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Abstract

The nature of the interaction of positively charged analytes with the surface of reversed-phase bonded phases has been investigated as
function of both pH and volume fraction of organic modifier. Studies of the combined effect of both the parameters have been previously
reported by us, and the data presented here further demonstrate a multiplicative interaction between pH and the concentration of organic
modifier in the mobile phase. Fitting of the data as functions of pH and eluent composition clearly shows that the hydrophobically assisted
ion-exchange process dominates over a purely reversed-phase or a pure ion-exchange retention mechanism. The underlying theory is develope
in detail, and the mechanism is elucidated using several reversed-phase packings of substantially different character.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction ducibility of packings towards positively charged analytes
[17]. Other studies are driven by the desire to understand the

It has been understood since the beginnings of HPLC thatloadability of basic compounds in preparative chromatogra-

the interaction of an analyte with the reversed-phase sitesphy[14,15,24]

of a packing is not the only factor responsible for retention. In the classical model of the interaction of a charged ana-

In addition, silanols interact with analytes containing basic lyte with the surface of a silica-based reversed-phase packing,

functional groups. This can create excessive reterjfipor itwas assumed that two separate mechanisms take[plate

tailing [2,3]. As early as the late 1970s and early 1980s, One of these is the reversed-phase mechanism encountered

attempts were made to understand the combined effect ofotherwise with purely hydrophobic molecules. In addition,

reversed-phase and “silanophilic” interactjdn4—9] an interaction of suitable analytes with the surface silanols is
Recently, there has been renewed interestin the interactionoccurring as well. If the second mechanism is ion-exchange,

of charged analytes with reversed-phase packings, specifiwe can summarize the classical dual mechanism as an addi-

cally with surface silanols on silica or hybrid-based bonded tive mechanism:

phase$10-17] Some of the previous work reflects a contin-

ued concern aboutthe effects of silanols on the peak shape obk = kip + Kex 1)

tained with different packingg13], and references therein),

e _ wherek is the retention factol, is the contribution of the
the selectivity of the stationary phaf—23]or the repro-

reversed-phase process dad the contribution of the ion-
exchange with surface silanols. This formalism is equivalent
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Neue et al[10] formulated a model in which the total exchanger has also been reported by Rahman and Hoffman,
free energy of transfer of the solute is taken as the sum of but no quantitative description was givg6].
independent contributions from hydrophobic and Coulombic ~ On the surface of a silica-based reversed-phase packing,
effects which is equivalent to a multiplicative formulation of we find hydrophobic bonded-phase ligands and silanols. In
Eq.(1). Essentially, the purely hydrophobic retention process principle for the interaction between a hydrophobic and pos-

combines with the ion-exchange process as follows: itively charged analyte with such packings, we may find pure
hydrophobic interactions, pure silanophilic interactions or
k = krpkex ) combinations of both with the multiplicative interaction, as

whereky, is the contribution of the reversed-phase process shown in Eq(4):

and kex the contribution of the ion-exchange with surface
silanols. This ad-hoc model explains the increase in ionic
interaction with increased hydrophobic interaction, butit fails
in two important points. Firstly, it cannot account for the
change in retention with a change in the hydrophobicity of

the .pagk[ng. Seqondly, the retention \.N'l.l dlsappeaemhss' ' Such events could be caused, if the sites responsible for the
the ionic interaction or the hydrophobic interaction vanishes. Lo : . .
multiplicative interaction were substantially different than for

Neither can be the case (e.g. it has been shown that retention . . L
. A . - example the sites responsible for the purely hydrophobic in-
remains when all ionic interactions are eliminated), and a

. i teraction. Due to the substantially different nature of the pack-
more thorough model is required.

. ings used in this study, it is unlikely that a special site distinct
Thslrjrfg daer; ggﬁ:givneedsrgggﬂ(\;\éaesl ggorggi?(ljigzti\\(/aeni?]g i](;tion from those sites responsible for the individual interactions is
. . Hplical ._causing the multiplicative interaction. For the sake of sim-

(called a one-site hydrophobically assisted ion-exchange in _ .~ : oo :
[11]) with a purely hydrophobic retention. Thus, there are two pI|C|ty,_ we will therefore assume in this paper that the _sm_gle
mechanisms that actin parallel: pure hydrophc;bic interaction retention factors and the retention factors in the multiplica-
and the multiplicative mechaniém of combined hydrophobic tive term are identical. On a series of packings with variable

) . . X : ratios of reversed-phase ligands and silanols, the mixture of
and ion-exchange interaction. The following equation shows . . . ) .
this model: the three mechanisms varies with the packing. The particular

mixture of properties is a function of the details of the design
k = kp(1 + kex) = krp + Krpkex 3) of the packing. In this paper, we will study several packings
of substantially different character to examine the nature of
As the ionic interaction increases, the multiplicative interac- the interaction between a hydrophobic quaternary amine and
tion between reversed-phase and ion-exchange dominates. Athese packings.
the ion-exchange interaction vanishes, the purely hydropho-  As will become clear in the discussion of the underlying
bic interaction dominates. One may call the second term ei- theory and the results in this paper, the complex combined
ther an ion-exchange-assisted hydrophobic interaction or amechanism cannot be uncovered with measurements in a sin-
hydrophobically assisted ion-exchange process. gle mobile phase composition, in addition not even under
From the form of Eq(3), itis clear that as the hydropho- conditions where only the pH is altered without varying the
bic interaction decreases, the retention disappears. Yet thisconcentration of organic solvent. This has been the draw-
cannot be the case either, since now the ion-exchange proback of previous investigations. It also answers the question
cess should take over. We therefore need to formulate a thirdwhy such a fundamental effect, i.e. the multiplicative com-
case, where the interaction with silanols is the dominant step,bination of hydrophobic and silanophilic interaction, has re-
and the combined hydrophobic and ion-exchange interac-mained hidden in 30 years of HPLC, and was unearthed only
tion is a possible step that accompanies the ionic interaction.recently[10,11]
Although Yang et al[11] did not find such a mechanism An interesting aspect of the inorganic—organic hybrid
on the silica-based reversed-phase packings that they studpacking underlying the XTerra packings is the fact that the
ied, they did encounter it on a polybutadiene-coated zirco- pKs-values of the surface silanols shift into the alkaline pH
nia when used in phosphate media. Mixed-mode interactionscompared to a silica-based packji€]. This is the expected
of this nature also emerge on the surface of a mixed-modeshift based on the differential effect of an oxygen versus an
divinylbenzene-based ion-exchanger, where the longer-rangealkyl substituent on the acidity of the SiOH group. This phe-
ion-exchange interaction combines with the hydrophobic in- nomenon has been confirmed bgMlez et al12]. The con-
teraction with the DVB backbor@5]. Both phenomena, the  sequence of this is a much lower silanol activity compared
augmentation of hydrophobic retention with ion-exchange to silica-based packings. This needs to be taken into account
and the augmentation of ion-exchange with hydrophobic in- in the interpretation of the chromatographic retention data of
teraction have been reported for ion-exchange materials byionic and ionizable analytes.&hdez et a[12] have also cor-
Lee and O’Gar§25]. The mixed-mode interaction of trialkyl- ~ roborated the difference in the ionization between a classical
ammonium ions on a styrene—divinylbenzene-based ion-silica and a high-purity silica, as well as for the respective

k = kip + kjpkex + kex 4)

It is possible that the retention factors underlying the com-
bined effect, which are marked here with an asterisk, and the
retention factors for the individual interactions are different.
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N mobile phase N, With the number of molecules in the mobile pha$g, the

//\\ I retention factor is defined as:
................................................................................ N N Ne
stationary phase v k=-— = ~ci8 + SioH (6)

" Nm  Nm Nm
The concentrations in the different phases are:

(b)

E
7, el 7,

N,
4 cm= —=¢ (7a)
SiOH Vm
. ) ) ) i N
Fig. 1. Interaction mechanisms for the reversed-phase retention of positively ¢cc1g = ~cis (7b)
charged analytes. (a) Parallel hydrophobic interaction and ion-exchange. (b) Vcis
Sequential hydrophobic interaction and ion-exchange. Nsion
|
csioH = (7c)
i

V are the volumes of the respective phases. For the sorption
k. on silica, the concentration is defined as a two-dimensional
concentration on the surface of the silidgion, i.€. as the
number or molar quantity of silanols per unit surface area.
This is only a formalism that does not affect the remainder
h of the treatment. Substituting these definitions into ).
§ives the following expression for the retention factor:

Cig-bonded phases. The use of significantly different pac
ings in the current study will increase the knowledge of the
dependence of ionic interactions on the make-up of the sta-
tionary phase.

Another complication in the interaction of a packing wit
analytes arises from dewetting phenomena in highly aqueou
mobile phasef27-31] Since we are varying the concentra- Veigcecis 4 ASiOH CSiOH

tion of organic solvent from purely water to 50% acetonitrile, ™~ "y~ Vim  cm (®)
we will need to take this phenomenon into account as well. . .
P With the phase ratio for thesg layer and the silica:
Vcis
pc18=—— (9a)
2. Theory m
___AsioH
In Sectionl, we have outlined the existing view of the ¢sion = Vn (9b)
multiple interaction mechanism between a positively charged T : - )
hydrophobic analyte and the surface of a silica-based pack-and the distribution or sorption coefficients:
ing covered with a hydrophobic layer. In this section, we g .  _ €C18 10
= . ) O cis (10a)
will briefly describe a mechanism that leads to the identical Cm
equations, and is indistinguishable from the thermodynamic CSiOH
model published in referenggl]. As a matter of fact, there is Ksion = (10b)

Cm
no possibility to distinguish between the model shown here

and the previous model in terms of the mathematical form
of the dependence &fon the experimental variables, but we
bplieye that the model shown here nicely rationalizesthe mul- ;. — 1K 15+ psionK sion (11)
tiple interaction model postulated above and may lead other

researchers to uncover more details of the multiple interac-  The key feature of this model is that both contributions to
tion process. In any case, itis athermodynamically legitimate retention are independent and additive.

approach to deriving the form of the relationships. In reference[10], we had postulated a third type of in-

The classical model of the interaction of a positively teraction, the multiplicative combination of hydrophobic and
charged hydrophobic analyte with thegCchains and the  silanophilic interaction. Adding this mechanism to the other
silanols of a packing assumes a simple additivity of the in- Possible mechanisms, we obtain:
teractions of the analyté-{g. 1a).

In this case, both syites(gare i)ndependent, and the retentionk = ¢c1eKcis + ¢mKcisKsion + gsionKsion (12)
factor can be calculated as follows. The number of molecules wheregn, is the phase ratio for this mixed-mode interaction.
in the stationary phad¥s consists of molecules that are re- In the following, we will briefly develop an alternative model
tained by hydrophobic retentiddc1g and those that are re-  that arrives at the identical result. Thus, within the studies
tained by silanophilic interactioNsjon: shown here, this second model is indistinguishable from the

first model. The second model assumes that the sorption to
the silica surface takes place subsequent to solute partitioning
Ns = Ncig+ NsjoH %) into the G g layer. We caution the reader that thermodynamic

we obtain the final equation for the combined retention ac-
cording to the classical model:
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measurements cannot reveal the order of steps in a proces

and we do notinsist on this sequence as precisely the same re-
sult can be obtained by assuming that first the analyte adsorbsg;., —

on a anion exchange site and then partitions into a hydropho-
bic layer. As in Eq(5), some of the analyte molecules in the
stationary phase are bound to thegg@igand, and some to

U.D. Neue et al. / J. Chromatogr. A 1063 (2005) 35-45

s With the equilibrium constant:
[SIO”Na'][B™*]
[Nat][SiO~B™]

The distribution coefficientk, andKsjon are defined as the
partitioning ratios:

(20)

the silanols. However, for this second process, shown as a

diagram inFig. 1b, we can define a secondary distribution
coefficientK, of the analytes between thg4layer and the
silica layer as follows:

NsioH _ AsioH CsioH

= ¢2K> 13
Ncis Vcis ccis (13)
Substituting this into Eq5), we obtain:
Ns = Nci1g(1+ ¢2K>2) (14)

This means that the interaction with the silanols is not
independent of the interaction with thgdgJdayer, but is a
secondary process that is preceded by a partitioning of the
analyte into the g layer. The retention factor is now:

Ns _ Ncig(1+ ¢2K2)

k = 15
o N (15)
Vcisccis

k=———=(1+ ¢2K2) (16)

Vm Cm
k = ¢c1eKcia(l + ¢2K>2) (17)

This equation is identical in form to the one derived in refer-
ence[11], butits interpretation is different. While the authors
in referencg11] interpreted this form of the relationship as
a simultaneous interaction withy&and silanols, this new
model is based on a sequential interaction, first with the C
layer and then in a second step with the underlying silica
layer. Both models result in exactly the same equation. They
are therefore thermodynamically indistinguishable.

We will now expand Eq(12) to derive the details of the

dependence of the retention factor on the mobile phase com-

position. The hydrophobic interaction depends on the solvent
composition. Usually, curved relationships are observed, es-
pecially if the measurements are carried out over a broad
range of solvent composition. We have used the following
equation to account for this interaction (10):
kc1s = dpc1sKcis = knpo x 10747/ (+E) (18)
kn,0 is the purely hydrophobic retention factor of the com-
pound in water, i.e. without silanophilic interactiohandB
are constants, amds the (volumetric) ratio of organic solvent
to the aqueous component of the mobile phase.

The interaction of the positively charged quaternary amine
with the negatively charged silanols is an ion-exchange pro-
cess:

SiO"Na' +B*" < SiO"B* 4+ Nat (19)

[SIO"B*] 1 [SiO"Na']
[Bf]  Kiex [Na']
Since the relationships fdf, (the secondary interaction

with silanols) anKsjon (the direct interaction with silanols)

are identical, we will use the general terms from now until

Eq.(25). The total silanol concentration on the surface is the
sum of the ionized silanols and the undissociated silanols:

[SiOH]r = [SIO"Na'] + [SiOH] (22)

(21)

At the same time, the concentration of the silanol groups
available for ion-exchange is a function of the hydrogen-ion
concentration:

SiO” +H' < SiOH (23)

With the following ratio of undissociated silanols to total
silanols:

[SIOH] 1
[SIOH]r 1+ (Kp/[H'])
[H*] is the hydrogen ion concentration, aKg is the disso-
ciation constant for the silanols. Combining E(fs1)—(24)
we obtain for the partitioning ratios of a positively charged
ion K and KSiOH
[SIO"B*] 1 [SiOHly 1

[B]  Kiex [Na'] 1+ (H"]/Kp)

Substituting these results together with E)into Eq.(12),
we obtain:

(24)

(25)

k = kpyo x 107A7OFB) g
1
1 + 10PKsion—pH
1
1 + 10PKsion—pH

kmix 1S the retention factor in water for the mixed-mode inter-
action, and Ksijon is the negative logarithm of the dissoci-
ation constant of the silanols The abbreviatiefpy stands
for the following:
ksion = s 1 [SiOH]y

SiOH = @SioH Kiox [Na']
Eq.(26)will be used for curvefitting of the experimental data
from weakly acidic to alkaline pH.

It is not impossible that lgsion is a function of the sol-
vent composition as well. It may however be a different and
potentially weaker dependence on solvent composition than
the change in i of a mobile phase buffer or an analyte in

x 107Ar/(1+ Br)

+ ksioH (26)

(27)
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the mobile phase. The reason for this is that the primary envi- Br

ronment of the silanol group is the hydrophobig@yer to

which the organic modifier of the mobile phase is adsorbed. > o}
We will deal with this subject further in the discussion of N ‘o——\\s

the results of the data analysis. Similarly, the ion-exchange \ /
with the free silanols as described by the constant inZg.

may also depend on the solvent composition. However, this _ _ o
problem is outside the current study. Fig. 2. Bretylium tosylate, the compound used in this study.

sodium hydroxide. Buffers for pH 5 and 4 were prepared
3. Experimental from the 30 mM sodium hydroxide solution via the addition

of acetic acid. Buffers for pH 10 and 9 were prepared by

The HPLC system used in this study was an Alliance 2690 mixing the 30 mM sodium hydroxide solution with a 30 mM

Solvent Manager with a 2487 Detector setat 254 nm equippedsodium hydrogen carbonate solution. The exact procedure
with a microbore cell with a 2.6L cell volume. The time  for pH adjustment is described below.
constant was set to 0.1s, the data rate was 10 points/s. The All experiments were carried out at each pH-value from
system operated under the control of Millenium 32 version high organic content to low organic content, and then from
3.2. The columns were Sentry Guard Columns packed with low pH to high pH. This experimental protocol minimizes
the appropriate packings. The columns were held in a Sen-artifacts from the dewetting of the stationary phase to disso-
try Universal Guard Holder that was contained in a Neslab lution of the silica in basic mobile phases. Only Nova-Pak

refrigerated recirculating water bath settd’23 The dimen-  Cyg with its smaller pore size and pore volume exhibited
sions of the guard columns are 3.9 20 mm. The pack-  dewetting in 100% aqueous mobile phases. In addition, fresh
ings used in this study were Symmetryg@nd XTerra R, columns were used under alkaline conditions if there was

both with a particle size of pm, and Nova-Pak €g, particle concern about the stability of the stationary phase. If incon-
size 4um as a representative of an older packing not basedsistent results were obtained, the data were not included in
on a high-purity silica. The characteristics of these packings the analysis.
are shown imable 1 Two additional packings were tested as During instrument operation, the mixtures of the buffers
well, but were excluded from this report. One was Resolve with the different concentrations of organic modifier were
C1s, an unendcapped packing with a very high silanol con- prepared automatically. We also prepared the same solutions
tent. In this case, the retention time of the bretylium ion was off-line to be able to measure the actual pH of all solu-
for the most part outside the measurement window (L00). tions. The pH meter, an Orion Research digital ionalyzer/501
The other was XTerra MS £g, a hybrid packing with avery  equipped with a ThermoOne PerpHect Triode, was calibrated
low silanol activity. In this case, the change in retention with with standard buffer solutions in water. The pH measurement
pH was too low to discern an interpretable pattern. The extra- was carried out in the presence of the organic solvent. This
column volume contained in the connection tubing was mea- procedure is therefore in agreement with the requirements
sured and the value subtracted from the retention volumespublished in the literaturf82].
measured under the different conditions. The flow rate used  The curvefitting procedures were carried out using ProStat
was 2 mL/min. This setup permits the measurement of reten-Version 3.5 for Windows from Polysoftware International,
tion factors approaching 100 within a reasonable time. The Pearl River, USA. The data were fitted to the equations de-
sample was a solution of 1 mg/mL bretylium tosylate in wa- scribed using the Levenburg algorithm refined by Marquardt.
ter, of which 5uL were injected onto the column.

All mobile phases were prepared by mixing 20% of the
buffer solution with 80% of appropriate mixtures of acetoni- 4. Results and discussion
trile and water. The acetonitrile content of the mobile phase
was varied between 0 and 50%. In the following, we will demonstrate the complexity of

All buffers were based on a constant concentration of the interaction of silanols with a positively charged analyte.
sodium of 30 mM, resulting in a total mobile-phase sodium We have chosen the bretylium ion for this purpose. Bretylium
concentration of 6 mM. BuffersforpH 11, 8, 7,6,3and 2were is a rather simple quaternary ammonium compound with a
prepared by adding phosphoric acid to a solution of 30 mM single aromatic ringKig. 2). Its charge is independent of

Table 1

Properties of the packings used in this study

Packing Type Pore size (nm) Specific pore volume (mL/g) Specific surface afég (m
Nova-Pak Gg Classical silica 6 0.30 120

Symmetry Gg High-purity silica 10 0.90 335

XTerra RAg Hybrid packing with embedded polar group 82 0.70 175
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Table 2 Classical Model
> pHvalues measured for the buffers shown on the right for acetonitrile—water ~ 100
mixtures of the concentrations indicated
0% 10% 20% 30% 40% 50% 101
Phosphoric D9 211 223 237 251 265 )
Phosphoric D8 313 333 349 375 384 High pH
x 14
Acetic 400 419 443 467 492 516
Acetic 500 518 543 568 593 618
Phosphoric 0 624 645 664 678 689 0.1
Phosphoric ®8 7.22 7.43 7.60 775 7.88 Low pH
Phosphoric ®0 822 840 855 868 879 001
Bicarbonate D0 930 957 982 998 1016 0% 10% 20% 30%  40% 50% 60%
Bicarbonate ~ 1®0 1027 1055 1078 1097 1113 (a) % Organic

Phosphoric 1D1 1104 1119 1124 1130 1153

Classical Model
100 -
Water

pH. It interacts with a reversed-phase bonded phase via hy-
drophobic interaction, as well as ionic interaction with ion- 101
ized silanols.

We have studied the retention behavior of this compound . |
using Symmetry gg, a modern monofunctional;gbonded
phase based on a high-purity silif&17], XTerra RRg, a
reversed-phase packing with an embedded carbamate groug
[33] based on an inorganic—organic hybrid packing with in- High %Organic
corporated methyl group34] and Nova-Pak ¢, a C g pack- 0.01
ing based on a high-strength classical silica with a low pore 2 3 4 5 6 7 8 9 10 N 112
volume and a small pore size. We varied the organic solvent
concentration in the mobile phase from 0 to 50% acetonitrile. Fig. 3. Retention pattern for a quaternary amine after the classical model.
The pH was varied from pH 2 to 11 in steps of one pH unit, (a) As a function of the solvent composition. (b) As a function of pH. The
as measured in water. Afterwards, the pH was measured insolvent concentration varies from 0 to 50%, and the pH varies from pH 2 to
the presence of the organic solvent according to the proce-12:
dure recommended by Res and Boscli32]. As described
in Section3, the sodium concentration of the buffer was held
constant during the entire study. The details of the buffer
preparation are described in Sect®n

They, pH-values measured at the different acetonitrile con-
centrations are shown ifable 2 All the buffers used in this
study were anionic buffers. Therefore, the pH values shift
towards larger values as the concentration of the organic sol-
vent is increased. The measuffoH-values are the correct
values to be used in correlating the retention of a cationic an-
alyte with the solvent composition of reversed-phase mobile kip = 30e~30x/(1+3x) (28)
phases. Values used in a solvent system where the calibration
of the measurement is also carried out in the presence of thex is the volume fraction of the organic solvent used as the
organic solvent correlate with ti§gH-values via a constant ~ x-axis inFigs. 3-5 For the ion-exchange interaction, the fol-
function. The experimental procedure allowed us to investi- lowing model was used:
gate simultaneously the influence of mobile phase composi- 1
tion and pH on the retention behavior of the bretylium ion.  kex = 14 10-PFF80

In order to understand the retention behavior of the qua-
ternary amine on reversed-phase packings, we will first show  For Fig. 3, both the parameters are added to each other,
the results expected from theory, and then the actual measureas shown in Eq(1). In all figures, the vertical axis is on a
ments on the various packings. The oldest interpretation of logarithmic scale. We can seehiig. 3that the retention de-
the combined interaction of silanols and hydrophobic chains pends strongly on pH at a low hydrophobic retention, i.e. at
with positively charged analytes assumed that both interac-a high concentration of the organic modifiers. The retention
tions are additive (see E() [1,8]). If this were the dominant  increases with increasing pH due to the increased influence
form of the interaction, the retention pattern showi¥ig. 3 of the ion-exchange with silanols at high pH. On the other

0.11

would result. For ease of comparisdiig. 3and the follow-

ing figures are organized in the same way, kig- 3a shows

the retention factor as a function of the concentration of ace-
tonitrile, andFig. 3b depicts the dependence of the retention
factor on the pH of the mobile phase. The numerical values
chosen for the parameters in the theoretical figures were sim-
ilar to the actual values found for the packings used in this
study. For the reversed-phase interaction, the model uses the
following equation:

(29)
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Multiplicative Interaction Model

100

10

0.1+
0.01
0% 10% 20% 30% 40% 50% 60%
(a) % Organic
Multiplicative Interaction Model
100
Water
10
x 1
0.1 —
50%0rganic
0.01 . : s -
2 3 4 5 6 7 8 9 10 11 12
(b) pH

Fig. 4. Retention pattern for a quaternary amine after the multiplicative
interaction model. (a) As a function of the solvent composition. (b) As a
function of pH. The solvent concentration varies from 0 to 50%, and the pH
varies from pH 2 to 12.

hand, at a low concentration of acetonitrile or even in wa-

ter, the additive retention due to ion-exchange vanishes com-

41

The previously proposed multiplicative mechanism (see
Eq. (17)) that combines the hydrophobic retention mecha-
nism and the silanol activitj0,11]is shown inFig. 4. The
model follows Eq(3), with the values of Eqg28) and(29)
for kyp andkex. As one can see, on both plots the different
lines are parallel to each other. This means that the ratio of
the retention factor at high pH to the retention factor at low
pH is a constant, independent of the concentration of organic
modifier in the mobile phase. At the same time, the ratio of
the retention factors at any organic concentrations do not de-
pend on the pH. Both observations can easily be seen from
the underlying equation describing the multiplicative inter-
action, i.e. they are the essence of the multiplicative interac-
tion model. This model accounts for the still large retention
difference measured between low and high pH when the hy-
drophobic interaction dominates, while the classical model
shown inFig. 3 fails to explain such an observation. From
this standpoint, the multiplicative model is superior to the
classical model. On the other hand, the multiplicative model
does not show any difference in the logarithm of the retention
factor between low and high pH for a low hydrophobic in-
teraction and a high hydrophobic interaction, as can be seen
in the fact that all curves iRig. 4a and b are parallel to each
other.

The two separate models elucidate different parts of the
experimental results. The classical model explains the larger
difference in retention with increasing pH observed when the
hydrophobic interaction is small. The multiplicative model
furnishes an explanation for the still large retention difference
between low and high pH when the hydrophaobic retention is
large. Thus, both models rationalize separate elements of the
observed data. As a consequence, a combination of both mod-
els will deliver a more complete description of the retention
process of cationic hydrophobic solutes on reversed-phase

pared to the increased retention caused by the reversed-phag?ckings. Eq(4) describes such a model. The results are

process. Thus, the retention changes only by a nearly negligi-
ble amount with pH, as the reversed-phase retention proces$

dominates.
Combination Model
100 Water
10
x 1L — — —
0.1
50% Organic
0.01

5 6 7 11 12

pH

Fig. 5. Retention pattern for a quaternary amine after the model combin-
ing sequential hydrophobic interaction and ion-exchange with pure ion-
exchange as a function of the pH.

shown inFig. 5. For this plot, we assumed—as pointed out
arlier—that the retention factors contributing to the mixed
mode interaction are identical to the retention factors for the
independent interactions. It can be seen that the increase in
retention of the bretylium ion from ion-exchange with the
silanols at high pH decreases, as the influence of the hy-
drophobic retention increases, but it does not disappear, as
the classical model would indicate. For some of our data,
such a combined interaction will be needed to explain the
measured data.

In order to understand the interaction with silanols of a
positively charged analyte on different surfaces, we examined
three different packings. We will first discuss Nova-Pals,C
then later Symmetry g, and finally XTerra RPs.

The experimental results for Nova-Pakg@re shown in
Fig. 6. Fig. 6a shows the dependence of retention on the sol-
vent composition. IrFig. &b, the dependence of retention
on the pH is presented. Fig. 6a, the solvent composition
is displayed as the ratioof the volume fraction of the or-
ganic solvent to the volume fraction of water. As can be seen
on the left side of the graph, the retention decreased under
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Fig. 6. Retention pattern of the bretylium ion on Nova-Pak.@a) As a
function of the acetonitrile concentratio®)(pH 11, (+) pH 10, &) pH 9,

(X)pH S8, (O)pH 7, #) pH 6, @) pH 5, (-) pH 4, [J) pH 3, (x) pH

2. (b) As a function of the pH: (+) 0% acetonitrile)) 10% acetonitrile,
(K) 20% acetonitrile, £) 30% acetonitrile, x) 40% acetonitrile, 1) 50%

acetonitrile.

firstin the smallest pores. Furthermore, it happens atthe down
stream or low-pressure end of the column before it happens
at the upstream end of the column. Counter to anticipation,
the retention on Nova-Pak;gis therefore lower in a mobile
phase containing 100% water than in a mobile phase con-
taining 90% water. However, an analysis of the details of the
retention pattern for bretylium shows also that some reten-
tion is lost in a mobile phase as weak as 90% water. For the
purpose of our analytical goals, it was not possible to de-
scribe the retention pattern as a function of the mobile phase
composition with the same equation as will be used later for
Symmetry Gg and XTerra RPs.

In Fig. 6b, we observe a strong increase retention in the
alkaline pH range. This is in agreement with expectation.
Interestingly, the retention gap between low and high pH is
roughly the same for mobile phases with a high and a low
water content. This observation agrees with the prediction
of the combined mixed-mode retention mechanism and thus
suggests that for Nova-Pak §the sole interaction with the
free silanols plays an entirely subordinate role and adds only
an insignificant element to the retention of the bretylium ion.
This observation is in complete agreement with the pattern
expected following E¢(3) (or (15)), and the example shown
in Fig. 4, especiallyFig. 4b. The continued increase in reten-
tion and the lack of flattening of the curves at high pH are
most likely due to the complexity of the silanol acidity on a
classical, i.e. low-purity silica.

In orderto eliminate the influence of “dewetting” on reten-
tion, we examined the retention changes as a function of pH
at each solvent composition individually. For that purpose,
the data were normalized by the average retention factors
obtained at pH 5-7 that is the flat region in the plot. The
results are shown iRig. 7. In general, the retention pattern
does not vary to a significant degree at a high concentration
of organic solvent. This is again in good agreement with ex-

fully agueous mobile phase conditions. This phenomenon is pectations based on the multiplicative model (B&g 4). In

known and reasonably well understd@d—31]
In the following, we will briefly review the current un-

other words, it demonstrates that for Nova-Palg @e re-
tention pattern of the bretylium ion is dominated by the dual

derstanding of the phenomenon that causes the loss of reten-
tion in highly aqueous mobile phases. Under these mobile 3

phase conditions, the stationary phase “dewets” and drives

the mobile phase out of the pores. The underlying mech-

anism is described by the equation by Laplace and Young 2

[35], commonly used to describe pore penetration in mer- i ;5 ,5/
cury porosimetry: ") 1 %@/ /
_ 4y cosf) < /e
AP = 7 (30) . 05 %

= of& —=q

y is the surface tensiof the wetting angle, andithe pore di-
-0.5

ameter. As the mobile phase approaches a high water content,
the wetting angle between the hydrophobic stationary phase -

and the mobile phase exceeds 9@hich creates a positive 40
pressure that forces the mobile phase out of the pores. Since
the pore diameter is in the denominator, this phenomenon is

5.0

6.0

7.0

pH

8.0

9.0

10.0

11.0

Fig. 7. pH influence on normalized retention on Nova-Pak: CA) 0%

more severe With paCk_ingS with a_sma" pore _Size_: and in a aeetonitrile, () 10% acetonitrile,§) 20% acetonitrile, (+) 30% acetonitrile,
given packing with a given pore-size distribution, it occurs (0) 40% acetonitrile, ) 50% acetonitrile.
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retention mechanism, and that the influence of free silanols 100
(or pure hydrophobic interaction) is negligible. As some of
the surface becomes unavailable for interaction in a mobile
phase composition containing 10% or less acetonitrile, the
interaction with the silanols decreases as well. The change
is more pronounced for pH 9 than for the higher pH values,
but the reason for this behavior is unclear at this time. One
can speculate that the more acidic silanols are located in the
smaller pores, which would be in agreement with the expec- ¢ 1

-

tation that the silanoli§; depends on the hydrophobicity of T~
its environment.
For Nova-Pak @g, the multiplicative interaction mecha- 0.01 ‘ ‘ ‘ :
P ; o ; : 0% 10% 20% 30% 40% 50%  60%
nism is dominant and it is potentially the sole mechanism. (@) %organic

However, due to the broad pH range of increasing silanol ac-
tivity, fitting procedures designed to determine a sinddg p

of the silanols failed. This is most likely due to the fact that 190 M//
the simple fitting procedure used here together with the lim-
ited data set could not accommodate the possibility of a wide 10

range of silanol K3 values, as is expected for a classical silica W

based on the result of &hdez et al[12]. At the same time,

the limited data set could not accommodate more complex < 1 = e
equations with multiple silanoliy, values. A_ﬂ__/
However, in order to gain further insight into the pattern
B\—-E/E——/z

observed for Nova-Paksg, the data were curve fit only over 01

a narrower range in solvent composition. Using this proce-

dure, it became clear that the curve fitting procedure inverted

the dependence of the pH on solvent composition as shown  ®%, 00" 200 600 700 800 900 1000 1100 12.00

in Table 2 The reason for this finding is simply that it is not  (b) pH

the pH in the mobile phase that determines the retention pat-

tern of the quaternary amine via the dual-step reversed-phas%jg-cﬁénRsftethogczitﬁ{r?l eOfCE)hni s;f:;’l'lz$ iXOF:‘Hog S(é’)“::tglé-(qil)pﬁs :‘

retention mechanism, byt Fhat. it is the pH' in the sta'tlonary (®) DH 5. ) pH 6, () pH 7, X) pH 8, (1) pH 9, (+) pH 10, ) pH

phase that causes the ionization of the silanols. This value;;’ (b) As a function of the pH: (+) 0% acetonitril&))(10% acetonitrile,

is different from the pH in the mobile phase, since the sol- (X) 20% acetonitrile, &) 30% acetonitrile, ) 40% acetonitrile, ) 50%

vent environment inside the stationary phase layer is different acetonitrile.

from the mobile phase, i.e. this environment is much more

hydrophobic. This phenomenon is the fundamental cause ofin Fig. 4 would predict. The data obtained for the pH range

the shift in g5 observed in our data on reversed-phase pack- 4-12 are displayed ifrig. 8b. One can see a clear transi-

ings compared with g, values measured on unmodified sil- tion range in the activity of the silanols, including a leveling

ica (e.g. referencfl0]). However, the pH in the stationary off at higher pH. The behavior iRig. 8 suggests that there

phase cannot be measured by the means used here. In thare multiple interactions, as shown in the example pattern of

plots shown above for Nova-Pak §; we used therefore the  Fig. 5. Two mechanisms occur simultaneously: (1) a mul-

agueous mobile phase pH. tiplicative (that is a reversed-phase assisted) ion-exchange
The “dewetting” difficulties found with Nova-Pak 1@ mechanism and (2) a pure ion-exchange mechanism. Based

were not encountered with the Symmetryg@nd XTerra on this assessment, we will attempt to do curve fitting to Eq.

RP1g phases. For XTerra RB, a dewetting is not expected, (26).

since the embedded polar group allows wetting in a fully In a first curvefitting attempt, we assigned two different

agueous mobile phase. Symmetng@as a larger pore size, pKj values to the silanols that show direct interaction com-

thus the phenomenon is not expected to be as pronouncegbared to those involved in the multiplicative retention mech-

as for Nova-Pak &g, and the pressure in the post-column anism. The curvefit results were good, but the error windows

tubing was sufficient to prevent dewetting. The results for of the two K, values for the postulated two types of silanol

Symmetry are shown iRkig. 8 Fig. 8a shows the change in  groups overlapped. This means that there are not two statisti-

retention as a function of the solvent composition from 50 to cally distinguishable types of silanols, but only a single type

0% acetonitrile. One can see immediately that the different that should be considered for further fitting procedures.

lines obtained at different pH values are not parallel to each  In Table 3 and b, the curvefit results for SymmetrygC

other, as was the case for Nova-Palg @nd as the theory of  to a single type of silanol with a singlekg are shown. In

an exclusively multiplicative retention mechanism as shown Table &, the curvefit is done assuming that the pH value
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Table 3

Results for Symmetry 3

Parameter (a) Curvefit 1 with pH correction (b) Curvefit 2 without pH correction
Result Standard deviation Result Standard deviation

kn,0 310 27 295 26

A -29.1 18 —-29.3 17

B 3.68 03 378 028

Kmix 65.2 110 512 8.0

pKsioH 8.80 010 811 009

KsioH 0.73 009 082 009

r2 0.9948 09955

Table 4

Results for XTerra R

Parameter (a) Curvefit 1 with pH correction (b) Curvefit 2 without pH correction
Result Standard deviation Result Standard deviation

kn,0 4.90 014 479 014

A —145 04 -143 041

B 2.25 009 222 009

Krmix 4.6 0.8 27 0.4

pPKsioH 10.33 012 944 011

KsioH 0.095 Q015 Q135 Q016

r2 0.9982 09983

responsible for the interaction of the bretylium ion with the for the same curvefit for Symmetry. There are several impor-
silanol groups in the ¢ layer is a function of the organic  tant differences between the results obtained for Symmetry
solvent concentration, iable 3 we assume that thisis not Cjg and XTerra RPs. The retention factor for the bretylium
the case. The latter curvefit was triggered by the finding for ion is much lower on XTerra Rifg. In addition, the values
Nova-Pak Ggthat a correction of the pH of the mobile phase of kyix andksion, which reflect the influence of the silanol
with the organic solvent composition was not in agreement groups on retention, are also much smaller on XTerrgsRP
with the curvefitting results. In agreement with the findings Especially the value for the direct interaction with silanols
for Nova-Pak Gg, better results are obtained, if we use the ksjoy is nearly negligible. Most importantly, thekpg of the
aqueous pH for curvefitting instead of the pH measured in the silanols on this packing has shifted still further into the al-
mobile phase (resulffable 3). As for Nova-Pak &g, this kaline pH range compared to Symmetryg{Cto a value of
finding for Symmetry @gindicates that the silanolionization ~ 10.33 with pH correction or 9.44 without pH correction. This
is either not or a very weak function of the mobile phase is in agreement with previous results and with expectation.
composition, due to the fact that the local environment of the The shift in <5 for the hybrid packings has been measured
silanols does not vary significantly with the organic content
of the mobile phase. 3
Both fitting methods result in a silanokKg above 8. The
higher [K; of the silanols on a ¢ (between 8 and 9) com-
pared to the free silanols on a silica (around 7) isin agreement

with our previous resultgl0], as well as the results of others «
[36] and in agreement with the reasonable expectation of a < © - -
lower dielectric constant in the less polar surface region as ¢ _ e e —

compared to the mobile phase. —_—— e e ’/0’
Next, the same two-dimensional curvefitting procedure -2 L S S P >

was used for XTerra Rfg, a well-deactivated packing with - . /

an embedded polar groujpable 4andFig. 9 show the re- N ; ¢

sults of this procedure. As above, the datdable 4 show 4 ‘ ‘ . ,

the figures for the fit to the pH measured in the presence of 00 20 40 6.0 8.0 100 12.0

the organic solvent, while the dataTable 4 reflect the re- pH

sults of the fit using the aqueous pH. The quality of the data is
9 q P q y Fig. 9. Retention pattern of the bretyliumion on XTerraR&s a function of

even better than the qua."t.y of the Symmeteg Gata, with an pH and solvent composition. The curvefit (lines) is overlaid to the measured
overall correlation coefficient of 0.9983 compared to 0.9955 yata.
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