied the anion effect on electro- stantg26-30]
spray ionization of peptides and proteins. The decrease inthe In the case of the formation of a neutral ion pair with 1:1
net average charge of peptide and protein ions in the pres-stoichiometry between the analyte and the additive, the ion
ence of the various anions was shown to follow the order pair formed between the analyte and the ion pairing agent has
CCIl3COO >CRCOO >CH3COO ~CI~. lon pair for- no charge

mation in solution and ion suppression in the gas phase were .

proposed as the mechanisms behind the observations. Thett + X~ = (AT:X7) (2)
results conclusively demonstrated that the appropriate selec-

+
tion of eluent anion is very important for the optimization of ;.. = ~ [A l — 1 (3)
electrospray mass spectrometry. [ATT+[AT:XT] 1+ Kpp[X7]
Similar studies were performed by Huber and Premstaller Kip[X "]

[23] on the effect of different anionic additives on protein  dionpair = 1 — dfree = —————
analysis by LC/MS. They showed that formic acid gives bet- 1+ Kip[X~]
ter signal detectability than trifluoroacetate due to the sup- whereKj, is the ion pair formation constant between the an-
pression of gas phase ion formation by trifluoroacetate. alyte A" and anionic additive X in the running buffergee

As discussed above, the much postulated “ion pairing” the fraction of free base which has not been ion paired, and
effects are very important and have attracted considerableg;q, . the fraction of the ion paired base.
attention in the separation of both pharmaceutically and  Since the ion pairs are neutral, they migrate with the EOF.
biologically interesting analytes. Even though it is well The netelectrophoretic mobility only comes from the fraction
recognized that the anionic additives have a significant of the base that has not formed ion pairs.
effect on the retention and peak shape of analytes, especially

(4)

cationic analytes, the retention mechanism of analytes in the ;, = ;\%xee = MO;_ (5)
presence of mobile phase additives, such as those mentioned 1+ Kip[X~]

above is not at all clear. Several mechanisms, including both ¢

ion pair formation in the mobile phase and dynamic ion — =1+ Kjp[X ] (6)

exchange in the stationary phase, have been proposed to**

explain anion effects on retentidB,5,6,24,25] Although where the superscript 0 refers to the mobility in the absence
certain types of interactions between the analytes andofthe ion pairing additive, and the electrophoretic mobility
anionic additives (e.g. ion pair formation, “ion association”, in the presence of additive at a concentration of [X

or solvent desolvation caused by anionic additives) have A plot of the relative mobility (:°/ ) as a function of con-
been suggested as possible mechanisms for the effect otentration of additive [X] based on Eq(6) is linear, and
small, relatively hydrophilic additives on the separation thus, we are able to obtain the ion pair formation constant
of basic drugs, to our knowledge there has been no directfrom the slope. Obviously, mobility decreases as the concen-
confirmation of ion pair formation. No independent exper- tration of the ion pair agent is increased. Unfortunately, data
iments have been done to interpret the chromatographicanalysis is greatly complicated by the fact that even in the ab-
data. There is a great need for independent experimentatiorsence of any direct chemical effect (i.e. ion pair formation),
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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—Hickel model of ionic interaction, the mobility of a

227

as[37]:
VAt Vx—
¥Yax

Kip = KJ) (10)

charged species should decrease linearly as a function of thewhereKi% is the ion pair formation constant at zero ionic

square root of the ionic strengBl,32}

N 14x10° |z4z-| 2g
H = o (eT)2 1+¢§“°
41.25
§ n(ST)l/ZF} vi "

where the subscript O denotes the analyte’s mobility at in-
finite dilution, e medium’s dielectric constant, the system
temperaturez, the magnitude of the charge on the catinn,
the charge of the anion,the running buffer’s viscosity an
electrolyte parameteFE, Faraday’s constant, aridhe ionic
strength.

For uni-univalent electrolytesg 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-Hickel-Onsager model, i.e. H@), the ionis consid-

ered to be a point charge of zero-size. However, studies have]Og Kip = log Ki%

shown that this simplification is in error when ionic strengths
exceed a few millimolaf31,33] Nonlinearities were ob-
served for multiply charged ions and at higher ionic strengths.
That is, the Debye—tickel-Onsager model is valid only for
very dilute solutions. The finite size of real ions cannot be
ignored.

It has been demonstrated that the mobility as a function
of the ionic strength can be estimated from Pitts’ equation,
which accounts for the finite size of the i§8i,33,34] For
uni-univalent electrolytes, Pitts’ equation can be written as:

. |

14x10° 2 N 41.25
(eT)%/? 1+¢§“0 n(eT)Y?F

VI
“1+ Bavi ®)
8JTNA82 L2
= (so0ater) o

whereais the ion size parametéis the Avogadro’s number,
kg the Boltzmann constant, and e the electron charge.

Roy and Lucy[35,36]studied the effect of ionic strength
on ionic mobility at different percentages of organic modi-
fier in both acetonitrile—water and methanol-water systems.
According to their studies, the effect of ionic strength on mo-
bility increases as the amount of organic modifier in the buffer
is increased. The effect is also solute dependent.

In addition to its direct effect on mobility, ionic strength
also influences the ion pair formation constant. The ion pair

strength, anghay, ¥a+, ¥x- the activity coefficients of the ion
pair, analyte, and additive, respectively.

According to the Debye—titkel equation, the activity co-
efficient in reasonably dilute solutions can be writte fi383:

Azizﬁ
—logy; = Tt Bl (11)
1/2
A= {—Z”NA 3} <_e3 ) (12)
1000¢ksT) 2.303

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

For 1:1 stoichiometric ion pair formation with a uni-
univalent analyte and additivenx equals zero anzii+ (z)z(,)
equals 1. If we assume the same ion size parameter for all ions
(i.e.ain Eq.(11)is the same for all species), H§0) can be
rewritten as:

2AVT
1+ Ba/1

According to the above discussion, it is clear that main-
taining a constant ionic strength during any study of the effect
of ion pairing on mobility is essential.

(13)

2. Experimental
2.1. Capillary electrophoresis

All CE experiments were performed with a P/ACE MDQ
capillary electrophoresis system (Beckman Coulter Inc.,
Fullerton, CA) equipped with a UV-absorbance detector. The
data acquisition and processing were controlled by 32 Karat
software from Beckman. Fused-silica capillaries with an out-
side diameter of 36@m and an internal diameter of p2n
were obtained from Polymicro Technologies (Phoenix, AZ).
UV-absorbance detection was set at 254 nm. The capillary
was thermostated to 2&, and the absence of significant
Joule heating was confirmed experimentally.

2.2. Reagents

All chemicals were reagent grade or better. Cationic
drugs were purchased from Sigma (Sigma Corp., St. Louis,
MO). HPLC grade acetonitrile was from Burdick & Jackson
(Muskegon, MI). HPLC water was obtained from a Barnsted
Nanopure deionizing system (Dubuque, IA) and run through
an “organic-free” cartridge followed by a Ouan particle
filter. The solution was then degassed under helium. All
solvents were filtered through a Qubn filter (Lida Manu-

formation constant at a given ionic strength can be expressedacturing Corp., Kenosha, WI) before use. Other chemicals
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used in this study were purchased from Aldrich (Aldrich wherel; andLy are the total and detection length of the

Chemical Co., Milwaukee, WI). capillary; V the voltage applied across the capillary during
the voltage separation stef, tn1, andty2 the migration
2.3. Procedure times of the analyte, the first neutral marker, and the second

) ) neutral markermigr the time during whichV is applied;ti
The buffers at pH 4.8 were prepared from acetic acid and e injection time:ty the experimentally determined delay

sodium acetate. .The .buffers gt pH 2.3 were prepared fromsime (5.3 S):trampup @Nd trampdown (b0th 0.17 min) the time
5mM hydrochloric acid. Running buffers with different an- required for changing voltage from 0 to V.

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 0.05M in 35/65 acetonitrile—water
and then diluted to about & 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 32cm, with a length to the detector of 10cm. The
capillary for experiments at pH 2.3 had a total length of
60cm and a length to detector of 50 cm. Each end of the
capillary was burned approximately 0.5cm 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 (15psi): 0.10M sodium hydroxide
(30 min), followed by water (30 min), and then the running
buffer (30 min). The capillary was conditioned in the buffer
for 10 min at a voltage of 10kV before the first run of the
day. Between each run, the following rinses were performed
(20 psi): 0.1 M sodium hydroxide (2min), followed by
water (2min), and then by running buffer (2min). An
open beaker of the same composition as the running buffer
was put inside the instrument compartment to saturate the
atmosphere to suppress evaporation of the running buffer
[36].

Separations at pH 4.8 were performed at a voltage of
10kV with the short end of the capillary (10 cm) as the in-
jection side. Samples were injected by pressure at 0.2 psi
for 4 s. During the separation, a pressure of 100 psi was ap-

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 irig. 2 A theoretical line
based on Pitts’ equation is also included. The coefficients
and solvent parameters in H§) used for acetonitrile—water
(35/65, viv) ar€g[36,41} viscosity 0.92 centipoises, dielec-
tric constant 63.0Ba 2.65, andug in theoretical line is
calculated using: at 20 mM sodium acetate buffer with-
out any additive. In dilute solutions, to a good approxima-
tion, we can assume that is constant at different ionic
strengths.

Li et al. [31] and Lucy and Roy36] have optimized the
value ofBain Eq. (8) and successfully used 2.4 in aqueous
solution for both anions and amines. The values of Bathd
a are solvent dependent. A value of 2.65 is used her&éor
taking into consideration of the amount of acetonitrile used.
We assumed tha was the same as in Li's work.

As seen fromFig. 2, the rate of decrease in mo-
bility as a function of ionic strength differs consider-
ably from hexafluorophosphate to chloride. The anions

plied to both ends of the capillary to avoid bubble formation O

O O
Determination of the electrophoretic mobility at pH 2.3 ! |

was performed according to the method of Williams and Vigh N

[40] to overcome the slow EOF problem. First, a mixture of \ AN

analytes and acetophenone was injected into the capillary atnortriptyline (9.7) amitriptyline (9.4)

0.6 psi for 4s. Second, the sample band was pushed alonc

the capillary by applying 1.0 psi for 3.5 min. Subsequently, a

voltage of 10kV was applied for 2.0 to 4.0 min, depending 5

on the mobility of the analyte. After the voltage separation, @: \

acetophenone was injected again at 0.6 psi for 4 s. Finally, N Cl

the three sample bands were pushed past the detector by i VN/\ OH

pressure of 1.0 psi for 9.0 min. The mobility was calculated N

using the following equation:

_ (tN1 — tA)LdLt

# V(tn2 4 0.5tin — tg)(fmigr — 0.5trampup— O.5frampdown

(14) Fig. 1. Structures andias of the basic drugs.

perphenazine (3.7, 7.8)
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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 seiditem ac
buffer at pH 4.8, and 0 to 60 mM NaX (X=PF~, ClOs~, CRRCOO, CI7). Plot legends: 4) PR ~; () ClOs~; (O) CRCOO; (x) CI~; dotted line,
theoretical prediction (based on Pitts’ equation with0.92 cPg =63.0,Ba=2.65, and wherg is calculated fromu 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: weakly adsorb on the capillary wj#l2—44] and thus, as salt
PR~ >ClO4~ >CRCOO >CI~. The greater rate of de- is added the competition between the cation of the salt and
crease in mobility for hexafluorophosphate, perchlorate andthe basic drug decreases the fraction of drug adsorbed at any
trifluoroacetate cannot be explained by the general depen-instant, thereby, increasing its mobility. It is also possible that
dence of mobility on ionic strength as described in B). we have underestimated the ion size parame)dp(be used
since the ionic strength is the same for all four salts. This for basic drugs. However, only absurdly large valuesof
indicates that ion pairing must be taking place with some of about 154, make the theoretical slope less than the slope in
the salts. chloride media. Our best guess is that a wall effect is the chief
Previously, Roy and Lucj34—36]had assumed that the issue. Based ohRig. 2, we cannot decide whether there is ion
Pitts’ plots would be nonlinear if ion pairing were present. pairing between the drugs and chloride. Nevertheleigs,2
However, even in the case of hexafluorophosphate, where iondemonstrates that even if there is ion pairing for chloride ion,
pairing is strongest, linear behavior is still observe( 2). it is very small.
Thus, linearity alone cannot be used as a criterion for the  According to our chromatographic studies, chloride does
absence of ion pairing. Rather, differences in the slope in show a very weak ion pairing ability with the cationic drugs
Fig. 2 from that predicted by the Pitts’ equation are better used in current studj45].
indicators. To definitively eliminate the wall effect and help explain
However, we do observe that the decrease in mobility the RPLC results in chloride med[d45], we repeated the
when sodium chloride was used is very small; surprisingly chloride ion CE experiment at pH 2.3. At this pH, the wall
it is even weaker than that predicted by the Pitts’ equation. effect is minimized. 5 mM hydrochloric acid was used as the
Since we worked at pH 4.8, it is possible that basic drugs 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 0to 55 mM NacCl. Plotlegends:)), nortriptyline; (J) amitriptyline; (&)

perphenazine; dotted lines, theoretical predictions (based on Pitts’ equation

with n=0.92 cP,¢=63.0,Ba=2.65, and where.o is obtained from the
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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 iRig. 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. Atotal 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

intercept of the experimental lines. We assume that perphenazine is doublyP€lieve that the ion pair formation constant obtained from CE

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 seenHig. 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 1lcompares the mobility of basic drugs at pH 2.3 and

studies should give accurate estimates of the extent of ion pair
formation in the mobile phase in RPLC and LC/MSg. 4
andTable 2show the curve fitting according to E(}). For
comparison purposes, results with and without ionic strength
adjustmentare presented. As se€fehle 2 chloride isavery
weak ion pair agent. There were only very slight changes in
the mobility of each analyte as we varied the concentration
of sodium chloride.

In view of how weak ion pairing effects are, mobility mea-
surements at higher additive concentrations are needed to ob-

4.8. As the salt concentration increases, the effect of pH ontain really accurate estimates of ion pair formation constants.

mobility decreases, which is a result of the blocking of silanol
groups by the higher salt concentrat[di]. We want to point
out that perphenazine, a diamine witkgs of 3.7 and 7.8,
has significantly higher mobility at pH 2.3 compared to the

However, since our purpose is to study the ion pair effect in
RPLC, inwhich atypical mobile phase additive concentration
would be around 20 mM, we kept the additives’ concentra-
tion at fairly low levels. The use of a low salt concentration

value at pH 4.8. We believe that this is a result of the change also limits Joule heating problems in the CE measurements,

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/mobility?

lonic strength

20mM 40mM 60 mM
2.3 2.034 1.858 1.793
Nortriptyline 4.8 1.849 1.740 1.734
Ratid 1.10 1.07 1.03
2.3 1.994 1.822 1.737
Amitriptyline 4.8 1.824 1.722 1.721
Ratio 1.09 1.06 1.01
2.3 2.676 2.362 2.171
Perphenazine 4.8 1.403 1.295 1.294
Ratio 1.91 1.82 1.68

a Unit of mobility is cm?/Vs x 10%.

b CE running conditions same &ig. 3

¢ CE running conditions same as chlorideFig. 2

d Ratio of mobility at pH 2.3 vs. the value at pH 4.8.

which became evident when we did use higher salt concen-
trations.

Even though we worked within a relatively small range
of additive concentrations, it is clear to us that the different
anionic additives used here show quite different abilities to
form ion pairs with these cationic drugs. The trenKip is
obviously in the order: P& >CIlO;~ >CRCOO >Cl—.

The trend inKj, is consistent with a number of anion re-
lated phenomena: the effect of anion type on the retention of
cationsin RPLC, the so called “Hofmeister Series” or salting-
out coefficient, the extractability of anions in promoting ion
pair extraction of cationic drugs out of water into nonpolar
solvents, the order of retention of these anions in anion ex-
change chromatography, the sequence of anion interference
effects in liguid membrane anion selective electrodes, and
most fundamentally the hydration energetics of the anions.

As discussed in the introduction and demonstrated by
our recent studief45], the anions show significantly dif-
ferent effects on retention of basic drugs in RPLC. The re-
tention of basic drugs in the presence of anionic additives
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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 strengtattem a
buffer). Conditions: 35/65 acetonitrile/buffer, 20 mM sodium acetate buffer at pH 4.8 and 0 to 60 MM NaX gX =B1B,;~, CRsCOO~, CI7). Plot legends,
same a$ig. 2 (A) nortriptyline; (B) amitriptyline; (C) perphenazine.

follows the same order as ion pair formation constant, i.e. have demonstrated that anions show very different extents of
PR~ >ClO;~ >CRCOO >CI™ [45]. extraction of basic pharmaceuticals and this is due to differ-
The type of anion in a salt has a considerable differential ences in their ion pair extraction equilibrium constants.
effect on the solubility of proteins and nonelectrolyte in Anions have different retentions on anion exchange
agueous solutions; which is often referred as the “Hofmeis- materials following a similar sequence: GIO>BF;~ >
ter” or “Lyotropic” Series. The series follows the order: CRCOO™ >Cl~ >HyP0O,~ [58].
HoPO,~™ >SOy~ >CH3COO >CI~>Br=>NO3™ >CIlO4™ According to the compilation by Umezawa and Umezawa
[13,14,48] The anions at the beginning of the series cause [59], the sequence of anionic interference effects in liquid
the greatest “salting out” effect. That is, they show the membrane anion selective electrodes frequently shows the
greatest reduction in the solubility of proteins and non- order: CIQ~ >BF;~ >NO3™ >CI~ >HCOO™ >H,PO,~.
electrolytes[49]. Such anions are called kosmotropes. On  The above anion effect phenomena are both related and
the other hand, certain anions cause “salting in” that is an seemingly unrelated. The relative positions of anions in each
increase in solubility, and are termed chaotrof&®51] sequence are consistent. We point out these parallel trends
The salting in/out or chaotropism/kosmotropism phenomena because itis all too easy to detect the commonality in the trend
are associated with the interactions between the anions andn the effect of anions in liquid chromatography and ion pair
the aqueous media (i.e. structure breaking and structureformation and jump to the conclusion that ion pair formation
making effects). The chaotropic anions tend to break the is responsible for the chromatography when the root is really
“water structure” and make aqueous solvents less “polar” a more fundamental property shared by a seemingly unrelated
[51,52] phenomenon. A more detailed interpretation of anion effects
Anions can affect the extraction of amines from water in chromatography is presented in our recent wde.
to organic solvent by promoting ion pairs with the amines  Accordingtothe compilation by Marc{80,61} the trans-
[48,53-57] The extraction efficacy follows the sequence: ferfree energies of various anions from water to non-aqueous
ClO4~ >Br~ >NO3~ >CI~. Higuchi and coworkerfb3,54] solvents differ very greatly. Small anions (e.g-CF~) tend
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Table 2
Effect of type of anionic additives on ion pair formation constants
Nortriptyline
1° 2 1 2 1 2 2
PR~ PR~ ClO4~ ClOs~ CRCOO- CRCOO- Cl-
R2d 0.9915 09992 09220 09404 09604 Q9779 Q07994
S.D€ 0.022 Q009 0028 Q038 0011 0016 0021
Intercept 0.990 1003 1016 1023 1008 1011 1015
S.DY 0.019 Q008 0023 Q032 Q009 0013 Q0018
Kip (_><M—1)h 7.58 998 301 481 176 331 135
S.D! 0.50 020 062 086 025 035 048
Amitriptyline
1 2 1 2 1 2 2
PR~ PR~ ClOs~ ClOs~ CRCOO- CRCOO- Cl-
R2 0.9924 09997 09144 09368 09966 09900 Q7747
S.D. 0029 Q007 Q039 Q045 Q0037 0011 0020
Intercept 0987 Q997 1004 1023 Q998 1002 1013
S.D. 0024 Q006 Q0032 Q037 Q003 Q009 0016
Kip (xM~1) 10.46 1283 401 546 201 353 114
S.D. Q065 017 087 100 008 025 044
Perphenazine
1 2 1 2 1 2 2
PR~ PR~ ClOs~ ClOs~ CRCOO- CRCOO- Cl-
R2 0.9976 09816 09995 09916 09147 09661 08265
S.D. Q010 Q039 Q002 0018 Q0015 0021 0026
Intercept 0993 1025 1002 1009 Q997 1016 1016
S.D. Q008 Q033 Q002 Q0015 Q0013 Q018 0022
Kip (xM~1) 6.16 907 357 6.20 157 354 182
S.D. Q22 088 006 040 034 047 059

a Mobility results fitted according to E¢6).

b CE running conditions same &ig. 4
¢ CE running conditions same &gg. 2

d square of correlation coefficient of the fitting.
€ Standard errors of the fitting.

f Intercept of the fitting.

9 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- additive concentration on the percentage of the analyte
(amitriptyline) that is present as ion pairs is given in
weakly solvated. Thus, the energies required to transfer an-Fig. 5.
ions from water to non-aqueous solvents are considerably As seen inTable 3 from 0 mM to 60 mM, the fraction of
smaller for anions like perchlorate than those for anions like the analyte that is present as an ion pair differs from trifluo-
chloride. This is consistent with the trend of ion pair forma- roacetate to hexafluorophosphate. Nevertheless, the extent of
tion constants observed here. We believe that ion pairs withion pairing is not large. At a typical RPLC mobile phase ad-
anions like hexafluorophosphate form more easily becauseditive concentration of 20 mM, the percentage of the analyte
such anions desolvate more readily than do anions like chlo-thatis presentasion pairs are about 15%, 6%, and 3% for hex-

cohols, while large anions (e.g. 4O, 17) are relatively

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-

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 > tert[&i7].

ent concentrations. An example of the effects of anionic We did not detect large differences in the behavior of the
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Table 3
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Effect of concentration of anionic additives on the fraction of ion paired an&lytes

Analyte Anion ion pair (%) Concentration needed for 50% ion-pairing (mM)
20mM 40 mM 60 MM

PR~ 13 23 31 130

Nortriptyline ClOs~ 6 11 15 330
CRCOO- 3 7 10 570
PR~ 17 29 39 100

Amitriptyline ClO4~ 7 14 19 250
CRCOO™ 4 7 11 500
PR~ 11 20 27 160

Perphenazine ClO4~ 7 13 18 280
CRCOO™ 3 6 9 640

& Values are based on E@) andKips are fromTable 2at constant ionic strength.
60% Acknowledgements

40% r

Clion pair

20%

0% 1 L 1 L
0 20 40 60 80

concentration of anionic additive (mM)

100

Fig. 5. Effect of concentration of additive on the fraction of the ion paired
analyte.aion pair IS calculated by Eq(4) andKjps are based on the fitting
results of amitriptyline iriTable 2at constant ionic strength. (a) PF (b)
ClOs~; (c) CRCOO .

drugs studied here even though different types of amines were

tested.

4. Conclusion

Jun Dai and Peter W. Carr acknowledge financial sup-
port from the National Institutes of Health. We also thank
Professor David V. McCalley for many helpful discussions
concerning the CE experiments.
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