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Abstract

The structural attributes and molecular interactions contributing to “U-shape” retention on pentafluorophenylpropyl (PFPP) HPLC sta-
tionary phases are systematically investigated. Only basic analytes exhibit retention that increases with the acetonitrile content in mixtures
of acetonitrile and aqueous ammonium acetate, with some basic analytes not eluting at all from PFPP columns using 100% acetonitrile.
U-shaped retention as a function of mobile phase acetonitrile content was more dramatic on a PFPP column relatReten@on of the
quaternary ammonium salt bretylium on these stationary phases and on the same bare silica support showed minimal influence of ion-exchange
mechanisms on the;gphase, however, a significant influence of ion-exchange mechanisms was observed for both PFPP and bare silica. The
retention of bretylium on PFPP was only slightly less than on bare silica. These findings suggest ion-exchange mechanisms dominate retention
of basic analytes in the high acetonitrile realm on PFPP. The PFPP stationary phase exhibits a substantial increase in effects of ionized surface
silanol groups compared to the alkyl phase despite similar surface coverage. Retention of some basic analytes on a PFPP phase was enhance
relative to retention on silica alone, and implicates other dispersive interactions that might be exploited for selectivity different from either
alkyl phases or silica alone.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction cantsuppression or enhancement ofionizations that can cause
poor quantitation in LC—MS analys§3]. To achieve reten-
Analyses of pharmaceuticals, their metabolites, and com-tion of polar ionic solutes, ion-pair reagents are often added
plex mixtures of endogenous metabolites (metabolomics)to mobile phases. These reagents, however, are generally
are growing in importance in both drug development and non-volatile and suppress ionization in LC-MS experiments.
in fundamental studies of cellular responses to genetic Other separation techniques such as capillary electrophoresis
or environmental perturbations. The combination of high- (CE) are also suitably employed for retention and separation
performance liquid chromatography (HPLC or LC) and mass of ionic analytes, but the predominantly aqueous solvents
spectrometry (MS) has become the dominant analytical tool and non-volatile buffers employed are less amenable to MS
in analysis of pharmaceuticals and metabolji§sLC-MS, interfacing than many liquid chromatographic systems. It
however, suffers from serious limitations in analysis of polar, is, therefore, desirable to design HPLC stationary phases
low-molecular-mass (<500) analytes, which are often poorly capable of retaining polar analytes using mobile phase
retained on common HPLC stationary pha@sinadequate  constituents compatible with mass spectrometric analysis.
chromatographic retention and resolution canresultin signifi- ~ Fluorinated, silica-based stationary phases have shown
unigue retention for small, polar analytgs-6]. In partic-
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which has shown dependence on mobile phase compositionnisms. Rationale for the existence of such mechanisms of
At lower percentages of organic modifier (herein referred to retention, however, was not given.
as the reversed-phase region), solute retention resembles that To best utilize the retention characteristics of various ana-
of classical reversed-phase systems. At higher percentage$ytes using the fluorinated phases, recognition of the dom-
of organic (herein referred to as the normal-phase region), inant retention mechanisms and analyte/support properties
however, behavior more typical of normal-phase separationsthat govern retention are paramount. This research was de-
is observed with increasing proportions of organic modifier. signed as a systematic investigation of analyte structure and
This combination of reversed- and normal-phase behavior stationary phase chemistry to elucidate interactions contribut-
forms a “U-shape” relationship between retention and ing to retention at high organic modifier percentages. Since
organic modifier percentage. The normal-phase behaviorion-exchange with surface silanols was initially implicated,
is observed using mobile phase components common tofurther studies were conducted to explore the ion-exchange
reversed-phase LC that are highly compatible with mass properties of the PFPP phase and the fundamental reasons
spectrometnf4—7]. Although this “U-shape” retention has for its existence. The availability of surface ionized silanol
been observed ontraditional alkyl colunj@f the magnitude  groups on PFPP, bare silica andg@hases were assessed
of normal-phase retention is dramatically increased using theby measuring the retention of bretylium ion as a function of
PFPP stationary phagb]. Nahum and Hor&th attributed mobile phase pH. The results demonstrated that the PFPP
the irregular retention profiles using the alkyl columns to stationary phase allows analytes to interact with the surface
a dual retention mechanism involving both silanophobic in a similar manner to bare silica, whereas alkyl phases in-
and silanophilic interactiong9]. To date, the retention hibit ionic interactions. The rationale for these observations
mechanisms responsible for the enhanced normal-phasen terms of differential surface solvation is discussed.
behavior on PFPP phases and the fundamental properties of Contributions to retention other than that due to ion-
analytes that exhibit this phenomenon remain unclear. exchange were also addressed. Preferential retention of basic
Stationary phases containing perfluorinated functional analytes on PFPP compared to bare silicaindicates significant
groups are available from many column manufacturers and contributions from non-ionic retention mechanisms in accor-
are best known for their use in separating taxgi€sl1] dance with a hydrophobically assisted ion-exchange mecha-
Due to unique selectivity of the fluorinated phases, they are nism as proposed by Neue et[d6] and Carr and co-workers
becoming more widely used as an alternative to traditional [17]. Selectivity and peak shape issues are also discussed.
alkyl systemd12]. Sadek et al. used linear solvation energy
relationships (LSERSs) to demonstrate selectivity differences
for polar, nonionizable analytes on perfluorinated supports 2. Experimental
compared to hydrocarbon bonded phd48% The small dif-
ferences they observed in dispersive and polar interactions or2.1. Reagents and standards
fluorinated phases in comparison to alkyl and phenyl station-
ary phases, however, do not appear to adequately describe All compounds chosen for the retention studies were ob-
the dramatic differences in retention observed for ionizable tained from Sigma (St. Louis, MO, USA) with the exception
analytes using these same columns. More recently, perfluori-of progesterone (Aldrich, Milwaukee, WI, USA). Separate
nated stationary phases have shown alternative retention andtock solutions of each analyte were prepared by dissolving
selectivity in several column classification studies. For exam- a weighed amount of each compound in methanol to ob-
ple, Neue et al. demonstrated differences in “extended polartain concentrations of 1 mg/mL. Stock solutions were stored
selectivity” and “phenolic selectivity” between fluorinated at 0—4°C when not in use. Samples for analysis were pre-
and traditional alkyl phas€d4]. The Neue study grouped pared by diluting stock solutions with the respective buffer
the selectivity of fluorinated phases as distinct fromg &nd for the study to a final concentration of 1@/mL. AllHPLC
cyanopropyl phases, however, rigorous studies to elucidatereagents were obtained from Aldrich except acetic acid (J.T.
the interactions responsible for this observation were not re- Baker, Phillipsburg, NJ, USA) and were of HPLC grade or
ported. In a related column classification study, Euerby and better and were used without further purification. HPLC-
Petersson investigated 135 commercially available station-grade water used throughout the study was obtained from a
ary phasefgl2]. The authors observed significant differences Nanopure Diamond (Barnstead, Boston, MA, USA) source.
in analyte shape selectivity for pentafluorophenyl stationary
phases. The unique retention and selectivity of the fluori- 2.2. HPLC columns, conditions and apparatus
nated phases in the Euerby study prompted further investi-
gation[15]. In this latter study, the authors report orthogonal Discovery HS F5 (pentafluorophenylpropyl bonded), Dis-
selectivity of fluorinated phases as compared to phenyl andcovery HS Ggand a bare silica column packed with the same
alkyl phases, especially in the analysis of basic analytes. Theyproprietary silica used to manufacture the Discovery line of
also report high retention factors for basic analytes in mobile columns were obtained from Supelco (Bellefonte, PA, USA).
phases containing in excess of 80% acetonitrile concluding The columns, packed withsm particles with surface area
that the retention appears to involve ion-exchange mecha-of 300 n?/g were 50 mm in length and had 4.6 mm inter-
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Table 1

Comparison study column characteristics

Stationary phase Bonded phase Particle Surface Pore Coverage Carbon
size @m) area (n?/g) size Q) (wmol/m?) (%)

Discovery HS F5 Pentafluorophenylpropyl-endcapped 5 300 120 4.0 12

Discovery HS C18 Octadecyl-endcapped 5 300 120 3.8 20

HS silica None 5 300 120 None None

nal diameters. The available physical characteristics of thetained at 35C. Retention data at each pH level were obtained
columns are shown imable 1 Both the PFPP and4g sta- at least in duplicate for the three phases investigated.
tionary phases are prepared using monofunctional silanes.
The same proprietary leaving groups and similar catalysts,
solvents and apparatus are used in both manufacturing pro3. Results and discussion
cesses. The columns were chosen for the study to eliminate
potential contributions toward retention from differing silica 3.1. Solute attributes contributing to “U-shape”
supports. retention

Retention data were obtained using a Hewlett-Packard
(Palo Alto, CA, USA) 1100 series HPLC system equipped  Acid dissociation and octanol-water partition coefficients
with a quaternary pump, autosampler, column tempera- for the compounds chosen for the study are listethible 2
ture controller and a variable-wavelength UV detector. Ac- and their structures are presentedrig. 1 The compounds
quisitions were made using ChemStation software version used are representative of common pharmaceutical acidic,
A.06.01. All pH measurements were carried out using a basic and neutral molecules. The retention for each of the
Corning (Corning, NY, USA) Model 440 pH meter, which analytes was measured in triplicate from 40% to 90% ace-
was calibrated using standard buffer solutions prior to eachtonitrile in 10% increments at both pH 4 and 6.7 using PFPP
use. and Gg as stationary phases. The capacity fackgrwas

Mobile phases employed in the retention profile studies calculated using the following equation:
comprised of 10 mM ammonium acetate either adjusted to a o1
pH of 4.0 with acetic acid or unmodified (pH 6.7) and vary- ' = RT 1)
ing percentages of acetonitrile. Mobile phase compositions ‘0
ranging from 40% to 90% acetonitrile were achieved by mix- wheretr andtg are the retention time of the analyte and
ing in-line using the quaternary pump. Retention data were column hold-up time, respectively.
acquired in triplicate using 28l injections, a flow rate of
1 mL/min, a column temperature of 36, and UV detection  taple 2
at 220 nm. System hold-up timg) was estimated by mon-  Analyte ionization and octanol-water partition coefficients

itoring the first signal disturbance upon injection. Although cjass Compound Ko logP
this is not cons[dered arigorous measure of hold-up t|me, the g ces Amitriptylin@ 94 292
possible retention of tradition& markers such as uracil on Nortriptyline® 9.7 4.28
the polar phases precluded their use. Hold-up times were con- Diphenhydraming 8.98 3.27
sistent within column and mobile phase conditions and var- Verapamif 8.92 3.79
ied only slightly with changes in mobile phase composition Alprenolof 9.7 3.1
. . Lidocainé 8.01 2.44
and column chemistry. The range of hold-up times across all
columns and conditions was determined to be 0.49—0.67 min.Neutrals Hydrocortisorfe N/A 161
For the pH dependence studies, bretylium tosylate was Efgrgggﬁfgge acetete wﬁ gé?
prepared at 1 mg/mL in methanol. Mobile phases ranging in Cor?icostemn% N/A 1.94
pH were prepared such that the ammonium ion concentra- Cortisone acetafe N/A 2.1
tion was held constant at 25 mM. For each buffer, 25 mL of Prednisong N/A 1.46
a 1 M stock solution of ammonium hydroxide was added to acigs Diclofenaé 4.15 451
approximately 850 mL of HPLC grade water. The pH of each Ibuprofer? 4.91 3.97
solution was adjusted to 2, 3, 6, 7, and 8 with concentrated Aspirin? 3.49 1.19
phosphoric acid (J.T. Baker) and 4 and 5 with glacial acetic E:go:‘;zﬁ j‘ig gig
acid (J.T. Baker), followed by dilution to 1 L with water. The Pirox?cam’" 63 306

mobile phasgs conss_ted of buffer—acetonltrllg (80.'20). and a Denotes data taken from SRC PhysProp Database.

were proportloned in-line. A flow rate of 1 mL/min, Injection b Denotes data taken from Japanese Drug Datathase/(chrom.tutms.
volume of 2uL, and a UV wavelength of 220 nm was used  tut.ac.jp/JINNO/DRUGDATA/55nortriptyline.htrj

throughout the study. The column temperature was main- ¢ Denotes data taken frof@9].
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Fig. 1. Structures of analytes used in the study: 1, amitriptyline; 2, nortriptyline; 3, diphenhydramine; 4, verapamil; 5, alprenolol; 6,; [l byairezortisone;
8, hydrocortisone acetate; 9, progesterone; 10, corticosterone; 11, cortisone acetate; 12, prednisone; 13, ibuprofen; 14, aspirin; &516jclafemxen;

17, ketoprofen; 18, piroxicam; 19, bretylium.
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The capacity factors obtained for the probes at pH 4 and Table 3. For brevity, the capacity factors obtained for only
pH 6.7 for both stationary phases are shown as a functionthe basic probes at pH 6.7 for both stationary phases are plot-
of percent acetonitrile iTable 3 Comparison of the reten-  ted as a function of percent acetonitrileHiy. 2 Comparison
tion profiles at pH 4 shows thatpp>> k4 for all basic of the retention profiles at pH 6.7 shows that the neutral and
compounds. The {g phase exhibits slightly greater reten- acidic probes (not shown) again exhibit classical reversed-
tion for both neutral and acidic probes, where the average phase retention on both phases. With the exception of lido-
increase irk’ is 1.5-fold and 0.8-fold for neutrals and acids, caine, the basic analytes are shown to preferentially retain by
respectively, at both pH conditions. On both the PFPP and an average factor of 20 on the PFPP phase when compared to
Cis systems, the acidic and neutral species exhibit classicalthe G g system across the entire range of mobile phase com-
reversed-phase behavior in thHatmonotonically decreases positions. In addition, the bases exhibit “U-shape” retention
with increasing acetonitrile content. In contrast, basic ana- profiles on both phases. Verapamil and lidocaine once more
Iytes, with the exception of lidocaine and verapamil, show are the exceptions.
an increase in retention at both low and high organic on both  Table 4 provides a comparison of capacity factors ob-
phases forming a “U-shape” retention profile. With the ex- tained for the basic analytes on PFPP at the two pH con-
ception of lidocaine, thd& for basic analytes ranges from ditions employed at 90% acetonitrile. For all analytes that
about 15 to 35 times greater on the PFPP phase compared texhibit normal-phase behavior, retention is shown to increase
Ci1s at pH 4. Thek' for verapamil reaches a minimum and by 10-60% at the higher pH value. This effect is attributed
levels off between 70% and 90% acetonitrile, whereas lido- to the greater extent of silanol ionization at the higher pH,
caine retention is observed to continually decrease at highand provides further evidence of the importance of ionic in-
organic mobile phase percentages. The rationale for the ob-teractions. Based on the literature, aqueous-bakgd/al-
served lidocaine and verapamil retention will be discussed in ues {[Table 2, the fraction of analyte molecules protonated
sections to follow. at both pH values is greater than 99% for all of the bases

Selectivity differences are observed for both phases be-except lidocaine. The increase in retention, based solely on
tween the reversed-phase and high organic regions of theilon-exchange, must therefore involve another change in the
profiles. On the PFPP phase at 40% acetonitrile, the elutionsystem. The ion-exchange process necessarily involves pos-
order for the basic probes is lidocaine, alprenolol, diphenhy- itively charged and negatively charged species. In this case,
dramine, nortriptyline, amitriptyline, and then verapamil. At the negatively charged species is presumed to be ionized sur-
90% acetonitrile, however, the elution order changes to li- face silanols based on the observation of “U-shape” behavior
docaine, verapamil, alprenolol, diphenhydramine, amitripty- on the alkyl phase. Although the acidity of surface silanols
line, and then nortriptyline. This difference indicates that the is not homogeneous, an averad@palue of approximately
relative importance of the various potential interactions has 7 has been estimated for some modern sil{d®519] Us-
changed between the two regions. The order of retentioning this value, the percentage of silanol groups in an ionized
at 40% acetonitrile monotonically increases with the litera- state at pH 4 and 6.7 is estimated to range from about 1% to
ture octanol-water partition coefficient (189 values, show- 33%, respectively. The increased retention at the higher pH
ing the expected importance of dispersive interactions underis, therefore, attributed to the increase in fraction of silanols
reversed-phase conditions. At high organic percentages then the ionized state.
retention monotonically increases witKpvalues. This lat- The contributions of ion-exchange to retention of basic an-
ter observation implicates the relative importance of ionic alytes are expected to derive from the extent of ionization of
interactions at high organic mobile phase compositions. The both surface silanols and analyte. For instance, based solely
difference in the two regions is clearly seen when the reten- on silanol ionization, each of the protonated bases would be
tion of structurally related amitriptyline and nortriptyline are expected to show a corresponding increase in retention at pH
compared. The more hydrophobic amitriptyline is preferen- 6.7 versus pH 4. However, verapamil shows an 18% decrease
tially retained by 28.5% ik’ at 40% acetonitrile, whereas in retention at pH 6.7 on the PFPP column at >80% acetoni-
the more polar nortriptyline is retained 12.1% more at 90% trile. Such an effect may be attributed to a combination of
acetonitrile. The observation that only bases exhibit normal- decreasing analyte protonation and decreasing silanol ioniza-
phase retention and that the selectivity is at least partially tion at high acetonitrile concentrations. Using the aqueous-
based on the degree of ionization of the basic compoundsbased [, value for verapamil of 8.92, the analyte is greater
suggests that ionic interactions are of great importance as theahan 99% protonated at both pH 4 and 6.7. Thg palues
acetonitrile fraction approaches 100%. Further studies aimedof bases, however, are known to decrease with increasing or-
at quantifying the relative importance of the mechanisms of ganic modifier and the apparent pH of aqueous/organic sol-
interaction using LSER models are underway. vents increase with greater proportions of orgdaig,20]

The presence of ionic interactions implies that the pH of Recent studies in our laboratory (manuscript in preparation)
the mobile phase may have a significant impact on the reten-demonstrate that the<g of verapamil in 90% acetonitrile is
tion in the normal-phase region. For this reason, the retention7.97 and the pH measured following the addition of acetoni-
for all of the analytes was monitored using mobile phases trile for the aqueous-based pH of 4 and 6.7 is 6.8 and 8.1,
prepared using ammonium acetate at near neutral pH (segespectively. The result is a decrease in the degree of ion-
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Table 3

Capacity factors as a function of percent acetonitrile on PFPP and C18 phase

Analyte Capacity factor() at percent acetonitrile

40 50 60 70 80 90

I. PFPP, pH 4
Amitriptyline 4166 2337 1718 1381 1267 1636
Nortriptyline 3242 1866 1404 1143 1104 1834
Diphenhydramine 238 1564 1267 1Q76 1062 1511
Verapamil 4867 2381 1618 1191 1020 1010
Alprenolol 1528 1056 902 801 839 1399
Lidocaine 694 627 620 554 383 193
Hydrocortisone ®6 035 031 023 015 003
Hydrocortisone acetate .90 092 061 039 023 000
Progesterone .82 303 166 095 055 028
Corticosterone P25 063 048 034 023 003
Cortisone acetate a7 117 073 045 026 -0.01
Prednisone as 041 035 026 017 004
Diclofenac 816 346 200 126 081 066
Ibuprofen 652 253 141 081 049 032
Aspirin 0.98 061 053 045 032 —0.05
Naproxen 382 170 110 073 051 044
Ketoprofen 284 128 083 052 034 028
Piroxicam 130 060 037 016 —0.02 —-0.24

II.C18, pH £
Amitriptyline 252 125 074 053 046 099
Nortriptyline 217 108 063 045 037 Q77
Diphenhydramine 18 Q070 046 036 030 066
Verapamil 231 110 062 044 036 064
Alprenolol 092 053 038 029 025 055
Lidocaine 043 037 039 044 056 053
Hydrocortisone n3 067 048 036 025 019
Hydrocortisone acetate .56 171 096 062 039 024
Progesterone 280 899 412 242 141 085
Corticosterone 33 125 081 058 041 029
Cortisone acetate 45 200 108 067 040 023
Prednisone a2 066 046 034 023 017
Diclofenac 1181 426 180 093 045 014
Ibuprofen 1740 639 283 154 083 045
Aspirin 0.33 029 027 023 007 000
Naproxen 472 215 113 070 040 021
Ketoprofen 413 188 099 060 034 013
Piroxicam 235 126 069 040 021 002

IIl. PFPP, pH 6.7
Amitriptyline * 48.07 2921 2076 1443 1924
Nortriptyline * 3846 2462 1893 1518 2990
Diphenhydramine 588 3042 2035 1549 1155 1659
Verapamil * 4323 2292 1405 825 826
Alprenolol 3331 2081 1506 1254 1075 2021
Lidocaine 1016 6.05 318 195 092 063
Hydrocortisone ®4 055 033 037 017 021
Hydrocortisone acetate .40 117 067 040 016 022
Progesterone 81 373 182 108 044 021
Corticosterone B4 087 053 036 015 023
Cortisone acetate 7 146 079 048 012 023
Prednisone a1 062 035 037 017 022
Diclofenac 261 123 076 055 009 015
Ibuprofen 158 085 056 037 010 016
Aspirin 0.42 028 005 004 - -
Naproxen 106 063 044 034 008 017
Ketoprofen 057 039 032 026 003 009

Piroxicam 041 028 000
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Table 3 Continued

Analyte Capacity factork() at percent acetonitrile
40 50 60 70 80 90
IV.C18, pH 6.7
Amitriptyline 4.97 280 209 157 127 155
Nortriptyline 252 131 102 Q77 058 089
Diphenhydramine Do 130 094 Q77 064 073
Verapamil 575 280 186 116 092 069
Alprenolol 098 062 060 040 039 060
Lidocaine 457 279 203 135 095 052
Hydrocortisone ®9 045 040 031 023 015
Hydrocortisone acetate .56 130 095 063 035 021
Progesterone 137 7.16 414 242 156 099
Corticosterone B4 094 079 057 037 024
Cortisone acetate -7 154 107 068 037 021
Prednisone ®9 044 038 030 022 014
Diclofenac 060 022 025 019 013 002
Ibuprofen 122 047 056 034 028 003
Aspirin 0.13 016 023 004 003 001
Naproxen a2 018 027 022 009 002
Ketoprofen 009 019 027 022 007 002
Piroxicam 009 018 031 023 008 001

2 Data acquired on Discovery HS F5 and Discovery HS C18 using 10 mM ammonium acetate, pH adjusted to 4.0 with acetic acid (pH 4): acetonitrile.
Columns were 5 cnx 4.6 mm, 5um particles. Other conditions: flow rate, 1 mL/min; temperaturé,35letection, 220 nm.

b (*) Analytes overly retained:; (*) analytes exhibited split peaks about the hold-up time.

¢ Data acquired on Discovery HS F5 and Discovery HS C18 using 10 mM ammonium acetate, pH unadjusted (pH 6.7): acetonitrile. Columnsxwere 5cm
4.6 mm, 5um particles. Other conditions: flow rate, 1 mL/min; temperature,(3Sletection, 220 nm.

ization from 99% at the lower pH to just 40% at the higher data for bretylium ion as a function of mobile phase[if].
level. The decrease inkp coupled with an increase in ap- The quaternary bretylium ion exhibits a permanent positive
parent pH substantially neutralizes the basic analyte, therebycharge and thus will not change in retention due to altered
decreasing the overall ion-exchange interactions. The obser4ionization as a function of pH. A change in retention with pH
vation that the increase in retention on going from pH 4 to is thus a measure of the degree of ionization of the stationary
6.7 is more substantial for the more basic secondary aminesphase. In a similar fashion to the Neue experiments, the re-
that are more extensively protonated at both pH values fur- tention of bretylium ion was monitored as a function of pH
ther supports this hypothesis. More quantitative studies onusing the PFPP, bare silica angds€olumns. Mobile phases
variation of K3 values and pH measurements with organic ranging in pH from 2 to 8 (see Secti@hwere prepared such
composition are a subject of current work. The effects of that the ammonium ion concentration was held constant at
organic modifier on silanol K, values are discussed in the 25 mM. A plot of retention (lod) for each stationary phase

following sections. versus mobile phase pH is presenteéig. 3.

Both the PFPP and silica stationary phases show an in-
3.2. Dependence of apparent silanolg¥alues on crease in bretylium ion retention of approximately 80% at pH
stationary phase chemistry 8 versus pH 4 while no significant increase is observed over

the pH range studied omg The concomitantincrease in re-

The observations above provide evidence that ion- tention onthe PFPP and bare silica phases with pH suggests
exchange interactions between ionized silanols and positivelythat the extent of available ionized silanol groups are simi-
charged analytes have animportantrole in their retention, par-lar. Bretylium retention does not increase on thg fthase
ticularly on the PFPP phase. The differences betwagad up to a pH value of 8 suggesting that the extent of effective
PFPP columns are surprising, as the physical and chemicasilanol ionization does not change in this pH range. Similar
characteristics for the stationary phases providethinle 1 differences in silanol i values between bare silica and the
indicate that a similar number of unmodified silanols should Cig-bonded stationary phase have been observed by others
exist on both bonded phases. The difference then, must be 416,19] The difference in the silanoky values between the
function of either the degree of silanol ionization on the two PFPP and g bonded phases explains the enhanced reten-
phases or the availability of the ionized silanols to interact tion and “U-shape” profiles of the basic analytes observed on
with the basic analytes. the PFPP relative to £g. Since the @g exhibits few effec-

Neue et al. approximated th&gvalues of surface silanols  tive ionized silanols at pH values less than 8, the degree of
for several silica supports, an organic-silica hybrid particle effective silanol dissociation is minimal under pH conditions
and the Gg bonded versions of each by acquiring retention typically employed using silica-based stationary phases (pH
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4 buffer:acetonitrile. Buffer ammonium ion concentration held constant at
-% 25mM. pH adjusted as described in the experimental section. Other con-
% 3 . ditions: flow rate, 1 mL/min; temperature, 36; detection UV at 220 nm.
a: L}
2 * i . . . .
. : . . face likely influences the solvation of the silanol groups. The
1 " ' . . Y more hydrophobic alkyl phase may induce a greater con-
o ° ° centration of the organic phase near the surface, whereas

) 30 40 50 60 70 80 90 100 the more polar PFPP ligands likely promotes a more po-
7 Acetonitrile lar composition owing to more favorable interactions with
Fig. 2. Retention profilesk() of basic probes on PFPP at pH 6.7. Retention  POlar solvent molecules. This is consistent with the HILIC
(K) of basic probes#, amitriptyline;l, nortriptyline; A, diphenhydramine; mode of retention as proposed by AlpgtR], however, the
x, verapamil,O, alprenolol; and®, lidocaine using (a) PFPP and (b) C18  dominant interaction mechanism appears to be related to ion-
from 40% to 90% acetonitrile under pH 6.7 conditions. Aqueous component: exchange rather than partitioning between the organic-rich
10 mM ammonium acetate, pH unadjusted. Column: Discovery HS FS, 5em ) ije hhase and a layer of semi-immobilized agueous-rich
x 4.6 mm, 5um particle size. Other conditions: flow rate, 1 mL/min; tem- .
perature, 35C; detection UV at 220 nm. solvent at the surface. Th&p values of acids are known to

increase with greater proportions of organic conf2g}. For

2-8). Under these same conditions, the PFPP phase is likelyeXample, the K of acetic acid increases from 4.76 in pure
to exhibit a significant degree of accessible ionized silanols Water to 6.57 in 60% acetonitri[@4]. Silanol groups exhibit
and is therefore more likely to retain basic analytes via ion- 8" average i, of approximately 7 in modern silicas. If the
exchange processes. trend of increasing g, with increasing organic proportion
The PFPP phase is less hydrophobic than the alkyl phase0lds for silanol groups, they values may approach 9 or

[21]. The difference in the overall hydrophobicity of the sur- 10 in the presence of the alkyl ligand. o
A second rationale for the observed behavior might be that

the Gg stationary phase inhibits the analytes from reaching

Table 4 . o .
Comparison of capacity factors obtained on PFPP at neutral and acidic pH _the surfa_ce, rendering the_ |0n_|zed S|Ian_0|3_0n the hase
values at 90% acetonitrile inaccessible to the bretylium ion. Studies in our laboratory
Compound K (data not shown) have shown that the retention of basic an-
alytes decreases with increasing ammonium acetate concen-
AtpH 4 AtpH 6.7 . . . .

— tration. It stands to reason that if an ion such as ammonium
Amitriptyline 164 192 has free access to the surface, a slightly larger analyte such
Nortriptyline 183 299 as bretylium would also experience free access
Diphenhydramine 18 166 Yy P :

Verapamil 101 83
Alprenolol 140 202 3.3. Comparison of basic probe retention using PFPP
Lidocaine 19 0.6

and bare silica

Data acquired on Discovery HS F5 and Discovery HS C18 using 10 mM

ammonium acetate, pH acjusted to 4.0 with acetic acid (pH 4) and unad- To further explore the contribution of silanol interactions
justed (pH 6.7): acetonitrile (10:90, v/v). Columns were 5gnm.6 mm, p !

5um particles. Other conditions: flow rate, 1 mL/min; temperature,G5 the retentior) data for each of the six basjp probes were
detection, 220 nm. recorded using both the PFPP and bare silica phases. Re-
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Table 5 /1 e
Comparison of capacity factors of basic analytes at 90% acetonitrile on PFPP P o ,F/’ W
and bare silica stationary phases B \ ,j/ b
A A f F
Compound K N j | P e W NP \i -
s F St ‘ N A 2

Silica PFPP /E % ] I Feo /\\L
Amitriptyline 4.63 1271 F e B 111 Y )

. . \ \‘\._ -
Nortriptyline 6.92 1908 [ / ‘ \R/ F
Diphenhydramine 4.69 198 F J " NH+)CH3 E
Verapamil 1.76 %0 S/ 7 7
Alprenolol 6.09 1259 {\ HaC \

Lidocaine _ 9.09 016 HiC— i—CHs A " C‘“?i CHs
Data acquired on 5cm 4.6 mm, 5um Discovery HS PFPP and a custom " _ if =
bare silica phase based on HS silica using 2 mM ammonium acetate, pH O\ o O\ OHHO .0 O HQ /O
_ e " . \ / TR W ;
6.7 in 90% acetonitrile. Other conditions: flow rate, 1 mL/min; temperature, Sj Si Si Si Si
35°C; detection, 220 nm. P \ o \ Vs |\ Pl \
HO o} 0 0 0 OH

tention data Wer_e vaUIred usmg E(l) mobile p_h_ase ConSIStIngFig. 4. Representation of potential interactions of protonated basic analytes
of 2mM ammonium acetate in 90% acetonitrile. If the re- i prpp stationary phase. The protonated amitriptyline (1) molecule is

tention of the basic analytes were explicitly based on silanol shown to interact via ion-exchange (A) with an ionized surface silanol (I1)
interactions, the magnitude of retention should be greater onwhile simultaneously interacting via dispersive and polar mechanisms (B)
bare silica owing to the greater number of available silanol With the PFPP bonded phase (Ill).
groups (about twice that available on the PFPP phase using
the accepted silanol density ofu@nol/m? [25]). The data  dependence is observed. In addition, the slightly basic an-
presented iTable 5 however, show that the retention for the alyte does not exhibit the “U-shape” profile under any of
basic analytes significantly increase (by a factor of 2-3) on the the conditions investigated. The major difference between
PFPP column compared to the bare silica phase. This pointdidocaine and the other basic probes lies in it alue.
to a significant contribution of non-ionic mechanisms to the The aqueousig, for lidocaine is about 1 pH unit less than
retention of bases on PFPP stationary phases as minimal conthat for the next lowest test probe. In general, thg pf the
tribution from reversed-phase mechanisms is expected on theprotonated form of basic analytes decrease with increasing
bare silica support under these conditions. In other words, apercentages of organic modifig26]. For instance Neue et
significant contribution to retention from the PFPP bonded al. showed that amitriptyline, with an aqueous,palue of
phase is demonstrated. 9.4, exhibits an apparenkg value of 6.5—7 in 65% methanol
Several authors have recently described a hydropho-mobile phasef27]. It is proposed that the pH of the higher
bically assisted ion-exchange mechanism where the ion-organic-containing mobile phases is approaching the actual
exchange process is enhanced by neighboring hydrophobidoKa of lidocaine in this solvent system. This leads to a de-
sites[16,17] The increased retention observed on the PFPP crease in the degree of ionization, which reduces the poten-
phase may be due to simultaneous electrostatic interactiondial of the analyte to interact electrostatically with ionized
of the analyte with ionized silanols and hydrophobic or polar
interactions with the pentafluorophenylpropyl moiety, which 1

would be consistent with the hydrophobically assisted ion- ’ N
exchange mechanism. Alternatively, a two-site model may 08 . . .
be invoked where a combination of effects from separate « *
ion-exchange and non-electrostatic interactions result in en- 06 i} R *
hanced retention on the PFPP phase. Current research i %* " N R
aimed at further elucidation of these potential mechanisms.< 02 -
The simultaneous or separate combination of these interac- 0 X
tions, as depicted iRig. 4, provides the enhanced retention -2 - x
observed using the PFPP phase over bare silica agd C a4 L] . . Ll
modified columns. 0.6

30 40 50 60 70 80 90 100

. % Acetonitrile
3.4. Dependence of “U-shape” retention on analyte,pK

Fig. 5. Comparison of lidocaine retention under various conditions studied.
Fig. 5shows the dependence of lidocaine retention on mo- Retention of lidocaine o# PFPP at pH 48 C18 at pH 4,4 PFPP at pH
bile phase percent acetonitrile content obtained under eaChG',7 andx C18 at pH 6.7 _from 40% to 90% acetonitrile. CqumnsE PFPP,
f the conditions studied. At high pH the retention of lido- _Scovery HS F5; CI8, Discovery HS C18. pH 4, 10mM ammonium ac-
0 . . . ) ghp o etate; pH to 4 with acetic acid. pH 6.7, ammonium acetate, unadjusted. Both
caine exhibits a linear dependence on percent acetonitrile Oncojumns were 5cm« 4.6 mm, 5um particle size. Other conditions: flow

both stationary phase systems. At pH 4, however, non-linearrate, 1 mL/min; temperature, 3€; detection UV at 220 nm.
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silanols. At pH 6.7, lidocaine retention is shown to exhibit a results from an overload of the limited concentration of
near linear correlation with percent acetonitrile. At the higher available ionized silanols on the PFPP phase. In contrast,
pH, lidocaine is expected to be significantly neutralized and the ionized surface silanol concentration on thg hase
therefore should act like a more “ideal” solute as appears tois presumably low enough to have minimal impact on peak
be the case. asymmetry.

Recent determinations oKp values of basic analytes in
highly organic solvents using NMR spectroscopy have shown
that verapamil and lidocaine exhibit significantly lowé¢p
values than the remainder of the basic analytes (manuscript4. Conclusions
in preparation). This further substantiates the dependence of

“U-shape” retention on ionic interactions. In this study we have shown that only basic analytes ex-
hibit “U-shape” retention, that both the fluorinated phase and
3.5. lon-exchange and peak shape the alkyl phase exhibit this phenomenon and that retention

depends on mobile phase pH. Each of these observations im-
The interaction of basic analytes with ionized surface ply that ionic interactions with surface silanols are present.
silanols is well known and has been implicated as the primary The increased retention observed in the high organic region
cause of excessive peak tailing and selectivity differenceson the PFPP phase as compared to the same region on the
between different manufacturer’s reversed-phase columnsCig column was found to be due to greater degree of disso-
[18]. Older, type A reversed-phase columns are notorious ciation of surface silanol groups on the PFPP phase. It was
for exhibiting peak asymmetry for basic analytes. Although shown that the PFPP and bare silica systems exhibit similar
advances in bonding procedures and in the manufacturesilanol activity over the pH range studied, whereas thg C
of pure (type B) silica has succeeded in reducing these system showed minimal effects that could be attributed toion-
effects, the silanol surface cannot be completely deactivatedized silanols over this region. The degree of dissociation of
[25]. In these studies, it was noted that the basic analytessurface silanols is explained by the different solvation states
exhibited greater asymmetry on the PFPP phase in theof the silica surface between the PFPP and fgthases. The
reversed-phase regions as compared to tiepbase. At lower hydrophobicity of the PFPP phase compared xol-
high organic conditions, however, highly symmetrical peaks umn induces a more aqueous solvent composition whereas
shapes were observed for the basic analytes on the PFPRhe hydrophobic alkyl phase promotes a richer organic com-
phase (seéig. 6). This observation indicates that at high position, which results in a change in the ionization state of
organic percentages there is an increase in available ionizedhe surface silanols. The difference in silanBhvalues be-
surface silanol concentration. As such, the entire moleculartween PFPP and 4g suggest that bonding chemistry plays
population of the probes has equal access to surface silanohn important role in both reversed-phase and ionic interac-
groups on the PFPP phase. Water can interact stronglytions. With this knowledge, further developments in bonded
with surface silanols, thereby modulating the ion-exchange phase chemistry are expected to yield stationary phases with
interactions and effectively reducing the available concen- enhanced reversed-phase and ion-exchange properties.
tration of ionized silanol§28]. In the reversed-phase region, Retention of basic analytes was found to be substantially
where the water concentration is relatively high, peak tailing greater using PFPP relative to eithefg®©r bare silica. Ex-
cess retention of basic probes on PFPP as compared to bare
B silica supports the presence of a hydrophobically assisted
E ion-exchange mechanism as proposed by Neue ¢16].
A and Carr and co-workefd 7] or additional independent in-
¢ n teractions due to the presence of the PFPP ligands.

It was noted that not all bases exhibited retention in the
normal-phase region and that there was significant selectivity
between basic analytes of identical charge state. This obser-
% vation signifies the importance of combined ion-exchange

J \)UL and non-ionic mechanisms to retention of basic compounds.

_ Lidocaine and verapamil exhibited limited ionic interactions
Tt J . due to their relatively low degree of ionization under the con-
300 480 600 00 1000 1500 1400 Temo e ditions studied.

The substantial ion-exchange property of the PFPP phase

Fig. 6. LC-MS traces of basic analytes on PFPP phase. Retention of baSiCpresentS new opportunities for manipulating retention and se-
probes (lidocaine (A), verapamil (B), alprenolol (C), diphenhydramine (D), e ctivity. Mobile phase pH has been shown to be a valuable
amitriptyline (E) and nortriptyline (F3) on discovery HS F5. Column: 15 cm tool for the manipulation of basic analyte retention. In addi-
x 4.6 mm, 5um particle size. Mobile phase: 14 mM ammonium acetate in . e R
water:acetonitrile (10:90, v/v). Flow rate: 1 mL/min, temperature: ambient, tion to controlling the analyte ionization state, the ionization
detection: MS (ESI, positive ion mode). state of the silanol surface is governed by mobile phase pH.

o

100+
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The potential to retain basic analytes at high percentages [6] S.R. Needham, P.M. Jeanville, P.R. Brown, E.S. Estape, J. Chro-

of organic modifier and LC—MS compatible buffers offers
an opportunity to increase the sensitivity and selectivity of

LC—MS experiments. Since the interactions responsible for
the retention are predominantly ionic, neutral and acidic en-

matogr. B 748 (2000) 77.

[7] S.R. Needham, P.R. Brown, K. Duff, Rapid Commun. Mass Spec-
trom. 13 (1999) 2231.

[8] K.E. Bij, Cs. Honath, W.R. Melander, A. Nahum, J. Chromatogr.
203 (1981) 65.

dogenous species are not likely to retain and interfere with [9] A. Nahum, Cs. Horvath, J. Chromatogr. 203 (1981) 53.

the analysis. In addition, the mobile phase volatility under

[10] R. Dolfinger, D.C. Locke, Anal. Chem. 75 (2003) 1355.

these conditions results in facile solvent evaporation, which [11] L-K.J. Shao, D.C. Locke, Anal. Chem. 69 (1997) 2008.

increases MS sensitivify]. Excellent selectivity, peak sym-
metry and LC—-MS compatibility make this approach a pow-
erful tool for the analysis of basic analytes.
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