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Abstract

A recently developed treatment of reversed-phase column selectivity (the hydrophobic-subtraction model) is reviewed and extended,
including its characterization of the selectivity of different column types (e.g-C6, cyano, phenyl, etc.). The application of this model
to retention data for various solutes and columns has provided new insights into the nature of different solute—column interactions and their
relative importance in affecting sample retention and separation. Reversed-phase columns can be characterized by five selectivity parameter:
(H, S, A, B andC), values of which are summarized here for more than 300 different columns. The selection of columns of either equivalent
or different selectivity is readily achievable on the basis of their valuét & , etc. The development of the hydrophobic-subtraction model,
its use in characterizing the selectivity of different reversed-phase liquid chromatography (RP-LC) columns, and its application to various
practical problems as described here began in 1998. The original inspiration for this project owes much to Jack Kirkland, who also contributed
actively to the initial studies that laid the foundation of this model; he has since provided other important support to this project. Jack and one
of the authors (LRS) have enjoyed a strong professional relationship and personal friendship for the past 35 years, and it is the privilege of the
authors to dedicate this paper and the work that it represents to Jack. His contributions to HPLC column technology have extended from the
mid-1960s into the present century, and it is impossible to conceive of present day HPLC practice without Jack’s contributions over the years.
In this and other ways, his position as a pioneer and key implementer of HPLC is widely recognized. We wish Jack well in the years to come.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction (50% acetonitrile/pH 2.8 buffer; 3%C), unless noted oth-

erwise.

By the early 1990s, a general picture had emerged of Soon after the introduction of RP-LC separation, it be-
reversed-phase liquid chromatography (RP-LC) with alkyl- came apparent that the column could contribute to retention
silica columns[1,2]. Retention was attributed primarily to  in additional ways, other than by hydrophobic interaction be-
solvophobicor hydrophobic interactionin which the sta- tween solute and column. Underivatized silanols in the sta-
tionary phase plays a more or less passive role and thetionary phase can interact with retained solute molecules;
mobile phase mainly controls separation. To the extent thus, ionized silanols<{SiO~) can retain protonated bases
that hydrophobic interaction dominates the RP-LC reten- by cation-exchange, and neutral silanetS{OH) can hydro-
tion process, plots of retention (I& for one column ver-  gen bond with proton-acceptor solu{é$. The shape of the
sus another should yield straight line plots with roughly solute molecule can also affect sample retention, leading to
unit slope and little scatte3]. This is in fact a reason-  so-calledcolumn shape selectivify]. Some of these (and
able first approximation for RP-LC retention, as illustrated other) contributions to column selectivity for non-ionized
by the data offFig. 1, where the retention of 88 solutes solute molecules have been incorporated intosthlgation
of widely varied structure is plotted for (a) an Inertsil equationmodel[8] for RP-LC retention:

ODS-3 versus (b) a StableBond C18 column. The exper-
imental conditions used for the data presented in follow- l0gk = C1+r82+Sﬂ2H +aZa§ +b2ﬂ2+v\_/x 1)
ing Sectionsl and 2are given in the caption oFig. 1 OO () ) ) vi)
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2.0 the theoretical basis of a recently developed approach (here-

gg:‘rphaﬁﬁ amidﬁg‘;gﬁ” after the hydrophobic-subtraction model of RP-LC reten-

L I E b e tion), which we believe allows a more reliable, complete and
practically useful characterization of RP-LC column selec-

)
g‘ L8 tivity. We will also examine the use of this model for selecting
O s columns of either similar or different selectivity, as well as
B f;%%‘g; 1.01x some other applications related to column selectivity.
E 0.0 SD =0.034
X
2 s 2. Theory and experimental results
—_— : A — 5 2.1. The hydrophobic-subtraction model
L The data ofFig. lillustrate the overall importance of a
40 P — = 0 1E single kind of solute—column interaction (i.e., based on hy-

log k (StableBond C18) drophobigity) in determining RP-LC retention for closely re-
lated stationary phases. However, the modest (largely non-
Fig. 1. Plot of logk values for an Inertsil ODS-3 column vs. values for ~experimental-error) scatter of data in this plot also reflects
a StableBond C18 columi€onditions 50% acetonitrile/buffer; buffer is contributions from other types of solute—column interactions.
60mM pH 2.8 potassium phosphate; &5 2mL/min. Sample includes  The hydrophobic-subtraction model of the present review as-
solutes #1-90 d#,5] (excluding solutes #84, 86). Data and solute numbering . . .
from [4,5], sumes thgt we first subtract _the major contribution of hy-
drophobicity to RP-LC retention, in order to better see re-
maining contributions to retention from other solute—column
interactions. The further analysis of deviations from the solid
curve ofFig. 1then leads to a general equation for RP-LC
retention and column selectivify,11]:

(note a recently revised but equivalent formulation of @9;.
also described ifi8]). C; is a solute-independent constant,
the quantities, s, a, b andv are determined by the choice of
column and separation conditions, akd 75, > obl, 3 82
andVy represent relevant properties of the solute (see Section k , Sk , ,
5 for the definitions of individual symbols). Thus, terms (i), °9% = 109 <k_> = ”(i{{ - G(g +"?m‘)4 +°(‘ivl)g+'<(\,§ )
(i) and (primarily) (vi) together determine the hydrophobic
interaction between solute and column, term (iv) describes herek is the retention factor of a given soluteg the value
the effects of hydrogen bonding between acidic (donor) so- of k for a non-polar reference solute (ethylbenzene in the
lutes and basic (acceptor) groups in the column, and termpresent treatment) on the same column under the same con-
(v) represents the contribution of hydrogen bonding between ditions, and the remaining selectivity-related symbols rep-
basic solutes and acidic column groups. If separation condi-resent either empirical, eluent- and temperature-dependent
tions are held constant, valuesrg$, a, b andv then partially properties of the soluten(, o/, B/, o, «’), or eluent- and
characterize column selectivity. Ed.) ignores contributions  temperature-independent properties of the coluMn$,
to retention from shape selectivity, cation-exchange and re- A, B, C). The nature of the five solute—column interactions
lated ionic interactions, and—w complexation. While the  implied by terms (i)—(v) of Eq(2) is represented by the car-
model described by Eq1) has many virtues (including its  toons ofFig. 2 Thus, the various column parameters mea-
applicability to an extraordinarily wide range of unrelated sure the following column propertield;, hydrophobicityS',
chromatographic and non-chromatographic phenomena), itsteric resistance to insertion of bulky solute molecules into
is not accurate or precise enough to be used to predict chro-the stationary phase (conceptually similar to, but not the same
matographic retention for purposes of method development, as, “shape selectivity{7]); A, column hydrogen-bond acid-
nor to enable useful comparisons of stationary phase selec-ity, mainly attributable to non-ionized silanolB; column
tivity. None the less, it has provided the initial conceptual hydrogen-bond basicity, presently hypothesized to result (for
underpinnings of the work summarized herein. some, but not all columns) from sorbed water in the station-
Five solute—column interactions in RP-LC are now widely ary phaseC, column cation-exchange activity, due to ionized
recognized as significant contributors to sample retention andsilanols C will therefore vary with mobile phase pH).
column selectivity4-9]: hydrophobic interaction, shape se- The parameterg’, ¢/, etc. denote complementary prop-
lectivity, hydrogen bonding of acidic solutes with a basic col- erties of the solutey’, hydrophobicity;s’, molecular “bulki-
umn group or basic solutes with an acidic column group, and ness” or resistance to insertion of the solute into the stationary
cation exchange with ionized silanol groups. Means for quan- phase;8’, hydrogen-bond basicity’, hydrogen-bond acid-
titatively measuring these different column properties have ity; «’, approximate charge (either positive or negative) on the
been proposef6-9], but other evidence suggests that past solute molecule. Note that values of each solute paraméter
test procedures may be of limited practical valbd O}—as o', etc. are relative to values for ethylbenzene (the reference
examined in Sectio.7 below. The present paper reviews solute for which all solute parameters are identically zero),

EB
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Fig. 2. Cartoon representation of five solute—column interactions ditg.
“X” for oB interaction varies with column type (see Secti@#.9, 2.5.2
and 2.5.3. Reprinted fron{5].

and the values of each column parameétes’, etc. are rela-
tive to a hypothetical, average type-B (pure silicag €lumn
(described ir[10]). Any column, which behaves identically
to the average type-Big column will haveH equal to 1, and
all other parametersS(, A, etc.) equal to 0. Solute—column
interactions defined by terms (i) and (iii)—(v) of E8) are at-
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log k (Inertsil)DS-3)

log k (StableBond C18)

Fig. 3. Expansion of bracketed region frdfig. 1

columns (e.g., Inertsil ODS-3 and StableBond C1Bim 1),
following which average values of Idgwere calculated for
each solute and the nine columns. Separation conditions were
held constant for this study: 50% (v/v) acetonitrile/buffer,
60 mM potassium phosphate buffer (pH 2.8)°85 seg/10]
for details. Values of log for each column were next corre-
lated as inFig. 1 with the averagevalues of logk for each
solute and all nine columns. Finally, deviatiobtog k) from
the best-fit correlation for each column and solute were cal-
culated as irFig. 3. SeeTable 1for details.

The rectangular region frig. 1(bounded by dashed lines)
is expanded irFig. 3, so as to allow easier visualization of
deviations from the best-fit line through these data. The par-
allel lines (—-) in Fig. 3correspond to deviations &f0.02
units in logk from the best-fit solid line; for several solutes, it

tractive, so that these terms are positive. Term (ii) representsis Seen that their values of légleviate from the best-fit line

a repulsive interaction, which is therefore negafiv]. The
value of each term in E@2) (i—v) for a given column and so-
lute measures the change in kofpr that solute, column and

by >0.02log units (note that the experimental accuracy of
these values of lolgis +£0.002 log unitg44]; i.e., contributing
negligibly to deviations in log>0.01). These deviations for

interaction, compared to retention of the same solute on an€ach solute can be defined@sgk (see example for solute

average type-B G columnwithH =1andS' =A=B=C=0

#46 inFig. 3. Values ofdlogk in Figs. 1 and 3are espe-

(assuming the same mobile phase and temperature). Value§ially large for aliphatic amides{) and protonated strong

of H, S, etc. in Eq.(2) are approximately the same for dif-
ferent separation conditions @ptemperature, solvent type,
etc.), except fo€ which varies with mobile phase pH. Values
of n/, o/, etc. vary with conditions.

basest), but when all nine columns of the study[df5] are
considered, significant deviations (average S.D. >0.02) were
observed for about half of the 88 solutesrag. 1

Assume next, for some solutes, that valuedlof k> 0.02

The ensuing development of the subtraction-model and are determined largely bysinglesolute—column interaction

Eq. (2) in Sections2.2—-2.5is somewhat detailed; the sum-
mary of this treatment iTable 1may therefore be of help
to the reader in following this discussion. Those primarily
interested in practical applications of column selectivity may
wish to skip to Sectio2.4.6and the text that follows.

2.2. Analysis of non-hydrophobic solute—column
interactions

Values ofk for solutes #1-90 (s€4,5] for solute identifi-
cation) were measured for nine different makes of typer® C

otherthan hydrophobicity. For example, consider protonated
strong bases, which caninteract strongly with ionized silanols
via cation exchange (term (v) of EQR)). For any two so-
lutes whoseélogk values are determined mainly by the same
solute—column interaction (e.g., cation exchange), values of
dlogk should be highly correlated. Thus, the contribution of
each interaction to retention can be approximated by a prod-
uct of some property of the solute (e g),and some property

of the column (e.gC), so that for the strong bases (#46-50):

dlogk ~ «'C (3)
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Table 1
A summary of the development of E@), based on data froif@,5]

81

Section2.2

Identify solutes for which only one of terms (ii)—(v) are important

Calculate values dlogk (seeFig. 3) for each of 88 solutes and nine columns, based on plots &fflogeach column vsaverage
values of log for each solute and all nine columns (similarR@s. 1 and 3but with average lof values replacing log for

StableBond C18))

Select “deviant” solutes withveragevalues ofdlogk > 0.02 (as inFig. 3
Compare values dflogk for each deviant solute (and all nine columns) vs. values for every other deviant solute (linear regression);
group solutes that are highly correlated (four resulting gro8psA, B, C)

Section.2.1-2.2.4 Estimate initial values o&*, A, B andC at pH 2.8

Calculate values of log = log(k/keg) for every solute and column, whekes is the value ok for ethylbenzene and a given column;
calculate corresponding valuesabbg « for each solute and column from plots of legsimilar to plots of logk as in Sectior2.2

above

Preliminary values of', A, B and C for each column are equated to the average valudagf« for highly correlated solutes
(Tables 2-}; this (arbitrarily) assumes that average values'of’, o’ or «’ for the solutes in each selectivity group are equal to 1.00

Section2.3

Final application ofEqg. (2) for nine type-B C18 columns

Preliminary values dfi for each column are calculated, equal to the slope of plots af fogthat column vs. log for the StableBond

C18 column (solutes #1-67)

Preliminary values of the solute parameters4’, 8/, o, «’) are obtained by a multiple linear regression of values obldgr each
solute (#1-67) and nine columns vs. preliminary valugd o', A, B andC for the nine columns

Revised values ofl, S, A, B andC are obtained by a multiple linear regression of values ofdégr each column vs. the above
preliminary values ofy, o/, 8/, & and«’for the 67 solutes

Multiple linear regression is continued as above to obtain final (“best”) values 8F, etc. andy, o', etc., with an agreement with

Eq. (2) of £0.8% in« (1S.D.)

Values of logx for a second set of solutes (#68—90) and the same nine columns were correlated (just one multiple linear regression)
with the above final values ¢, S', etc. to obtain values of , o, etc. for these additional solutes. The resulting average deviation

of values ofe from Eq.(2) was the same0.8% in«) for both sets of solutes (#1-67 and #68-90)

A similar correlation of literature data for 87 solutes and five columns gave agreement with a shortened form(2y &t(4)

equal to+2% ina
Section2.3.1

Extension oEq. (2) to 87 type-B alkyl-silica columns

Eq. (2) was extended to 87 type-B alkyl-silica columnss{Csp), using 16 test soluteggble § whose values ofy, ¢’, etc. are
slightly changed from Step 3 because of minor changes in the mobile phase. VaieS obtc. for these 87 columns result, with
an average standard deviation for each column that is equivaletit. 2% in«

Section2.4.1-2.4.5

Values of the solute parameters as a function of molecular structure

Values ofy/, o/, etc. are compared with solute molecular structure; resulting comparisons are generally consistent with a simple
physico-chemical picturé=g. 2) for each associated solute-column interaction

Section2.4.6-2.4.10

Values of the column parameters as a function of (a) column properties aftgb)y function of mobile phase pH

Values ofH, S, etc. are compared with column properties such as ligand length and concentration, pore diameter, end-capping and
silica acidity; resulting comparisons are generally consistent with a simple picture for each associated solute-column interaction
Values ofC as a function of mobile phase pH are measured (Ez})

Section2.5

Selectivity of columns other than type-B alkyl-silica

Eq.(2) is extended to several other column types (type-A alkyl-silica, phenyl, cyano, etc.), using multiple linear regression of values
of loga for each column vs. values gf, o', etc. from Step 4
Resulting average values f S, etc. for each column type are compared with average values for type-B columns of similar ligand

length (Table 1)

and for two strong bases 1 and 2,

K./
dlogky = (—,1) dlogk

K2

(3a)

wherex] is the value of’ for solute 1 and, is the value for
solute 2; } /«5) is therefore a constant for solutes 1 and 2.
An example of the correlation of values &bgk among
the 88 solutes dfFig. 1 (solutes #1-90, except #84 and 86 as
discussed below in Sectiéh3) is illustrated for four solutes

whereas the correlation of the strong base #46 and neutral
compound #72 irFig. 4b is weak (2=0.19). We conclude
that values ofdlogk for these two strong bases are almost
entirely the result of a single additional solute—column inter-
action, which in Sectior2.3is shown to be consistent with
cation exchange (or more accuratabyy interactior) with
ionized column silanols. The similar comparison of values of
dlogk for neutral compounds #35 and 72kig. 4c also re-
sults in a strong correlation{=0.99), suggesting thatogk

for these two compounds also arises from a single kind of

in Fig. 4; #46 and 48 are protonated strong bases (amitripty- solute—column interaction—but one different from that for

line, propranol) and #35 and 72 are neutral molecudis4-
nitrochalcone, 2-nitrobiphenyl). IRig. 4a, the correlation of

the two strong bases (“steric interaction”, Sec?oR.2. The
final comparison irFig. 4d for a different combination of

dlogk values for the two strong bases #46 and 48 (on each ofstrong base and neutral compound shows a poor correlation

nine different columns) is seen to be quite strorfg0.99),

(r2=0.15), as expected.
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self-correlation of solute #46 with itself, etc.); i.e., there is

” =019
= o2 = o2 : a consistent and pronounced correlation which suggests that
3 00 | F 00, the deviations of these compounds from the pldgim 1are
%', [ ¥ dominated by a single type of interaction (cation exchange
2 02 2 99q: or ion interaction, discussed further in Sectichg.5 and
.04 04/ ) 2.4.10. When values odlogk for these strong bases are cor-
AT 06 02 02 related with values for weak bases, the average valugisf
(a) Blogk (#48) (b) dlogk (#72) 0.82. This is reasonable, because we expect cation exchange
0.04 =z =09 004 _01s to contribute to the retention of partly-ionized weak bases, but
= < ¢ not as strongly as for fully-ionized strong bases (weak bases
5 £ 0.00 #51-53 arex71% protonated in this system). Because of
< X this reduced interaction of weak bases with ionized silanols,
£ = . other solute—column interactions become relatively more im-
0.0 204 3 portant, with a relative weakening of the correlation.
01 -005 000 0.0 0.6 02 02 So far we have not considered differences in the column
(c) Slogk (#35) (d) dlogk (#48) phase-ratio, which can arise from differences in column sur-

face area and other column properties. The effect of differ-
Fig. 4. Correlation o8log kvalues for various solute-pairs and nine different  ances in phase ratio alone on retention can be minimized by
Clgcolumns. Datac{le_,S];#35,cis-4-nitrochalcone;#1_16,amitriptyline;#48, the use of separation factagsin place of retention factors
propranolol; #72, 2-nitrobiphenyl. See text for details. k. We can define a separation factor kikgs, where ethyl-

benzene has been chosen as reference solute (the choice of

We should emphasize that the secondary column selectiv-ethylbenzene as reference solute was made on the basis of

ity terms (i.e.0’S’, B'A, o’B, «'C) are obtainedotby serial its lack of hydrogen-bonding, ionic or other polar interac-
analysis of the data with subtraction of each term, but insteadtions). Values ofr can then be substituted for valueskdh
these four terms are obtained simultaneously and in a parallelthe above analysis of cation-exchange interaction, yielding
mannerafter a value ofy'H is obtained and subtracted from  values ofSlog« instead oBlogk.

loga (i.e., calculation of values dflogk as inFig. 3). The average value éfog« for the strong bases dable 2

and a given column can be equated to the average value of
2.2.1. Cation exchange interactions and E2).(x'C «'C for these five solutes and that column. We can arbitrarily
term) define an average value of=1 for these five strong bases,

Table 2summarizes values af for the correlation of which then means th&for each column is equal to the aver-
dlogk values for five strong bases (#46-50) and three weak age value oblog« for the five strong bases on that column.
bases (#51-534], each of which solutes has an average
value of 8logk>0.02. Strong correlations among solutes 2.2.2. Steric resistance and EQ) (o'S’ term)
with dlogk<0.02 are less likely, because of experimental  The dlogk values of neutral compounds #35 and 72 of
error in logk (£0.002, 1S.D.), plus small additional contri- Fig. 4c were seen to be highly correlated. Similar, strong cor-
butions from more than one solute—column interaction other relations ofdlog k were found among these compounds and
than hydrophobicity. Returning fEable 2 for the five strong several other solutes (s@able 3. For compounds #32—-40,
bases we see that the average value @ 0.995 (excluding 43, 44,72, 73, 7678, 88, 89Biy. 5 [4,5] the average value

Table 2
Solutes which exhibit cation-exchange interactie'Cj with the column
Solute Values of? for correlation of different solutes

Fully ionized strong bases Partly ionized weak bases

#46 #47 #48 #49 #50 #51 #52 #53
#46 1.00 1.00 0.99 1.00 1.00 0.83 0.83 0.83
#47 1.00 1.00 1.00 1.00 0.99 0.85 0.83 0.83
#48 0.99 1.00 1.00 0.99 1.00 0.83 0.81 0.79
#49 1.00 1.00 0.99 1.00 0.99 0.83 0.83 0.83
#50 0.99 0.99 1.00 0.99 1.00 0.83 0.83 0.81
#51 0.83 0.85 0.83 0.83 0.83 1.00 1.00 0.98
#52 0.83 0.83 0.81 0.83 0.83 0.99 1.00 1.00
#53 0.83 0.83 0.79 0.83 0.81 0.98 1.00 1.00

Correlation ofdlogk values for different basic solutes pf,5] at pH 2.8; e.g., for solutes #47 and 51 and all ning €olumns,r2=0.85. Solutes: #46,
amitriptyline; 47, diphenhydramine; 48, propranolol; 49, nortriptyline; 50, prolintane; (51-58F#-Cs and -G aniline. Bolded values represent highly-
correlated solute-pairs that are used for calculating valu€s aé described in the text. All solutes in this table have an average vailegdf> 0.02.
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Table 3
Solutes which exhibit steric interactioa’S")

Values ofr2 for correlation of different solutes

#39 #40 #32 #33 #34 #35 #36 #37 #38 #72 #73 #78 #43 #17 #89 #88 #44 #76

#39 100 098 088 088 083 083 076 08 079 077 074 077 088 088 079 062 074 055
#0 098 100 09 092 08 08 081 09 08 08 079 081 094 092 08 069 076 0.64
#32 088 090 1.00 100 098 098 094 100 098 098 094 098 098 09892 086 088 0.76
#33 088 092 100 100 09 100 09 100 098 098 094 098 098 10094 086 088 0.76
#34 083 085 098 09 100 09 08 09 094 098 094 098 094 09890 085 085 0.76
#35 083 086 098 100 09 100 098 100 100 098 09 098 09 09892 090 090 0.77
#36 076 081 094 09 088 098 100 09 098 094 094 094 090 0929 092 086 0.77
#37 086 090 100 100 09 100 09 100 098 098 094 098 09 09894 088 088 0.76
#38 079 083 098 098 094 100 098 098 1.00 098 098 098 094 09894 094 088 0.1
#72 077 083 098 098 098 098 094 098 098 100 098 100 09 09892 094 088 0.83
#73 074 079 094 094 094 09 094 094 098 098 1.00 098 092 09494 096 083 0.86
#78 077 081 098 098 098 098 094 098 098 100 098 100 094 0989 092 086 0.1
#43 088 094 098 098 094 09 090 09 094 09 092 094 100 0989 086 085 0.83
#77 088 092 098 100 098 098 092 098 09 098 094 09 098 1009 086 088 0.79
#89 079 086 092 094 09 092 09 094 094 092 094 09 09 09 100 09 079 0.86
#88 062 069 086 08 08 09 092 088 094 094 09 092 08 08 09 1.00 0.77 0.90
#44 074 076 088 088 08 09 08 088 088 088 083 08 08 088 079 077 100 0.71
#76 055 064 076 076 076 077 077 076 081 08 08 081 083 079 08 09 071 1.00

Correlation at pH 2.8 d$logk values for selected solutes[df5] (shown inFig. 5); e.g., for solutes #34 and 44 and all ningg€olumnsr2=0.85. Sedig. 5
for solute structures. Bolded values represent highly-correlated solute-pairs that are used for calculating $ajussdescribed in the text. All solutes in
this table have an average valuedtdg k> 0.02. The ordering below of these solute is (very roughly) according to valuégefy., solutes #39 and 76 least
correlated, adjacent solutes most correlated).

OH
HC FO o
Ho -3
OH x— N4
oo T
s =
H : |
N
o ..
#39 #40 #32 #33-38
& o
N Z I
ON NO, Osy O =N N
1l
[o] F
Ny Gk
472 473 478 443 77

o OO

#89 #88 # 44 #76

Fig. 5. Molecular structures of “bulky” solute molecules frdible 2 Solutes are arranged in approximate order of relative correlation; i.e., valakEsgof
for adjacent solutes are more highly correlated (series goes from left to right, then repeats).
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of r2=0.89 (again excluding self-correlation), while for so- from the negatively charged stationary phase, similar (but
lutes #32-38, 43, 72, 73, 77, 78,=0.97. Values obloga in inverse relationship) to ion-exchange as in Section 2.1.1.
for the latter 12 compounds are determined mainly by a single Note that the fractional ionization valuesTatble 4were esti-
additional (i.e. non-hydrophobic) solute—column interaction, Mmated from experimental measurementewdrsus pH in the
which now appears to involve resistance to penetration of the present system (50% acetonitrile/pH 2.8 buffer; 8412]).
solute into the stationary phase (steric resistance; Sections The average value @loga for compounds #56-58 and
2.4.2and 2.4 60—62 and each column can be equated with the relative

The negative average valueddg « for highly-correlated ~ hydrogen-bond basicitf of that column: the same proce-
compounds #32—38, 43, 72, 73, 77, 78 and each column carflure as for values o€ in Section2.2.1 The origin of this
be taken as the relative steric resistaSteof that column; ~ column basicity appears to vary with column type (e.g., type-
i.e., asimilar approach as for calculatiorGif Sectior2.2.1 Aversus type-B alkyl-silica, embedded-polar-group columns

versus alkyl-silica, etc.); see Sectidhg.9, 2.5.2 and 2.5.3

2.2.3. Column hydrogen-bond basicity and E2).
(«’'B term) 2.2.4. Column hydrogen-bond acidity and E2)

A third group of solutes with values dflogk that are (BAterm)
meaningfully inter-correlated are the 12 aromatic carboxylic ~ Afourth group of correlated solutes is represented by three
acids (#56—67 d®]). Table 4summarizes values of for the monofunctional amides: solutes #16, 45 and 814¢6], as
correlation of various pairs of these solutes. Solutes #56—58summarized iTable 5 The average value of equals 0.81,
and 60-62 have an average value’sf 0.88 (excluding self-  amoderate correlation which we infer to be based on a single
correlation), suggesting thatoga for these solutes arises  type of solute—column interaction (hydrogen bonding of an
largely from a single additional solute—column interaction. acceptor solute with a donor column group, Sectidis3
The value ofr? for the remaining solutes dfable 4equals and 2.4.8, but with significant contributions from one or
0.68, suggesting for these solutes a significant contribution more other interactions (e.g., steric resistance [Seetipi2]
from one or more additional (non-hydrophobic) interactions. is expected to vary among these three compounds). The av-
The bottom row ofTable 4gives the approximate negative erage value obloga for compounds #45 and 81 (average
charge for each solute (or its fractional ionization in the mo- r?=0.92) and each column can be equated with the relative
bile phase). It is seen that the more correlated benzoic acidshydrogen-bond acidity of that column, as fo€ in Section
(R—COOH) #56-58 and 6062 are all less ionized (0-2% 2.2.1
as R-COQ"), whereas the less correlated soluteSable 4 The derivation of (preliminary) values & , A, B andC
are more ionized (8-60% asROQO™). This suggests that  as above is based on specific compounds for each parameter;
the more ionized solutes interact with the column not only i.e., those compounds in the study[4f5] whose values of
by hydrogen bonding of aCOOH solute group to a basic  8logk are highly correlated. This means that values of each
column group (Sectior.4.4 and 2.4.9 but also by ionic in- column parameter would change to some extent if a differ-
teraction; i.e., repulsion of negatively-charged ionized acids ent set of correlating compounds were used. This is of no

Table 4
Carboxylic acid solutes which interact with a hydrogen-bond acceptor in the coldB) (

Values ofr? for correlation of different solutes

#56 #57 #58 #60 #61 #62 #63 #66 #67 #65 #59 #64
#56 1.00 0.98 0.98 0.79 0.77 0.76  0.96 0.79 0.76 0.92 0.61 0.64
#57 0.98 1.00 0.98 0.88 0.88 0.86 0.94 0.88 0.81 0.90 0.52 0.56
#58 0.98 0.98 1.00 0.79 0.77 0.77 0.88 0.83 0.77 0.83 0.45 0.50
#60 0.79 0.88 0.79 1.00 1.00 0.98 0.85 0.85 0.77 0.79 0.38 0.40
#61 0.77 0.88 0.77 1.00 1.00 1.00 0.83 0.85 0.77 0.79 0.38 0.40
#62 0.76 0.86 0.77 0.98 1.00 1.00 0.83 0.85 0.74 0.77 0.36 0.38
#63 0.96 0.94 0.88 0.85 0.83 0.83 1.00 0.79 0.76 1.00 0.71 0.72
#66 0.79 0.88 0.83 0.85 0.85 0.85 0.79 1.00 0.83 0.72 0.35 0.50
#67 0.81 0.77 0.77 0.77 0.74 0.76 0.83 0.66 1.00 0.72 0.37 0.41
#65 0.92 0.90 0.83 0.79 0.79 0.77 1.00 0.72 0.72 1.00 0.77 0.76
#59 0.61 0.52 0.45 0.38 0.38 0.36 0.71 0.35 0.37 0.77 1.00 0.90
#64 0.64 0.56 0.50 0.40 0.40 0.38 0.72 0.50 0.41 0.76 0.90 1.00
Negative charge 0.02 0.02 0.01 0.01 0.00 0.00 0.09 0.08 0.10 0.10 0.37 0.60

Correlation oflogk values for selected solutes[@f5] at pH 2.8; e.g., for solutes #57 and 62 and all ning @lumnsy2=0.86. Solutes: 56, diclofenate acid;
57, mefenamic acid; 58, ketoprofen; 59, diflunisal; (60-67), substituted benzoic aciffs $$é® solute numbering). Bolded values represent highly-correlated
solute-pairs that are used for calculating valueB adis described in the text. All solutes in this table have an average vablegdf> 0.02.

a Fractional ionization of the molecule; e.g., compound #63 is an acid that is 9% ionized, so its average molecular elta@§e Fractional ionization
values were determined in the mobile phase, as describEabie 8of [12].
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Table 5

Amide-substituted solutes which interact with a hydrogen-bond donor in the cofgi#) (

Solute Values of? for correlation of different solutes
N-benzylformamide (#16) N,N-dimethylacetamide (#45) N,N-diethylacetamide (#81)
#16 1.00 0.66 0.86
#45 0.66 1.00 0.92
#81 0.86 0.92 1.00

Correlation ofdlogk values for selected solutes [@,5] at pH 2.8. Bolded values represent highly-correlated solute-pairs that are used for calculating values
of A, as described in the text. All solutes in this table have an average vailmyd> 0.02.

real consequence, however, as long as values oh, etc.

way, with a similar fit of data as for solutes #1—6#Q.9%

are always referenced to a particular set of test solutes (agn « after asingle regressionn=303) [3]; i.e., no change
throughout the present study). If, for example, a different set in final values ofH, S', etc. that were obtained from the

of test solutes had been used, and value? afere therefore

use of solutes #1-67. Values ¢ff, o/, etc. for the latter 33

increased by a factor of 1.2 for all columns, the correspond- solutes are given ifb]. Two solutes from this latter group

ing solute parameters’ would be decreased by the same
factor for all solutes, and their values @fS" would be un-
changed. Values @f' S" (as well as terms (iii))—(v) of Eq2))
and predicted values affor a given compound are therefore

gave larger deviations from E@L) (4% in « for #84 [2,4-
dinitrophenol] and:6% in « for #86 [2,4,6-trinitrophenol]),
as well as unlikely values of , o/, etc. Solutes #84 and 86
were therefore omitted from (a) the following discussion and

independent of the test solutes used, as long as the referenc) the plots ofFigs. 1 and 3We surmise that the atypical

solute (ethylbenzene) is the same.

2.3. Development and verification of the
hydrophobic-subtraction model and E&)

The preceding treatment of Sectio@sl and 2.2has
resulted in (a) the experimental identification of four
solute—column interactions (in addition to hydrophobicity)
that contribute to column selectivity and (reliminaryval-
ues of the corresponding column parame&tsA, B, C for
each column. A preliminary value of column hydrophobic-
ity H is defined as the slope of plots of ledor loge) as in

behavior of these two relatively strong acids may be related to
their large negative charge and resulting ionic repulsion from
the negatively charged stationary phase. ¥lterm of Eq.

(2) has been developed primarily for iorédtraction (e.g.,

ion exchange) rather than repulsion, and the use ofBdo
describe the retention of negatively charged solutes may be
slightly less reliable for some solutes.

On the basis of the above correlations with [E2) for
solutes #1-90 and nine type-Big_columns, it was tenta-
tively assumed that all important contributions to RP-LC re-
tention and column selectivitpr these solutes and columns
are represented in E) [4,5]. The validity of Eq.(2) for

Fig. 1, with StableBond C18 serving as temporary reference alkyl-silica columns could be further test@], using data

column; i.e.,H ~ 1.00 for StableBond C18 (it happens also
thatH ~ 1.00 for an average type-Bigcolumn). Values of
loga for each solute (#1-67 ¢4]) and all nine columns were
next correlated (via Eq2), seeTable ] with the above pre-
liminary values oH, S', A, B, C (multiple linear regression

for 87 solutes (#1a—87a) and five columns from a prior study
[13]. The application of Eq(2) to the data 0f13] required
some modification, because (a) no acidic or basic solutes
are represented in the data [df3], and (b) separation in
[13] was carried out at 25C, versus 35C in [4,5]. The ab-

with zero intercept) to yield (a) values of the corresponding sence of acids and bases from the study18] meant that

solute parameterns, o/, etc. for compounds #1-67 and (b) a

no solute had significant values af or «/, so that terms

standard deviation S.D. of the fit. This process was repeated(iv) and (v) of Eq.(2) could not contribute to retention for

by correlating values of log versus the solute parametefts

compounds #1a—87a (and valuesBoind C could not be

o’, etc. from the preceding regression to give final values of evaluated for the columns {#3]). The latter situation can be

the column parametels, S', etc., and then repeated again

addressed by the use of a shortened form of(E).which

versus the latter values of the column parameters to give finalis applicable for samples, which contain no acidic or basic

values ofyy’, o/, etc. In this way, limiting (best-fit) values of

solutes:

both the solute and column parameters resulted, with an aver-

age S.D. for the final correlation of E() equal to 0.004 log
units &0.9% in«; n=603), which can be compared with
an experimental error a£0.002 log unit44]. For resulting

loga =nH+pA+o'B
[0) (i) (iii)

Several solutes and one column were common to the studies

(4)

best-fit values of the various column and solute parameters,of [4,5,13] which allowed a correction for the XC differ-

se€[4].
The best-fit values oH, S, etc. obtained above were

subsequently applied to retention data for a second group of

solutes (#68-90 ofb]) and the same nine columns. Values

ence in the temperatures of these two studies (by means of
temperature coefficients reported ir?]).

When Eg.(4) was applied to the retention data [df3]
(repeated multiple linear regression), the resulting correlation

of 1/, o/, etc. for these latter solutes were obtained in this yielded S.D.=0.008r(=435), or+1.9% in« [4]. Thus, the
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study of[13] based on 87 additional solutes and five @@ 2.4. Solute and column parameters as a function of
Cig columns, provides a further confirmation of £g). The solute molecular structure and column properties
slightly greater S.D. for the latter studyz{.9% versus 0.8%)
may be due to the inclusion of two type-A columns in the There are several reasons for examining (a) values, of
study of[13], for which Eq.(2) has been shown to be less ¢/, etc. versus solute molecular structure and (b) values of
accurate (Sectiof.5.2. Values ofy’, 8/ anda’ at 25°C for H, S, etc. as a function of column properties. First, such a
these 87 solutes are given[#] and referred to in Sectidh4. study should allow further insight into the physico-chemical
Values of the solute parametey’s o/, etc. for a total of 150 nature of RP-LC retention and selectivity, and a better under-
different solutes of widely varied structure were obtained in standing of the nature and relative importance of associated
this way[4,5]. solute—column interactions. Second, the latter relationships
Although the above analysis of the data[éf5,13] (as (a and b) must make sense, if in fact ER) is a realistic
summarized inTable ) differs in some respects from that description of solute retention and column selectivity. There-
described irf4], the use of repeated (iterative) regression in fore, such a study of the parameters of Ez). provides a
order to obtain final best-fit values of the parameters of Egs. further test of the physico-chemical reality of Eg). Third,
(2) or (4) largely eliminates any difference in final values generalizations of this kind can in some cases allow useful
of these parameters or the S.D. of the fit. We have chosenestimates of solute or column parameter values for a given
the present (essentially equivalent) analysis in place of thatseparation, for use in practical applications of E2).(Sec-
reported inf4], because it appears more straightforward and tions 3.1.1 and 3.2 Finally, changes iH, S, etc. for (a)

intuitive. different batches of nominally equivalent columns or (b) as
a function of column history can be used to infer reasons for
2.3.1. Correlations for 87 type-B alkyl-silica columns such changes in column selectivity and thereby lead to means

The above analysis for nine type-ByCcolumns was ~ fOr minimizing such changes (Sectirg).
subsequently extended to 87 type-B columns with differ- o )
ent ligand lengths: &-Czp, but mainly G and Gg. Six- 2.4.1. Solute hydrophobicity/) as a function of
teen test-solutes from the original sample were used formme‘:“"?‘r structure . o
this and subsequent studies of column selectivity, as de- _Then'H term of Eq.(2) reflects the major contribution to
tailed in[10]. Because of minor changes in the mobile phase RP-LC retention (hydrophobicity). In the absence of other
for these subsequent measurements, slightly different val-contributions to retention, E¢2) becomes:
ues of the final solute parameterg, (o’ etc.) resulted for  logk = logkeg + n'H
the 16 test-solutesTéble §. The average S.D. for the cor-
relation of logx for all 87 columns was 0.005H1.2% in log k 1
o; n=1392). Details are given ifl0], including a detailed ' = — ( 9 EB) + (—) logk = a+ blogk (5)
procedure for the measurement of the column parameters H H
H, S, etc., based on the test solutes and conditions of whereaandbare constant for a given column and the present

Table 6 separation conditions. For a Symmetry C18 column and so-
Table 6

Solute parameters used for the measurement of valuds 8, etc. for different columns

Soluté' n' o’ B o K
Acetophenone —0.744 Q133 Q059 —0.152 —0.009
Benzonitrile —0.703 Q317 Q003 Q080 —0.030
Anisole —0.467 Q062 Q006 —0.156 —0.009
Toluene —0.205 —0.095 Q011 -0.214 Q005
Ethylbenzene 0 0 0 0 0
4-Nitrophenol —0.968 Q040 Q009 Q098 —-0.021
5-Phenylpentanol —0.495 Q136 Q030 0610 Q013
5,5-Diphenylhydantoin —0.940 Q026 Q003 0568 Q007
cis-Chalcone —0.048 Q0821 —0.030 0466 —0.045
trans-Chalcone 29 Q918 —-0.021 —0.292 —0.017
N,N-dimethylacetamide —1.903 Q001 Q994 —0.012 Q001
N,N-diethylacetamide —1.390 0214 0369 -0.215 Q047
4-n-Butylbenzoic acid —0.266 —0.223 Q013 0838 Q045
Mefenamic acid ®49 Q0333 —0.049 1123 —0.008
Nortriptyline —-1.163 —0.018 —0.024 0289 Q0845
Amitriptyline —1.094 Q0163 —0.041 Q300 0817

See discussions $10,30]for experimental procedure and separation conditions (50% acetonitrile/pH 2.8 buff€r).35
a The retention of thiourea (equaltg) is also required for these conditions, for the calculation of valuéssifilarly, the retention of berberine at pH 2.8
and 7.0 is required for the calculation@fat pH 7.0 (Eq(12)). A total of 18 solutes is therefore involved.
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lutes #1-67, the correlation gfversus lod givesy’ = —0.92 Table 7
+0.92logk; r =0.996, S.E. = 0.05; i.e., in agreement with the Similar values of the _solute parametgrfor solutes of near-identical size,
form of Eq.(5). Other columns in the study pf] yield similar shape and functionality

correlations, supporting the conclusion thatvalueg obrre- ~ Solutes Structure Average  S.D.
late well with values of lods, andy’ therefore correspondsto ~ #40a, 42a Dihalomethanes —-0.21 Q07
solute hydrophobicity. RP-LC retention has previously been #68-70a, 77a E":j':r:g“e”es' dichlorobenzene, —0.18 05
used as an appromms_;\te measure of solute hydrophoblcny#ss_esa’ 72a  Monohalobenzenes, toluene  —0.15 005
[14,15] based on relationships similar to E§) for a given #46, 49 Amitriptyline, nortriptyline ®5 001
column (whereH is constant): #56, 57 Diclofenate acid, mefenamic acid .38 010
#68,69 1,2- and 1,3-Dinitrobenzene .40 001
logk = ¢ + dPow #72,73 2- and 3-Nitrobiphenyl o7 004
#39, 40 Steroids Q7 001
or
Average 004
1 c Data of[4,5].
o = () a0 (5) © 3

herec andd are constants for a given column and separation ~ Values ofo’ can be estimated for any solute via the corre-
conditions, andPoy is the octanol-water partition coefficient  lation of Fig. 6for neutral solutes #1-45 ¢4]:

[14]. Comearing _Eqs(5) and(6), it can be concluded that o (predicted)= —0.90+ 0.155L

values ofyn’ are linearly related to values &%y, further
confirming the equivalence of valuesipfand a quantityPopy (r2 =0.79; SD.=0.20) @)
that is widely used as an approximate measure of compound

hydrophobicity. Thus, o’ would have a value of about0.9 for a hypo-

thetical solute (of zero length), which experiences no steric

2.4.2. Solute “bulkiness"d’) as a function of molecular repulsion from the stationary phase. Téifferencedo’ be-

structure , i tween experimental and predicted (Ed)) values ofe’ can
2.4.2.1. Correlations with molecular shape and lengttie be defined:

solutes ofTable 3(#32-40, 43, 44, 72, 73, 76-78, 88, 89)

have values oblogk, which are well correlated with each  o’(expt) — o’ (predicted)= 8o’ (8)

other. An examination of the structures of these compounds . .
b Values ofdc’ can be compared with solute structure to infer

Fig. 5 suggests similar molecular shape as a common fac- Lo -
(Fig. 9) sugg P molecular contributions te’ otherthan those arising from

tor among these correlating solutes. Thus, each compound is .
, . solute length alone. Positive valuesdef mean larger values
built around a common structural entity (1),

of o’ and greater steric resistance to (and exclusion from) the
@-c;@ stationary phase (and vice versa for negatiw€). For the

) neutral solutes plotted iRig. 6, an examination of values of
do’ does not suggest any consistent contribution of molecular
shape (other than length) or functionalitycsto Similarly, 87
saturated (e.g., #39, 40). Thus, molecular shape is suggestedleutral compounds frofi3], including substituted benzenes

as a possible factor in the retention of each of the latter com- and homologous series of varying molecular length, yield an
pounds. These solutes are also characterized by larger values

of length to width, compared to other compounds (solutes

#1-90 of[4,5]., exclludlng'the solutes dfig. 5).
The following discussion supports a dependence of values | [ r=079,5E0.20

of ¢’ on molecular size and shape, with additional contribu-

tions from highly-polar functional groups within the solute 1 1
molecule. Thus, molecules of similar size, shape and func-

)
where 0< n < 3, and the two rings of (1) need not be fully un-

L

tionality are predicted to have similar values @f which ¢

is observed for several groups of structurally-related com-

pounds Table 7 average standard deviation@fvalues for 9 * '

these “similar” solutes equat0.04 ¢’-units). Values ofo’ /é/ o
i *

also correlate moderately with solute molecular lenigth

as seen irFig. 6 for the neutral solutes #1-45 ¢]. In

Fig. 6, molecular length_ is approximated by the number
of atoms (excluding hydrogen) in the longest connected se-

ries that does not double back on itself (f&fefor details on Fig. 6. Correlation of values ef with molecular lengtt. for neutral solutes
the calculation ot.). #1-45 of[4]. Reprinted fron{5].
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Fig. 7. Structures of neutral molecules with large valuess@f, i.e.,
molecules that are “bulky” in three dimensions. See text for details.

average value 030’ equal to 0.0G: 0.27. Values ob’ for
homologs increase by0.17 unit pe—CH,— group[5].

2.4.2.2. Correlations with solute molecular “thickness” and

hydrophilicity. There is some indication that increased three-
dimensional “thickness” of a solute molecule (as opposed to

length or width alone) leads to larger valuesstdind there-
fore larger values dfo’, mainly for the case of very “thick”

molecules. Although biphenyls are non-planar and therefore

moderately “thick”, values ofo’ are close to O for this class
of compoundg5]: for biphenyls not substituted in the 2-
position, 3¢’ = —0.01+ 0.23; for biphenyls substituted in the
2-position,d¢’ =0.10+ 0.33 (1S.D.). The much greater non-
planarity of 2-substituted biphenyls leads to only slightly
larger values of’. Four compounds described [i#,5] are
even “thicker” or more “three-dimensionalFig. 7), and the
average value odo’ for these solutes is 0.320.08. Thus,
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Fig. 8. Pictorial representation of steric resistance for different solute
molecules and a comparison with size exclusion chromatography (SEC).
See text for details. Reprinted frof].

ogy with retention versus structure in size-exclusion chro-
matography (SE16]); namely, decreased retention for so-
lutes with increased molecular length. In the latter form
of chromatography (illustrated ifig. 8a, “SEC”), reten-
tion is determined by the access of solute molecules to
particle pores—longer molecules have larger hydrodynamic
(“Stokes”) diameterd and are excluded from narrower pores,
those with diameters less thah (In SEC, the solute has

molecules that are thicker appear to have somewhat largergreater translational freedom in large pores than in small

values ofe’, apart from molecular length.

pores, so that a solute can access a greater fraction of the

Values ofo’ also appear to be affected by whether the volume in a large pore than in a small pore. The accessible
solute is ionizable (e.g., an acid or a base), or substitutedvolume is known as the “free volume” and represents an en-

by hydrophilic groups such asOH. Thus, for ionizable so-
lutes #46—67 of4], average values @o’ are—0.67+0.28
(1S.D.) for the strong bases (#46-58)).754 0.40 for the
weak bases (#51-55), areD.504+ 0.35 for the weak acids
(#56—-67). While the scatter in valuesdaffor each of these
groups of solutes (S.D. af0.3-0.40"-units) is greater than
found for the neutral compounds Bfg. 6 (S.D.=0.2), itis
apparent that acids and bases havealues that are signifi-

tropic contribution to the free energy of a sol{t§'].) The
exclusion of long molecules from small pores by an SEC re-
tention process does not altogether prevent retention when
the molecule is attracted to the stationary phase in RP-LC
[18], but it is expected to reduce retention because of the lat-
ter entropic effect. A similar explanation for steric resistance
in RP-LC (based on the dependence’adn solute molecular
structure) is that thepacedetween the alkyl ligands of the

cantly lower than values for neutral solutes (by an average of stationary phase provide the same restricted access to solute

0.6 units). Seven alcohols frofh3], as reported 4], also
have a hydrophilic end-group and smaller value8df(i.e.,
3¢’ =-0.4+0.2[1S.D.)).

2.4.2.3. A model of steric resistane€$’). The above ob-

molecules that is provided in SEC ppreswithin the parti-

cle (seeFig. 8a, “o’S™”). An important distinction between

these two retention processedHig. 8a is that particle pores

are rigid, whereas the spaces between ligands are less so.
The acidic or basic solutes and alcohols noted above pos-

servations foro’ versus solute structure suggest an anal- sess a terminal hydrophilic group that prefers to reside out-
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side the hydrophobic stationary phase, resulting in a decreasdable 8 N _
in solute penetration into the stationary phase (with an ac- Values of RP-LC hydrogen-bond basicifj and acceptor strengi, in
companying decrease in steric resistance, and smaller val-S2ution for various amide solutes

ues ofo’; Fig. 8b). Fig. & similarly illustrates the role of ~ Solute P B2

solute “thickness” in RP-LC retention. Molecules that are 10a.N,N-dimethylformamide 0.89 0.74
sufficiently “thick” will experience greater resistance (more ﬁz-mﬁ'g:gﬁﬂl‘]}(’;f‘gxﬁfe oofgg 00-7768
cpnstramt)_m_ penetrating the stationary phasg, and this re-; 4a:N:N_ diethilacetami de 053 078
sistance will increase for less penetrable stationary phasesg s, N N-dibutylformamide 0.20 0.80
To summarize, steric selectivity and thS" term of Eq.(2) 47a.N-benzylformamide 0.10 0.63

can be described in terms of the ease of penetration of solutepata of[5].

molecules between the ligands of the stationary phase. Solute 2 Data of[4].

molecules whose size and shape result in a greater constraint ® Data of[13].

by surrounding alkyl ligands will experience greater steric

interaction effects, resulting in larger valuesoof more likely to represent a significant contribution to column
selectivity for typical separations.

2.4.2.4. Steric resistance contrasted with “shape selectiv-

ity”. “Shape selectivity” refers to the preferential retention 2.4.3. Solute hydrogen bond basicigf)(as a function

of planar versus non-planar polycyclic aromatic hydrocar- of molecular structure

bons on some columns versus othgtls This has been at- The three amides ofable 5are each characterized by

tributed to the presence of narrow openings or “slots” in the strong hydrogen-bond basicity in solution (0.6382 <

stationary phase thatrestrict the access of (thicker) non-planai0.78; see Eq(1)), suggesting that thg’A term of Eq.(2)

molecules. Rigid stationary phases with narrow “slots” ex- corresponds to hydrogen bonding of basic solutes to acidic

hibit greater shape selectivity and are more likely to result silanols in the stationary phase. FideN-dialkyl amides

from a synthesis that uses di- or tri-functional silanes (yield- of [13] also have large values g¢f (0.20-0.99) ands;

ing cross-linked or “polymeric” phases with higher bond- (0.74-0.80), but—unlike the case fgp (values of solute

ing density), rather than the more common monofunctional H-bond basicity in the mobile phase, rather than in the sta-

silanes (which result in less-rigid, “monomeric” phases). tionary phasef’])—values ofg’ vary markedly with the de-

Shape selectivity can be characterized by a widely used testgree of steric hindrance around the amide nitrogeble §.

[19] that measures the separation faat®gn/sap for tetra- That is, values of’ (but not82) sharply decrease with in-

benzonaphthalene (TBN) and benzo(a)pyrene (BaP). A sim-creased crowding of the amide group by longer alkyl groups

ilar test for shape selectivity has been described in terms ofattached to the amide-nitrogesf for dimethyl, 0.94+ 0.07;

the separation factarro (the ratio ofk-values for tripheny- diethyl, 0.514 0.01; dibutyl, 0.2082 for same five aliphatic

lene versus-terphenyl[9]). Larger values oft/o or smaller amides =0.72 0.02). It appears that the;g(or Cg) ligands

values ofatgn/sap fOr a column signify increased shape se- that surround stationary phase silanols greatly enhance steric

lectivity and a more rigid stationary phase. If shape selectivity hindrance in the interaction of the silanol with a solute ac-

were equivalent to steric resistance as measured by term (ii)ceptor group X. Other workers have also noted that steric

of Eq. (2), there should be a strong positive correlation be- hindrance around hydrogen-bonding sites can be of greater

tween values o8  and either loger/o or —logaTen/BaPO importance in the RP-LC stationary phase than in solution

Actual correlations have been repor{&dLO]: [20].

. 2 _ Fig. 9a compares values gf versuss, for polar aliphatic

§* = —0.04+ 0.20logaten/Bap  (r© = 0.29,n = 14) (9) solutes R—X which have similar alkyl substitution around the

§* = —0.04+ 0.39 loga/0 (2 =040,n = 15)  (10) polar group X (eithen—but.yl or di-et.hyl;.i.e., R=@in gagh
case), and presumably similar steric hindrance. A significant

These correlations are relatively weak, and in the wrong di- correlation is observed iRig. % (2=0.85), as expected if

rection for Eq.(9). Thus, shape selectivity and steric resis- g’ corresponds to solute hydrogen-bond basicity within the

tance are conceptually similar, but do not appear to describestationary phase. A similar plot is shownkig. % for corre-

the same column property. Shape selectivity involves the sponding aromatic solutes{Bs—X). As seenirFig. % ver-

combination of relatively rigid solute molecules and “poly- susFig. 9a, values of8’ are generally about six-fold smaller

meric” stationary phases, while steric resistance applies tofor aromatic versus aliphatic solutes; this is likely due to

more flexible solute molecules and less rigid (“monomeric”) (a) greater steric hindrance by adjacent phenyl veadkd

stationary phasefs]. Examples of shape selectivity have groups and (b) electron induction from X to the aromatic ring

most often been reported for mobile phases that contain(thereby decreasing the basicity of X). The greater scatter of

>80% of the organic solvent B. Since most RP-LC sepa- data inFig. 9 versusFig. Sa can be attributed to the much

rations are carried out on monomeric columns with mobile smaller values o’ for the aromatic solutes iRig. %. The

phases of <80% B, and do not involve non-planar polycyclic correlations ofFig. 9 are consistent with our belief that the

aromatic hydrocarbons as solutes, steric resistance seemg’A term of Eq.(1) arises from hydrogen bonding between
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06 [5]), suggesting that these compounds can hydrogen bond
ool e to some basic group in the stationary phase, in which case
a correlation of values of’ with ag of Eq. (1) is ex-

pected.Table 9compares values af’ for different groups
of donor solutes with their hydrogen-donor acid@ in so-
lution (last column ofTable 9. Whereas donor strength in
solution (032 < oc'; < 0.6) suggests that alcohols and phe-
nols should also have large valuesadf this is not the case
(0.1<d' <0.2). There is, however, a regular increase in val-

| ues ofa’ with increasing Bronsted acidity of the solute (as

i reflected in solute I9, values in water).

(@) B, Steric hindrance, as in the example ®ble 8 for

hydrogen-bond solutes and column silanols, appears to be an

T unlikely explanation for the smallef values of phenols and

Tenos o | especially alcohols. The preferential binding of carboxylic

acids versus phenols and alcohols can be rationalized, how-

ever, if it is assumed that column hydrogen-bond basicity

arises fromwaterthat is sorbed within the stationary phase;

in this case, carboxylic acidsfOOH can hydrogen bond

to water by a two-fold interaction:

* 11a,14a

0.2

38a

=5 OH
an
Further evidence, which supports this hypothesis, is pre-
sented in Sectio.4.9below.

Fig. 9. Correlation of the solute paramegrwith solution values of8; .
(hydrogen bond acceptor strength frda8]). (a) Aliphatic solutes with 2.4.5. Molecular charge) as a function of molecular

comparable inter-molecular hindrance of the acceptor groym(@iethyl structure
derivatives); (b) aromatic solutes. Solute numbering defined in Table 7 of The RP-LC separation of protonated bases by means of
[4]. Reprinted from5]. alkyl-silica columns has received considerable attention in

the literature, primarily because of increased peak tailing for
acceptor solutes and non-ionized silanols (donors) in the sta-these compoundg@1]. Evidence has been reportfi,22]

tionary phase. that suggests peak tailing is related to the interaction of pro-
tonated bases with ionized silanols in the stationary phase (at

2.4.4. Solute hydrogen bond acidity)as a function of least for a mobile phase pH >83]); i.e., an ion-interaction

molecular structure or ion-exchange process. If théC term of Eq.(2) is the

Hydrogen bonding of acidic solutes to basic groups within result of ionic interaction between a charged (ionized) so-
the stationary phase has been reported as a minor contributute molecule and a negatively charged silareBiO™) in
tion to RP-LC column selectivity8,13], but has otherwise  the stationary phase, there should be a correlation between
received little attention in the literature. Large values'cdre values of«’ at a given pH and the fractional charge on the
associated primarily with carboxylic acids (0.8’ < 3.10 solute molecule: positive values of for protonated bases,

Table 9
The solute parametef as a function of solute donor strength
Solute type Solutés Averageo’ S.D. o (12)
Neutral non-donors #1-45 Except®H 0.02 0.12 0.00
Alcohols #18-20, 39, 40 0.10 0.17 0.32-0.39
Phenols #21, 22, 24-26, 75, 76, 82, 83 88 0.17 0.09 0.60
Activated—OH #23, 87 (Vicinal diol) 0.52 0.13

#42 0.58
Weak acids #56-58, 60-63, 6567 0.88 0.33 0.59
Strong acids #59, 64 2.28 1.16
Data of[4,5].

2 Solute numbering given if#,5].

b Solutes #84 and 86 not included, because of poor agreement witR)Eq.
¢ lonization<10% in 50% acetonitrile/pH 2.8 buffer.

d |onization>37% in 50% acetonitrile/pH 2.8 buffer.
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eral column properties can affect valuestbf S', etc., in
the following analysis of the dependency of these parame-
ters on column properties we have tried to compare columns
. where just one column property is varied at a tiffeble 10
‘ summarizes values ¢, S, etc. for several such column
Ton comparisons (we assume that silanol acidity will be similar
in related type-B columns from the same manufacturer).
Column hydrophobicity increases with increased interac-
tion of the solute with the alkyl ligands of the column. This
. suggests thatl should increase for an increase in ligand den-
04 | | sity (concentratiorCy ) and ligand length. The curvature of
| narrow pores results in a closer approach of the ends of the
P T I BE  #ib ligands, which translates into an effectively higher average
molecular charge ligand density, especially for pore diametedgs< 10 nm and
Cg or Cig chains[5]. Values ofH should therefore increase
Fig. 10. Correlatipn of values of the paramatéior basic and acidic solutes for smallerdp. Fina||y, when conventional e columns are
ook st ) ettt v s i ENC-capped,there s ypically no more han a 2% nrease
g?osn?changes in r)étegntior? as a function of mobile phase pH.?Da{taIﬂ]. in total carbor(24,25] ,SO only a small Increase_ Iﬁ_ShOUId
result from end-capping. Each of these predictions can be
compared with the data dable 10
For an increase i€, from 0.9 to 1.6 to 2.&moles/n?
(example #6 ofTable 1Q Cis, 8-nm pores)H increases
from 0.76 to 0.93 to 1.13. For an increase in ligand length

. ) from C3 to Cg to Cig (examples #1-3; 8-nm pores and
lute molecular charge is observétld. 10 mobile phase pH 2.0pmoles/n?), H increases from 0.60 to 0.79 to 1.01. For

2.8), except for partly-ionized, weak bases (circled). Partly- a decrease in pore diameter from 30 to 8nm (examples

ionized bases are retained mainly as the neutral species (for, . ~ .
which " =0), so absolute values ef for these compounds #1-3; 2.Qumoles/rt, C-Cag). H increases by an average

0f 0.09+0.01 (1S.D.). For a decrease in pore diameter from
%30 to 6nm (examples #4,5; 3uanoles/n?, Cg and Gg), H
increases by an average of 020.01. End-capping (exam-
ple #7, other column properties exactly the same) results in

12~ # strong bases (#46-50) v
weak bases (#51-55)
weak acids (#56-67)

[ s

08"

04 L

0.0 L

3]
a]

and negative values for ionized acids (note that the neutral
solutes of4,5] have an average value gf=—0.014+0.03).
As expected, a correlation between valuex’cdnd so-

(i.e., fractional ionization values). A similar reduction|i|
for partly-ionized acids is not observed, perhaps because of
the difference between ion—ion attraction (protonated bases)an increase iH, but by only 0.02 units. Thusll of these

versus repuilsion (ionized acids). The correlat|o'chg‘. 10 . comparisons (as well as others that can be drawn from the
suggests that for some type-B columns there is a negatlvePata of Table 10 are consistent with an identification &f

charge on the stationary phase at pH 2.8, despite the usual . oy
: SRRy with column hydrophobicity

assumption that very acidic silanols are largely absent from

metal-free silicag21,22] with no silanol ionization atlow 5 4 7 column steric resistan& as a function of

pH. Values of’ for a given solute are expected to vary with

! A - . column properties
its relative ionization, and therefore with mobile phase pH.

S, the resistance by the column to the penetration of bulky
solutes into the stationary phase, should increase with column
2.4.6. Column hydrophobicity as a function of column propertiesin the same way as valuebklofhus, anincrease in
properties ligand densityC_ (with increased ligand crowding) should

The column parameteks, S', etc. of Eq(2) are necessar- more effectively restrict the insertion of solute molecules,
ily related to properties of the column: ligand length (e.g., C resulting in larger values & . Longer ligands will be more
versus Gg), ligand density .moles/n?), particle pore diam-  crowded at their ends, especially for narrower-pore particles,
eter (nm) and whether or notthe column has been end-cappedso thatS" should also increase for longer ligands and smaller
It was suggested above that valueg@ndC are determined  pores. End-capping is expected to have only a minor effect
by underivatized silanols on the silica surface; valuef\of  on values of5". It should be kept in mind that, in contrast to
andC should therefore be affected by the concentration and H, an increase it§" corresponds to decreasen retention
accessibility of these silanol groupA. is further affected (), other factors being equal (E@)).
by the hydrogen-bond strength of these silanols, @nsla For an increase i€_ from 0.9 to 1.6 to 2.@umoles/n?
function of their relative ionization or acidity (i.e., silanol (example #6 offable 10, S" increases from-0.04 to—0.03
pKa values); the latter two column properties can vary for to 0.06. For an increase in ligand length fromtG Cg to Cyg
silicas produced by different manufacturers, because of dif- (examples#1-3% increases from-0.12 to—0.08 to—0.02.
ferences in the concentrations of contaminating metals and/orFor a decrease in pore diameter from 30 to 8 nm (examples
interactions between adjacent silanf@$,22] Because sev-  #1-3; 2.0umoles/n?, C3-Cyg), S’ increases by an average of
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Table 10
Values of the column selectivity parametefsS*, etc. as a function of column properties
Column dp? (o H s A B C(2.8) C(7.0)
#1 G°
8 2 0601 -0.124 -0.08 0038 —0.084 0.81
30 2 Q0526 -0.122 —-0.194 Q047 Q057 0.711
(8-30nm) 008 000 011 -0.01 -0.14 0.10
#2 Gg©
8 2 0795 -0.079 Q138 Q018 Q014 1.02
30 2 Q701 —0.085 Q002 Q047 Q146 0.82
(8-30nm) 009 001 014 -0.03 -0.13 0.20
#3 Cig¢
8 2 1008 —0.021 Q215 —0.002 Q077 0.822
30 2 Q906 —0.05 0045 Q043 Q253 0.7
(8-30nm) 010 003 017 —0.05 -0.18 0.12
#4 Ggd
6 32 0.929 —0.015 Q162 -0.017 -0.313 1.005
30 32 0.739 —0.041 -0.13 0027 Q156 0.405
(6—-30nm) 019 003 029 —0.04 -0.47 0.60
#5 Clgd
6 29 1158 Q041 Q067 -0.078 Q102 0.262
30 29 0.956 -0.012 —0.089 Q015 Q0238 0.249
(6-30nm) 020 005 016 —0.09 -0.14 0.01
#6 Cig°
8 0.9 0.762 —0.036 -0.216 —0.001 -0.4 0.345
8 16 0.926 —0.026 -0.123 —0.004 —-0.294 0.139
8 29 1132 Q059 -0.023 —0.068 —0.242 -0.161
(2.9-0.9umoles/n?) 0.37 010 019 -0.07 016 -0.51
#7 Crgf
Non-end-capped 9 .37 103 0029 Q388 -0.023 Q038 0.812
End-capped 9 37 1048 Q057 Q007 —0.004 -0.179 0.151
End-capped—Non-end-capped .02 003 -0.38 002 -0.22 —0.66

Data from[10].
2 Pore diameter (nm).
b Ligand concentrationgmoles/n?).
¢ Agilent Zorbax StableBond columns of varying pore diameter and ligand length (not end-capped).
d Bischoff Prontosil columns #14, 17, 20, 23[@D] (end-capped).
€ Waters J'Sphere columns #82a—d @] (end-capped).
f Waters Symmetry C18 column describedif].

0.01+ 0.02. For a decrease in pore diameter from 30 to 6 nm for a column. As seen in example #7 Tdble 10 this is the
(examples #4,5; 3.2moles/nt, Cgand Gg), S increasesby  case: a reduction iA by 0.38 units results when the column
0.03+ 0.01. End-capping (example #7) results in an increase is end-capped.

in S’ by 0.03 unitsEach of these comparisons appears con- The expected variation & with other column properties
sistent with an interpretation @&" as steric resistance by the is less obvious versus that bf andS". Thus, an increase

column to the insertion of bulky solute molecules in ligand concentration (e.g.,g®r Cig groups) might ap-
pear to reduce the concentration of underivatized silanols,

2.4.8. Column hydrogen-bond acidityas a function of but for end-capped columns (as in example #@atfle 10

column properties justthe opposite is true—because end-capping with the small

End-capping of the column (usually by trimethylsilyl trimethylsilane (TMS) group results in a higher fraction of
[TMS] groups) removes a substantial fraction of underiva- derivatized silanols than bonding byiégroups[25]. That
tized silanols that are left after the primary bonding (e.g., by iS: the portion of the silica surface not initially bonded by C
Cg or Cyg) of the column. Thus, a typical 3-5% increase in will be more extensively reacted by TMS groups. In example
total carbon as a result of end-cappingsa €olumn[24,25] #6, anincrease i6 from 0.9to 1.6 to 2.umoles/nt for this
corresponds to a 20—-30% decrease in the total moles of un-end-capped column results in an increasé iffom —0.22
modified silanols. End-capping also results in a decrease int0 —0.12 t0—0.02, as anticipated from the corresponding
silanol accessibility, because of steric hindrance between un-increase in the number of underivatized silanols.
derivatized silanols and adjacent end-capping groups. Thus, Other factors being equal, it might appear that an increase
end-capping is expected to strongly reduce the valua of in ligand length should render the surface silanols less acces-



L.R. Snyder et al. / J. Chromatogr. A 1060 (2004) 77-116 93

sible to retained solutes, with a reduction in valueAof he be comparable to values af for carboxylic acids, whereas
columns of examples #1-3 dkble 10are not end-capped, this is not the case (Sectich4.4and Table 9. A possible
and values of are constant (2.@moles/n?), so the effect explanation that addresses the latter two observations is that
of ligand length on values ok can be deduced from these watersorbs into the stationary phase and is responsible for
data. For both the 6- and 30-nm-pore columns, an increase ofcolumn hydrogen-bond basicity. If this is the case, values of
ligand length leads to a consistent and counter-intuitive B should increase with increasing concentrations of water in
creasdn A; the increase i for Cg versus Gis 0.20+0.01, the stationary phase, while the concentration of sorbed water
and for Gg versus @ the increase irA is 0.0640.03. For shoulddecreasewith increasing column hydrophobicity.
similar reasons, it would seem that valuesfoshould be Therefore, if column hydrogen-bond basicity is due to sorbed
larger for larger-pore columns, based on increased silanol ac-water, values oB should correlate inversely with values of
cessibility. Again, an opposite trend Afwith pore diameter ~ H. For 87 type-B alkyl-silica columns reported [ih0], an
is observed: for an increase from 8- to 30-nm pores (exam- approximate correlation of the predicted form was found:
ples #1-3), the change il is —0.11 (G), —0.14 (G) and
—0.17 (Gg). B=0.131-0141H; r*=061; SD.=0015 (11)

To summarize, for a column in which the relative concen-
tration of underivatized silanols is lower (as a result of end- A ¢ross correlation was also carried out between all other
capping and/or changes@ ), values ofA are also lower, as  pairs of column parametersi(versusS', A versusB, etc.)
predicted. For less obvious reasons, changes in ligand lengthor the same 87 columns, with 0.84r2 < 0.18. Only the cor-
and pore diameter which seem likely to promote silanol ac- re|ation betweehl andB (Eq.(11)) is statistically significant,
cessibility lead instead to a decrease in values.gtossibly  which in turn requires interpretation. Individual examples of
the different bonding chemistries involved in the preparation thjs inverse dependence Bfon H can also be seen in the
of C3, Cg and Gg columns, as well as pore diameter per se, data ofTable 10 If water is responsible for the interaction of
in some way affect the hydrogen-bond acidity of remaining hydrogen-bond acids with the column, this also explains the
underivatized silanols (silanol acidity may be more important mych stronger interaction of acids versus phenols (Section
than silanol accessibility in affecting). However, an alter- 2 > 4 Because end-capping does not result in a significant
native possibility that we prefer is that electron-donor solutes gecrease in values &, it appears that stationary phase wa-
thatinteract with non-ionized silanols are stabilized (“pulled” +tey, if it contributes to hydrogen-bond basicitynist bound
further into the stationary phase) as a result of increased hy-ig silanols at the silica surface
drophobicinteraction; i.e., as a result of longer ligands and/or Despite the above experimental evidence, which suggests
reduced pore diameter). The interaction of the solute with a \yater as the source of column hydrogen-bond basicity, at
silanol group should thereby be strengthened, correspondingyresent we regard this hypothesis as speculative and much in
to an increase in the value &f The latter effect would also  need of further confirmation. However, whatever the source
contribute to the above increase Anfor increased ligand  of hydrogen-bond column basicity, it does represent a signifi-

concentration. cant contribution to column selectivity. Some columns, other

than type-B alkyl-silica, appear to involve basic, hydrogen-
2.4.9. Column hydrogen-bond basicas a function bonding retention sites other than stationary phase water
of column properties (Sections2.5.2 and 2.5

The origin of column hydrogen-bond basicity (acceptor
strength) has received little attention in the literature, al-
though silica silanols and siloxane groups represent possi-2.4.10. Column cation exchange capaditas a
ble basic sites within the stationary phase. For example, it function of column properties and mobile phase[fig]
has been proposed that hydrogen-bonding of one silanol by  Alkyl-silica columns normally possess a negative charge
another results in increased basicity for the proton-donating that results from the ionization of underivatized silanol
silanol [26]. If either silanol or siloxane groups are respon- groups:—Si-OH — —Si-O~ +H*. As mobile phase pH in-
sible for column basicity, end-capping of a column should creases, silanol ionization and the negative charge on the col-
result in a pronounced decreaseBinbecause of steric hin-  umnincrease, as therefore should valugs. dfewer columns
drance by the end-capping groups to interaction of the solutemade from pure silica (type-B) are somewhat less acidic than
with adjacent silanol or siloxane groups (similar to the above are older, less pure columns (type-A), so their ionization and
reduction inA after end-capping). End-capping would also values ofC should be reduced compared to type-A columns.
sterically block any end-capped silanols, which should fur- The dependence of the column negative charge on column
ther reduceB if silanols are the entity responsible for column type and mobile phase pH is illustrated fig. 11, which
hydrogen-bond basicity. shows experimental plots of the negative charge on two dif-
As seen in example #7 Glable 10 end-capping instead  ferent columns (one type-A, the other type-B) as a function
leads to a smalhcreasen B (+0.02 units). Likewise, ifasin-  of pH. Because values @ are believed to be proportional
gle basic site in the column were responsible for its hydrogen- to the charge on the colum@,should increase with mobile
bond basicity, values af’ for phenols and alcohols should phase pH in similar fashion as ig. 11
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Fig. 11. Silanol ionization as a function of mobile phase pH and silica type
[27]. See text for details. Adapted frofhl].

Values ofC at pH 2.8 C(2.8)) can be obtained from Eq.
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in the retention of protonated bases in RP-LC. We therefore
prefer to ascribe the'C term of Eq.(2) to “ion interaction”
rather than “ion exchange”.

2.5. Selectivity of other column types (relative values of
H,S', etc.)

The preceding discussion is largely based on results for
alkyl-silica columns made from high-purity (basic or type-
B) silica. Eq.(2) has also been used to characterize several
other kinds of column for RP-LC separation, as described
below.

2.5.1. The accuracy of EQ) for other column types;
additional solute—column interactions
Eq.(2) has now been applied to almost 200 type-B alkyl-

(2) in the same way as for other column parameters that silica columns ranging from £to Czg, most of which are

are measured at pH 2.8. Values ©f7.0), the value ofC

either G or Cig. The measurement of valuesidf S', etc.

atpH 7.0, are determined from the change in retention of the for these columns has employed the 16 test solutes and corre-
quaternary ammonium compound berberine at pH 2.8 andsponding solute parametersTable 6plus the experimental

7.0, with other conditions the same (50% acetonitrile/60 mM
phosphate buffer; 35C):
C(7.0)=C(2.8)+ log <@> (12)
k2g
wherek; o andkz g refer to values ok for berberine at pH
7.00 and 2.80, respectively. The derivation of B@) [12]is
based on the fact that ~ 1.0 for fully ionized, mono-basic
solutes, plus the assumption that only #H€ term of Eq.
(2) changes with pH (due to the changing ionization of the
column as inFig. 11). The use of a quaternary ammonium
test solute in Eq(12) was suggested by the earlier work of
Neue et al[28].

FromFig. 11, it can be anticipated that values ©(7.0)
will be generally larger than values 6{2.8), and this is usu-
ally observed. For 87 type-B alkyl-silica columnsz(sp),
the average values df at 2.8 and 7.0 were 0.G40.18
and 0.23+ 0.31, respectively. Similarly, values &f should
be greater for type-A versus type-B columns, which is
also the case: for an average type-A columrm,(Cis),
C(2.8)=0.74+0.57;C(7.0)=1.14+0.56 (11]; n=38). In
some case§;(7.0) <C(2.8) fora given column, which may be

conditions and procedure described[19] (50% acetoni-
trile/pH 2.8 buffer; 35C); the agreement of these retention
measurements for type-B alkyl-silica columns with E2).
and the values of/, o/, etc. of Table 6is +£1% in o (avg.
S.D.). The inter-laboratory repeatability of valuesHfS',
etc. determined in this way has also been confiriBéd (H,
+0.003;S", +£0.001;A, £0.022;B, +0.001;C(2.8),4-0.010;
C(7.0),£0.019 [avg. S.D.]), equivalent tasal% uncertainty

in predicted values af. Specifications have also been defined
for the required accuracy of the experimental conditions used
(temperature, %-acetonitrile and pR3p].

Eq.(2) can be applied to other column types, by assuming
that the test-solute parametersTable 6for type-B alkyl-
silica columns apply for any column. Experimental values of
«a for these 16 test solutes and a given column can then be
fit to the latter solute parameters by a single multiple linear
regression, to yield values bf, S, etc. for that column. This
extension of Eq(2) to alternative column types generally
results in poorer correlations; i.e., average erromsi-5%
(1S.D.). Poorer agreement with E@) could be the result
of additional solute—column interactions not represented in
Eqg.(2), as indeed proposed below for the case of phenyl and

attributable to differences in the ionic strength of the buffers fluoro columns (Section®.5.6 and 2.5/

used to measur€(7.0); i.e., for the same phosphate-buffer

concentration in the mobile phase (30 mM), phosphate ion-

For all but fluoro and bonded-zirconia columns, however,
it appears that the major reason for the poorer agreement

ization and ionic strength is greater at pH 7, which should with Eq.(2) is a consequence of the valuesyfo’, etc. as-
reduce any ion-exchange interaction between berberine andsumed for the 16 test solutes Tble 6(which are average

ionized silanols. lon-pairing of protonated solute with the
anionic buffer may also be a factf#9].

values derived for type-B alkyl-silica columns). Thus, the
application of Eq(2) to very different columns (with very

Finally, it should be noted that what has been referred to different values oH, S, etc.) represents an extrapolation of
above as the “ion-exchange” behavior of protonated bases inEq.(2)—with an increased uncertainty commonly associated
RP-LC is unlikely to represent a complete description of the with extrapolation. The latter hypothesis is confirmed by the

interaction of these compounds with columBiO~ groups.
For example, it has recently been propog2g] that mobile

observation that values of S.D. (for the application of €.
to the various column types studied) correlate with absolute

and stationary phase ion-pairing can play a significant role differences in values dfl, S', etc. for a given column ver-
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sus average values for type-B, alkyl-silica columHs,(Sj,
etc.):

SD. = —0.006— 0.004H — Hp|+ 0.030S* — S;|
+0.041)A — Ap| + 0.311B — Bp| + 0.010C—Cy)|
(r> = 0.923; SD. = 0.008) (13)

Eqg.(13) has been found applicable for most RP-LC columns
(type-A and -B alkyl-silica, cyano, phenyl, and columns with

95

values of the column and solute parameters (and minimum
average S.D.) yielded afinal fit with E@) of £3% in«, sug-
gesting that no solute—column interactions other than those
described by Eq(2) are important for type-A columns.
Average values dfi, S, etc. for Ggtype-A versus type-B
columns are compared ifable 11 Values ofH andS' for
type-A columns are seen to be lower than for type-B columns
(by —0.15 and—0.07 units, respectively), which can be at-
tributed to generally lower values 6§ for type-A columns.
Similarly, values ofA, C(2.8) andC(7.0) are much higher for

apolar group thatis eitherembedded or usedforend—capping;type_A columns (by 0.19, 0.72 and 0.96 units, respectively),

see[31,32]and summaries ifi1,33]

The correlation of Eq(13) suggests that smaller S.D. val-
ues will result for columns other than type-B alkyl-silica, if
slightly different values of, o/, etc. are assumed for each
column type. The accuracy of E@) for a given column type
other than type-B alkyl-silica can therefore be improved by
iterative multiple linear regression, so as to derive best val-
ues forboth solute and column parameters for each column
type (rather than assuming that the valuegob’, etc. in
Table 6apply for all columns). With this approach for differ-
ent column types, agreement with E2) generally improves
to acceptable levelsH1-3% in«), with resulting change in
values ofyy/, o’, etc.,but negligible change in values of the
column parametersl, S*, etc.[11,31-33] Therefore, values
of H, S', etc. (summarized ikppendix Afor all columns)

as predicted from the greater acidity of type-A columns. The
average value d for type-A columns is higher (0.06 units),
which results from two separate effects. ValuesBofend

to correlate negatively withl (Eg. (11)), which means that
the smaller values dfl for type-A columns should result in
larger values oB. However, this is only part of the story.
Fig. 12a shows a plot of values @ versusH for type-B
alkyl-silica columns. The inverse correlation described by
Eq. (11) is evident, and the dashed lines correspond to val-
ues of £2.5S.D. As expected, virtually all the data points
fall within the dashed lines dfig. 12a. InFig. 12, a sim-

ilar plot is shown for 38ype-Aalkyl-silica columns, with
the dashed lines dfig. 12a superimposed. Thirteen type-A
columns (enclosed in the dashed circleFig. 12b) deviate
from Eq.(11) by more than 2.5S.D., arall of these devia-

were derived for each column type by means of the values jjong are positive. This suggests some additional contribution

of 1/, ¢/, etc. inTable 6(single multiple linear regression).
Acceptable (best-fit) agreement with H&) could not be
obtained in the case of fluoro or bonded-zirconia columns
(Section2.5.7 and 2.5.8 because too few columns of these
types were available (8 n < 5; a minimum of eight columns
appear to be required for the derivation of reliable values,of
o', etc. for a given column type). Higher values of S.D. than
predicted by Eq(13)suggest that solute—column interactions
other than those represented in E).may be important for
both fluoro and bonded-zirconia columns.

2.5.2. Type-A alkyl-silica columrn&1]

“Acidic” or type-A alkyl-silica columns are made from
less pure silica that is contaminated by metals such as Al(l11)
and Fe(lll). As a result, the underivatized silanols of type-
A columns are more acidic, resulting in increased silanol
ionization as a function of pHFjg. 11), and presumably
increased hydrogen-bond acidity. Most type-A columns are

to B for these particular type-A columns, possibly related to
the contaminating metals associated with type-A silica. The
latter possibility is strengthened by the fact that all seven
columns (half of the circled outliers iRig. 12) from two
manufacturers (Jones, #12a—14a [Apex columns]; Supelco,
#21a—24a [Supelcosil LC columns]), are included among the
deviating type-A columns. This is consistent with the likely
use of the same or similar silica by an individual manufac-
turer. To summarize, we propose that carboxylic acids can
interact with exposed metals present as part of the type-A
silica surface, leading to their increased retention on some
type-A columnénote that carboxylic acids are able to interact
strongly with multiply charged metal ions by chelation).
Values ofH, S, etc. for different type-A columns tend to
be more variable than for type-B columns as a grpug. It
is therefore more difficult to replace a type-A column with
an equivalent type-A column (i.e., with similar valuestbf
S, etc.) from a different source—compared to the similar

also based on older, less efficient bonding processes. As a rereplacement of a type-B column by a type-B column from

sult, the ligand concentratid@, for type-A columns is typ-
ically about 30% lower than for (more recently introduced)
type-B columng11]. These differences in column properties
for type-A versus type-B columns account for most of the
average differences in selectivity for type-A versus type-B
columns.

Correlations of retention data for 38 type-A alkyl-silica
columns and the test solutesTable 6with Eq. (2) [11], us-
ing values ofiy/, ¢/, etc. fromTable 6 resulted in an average
S.D.=0.032£8% in«). Further regression to obtain best-fit

an alternative sourcd 1]. The greater variability of type-A
columns is likely a consequence of (a) the use of less opti-
mized (and more variable) processes for column manufacture
prior to 1990[34] and (b) the greater variability of older sil-
icas from manufacturer to manufacturer (e.g., varying silica

purity).

2.5.3. Columns with embedded polar groups (EIRZ3])
Columns of this type have a polar functional group that
is inserted (“embedded”) within an alkyl ligand that is at-
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Table 11

Comparison of the average selectivity of different column types

Column HP S A B C(2.8) C(7.0)

Type-B
Cs 0.83 —0.01 —-0.16 002 002 031
Cis 1.00 001 —0.07 —0.01 005 017

Type-A
Cig[11] 0.84 —0.06 012 005 078 113
Differencé —0.15 —0.07 019 006 072 096
Polar group embeddda1] 0.68 000 —0.54 017 —0.65 013
Differencé —0.26 —0.01 —0.43 017 —0.69 —0.09
Polar group end-cappddl] 0.94 —0.02 —0.01 001 -0.14 027
Difference 0.00 —0.03 010 001 —-0.18 005
Cyano[32] 0.41 -0.11 —0.58 —0.01 007 067
Differencé —0.28 -0.12 -0.22 —0.03 002 047
Phenyl[32] 0.60 —0.16 -0.23 002 016 074
Differencé -0.23 —-0.15 -0.07 000 014 043
Fluoroalkyl[33] 0.7 —0.03 01 0.04 103 142
Differencé -0.13 —0.02 026 002 101 111
Fluoropheny[33] 0.63 014 -0.26 001 055 11
Differencé 0.03 030 —0.03 —0.01 039 036
Bonded-zirconig11]? 1.03 -0.01 -0.43 005 208 198
Differencé 0.03 —0.02 —0.36 006 203 181
Polymeric alkyl-silica[11]f 0.94 004 042 —0.02 069 138
Differencd 0.10 010 030 —0.07 —0.09 025

Data 0f[10,11,31-33] See discussion of Secti@n5. In each case, comparisons between alkyl-silica and other columns are made for columns with similar
ligand lengths.

a Vs. Cig type-B column.

b ys. average of gand Gg type-B columns.

¢ Vs. Cy5type-B column (se€32] for details).

4 Vs. Gg type-B column.

€ Vs. Phenyl column.

f Vs. Cig type-A column.

tached to the silica particle. Commonly used embedded polaras to reduce their acidity; as a result, average values of
groups include hydrogen-bond acceptors such as amide, ure# (—0.43 units) andC(2.8) (—0.69 units) are much re-
and carbamate, making EPG-columns more “basic”. EPG- duced relative to alkyl-silica columns. Values ©f7.0), on
columns therefore exhibit significant differences in selectiv- the other hand, are more similar for both EPG- and non-
ity versus non-EPG columii35—40] which has encouraged EPG-columns, which might reflect the inability of a limited
their use in RP-LC method development when a change innumber of embedded polar groups to completely neutral-
separation selectivity is required (as well as for other rea- ize silanol activity when the silanols are extensively ionized
sons). The selectivity of EPG-columns is expected to vary (at pH 7).
with the nature of the polar group, and whether that group  Values of B for EPG-columns are significantly higher
is embedded (present section) or used to end-cap the columr{+0.17 units) than for non-EPG-columns, presumably be-
(following Section2.5.4). cause of the hydrogen-bond interaction of donor solutes such
Correlations with Eq(2) and the test solutes dlble 6 as carboxylic acids or phenols with the basic polar group of
for 21 EPG-columns (including the four polar-end-capped the column. InFig. 1Z, a plot similar to that ofFig. 12
columns of SectioR.5.4 resulted in an average S.D.=0.057 for type-A alkyl-silica columns is shown for EPG-columns.
(+£14% ina), using values of, o, etc. fromTable 6 Further All but three of the embedded-polar-group columns have val-
regression to obtain best-fit values of the column and solute ues ofB that fall above the error limits for type-B columns.

parameters yielded a final fit with E(R) of £3% in«, sug- We infer from this relationship that in most cases values of
gesting no significant solute—column interactions other than B for EPG-columns arise from a source of column basic-
those described by E¢R). ity other than sorbed water; i.e., the basic embedded polar

A comparison of selectivity for EPG-columns versus group. Polar-end-capped columns (circlesFig. 1) fall
type-B alkyl-silica columns is shown ifable 11 Columns within the error limits for type-B columns, suggesting that
with an embedded polar group are generally much lessthe basicity of these columns results mainly from sorbed
hydrophobic (smalleH) than non-EPG columns—0.26 water—not the polar end-capping group. The three EPG
units), due to the polarity of the embedded group. The ba- columns (#16b—18b [Synergi Hydro-RP; Prevail amide; In-
sic polar group also appears to interact with silanols so ertsil ODS-EP]) inFig. 12 whose values dB resemble that
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Type-B alkyl-
silica columns

1.0 1.5

0.4

0.4 7

0.3 1
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Fig. 12. Column hydrogen-bond basiciB/as a function of column hy-
drophobicityH. (a) Type-B alkyl-silica columns; (b) type-A alkyl-silica
columns; (c) EPG-columns. Straight lines in (b, c) taken from (a). For
column numbering, se¢ll1,31] See text for details. Reprinted from

[31].

Type-A alkyl-

7 silica columns

1.0 1.5

EPG columns

polar end-capped
column

I.
05
H

type-A
(acidic)

type-B
(neutral)

ami+ N N (basic)

[} i \,A N . BBA
I

1.0 2.0 3.0
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Fig. 13. Relative retention as a function of column type. (a) Allsphere
ODS1 (type-A); (b) Ace C18 (type-B); (c) Bonus RP (EPG). Samile;
4-nitrophenol; DEA N,N-diethylacetamide; A, acetophenorigBA, 4-n-
butylbenzoic acidami*, amitriptyline; C,cis-chalcone. Experimental con-
ditions as inFig. 1L Reprinted fron{31].

embedded polar group:

ether B = —0.01, least basick hydroxy (B = 0.05)
< carbamate (@9 < B < 0.10)<PEG(glycol) 3=0.15)
< urea(023 < B < 0.30)
~ amide (022 < B < 0.37, most basic) (14)

Column #17b (Prevail amide) iRig. 1Z also has an amide
group, but its much lower value @ =0.02 suggests that
the concentration of accessible amide groups in this column
is quite low, or the amide groups are for some reason less
accessible.

A few studies of EPG columrj85,39,40]have noted their
selective retention of phenols, relative to retention on non-
EPG columns. Because of the pronounced hydrogen-bond
basicity of EPG-columns, this is expected. The hydrogen-
bond acidity of phenols (as measured by their best-fital-
ues) is considerably larger for EPG-columns (avg=0.7)
than for type-B alkyl-silica columns (avg! =0.2), presum-
ably because the basic, embedded polar group interacts via
a single hydrogen-bond withoth phenols and carboxylic
acids, versus the double (and therefore stronger) interaction
of acarboxylic acid molecule with water (Secti®#4.5. Sim-
ilarly, the average’ value for several alcohols increases from
0.1 for type-B alkyl-silica columns to 0.3 for EPG-columns.
Thus, alcohols, phenols and carboxylic acids all behave as
stronger hydrogen-bond acids toward EPG-columns than for

of type-B alkyl-silica columns all have atypically low values type-B alkyl-silica columns, and will be selectively retained
of B, due to either a less basic polar group (ether or hydroxy, compared to other solutes. This is partly illustrated in the
see the following discussion), or a lower concentration of the separations of the same sample on three different columns

polar group.

in Fig. 13 The type-A Gg column ofFig. 13 (Allsphere

B-values for polar embedded columns presumably reflect ODS1) is more acidic and less basic (smaBg@rcompared
the hydrogen-bond basicity and relative concentration of the to the type-B Gg column inFig. 13 (Ace C18), while the
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EPG-column ofrig. 1X (Bonus RP) is more basic (larg&y on selectivity (solvent-strength selectivi§6]) can be more
and less acidic. The one phenol in this sample (nitrophenol, important than differences in column selectivity for some
“NP") and the one carboxylic acid (d-butylbenzoic acid, sampled41,42]

“BBA") are each seen to be more retained on the type-B col-  Correlations of retention data for 11 cyano columns and
umn than on the more acidic type-A column, and their relative the test solutes dfable 6with Eq.(2) resulted in an average
retention increases further on the EPG-column. The relative S.D. =0.034£8% in«). Continued regression to obtain best-
retention of the strong base amitriptyliren{i*), on the other fit values of the column and solute parameters (and minimum
hand, changes inthe opposite direction in going from “acidic” average S.D.) yielded a final fit with E@) of +1% in«, sug-
column (a) to “basic” column (c)—as predicted for the de- gesting that no solute—column interactions other than those
crease in values df in going from column (a) to (c) (note  described by E(2) are significant for these columns. Cyano
the average values @f(2.8) for these three column types in  columns are compared with type-B alkyl-silica columns of

Table 1). similar alkyl length inTable 11 Cyano columns have much
smaller values oH (—0.28 units), presumably due to the
2.5.4. Columns with polar end-capping groJp4] polarity of the nitrile group. Values o8 are also smaller

Polar functional groups can also be used to end-cap alkyl- (—0.12 units), which may result from the dipole repulsion
silica columns, in contrast with the embedding of polar of aligned cyano groups, resulting in a stationary phase that
groups within the alkyl ligands (Section.5.3. As sum- is more ordered and accessible. Valuedafre also smaller
marized inTable 11 columns of this kind show much less (—0.22), perhaps due to (a) an interaction of cyano groups
change in selectivity, compared to corresponding alkyl-silica with non-ionized silanols, or (b) a similar (but reversed) ef-
columns. The reason for the small effect of an end-capping fect as proposed to explain the increase in values with
polar group on column selectivity is uncertain, although H for type-B alkyl-silica columns (Sectio?.4.8. Values of
the relative concentration of polar-end-capping groups is B and C(2.8) are little different £0.03 and 0.02, respec-
likely smaller when compared to that of embedded polar tively), while values ofC(7.0) are much larger (+0.47 units)
groups. Thus, when conventional alkyl-silica columns are for cyano columns. Dipole—dipole interactions between po-
end-capped, there is typically no more than a 20—-30% in- lar solute molecules and a cyano column appear generally
crease in the total moles of ligand bonded to the s{lgdg. unimportant (Sectiog.5.10.

Another factor may be the polar end-capping group used,

which is usually not specified by the manufacturer. As noted 2.5.6. Phenyl column83]

in Section2.5.3 different polar groups vary in their effect on As for the case of cyano columns, phenylpropyl or phenyl-
column basicity (values d). The combination ofaless basic hexyl columns are less commonly used for RP-LC separa-
end-capping group with a lower concentration of that group tion. The selectivity of phenyl columns has been studied by
could explain the lower values @ for polar-end-capped  several group$41,42,47-51Jand found to differ from that
columns. Polar end-capping groups may also be less accessifor alkyl-silica columns. Correlations of retention data for
ble than embedded groups, because of their relative positionl1l phenyl columns with Eq2) [33] resulted in an average
within the stationary phase (i.e., attached directly to the silica S.D.=0.025 £6% in «). Further regression to obtain best-

surface). fit values of the column and solute parameters (and mini-
mum average S.D.) yielded a final fit with H&) of £1% in
2.5.5. Cyanopropyl (“cyano”) column82] «, suggesting that no solute—column interactions other than
The ligand in a cyano column typically consists of a short those described by E{R) are significant for these columns.
alkyl linker terminated by a nitrile group (e.g=C3—C=N). However, this has been showntto be the case for all sam-

Comparedto gor Cygcolumns, cyano columns are less com- ples;w-acids such as aromatics (especially polycyclic and/or
monly used—in part because of concerns about their stability polynitro aromatics) are preferentially retained oy in-

and reproducibility. Nevertheless, pronounced differences in teraction on phenyl versus alkyl-silica columns (note that no
retention and selectivity have been reported for cyano ver- strongm-acids are included in the test solute§able §. The

sus alkyl-silica column§41-45] A common observation is  w-basicity of the stationary-phase phenyl group appears to be
that cyano columns are less retentive (i.e., more polar) versussimilar for most phenyl columns, leading to about the same
Cg or Cig columns. In order to achieve comparable reten- increased relative retentionefacids for all phenyl columns;
tion (e.g., 1< k< 10) on a cyano versus a®r Cig column, i.e., no additional term fofr— interaction is required in Eq.

a weaker mobile phase (decrease in mobile phase strength(2) for comparisons of column selectivity among different
%B) is usually necessary; e.g., 30% acetonitrile/buffer (cyano phenyl columns. The enhanced retentionmeécids varies
column) versus 50% acetonitrile/bufferd€lumn). Conse-  with the organic solvent in the mobile phase as: tetrahydrofu-
quently, when “practical” separations on a cyano versug a C ran (least) < acetonitrile < methanol (most). It should be noted
or Cig column are compared, differences in separation selec-that what we have just ascribed#er interaction may also
tivity can result from changes boththe column (i.e., cyano  be due in smaller part to stronger dispersion interactions for
versus (g) andthe mobile phase (e.g., 30Bdor cyano, ver- phenyl versus (less polarizabley €olumns; see the related
sus 50%B for Cg). The effect of the weaker mobile phase discussion of fluoro-columns in Secti@®b.7and[33].
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Phenyl columns are compared with alkyl-silica columns Because of the importance of differential dispersion in-
in Table 11 The reduced hydrophobicity of phenyl versus teractions in retention on fluoro columns, and because such
alkyl groups leads to smaller valuestd{—0.23 units), while interactions are not taken into account in E2) (which is
values ofS" are also smaller0.15 units)—possibly because largely based on data for aliphatic phases), the correlation
the phenyl groups are more ordered, as suggested above foof retention on fluoro columns with ER) is poor: for five
column cyano groups. Values #f are moderately reduced fluoro columns, an average S.D.=0.05916% in «) was
(—0.07 units), perhaps for similar reasons as in the case offound. Further regression to obtain best-fit values of the col-
cyano columns (SectioB.5.95. Values ofC are larger for umn and solute parameters was not possible, because of the
phenyl columns (+0.14 to 0.43 units), for no apparent reason. small number of fluoro columns studied. However, other fea-

tures of retention on fluoro columifi33] confirm the impor-
2.5.7. Fluoro-substituted (“fluoro”) columni83] tance of dispersion interactions in affecting column selectiv-

Per-fluorinated alkyl or phenyl ligands are the basis of so- ity and suggest that a best fit to E8) might still yield a poor
called fluoro columns. Fluoro-column selectivity has been correlation (>+3% ina).
studied by several groups2-57] with the observation Because of the importance of differential solute—column
that solutes of lower refractive index (and lower molecular dispersion interactions that are not recognized in(Exval-
polarizability) are relatively more retained on fluoro-alkyl Ues ofH, S, etc. for fluoro columns may have less physico-
columns, compared to retention on @ & Cig column (as chemical significance than for other kinds of columns. Nev-
predicted by solubility parameter theda]). This is illus- erthelessTable 11compares values of these column parame-
trated inFig. 14 where retention on a fluoroalkyl column ters for both fluoro-alkyl and fluoro-phenyl columns witg C
is compared with the average retention of each solute oncolumns, as a rough guide to the relative selectlwty of fluoro
four Cg columns. Po|yaromat|cs (“PAH”, __) are seen to columns. NOteWOfthy is the much |arger ValU@)ﬁOl’ per-
be less retained on the fluoro-alkyl column than substituted fluorophenyl (PFP) columns, which also exhibit much greater
benzenes (ArX, —), while aliphatic solutes (RX, ---)are  shape selectivity (as measured by valuesb [57]).
more retained. Fluoro-substituted aromatics{Ar - -) have
even larger values df on the fluoro column. This behav- 2.5.8. Bonded-zirconia columfisl]
ior has been attributed to differences in solute—column dis-  These columns consist of a polymeric stationary phase
persion interactions for fluoro-alkyl columns, as a result of (Polybutadiene or polystyrene) that is coated onto a porous
the much lower polarizability of fluoro-alkyl columns. Thus, Zirconia particle. Bonded-zirconia (Zgcolumns are stable
compounds and columns of similar polarizabilty should in- over apH range of atleast 1-13 and at temperatures 200
teract preferentially, with increased relative retention of less making them uniquely useful for separations at extremes of
polarizable solutes on fluoro-alkyl columns. The selectivity temperature or pH. The zirconia surface differs in important
pattern shown |rF|g 14 for a f|u0r0_a|ky| column bears a ways from Silica, which results in Strong Lewis interactions
superficial (but inverted) resemblance to phenyl column se- With oxyanion solute$58,59], analogous to the strong inter-
lectivity, which is consistent with the greater polarizablity action of cations with the type-A silica surface.
and refractive index of phenyl versus alkyl ligands. How-  Correlations of retention data with E@) for three ZrQ-
ever, other observatiorid33] suggest that varying dispersion ~ columnsgave very pooragreement (avg. S.D. = 0. #643r%
interactions play a less important role in determining the se- in @), and this cannot be attributed entirely to differences in

lectivity of phenyl columns. values ofH, S, etc. compared to an average type-B alkyl-
silica column[11]. Average values ofl, S', etc. for ZrQ-
0.8 _ columns are compared with values for type-Bg€olumns
‘i‘: in Table 11 Values ofA are relatively low compared toig
0.6 columns (difference i\ = —0.4), while values ofC are ex-
E traordinarily high (avg. difference i€=2.0). These values
2 04 of A andC for bonded-zirconia columns are consistent with
i what we know about this stationary phds8]; i.e., an ab-
% 02 sence of proton-donor silanols and the ability of phosphate
=] (in the buffer) to strongly adsorb to the zirconia surface with
0.0 : creation of a large negative charge on the column. As noted
o A above for other column types, valuesfofjenerally increase
0.2 s 4 ?Kﬁ ‘(?,132525 — with values ofC, which contrasts with the situation for Z$©
B columns.
0.0 0.4 0.8

log k (Cy avg.) 2.5.9. Polymeric alkyl-silica columr&1]

Fig. 14. Comparison of retention on a fluoro-alkyl column with the average Comm(_)nly_ used alkyl's_lhca COlumnS_ are malr_ﬂy
retention for each solute on foug@olumns. Seg33] for details. Reprinted monomeric; i.e., made with monofunctional bonding
from [33]. reagents such as chlorodimethyloctadecylsilane. Polymeric
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alkyl-silica (“polymeric”) columns are made from di- or tri-  parametersif, o/, etc.) will vary with mobile phase compo-
functional silanes such as dichloromethyloctadecylsilane; assition and temperature. We have already noted that a change
aresult, polymeric columns are usually more heavily bonded in pH can affect values df (Section2.4.1Q Eq.(12)). Apart
(largerCy values). Polymeric columns tend to be more sta- from pH, however, a change in conditions appears to have
ble, but less reproducible from batch to bai48]. Values of little effect on values oH, S, etc.[12]. Thus, for changes in

H, S, etc. have been determined for three polymeric, type- %B (40% versus 50% acetonitrile/buffer), temperature’@5s

A, C1g columns[11] and found to show a similar agreement versus 35C), and solvent type (methanol or tetrahydrofuran
with Eq.(2) as for other type-A column3able 11compares  partially replacing acetonitrile), changes in logvith con-
polymeric and type-A columns in terms of selectivity, show- ditions for a wide range of solutes tend to be quite similar
ing larger values oH andS' for the polymeric columns, as  for a given solute and different type-B;&columns, espe-
expected from their heavier bonding. Observed differences cially when values oH, S', etc. for these columns are more
in average values & andC may not be significant, because similar. Thus, when trying to match the selectivity of two
only three polymeric columns were studied, and silica acidity columns based on similar valuesldf S, etc. (determined

can vary widely among type-A columns. using 50% acetonitrile/buffer at 3&), we can to a first ap-
proximation ignore differences in separation conditions, as

2.5.10. The unimportance of dipole—dipole interactions long as the same conditions are used for the two columns

in affecting RP-LC retention which are compared. This becomes less true when separation

It is logical to assume that solute molecules with large conditions are quite different from those used to determine
dipole moments should be preferentially retained (by dipole values oH, S, etc. (50% acetonitrile/buffer; 3&); see the
orientation) on columns such as cyano, which have a ligand further discussion dfL2].
group with a large dipole moment. Similarly, RP-LC reten-
tion is generally governed by solute hydrophobicity, which
is often regarded as inversely related to solute “polarity”.
However, solute RP-LC “polarity” and dipole moment are
not directly related in this fashion. Thus, plots of lofpr a
cyano versus agxolumn, using solutes with varying dipole
moments but only minor differences in steric interactiof,(
hydrogen bondingA’, ') or cation exchangec() behavior,
show only small deviations (small values@bgk), with no
correlation of resultinglog k values with solute dipole mo-
ment[32]. That is, dipole—dipole interactions between solute
and column do not appear to play a significant role in deter-
mining stationary phase selectivity in RP-LC. Since dipole
orientation is important in solution, its reduced importance
in the stationary phase is likely the result of increased steric
hindrance, as well as much more limited orientation possi-
bilities for a cyano group that is tethered to the silica sur-
face. Eq.(2) predicts that more “polar” solutes will be rela-
tively more retained than “non-polar” solutes on more polar
columns (columns with smaller valuestdj, despite the gen-
erally reduced retention of all solutes on more polar columns
(assuming similar values af’, 8/, o’ and«’ for the solutes
compared).

2.6.1. Effect of triethylamine added to the mobile phase
[11]

In the past, triethylamine (TEA) was often added to the
mobile phase as a means of suppressing the effect of col-
umn silanol activity and minimizing the tailing of basic com-
poundg60]. With the more frequent use today of less acidic,
type-B columns, TEA is less commonly employed. Neverthe-
less, the effect of TEA on column selectivity is of interest for
various reasons, including the continued use of older, type-A
columns for separations that were developed several years
ago. Two studies of the effects of TEA addition on column
selectivity have been reportétil,60] For mobile phases of
higher pH (e.g., pH>7), TEA can be present in both the neu-
tral and ionized form. In this case, non-ionized TEA can be
taken up by the stationary phase with a lowering of values of
H due to the polarity of the TEA molecule. ValuesAfind
Care also decreased, due to the association of TEA with both
ionized and neutral silanols. For more acidic mobile phases
(e.g., pH<5), TEA will be present exclusively as the proto-
nated molecule, in which case the only possible interaction
of TEA with the stationary phase is its attachment to ionized
silanols by ion exchange. This can result in a pronounced
lowering of values o€ for type-A alkyl-silica columns (e.g.,
by as much as 0.5 unit at pH 2.8), but little change in other
column selectivity parametef$1].

2.6. Values oH, S', etc. for other experimental
conditions[12]

Experimental studies leading to the development of Eq.
(2) have for the most part involved the same experimental 2.7. Alternative characterizations of column selectivity
conditions: isocratic separation with a mobile phase of 50%
acetonitrile/buffer, where the buffer is 60 mM pH 2.8 phos- The measurement of valuestfS', etc. as described here
phate, at a temperature of 35. If a change in conditions is only the most recent of a long series of similar attempts at
results in the same change in lofpr each of the solutes of  characterizing column selectivity. Three general approaches
Table 6ondifferentcolumns, values dfi, S, etc. determined  can be recognized: use of (a) the solvation parameter model
for one set of conditions (e.g., 50% acetonitrile/buffer) will (Eq.(1) [8]), (b) principal component analysis (PCA), cluster
be applicable for other conditions as well; however, the solute analysis, and related chemometric proced{#g&l—64] and
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(c) retention data for test solutes believed to measure specificare likely to be separations that are less well described by Eq.
solute—column interactior}§,9,65—68] (2). One example is the separation of polycyclic aromatic
We have previously compared the hydrophobic- hydrocarbons on polymeric columns, which can be affected
subtraction model (Eq(2)) with the conceptually similar by so-called “shape selectivity” (which differs from “steric
solvation parameter modg¢#,5]. Because the solute pa- resistance”). A second problem arises from our attempt to
rameters of Eq(2) are derived empirically, and because represent steric resistance by a simple product-tef® ),
Eq. (2) recognizes two additional contributions to column which should be contrasted with the known physico-chemical
selectivity ¢’S" and«’C), Eq.(2) provides a more accurate complexity of RP-LC stationary phases and interactions that
and complete description of column selectivity than is involve steric hindrance. A third issue is that the hydrophobic
provided by the solvation parameter model. A further interaction termy’H can be dissected into additional contri-
limitation of Eqg. (1) is its failure to recognize that steric butions to column selectivity, as already discussed for Eq.
hindrance in the stationary phase is much more pronounced(1) and demonstrated experimentally for retention on fluoro
than steric hindrance in the mobile phase (see Setib3 columns (Sectio.5.7). Fourth, the form of E((2) assumes
and discussion db]). This leads to the use of inappropriate that each of the five solute—column interactions are indepen-
values of Y B> and possibly other solute parameters for dent of each other, whereas this may not be strictly true (as
RP-LC, with resulting errors in predictions by E() of in the proposed dependencefobnH in Section2.4.8. Fi-

+10-15% ink. nally, it has been assumed that value$iofS', A andB do
PCA is able to provide a description of column selectivity not vary with mobile phase pH (these parameters have been
that is (in principle) similarly detailed and reliable as Ez). measured only for pH 2.8). With the substantial ionization of

[63], but resulting column selectivity parameters cannot be many silicas at neutral pH.2], it seems possible that values
related to the known interactions between solute and column.of A (which are determined by non-ionized silanols) may be
PCA has also not been extended to allow quantitative com- somewhat reduced for pH > 6. Small, but significant changes
parisons of column selectivity as in SectiBifbased onthe  in H, S', or B with pH are also possible but have not been
hydrophobic-subtraction model). explored.

Test solutes believed to be indicative of various The use of E¢(2) for separations of large solute molecules
solute—column interactions are commonly used to describe(e.g., proteins, nucleic acids, synthetic polymers) raises ad-
column selectivity, but with the exception of E@) no at- ditional questions. Sufficiently large molecules may be un-
tempt has so far been made to show that such measurementable to penetrate the stationary phase, which should greatly
can provide a complete and reliable characterization of col- affect the values of each of terms (i)—(v) of H). This
umn selectivity. A popular set of test solutes that has been suggests that E¢2) may not be as reliable for large solute
applied to almost 200 column$8] yields the following molecules as for small, for the same reason tha{Bquvith
column selectivity parameters: methylene selectivity, solute parameters froMable 6is less reliable for column
(roughly comparable to hydrophobicity); shape selectiv-  types other than type-B alkyl-silica (excessive extrapolation
ity, /o (comparable t&' ?); hydrogen-bond acidityc/p of Eq. (2); see related discussion of §3.3)). While in prin-
(comparable toA?); ion-exchange capacity at pH 2.7 and ciple the magnitude of the’S" term would appear to be
7.6, app (comparable taC(2.8) andC(7.0)?); see Section  greatly increased for large molecules, actually there may be
5 for details on these individual tests of column selectivity. little difference in values o&’S" for large (non-penetrating)

A comparison of the latter parameters with value$ipB', molecules of different size, because entry (or “non-entry”) of
etc. for several columns shows poor or marginal correlations the molecule into the stationary phase then no longer depends
(0.0<r?<0.4) forat/o, ac/p andaap at pH 7.6 with their on ligand spacing; i.e., the form of E() and thes’S" term
counterparts from Ed2) [10]. A related observation is that may be inappropriate for very large molecules. (Studies of
end-capping is expected to strongly suppress the hydrogen<ertain large molecules (polycyclic aromatic hydrocarbons

bonding activity of silanols (Sectidh4.8, but values of.c/p [69], carotenoidq70], fullerenes[71]) are consistent with
show little change for otherwise similar end-capped versus the interaction of only a small portion of these molecules
non-end-capped columns (in contrast to value&)of with the stationary phase, as suggested by significant reten-

tion changes for relatively small differences in the structures
2.8. Possible limitations and further development of the of different solute pairs. This indicates a need for a new way
hydrophobic-subtraction model of looking at the retention of such compounds [courtesy of
John Fetzer, Fetzpahs Consulting, Pinole, CA]).
While Eq. (2) provides a consistent and apparently use-  An understanding of possible exceptions to E2).(and
ful understanding of RP-LC separation and column selectiv- of the underlying physico-chemical phenomena) should be
ity, it is premature to suggest that this represents a completefacilitated by the further application of the “subtraction” ap-
description for all possible samples or RP-LC separations. proach used in its derivation. Thus, predictions based on Eq.
When the almost endless number of possible solute struc-(2)canbe compared with experimental values,@nd differ-
tures are considered, in combination with a wide range of ences between these two numbers can then be correlated with
possible separation conditions (including the column), there solute molecular structure, column properties, experimental
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conditions, etc. Although a truly universal and quantitative A column-comparison function based on valuesioS',
description of column selectivity represents a distant goal at etc. for columns 1 and 2 has been derij&a:
present, nevertheless it is now possible to make useful pre-
dictions of column selectivity based on K@), as detailed in Fs = {[12.5(H; — Hl)]2 + [100S5 — Si)]2
the following section. 5 )
+[30(A2 — A1)]” + [143(B2 — B1)]
+[83(C2 — €132 (15)
3. Applications
hereH1 andH> refer to values oH for columns 1 and 2,

The convenient application of EQR) to practical prob- respectively (and similarly for values 8f andsS3, etc.).Fs
lems involving column selectivity requires valueshbf s, can be regarded as the distance between two columns whose
etc. for a large fraction of commercially available RP-LC values ofH, S', etc. are plotted in five-dimensional space,
columns Appendix Asummarizes such values for more than with the weighting factors (12.5, 100, etc.) determined for
300 columns. This list is being updated continuously as part a 67-component sample of “average” composition. It was
of commercial software (Column MatBh Rheodyne LLC, found[10] that if Fs < 3 for two columns 1 and 2, average
Rohnert Park, CA), which allows the selection of columns of variations ine should be<3% (and differences in resolution
either similar or different selectivity. The reproducible mea- Rs will be less than 0.4 units), so that the two columns are
surement of values ¢, S', etc. has been describgd] and likely to provide equivalent selectivity and separation for dif-
validated by inter-laboratory comparisof80]. A shorter, ferent samples and conditions, if the same mobile phase and
slightly less accurate column-test procedure has also beertemperature are used for the two columns being compared.
developed that uses 8 solutes in place of the 16 solutes of An example of the application of E¢15) is shown in
Table 6 [30] however, it is only recommended to use the Fig. 15 for the separation of a mixture of neutral, basic and
shorter procedure for type-B alkyl-silica columns. acidic compounds on four different columns. Valuesgf

The evaluation of the present procedure for practical com- from Eq.(15) are shown for the three columnskify. 15—d,
parisons of column selectivity began in 2003, with its use for each of which is compared with the Discovery C8 column of
identifying equivalent replacement columns for a number of Fig. 15. The values dfsfor the Ace C8 (b) and Precision C8
routine assay procedures that had been developed previously
in four pharmaceutical laboratorig&]. The results of these

preliminary column comparisons are summarized in Section 2 Discovery C8
3.1 More recently, values dfl, S', etc. are being used to se- (F,=0)
lect columns of very different selectivity for use in the devel- 1 7 8

opment of orthogonal separation procedures. However, only (a)
preliminary results from the latter study were available at the
time this paper was accepted for publication (Secdhl). Time (min)

Ace C8 (F,=1)
3.1. Selecting “equivalent” columrg2]

(b

Routine RP-LC assay procedures are often carried out over ? ; . ; /\ ; /V\—A.—
periods of months or years, as well as in different laborato-  ° T (min) ¢ 6

ries and different parts of the world. During the application of Precision C8 (F, = 4)
such a procedure over time, several “equivalent” replacement

columns may be required in order to obtain the same separa- (¢) A A A R /\ A A

tion in each run (by “equivalent” columns, we mean columns ! ' 5 ‘ N ' 6

that provide separations that are acceptably similar, as judged Time (min)

by the person responsible for a given RP-LC assay). For var- ; 3 4 Inertsil C8 (F, = 38)
ious reasons, it may prove difficult or impossible to obtain + 6 8

a replacement column from the original source with suffi- (d) 2 n A 5 /\ ! s
ciently similar selectivity (and adequate sample resolution). ; ; A ; ./\ A

In such cases, it is necessary to locate an equivalent replace-° 2Time (min) 4 6

ment column from a different source—or a column with a

different designation from the same source. During the de- Fig. 15. Comparisons of column selectivity for a given sample and RP-
velopment of a RP-LC procedure, itis also recommended thatLC procedure. Sample: (1),N-diethylacetamide; (2) nortriptyline; (3)
one or more back-up columns (different designations and/or 2:>-diphenylhydantoin; (4) benzonitiile; (5) anisole; (6) toluene; o)

N ivalent selectivity b ified. Th df chalcone; (8)transchalcone; (9) mefenamic acid. Columns (15cm
SOUI’CES) orequivalent seieclivity be specitied. € need for 0.46 cm, um particles) identified in the figuré&xperimental conditions

columns of similar selectivity as for an original column is 509 acetonitrile/pH 2.8 buffer; 3&; 2.0 mL/min Fs values compared with
therefore not uncommon. Discovery C8 column (a). Reprinted froji].
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(c) columns are relatively smalF{ < 4), and separation on  Fs=1.3. However, separation on the Kromasil C8 and Bonus
these columns is therefore expected to be (and is) quite sim-RP columns (c and d) is increasingly different, in agreement
ilar to that for the Discovery C8 column. For the Inertsil C8 with their larger values ofs.
column (d),Fs =38, meaning that this column has a selectiv- Note that the chromatograms Big. 16involve gradient
ity that is very different from that of the Discovery C8 column elution, so that separation conditions differ from those used
(note the co-elution of bands #1/2 and 8/%ig. 15d). Note to measure values df, S, etc. However, as discussed in
also that minor differences in run time in the separations of Section2.6, values ofH, S', etc. are not much affected by
Fig. 15a—c can be minimized by small adjustments in flow experimental conditions other than mobile phase pH. This
rate. is especially true for columns that are more similar (smaller
The sample oFig. 15was chosen from the 16 test-solutes values ofFs), and for conditions that are not far removed
(Table § used to measure valuestéf S, etc. in Eq(15)and from those used to measure valuedfS', etc. (50% ace-
is therefore not an independent demonstration of the ability tonitrile/buffer; 35°C). Another illustration of the applica-
of theFs function to select equivalent columns. A better test bility of values of F5 for changed separation conditions is
of the utility of Eq.(15)and values oH, S, etc. for this pur- shown inFig. 17, for four cyano columns and a mobile phase
pose hasrecently been reporfédl]. Twelve differentroutine  of 30% acetonitrile/pH 2.8 buffer (versus use of 50% ace-
RP-LC separations (with widely varying samples and separa- tonitrile/buffer for the measurement of the valueshfS',
tion conditions, including both isocratic and gradient elution) etc. that were used to calculakg). Band spacing on the
were selected from four different pharmaceutical laborato- Thermo CN Fig. 1) and Genesis CNHg. 17c) columns
ries, following which mostly successful attempts were made (with Fs=3 for each column) is seen to be equivalent to that
to select equivalent replacement columns for each separatioron the Discovery CN columnF{g. 17a), while separation
on the basis of Eq15). One of these separations for a phar- on the Luna CN column withrs=41 is noticeably differ-
maceutical drug product is illustrated fitig. 16 where the ent. While run times for the separationskif. 17a—c vary
original separation on an ACE C8 column (a) is compared from 7 to 14 min, changes in flow rate for the individual runs
with that on three other columns (b—d) with k35 < 248. can be used to equalize sample retention times while main-
The separation with the Discovery C8 column (b) is seen to be taining approximately the same resolution for all peaks. Al-
reasonably similar to that in (a), as expected from a value of ternatively, possible replacement columns can be restricted
to columns with more similar values &g, for which av-
erage retention (values & and run time should be more

> 5 similar.
-|Ace C8
& iginal
:(onglna) 5 3 678
z 1 N 4 2 5 Discovery CN
(a) \_ 1| 3467 8 10
) (@) WA e A
Discovery C8 5 = T L R
0 2 4 6 8 10 12
F,=13 1 2 3 67 g Time (min)
LT E; Thermo CN, F, = 3
(b) -+— " ey l
. ®__] N T - I
Kromasil C8 5 0 5 4 6 s 10 12
F,=47 Time (min)
1 2 3 i 6 8 Genesis CN 120, F =3
; ~ N\ | s
o e © | ,MJ\M A __A
: Bonus RP 0 2 4 6 8 10 12
E F, =248 5 Time (min)
41 2 Luna CN, F, = 41
: 6 78 l
3 4
1 | ) Y S
(2} . (- SE— e — 0 2 4 6 8 10 12
0 10 20 30 Time (min)

Fig. 16. Comparative separations of a pharmaceutical sample on an originalFig. 17. Comparison of separation on cyano columns with a mobile phase
column (a) and three possible replacement columns (b—d). Sample containsof 30% ACN/buffer. Columns identified in the figure and valuesFgf

strong bases and carboxylic acids. Columns (15¢cth46 cm, 5um parti-
cles) identified in the figure and values®f determined from the column
parameters ofable 13(obtained with 50% ACN/bufferConditions gradi-

ent separation with solvents A and B; Ais pH 2.7 buffer; B is acetonitrile; the
gradient is 10/10/22/88/88% in 0/5/15/25/27 min; 1.0 mL/min. Sg&2]

and text for other detaildzs values compared with column (a). Reprinted
from[72].

determined from the column parametersTable 13(obtained with 50%
ACN/buffer). Conditions as ifrig. 1 (unless noted otherwise), with columns
identified in the figure. Sample is composed NiN-dimethylacetamide
(1); N,N-diethylacetamide (2); acetophenone (3); benzonitrile (4); 5,5-
diphenylhydantoin (5); 4+hexylaniline (6); amitriptyline (7); ethylbenzene
(8); cis-chalcone (9); mefenamic acid (1@jans-chalcone (11)Fs values
compared with column (a). Reprinted frd82].
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3.1.1. Modification of Eq(15) as a function of the
sample

Eqg.(15)assumes that acids, bases and/or neutrals may be
present in the sample. When this is the case, values of both a)

B andC can be important in affecting separation selectivity
for that sample. If eitheB or C has little or no effect on the

separation, however, it is useful to reduce its contribution to

the final value ofs, because resulting lower valueskeffor

all columns make it more likely that a suitable replacement

column (i.e., one withrs < 3) can be found. Specifically, the

possible absence of acids or fully-ionized bases leads to a ©)

re-weighting of the last two terms of EEL5):

F¥ = {[12.5(H2 — H1))? + [100(S} — S
+[30(A2 — A1)]? + [143vg(B2 — B1))?

+[83xc(C2 — C)IA? (16)

herexg andxc represent possible correction factors (with val-

ues between 0 and 1) that depend on sample composition an(iéj
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Luna C18(2)
* * (original column)  #
o]
10 20 30 40
Prodigy ODS (3) MJ F. =08
(b) A A '\rwn__m tLHMM
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10 0
Inertsil ODS-3 Fo =23
| e )
10 30 40
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20

J'Sphere H80  *
]

10 Q 30 40

F, =10.1

(d)

Fig. 18. Comparative separations of a pharmaceutical sample on an original
column (a) and three possible replacement columns (b—d). Sample contains
carboxylic acids and no bases. Columns (15xrf.2 cm, 5um particles)
entified in the figure and values 6§ determined from the column param-
ters ofTable 13(obtained with 50% ACN/bufferConditions gradient sep-

mobile phase pH. For example, if bases are absent from thesration with solvents A and B; A is 5% acetonitrile/pH 6.8 buffer: B is 95%

sample, the termc ~ 0, because values 6fmainly affect the

acetonitrile/buffer; the gradient is 0/19/25/50/10@&4#n 0/5/28/40/60 min;

retention of ionized basic solutes. For similar reasons, if car- 0-2/min. Se¢72] and text for other detailgiy values compared with column

boxylic acids were absent from the sampig~ 0. Note that
whenxg andxc equal 1.0, Eqg15) and(16) become equiv-
alent, andFs = Fg. When a basic compound is only partly
ionized, there is a much reduced contribution@to the
separation (because valuescbflecrease from about 1 t0 0.1
when a basic solute becomes partly ioniZeig[ 10). There-
fore, weak bases such as anilines or pyridines kawe 0.1
for a mobile phase pH<6, witkc ~0 for pH> 6. Simi-
larly, strong bases (aminoalkyl derivatives) hawex 0.1 for
pH> 7, andxc ~ 1 for pH <6. Sed72] for details. Because
solute ionization at a given buffer pH (or the apparefy pf
an acid or base) can vary significantly withB%r temper-

ature, as well as with solute molecular structure, the imme-

diately preceding estimates xf represent only very crude
approximations at this stage in our use of 8d). Eq.(15)is

(a). Additional (*) added for emphasis; reprinted fr¢nz].

ODS-3 (c) columns, as expected from their low values of
F¢ (0.8 and 2.3, respectively). However, the J’Sphere H80
column with ¢ = 10.1 does not provide equivalent sepa-
ration (complete overlap of the last two bands). In another
10 separations reported [A2], one or more successful re-
placement columns could be identified in the same way as in
Figs. 16 and 18

Because the weighting factors in E¢$5) and (16) are
based on an “average” sample, samples with quite different
values ofiy/, ¢/, etc. will respond differently to changesth
S, etc., leading to somewhat decreased reliability in the use
of these equations for some samples. However, @&3and
(16) are still very useful for the initiadcreeningof potential

safer to use in this regard, although it may exclude potentially columns (i.e., as a replacement for an original column). Even

similar columns (for whichs>3) when a sample does not
contain acids or fully-ionized bases. Two columns are likely
to be equivalent, whetry < 3, and the likelihood of find-
ing an equivalent column will be greater wheg < 3, than
whenFg< 3.

An example from the study di72] which illustrates the
use of Eq(16)is shown inFig. 18 for the gradient separa-
tion of a complex mixture, which contains carboxylic acids,

but no bases. Eleven components of the sample are of in-

when predictions of column equivalency are less reliable, the
number of candidate columns (witfs or Fg < 3), which
need to be experimentally tested, is greatly reduced by the
use of these equations. The potentially decreased accuracy of
Egs.(15)and(16)for some samples also means that columns
with values ofFs or F§ moderately larger than 3 are often
suitable replacements, so that columns with< 6 should
be regarded gsossiblereplacement columns.

When the critical resolutioRs >> 2 for the original sepa-

terest (indicated by “*"), and it was necessary to separate ration, larger changes mmay be allowable for the replace-
each of these compounds from adjacent peaks with baseiment column. As a rough rule, allowable valuesHf for

line resolution Rs > 1.5). The original separation on a Luna
C18 column meets this requiremekid. 18). Three other
columns with 08 < F§ < 10.1 were selected as possible re-

equivalent columns can be as large as 1.5 times the critical
resolution. For example, with a critical resolutiBg=4 for
the separation on the original column, columns with< 6

placements for the original column; the separation with each arelikely to be suitable replacements for the original column,

of these columns is shown Fig. 1&—-d. Virtually the same

and columns withFg < 12 arepossiblecandidates. SE&2]

separation is obtained for the Prodigy ODS (b) and Inertsil for further details.
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3.1.2. Likelihood of matching different column types examples ofigs. 15d-18dre suggestive of the latter possi-
We have noted (SectioB.5.2 that type-A alkyl-silica bility.
columns are more variable in terms of valuedbfS', etc. Values ofy’, o/, etc. reported irj4,5] for 150 different

than are type-B columns, so that the frequency of different solutes also provide a basis (in some cases) for estimating
columns of equivalent selectivity is much lower for type-A very approximate values of these parameters as a function
columns. One study (Table 10 [#3]) has summarized the  of solute molecular structure (Sectiokhg.1-2.4.%. In prin-
relative frequency of equivalent columns for different column ciple, values of these solute parameters for two compounds
types. Type-Aalkyl-silica, embedded-polar-group, and fluoro that overlap in an initial separation could be used to select a
columns are each more variable in terms of their valué$,of  second column that is more likely to separate the two com-
S, etc., so that finding an equivalent replacement column of pounds in question. Thus, if the compounds appear to have
this type is less likely. On the other hand, type-B alkyl-silica, significantly different values o#’, a second column with a
cyano and phenyl columns are more easily matched (within very different value ofS" should be chosen. This approach
each group) in terms of selectivity. The frequency of matched to separating previously overlapped peak-pairs has not been
columns increases for all column types, when acids and espe-evaluated experimentally at the time the present paper was

cially bases are absent from the samptegndxc =0 in Eq. accepted, and further study may be required for its effective
(16)). The likelihood of finding a replacement column also implementation.
increases when valuesdf S', etc. are available for a larger The values ofH, S', etc. of Table 11can be used to

number of columns of that typé\ppendix Alists values of compare thaverageselectivity of different RP-LC column
H, S, etc. for almost 200 g£and Gg columns, but a smaller  types in terms of theifs values (Eq(15)), as summarized in

number of other column types). Table 12 For example, type-B £and Ggcolumns tend to be
rather similar, with an averade; =6 for two such columns.
3.2. Selecting columns of very different selectivity This does not mean that everys @nd Gg column has a

similar selectivity, just that there is often not a large dif-

During RP-LC method development, a need for a change ference in selectivity for gversus Gg columns (especially
in separation selectivity is often encountef46]. Similarly, columns of similar designation from the same manufacturer;
in some cases there is a requirement for so-caltétbgonal ~ €.9., Symmetry C8 and C18). Similarly, polar-end-capped
separationswhere a very different separation selectivity can columns (“PE”inTable 13 are not too different from type-B
be used to check for the appearance of sample component§s (Fs=16) or Gg (Fs=14) columns, as was noted in Section
which were not present (or were overlooked) during method 2.5.4 For the largesaveragechange in selectivity, assum-
development, and which may overlap another peak in the ing a type-B Gg column as the original column, a bonded
original method. In these and other cases, a major change irzirconia column (ZrQ, averageFs=172) or a fluoroalkyl
column selectivity may be required; valueskafor F >> 3 column (F-alk, averagEs=85) is most likely to result in a
can be used to select columns of different selectivity. The large change in selectivity. Since tkg values ofTable 12

Table 12
A comparison of average column selectivity by column type
Fs
Cg-B? C1g-B2 C1g-AP EPG PE CNe Phenyf F-alkyl® F-pheny!
Cg-B2 6
Cig-AP 62 64
EPG 65 61 122
ped 16 14 77 51
CNe 21 18 64 66 27
Phenyl 21 19 54 73 30 15
F-alkyld 82 85 21 143 98 83 74
F-pheny! 44 47 31 104 60 48 44 45
Zroy’ 170 172 110 228 186 168 161 89 129

Values ofFs at pH 2.8 for the various column typesTdble 11(Eq.(15)). Note that values dfs for two columns of the same type (e.g., type-BsJcan differ
by much more than the averagevalue for two columns of different type.

@ Type-B Gg or Cg column.

b Type-A g column.

¢ Embedded polar group column.

d pPolar end-capped column.

€ Cyano column.

f Phenyl column.

9 Perfluoroalkyl column.

h Perfluorophenyl column.

i Bonded zirconia column.
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will change with mobile phase pH or sample composition 2 3

(i.e., absence of acids or bases), the comparisons of columr g Original method

selectivity inTable 12represent no more than very approx-

imate guidelines. Actual values &% for two columns are 5
much more reliable predictors of column similarity (small * \A;L
Fs) or orthogonality (largd=s). Whenever a new column is —

selected for a change in selectivity or the development of (a) -
an orthogonal separation, it is unlikely that the same condi-

10 20 30 40 50
tions used previously for the original column will result in a 1 3 5
satisfactory separation. Generally, after a change of column, Orthogonal

. .. 42 method
the mobile phase composition and/or temperature must be
re-optimized for the sample of interdd6]. Our recommen-
dation for achieving a satisfactory final separation on the new
column is the simultaneous variation of temperature and ei—(b)
ther isocratic 9B or gradient time, preferably with the aid of 0 10 20 30 (min)

computer simulatiofi73].

4

Fig. 19. Separation of a sample containing a drug-substance and related
. } impurities and degradation products by means of the original procedure (a)
3.2.1. Developmg Orthogonal RP-LC methods and an orthogonal method developed as described in the text (b). Conditions
We propose the f_OllOWIhg pr_ogedure for the development ¢, (a): gradient separation with solvents A and B: A is pH 2.5 buffer, and
of an RP-LC separation, which is intended to be orthogonal to B is 10% acetonitrile/buffer; gradient of 0/0/100Boin 0/24.5/44.5 min;

an original RP-LC method, for use in the determination of the 30°C. Conditions for (b): gradient separation with solvents A and B: A is
presence of new compounds that are overlapped in the Orig-pH 25 bufferj and B is 50% methanol{buﬁer; gradient of 0/0/16/®%b

. . . . 0/10/23/25 min; 23C. See text for details.

inal separation. First, select a new column of different selec-

tivity on the basis of a large value Bt for the two columns.
Second, change the B-solvent; if acetonitrile is used initially,
use methanol instead, and vice versa if methanol is used ini-
tially. On the basis of data reported[it2], we estimate that

the combination of these two changes in conditions will typ- COmMPponents can prove difficult to separate by RP{Z4,
ically result in a large enough change in average values of P€cause only a certain numbeof resolved peaks (the peak

« 1o result in the separation of most previously overlapped c&Pacity PC of the separatigiiS]) can be accommodated
peak-pairs (but possibly with previously separated peaks nowWithinasingle chromatogram. Ifasample is successively sep-
being overlapped). Finally, optimize temperature and either &rated by two orthogonal procedures (2-D separgi6i),

%B or gradient time for the adequate separation of the sam-€ach of which has a peak capacityrofhowever, the pos-
ple in the second (orthogonal) procedure as described inSiPl€ numbezr of resolved peaks (the peak capacity) can be
[73]. as Iarge_ as”. quever, attaining the full potential of 2-D
Several laboratories are currently exploring this sim- Séparation requires two procedures that are completely or-
ple and convenient approach for developing an orthogonal thogonal. Because different RP-LC separations are highly
method, with some interesting preliminary results (unpub- correlated (cfFig. 1), the use of two RP-LC columns n se-
lished data)Fig. 19 shows the gradient separations of a €S Will have a peak capacity thzat lies betweeand n
sample of the same (proprietary) drug product by the original (Usually much closer ta than ton?). Larger values of PC
RP-LC method (Aquasil C18 column, acetonitrile as the B- will resu!t _for _two columns that are more different in terms
solvent). Four degradation products or impurities (peaks #1, of selectivity; i.e., two _columns Wlth the largest possible val-
2, 4, 5) are observed, in addition to the drug product (peak Y€S _ofFS. Peak capacny can be mcreased.further by the use
#3) and a gradient artifact (*). An orthogonal procedure was of different conditions (_temper.ature, mop|le phase) for the
developed (BetaMax Acid columiF{=196), methanol as two cqumn; (as noted in Secti@®2.1and illustrated in the
B-solvent) and applied to these same two samsis (D). example ofFig. 19).
Pronounced changes in selectivity are apparent between the
original and orthogonal runs: a significant increase in the sep-3.3. Changes in column selectivity as a function of
aration of peaks #1 and 2, an elution reversal of peaks #4 andcolumn history
5, and the appearance of a previously unsuspected peak #6
(overlapped by peak #3 in the original methoddhe orthog- Appendix A summarizes values df, S', etc. for more
onal methodIn this example, the orthogonal separation has than 300 RP-LC columns. With these data and @6), it
achieved its intended purpose: the detection of a compoundis easy to select two or more equivalent columns, as in the
that was not recognized (i.e., missed) by the original method. examples ofFigs. 15—-18 However, this approach assumes
Further results of this ongoing study will be reported in the that all columns of a given designation (e.g., Symmetry C18)
near future. have the same values B, S', etc. This will very likely be

3.2.2. Two-dimensional (2-D) separation
Complex samples that contain a large number of sample
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true for columns from the same production batch, and itis  In the case of gradient elution, a smaller valuekgf
alsolikely to be true for type-B alkyl-silica columns from  will also result in reduced retention timeg, but smaller
different production batchg84]. While it is often assumed  values oftr how mean that each band moves through the
that columns of the same designation but different particle column in a lower local concentration of the B-solvent. This
size will have the same selectivif$6], this has not so far ~ change in the concentration of the B-solvent during elution
been shown to be the case. can itself affect separation selectivity (“solvent-strength”
The data ofAppendix Awere measured soon after these selectivity [46]), independent of column selectivity, so
columns were received from the manufacturer (without prior that “equivalent” separations may not be observed in this
use). It is well known that the selectivity of a column can situation. However, it is possible to adjust retention time
change during its use for separating samples, as well as afin gradient elution (and simultaneously eliminate solvent
ter extended flushing of the column by mobile phiss]. selectivity changes) by changes in flowrate so as to make
For this reason, it is usually recommended that previously retention times for the two columns more similar, exactly as
unused (“virgin”) columns be used for method development. for the case for isocratic separation; i.e., a slower flow rate in
Likewise, the selection of a replacement column is best madegradient elution (other conditions unchanged) will increase
from virgin columns. the retention of all peaks, and vice versa for a faster flow
It is less well appreciated that the manner in which a RP- rate.
LC column is equilibrated prior to separation can also affect
column selectivity. For example, the exposure ofga0€Ci g 3.5. Quality control of columns during their manufacture
columnto a pH 7 mobile phase, followed by its use at low pH,
may require hours or even days before the column becomes Values ofH, S', etc. for individual columns can in prin-
fully equilibrated[77], so that its selectivity does not change ciple be used to ensure batch-to-batch reproducibility. How-
further with time. Similarly, equilibration of the columnmay ever, a simpler procedure is the measurement of values of
be slow when ion-pair reagents or other additives are partk for five test solutes that can be used as surrogates for
of the mobile phase, or when changing from a mobile phase each of the five column-selectivity parameters (same mobile
that contains tetrahydrofuran to one containing methanol or phase and temperature asTiable §. Recommended test
acetonitrile[46]. compounds arBl,N-diethylacetamideX), amitriptyline C),
Column selectivity can also change with time during the 4-n-butylbenzoic acidB), toluene H), andtrans-chalcone
storage of the column in the original solvent in which it was (S"). These five compounds elute in the order sholN¢
shipped from the supplier. Unreported measurements of val-diethylacetamide first) and are well separated on most type-
uesofH, S, etc. as a function of time during storage suggest B Cg or Cig columns. Therefore, only a single test-run is
that many columns show a slow increase in value& ehd required of the mixture of these five solutes. If values of
C, suggesting an increase in the accessibility, concentrationa (equalk/kioiuend are compared, small variations in column
or acidity of unreacted silanols. Thus, column selectivity can surface area will cancel, allowing a clearer picture of changes
change with age (storage), with use (number of samples in-in column selectivity.
jected), and with exposure of the column (even for a short
time) to a high-pH mobile phase or certain other mobile phase 3.6. Peak tailing as a function of the column
additives. Any of these changes can render the use o Egjs.
and(16)less reliable, especially for the selection of columns  There exists a large literature on the topic of peak tailing

of similar selectivity. in reversed-phase HPLC, as summarize[2ir-23]and ref-
erences cited therein. Protonated basic compounds form by
3.4. Gradient elutiorf72] far the most common examples of peak tailing, and three

different origins for such behavior have been suggested:

With one, minor exception, column selectivity can be de- (a) ion-exchange retention by a small number of ionized
fined by values oH, S', etc. for both isocratic and gradient  silanols, with consequent overloading of these silanols by
separation. The exception occurs for gradient elution when small amounts of the solute (usually g of injected com-
values ofH, S, etc. for two columns are similar, but their pound for a 15 cnx 0.46 cm column), (b) slow desorption
phase ratios (as measured by valuesg for the refer- kinetics for the retained solute, and (c) ionic repulsion of
ence solute ethylbenzene) are very different. In the case ofsorbed cationic solutes, with a rapid increase in tailing for
isocratic separation that involves two columns of similar se- sample sizes aboveply. For the retention of protonated
lectivity, but different values okgg, relative retention and  bases on type-B alkyl-silica columns with low-pH, non-ion-
separation on the two columns will be similar, but retention pairing mobile phases, it now appears that ionic repulsion
times on the column with a lower value kg will all be (c) is the dominant factor in causing peak tailif#g]. If
smaller by a constant factor. For isocratic separation, a true, this suggests that such peak-tailing should prove similar
simple change in flowrate for the replacement column (by for different columns of this type; also, peak-tailing should
the factor 1X) can be used to minimize such differences in be relatively minor for sample sizes of g4, except for
retention. low-surface-area columns. For separations on both type-A
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Table 13

Summary of values of column selectivity parameters for several RP-LC columns

Columr? H s A B C(2.8) C(7.0) Kref® Typé

Agilent
Zorbax C18 1.089 055 Q474 Q060 1489 1566 107 Cig-A
Zorbax C8 0.974 —0.041 Q0216 Q176 Q974 1051 83 Cg-A
Zorbax Eclipse XDB-C18 1.077 .024 —0.064 -0.033 Q054 Q088 91 Cig-B
Zorbax Eclipse XDB-C8 0.918 .026 -0.221 —0.009 Q002 Q011 67 Cg-B
Zorbax Extend C18 1.098 .06 0012 —0.041 Q030 Q016 84 Cig-B
Zorbax Rx-18 1.076 04 0307 —0.039 Q096 Q414 7 Cig-B
Zorbax Rx-C8 0.790 -0.073 Q113 Q015 Q011 Q947 51 C8-B
Zorbax StableBond 300A C18 0.906 —0.05 0045 Q042 Q0254 Q701 22 Cig-B
Zorbax StableBond 300A C3 0.526 -0.12 -0.194 Q047 Q057 Q711 Q7 C3-B
Zorbax StableBond 300A C8 0.700 —0.083 Q000 Q045 Q146 Q820 13 Cg-B
Zorbax StableBond 80A C18 0.995 -0.029 Q0262 —0.003 Q136 1040 7 Cig-B
Zorbax StableBond 80A C3 0.601 -0.123 —0.081 Q038 —0.084 Q810 28 Cs-B
Zorbax StableBond 80A C8 0.793 -0.076 Q134 Q015 Q013 1020 51 Cg-B
Bonus RP 0.737 074 -0.831 Q379 —2.800 —0.836 45 EPG
Zorbax SB-AQ 0.593 a20 —0.083 Q038 -0.136 Q736 25 EPG
Zorbax SB-Phenyl 0.623 .061 Q065 Q038 Q033 1089 27 Phenyl
Zorbax XDB-Phenyl 0.665 Q27 —0.242 Q019 Q063 Q584 32 Phenyl
Zorbax SB-CN 0.502 Qo8 -0.224 Q042 —0.146 1047 17 Cyano
Zorbax Eclipse XDB-CN 0.456 .068 -0.312 Q003 Q074 Q994 13 Cyano

Akzo nobel
Kromasil 100-5C18 1.051 .035 —0.069 -0.022 Q038 —0.057 125 Cig-B
Kromasil 100-5C4 0.732 .003 -0.337 Q013 Q008 —0.004 50 Cs-B
Kromasil 100-5C8 0.864 .012 -0.213 Q019 Q054 —0.001 76 Cg-B
Kromasil KR60-5CN 0.440 -0.135 —-0.578 -0.014 Q0216 1036 20 Cyano

Alltech
Adsorbosphere (C18) 0.986 —0.069 Q060 —0.050 1492 1679 7 Cig-A
Adsorpbosphere UHS C18 1.103 —0.004 Q402 —0.046 -0.125 Q877 182 Cig-A
Allsphere ODS1 0.730 -0.151 Q380 —0.006 Q847 1143 47 Cig-A
Allsphere ODS2 1.001 —0.035 Q0236 -0.034 Q959 1279 80 Cig-A
Alphabond (C18) 0.789 .002 Q062 -0.010 Q485 1625 30 Cig-A
Econosil (C18) 0.963 —0.062 Q369 —0.040 1025 1338 82 Cig-A
Econosphere C18 0.816 -0.125 Q028 -0.024 1045 1521 51 Cig-A
Prosphere C18300A 0.903 -0.012 Q176 Q013 Q577 1266 22 Cig-A
Alltima AQ 0.882 Q070 Q301 Q016 Q158 1266 Q0 ?
Alltima C18 0.993 -0.014 Q037 -0.013 Q093 Q391 115 Cig-B
Alltima C18-LL 0.778 0070 -0.110 0021 Q048 Q486 58 Cig-B
Alltima C18-WP 0.942 —0.058 Q072 -0.011 Q155 Q178 49 Cig-B
Alltima C8 0.756 0015 -0.279 Q009 —0.062 Q288 5493 G-B
Alltima HP C18 0.987 -0.026 Q059 Q011 Q190 Q193 49 Cig-B
Alltima HP C18 High Load 1.081 —0.050 Q080 —0.034 Q028 Q121 116 Cig-B
Alltima HP C8 0.834 -0.010 -0.116 Q035 Q122 Q153 32 Cg-B
Brava BDS C18 0.935 .033 Q033 Q012 Q281 Q768 47 Ci18-B
Platinum C18 0.807 -0.076 -0.104 —0.001 Q493 1002 44 Cig-B
Platinum EPS C18 0.614 —0.162 Q330 Q018 Q720 1730 26 Cig-B
Platinum EPS C8 0.418 -0.147 Q146 Q021 Q509 1368 11 Cg-B
Prevail C18 0.890 —0.068 Q0320 Q0022 Q111 1209 94 Cig-B
Prevail C8 0.618 —0.088 Q042 Q041 Q082 1073 34 Cg-B
Prevail Select C18 0.822 .@e8 -0.367 0141 —1.056 Q455 75 Cig-B
Alltima HP C18 Amide 0.466 -0.072 -1.763 —0.259 -0.978 -0.033 31 EPG
Alltima HP C18 EPS 0.456 —0.164 -0.212 —0.056 Q032 Q832 12 EPG
Platinum EPS C18300 0.867 125 Q317 Q089 Q510 1554 24 EPG
Platinum EPS C8300 0.584 a3 —0.136 Q089 Q481 1440 10 EPG
Prevail Amide 0.880 —0.069 Q287 Q025 Q087 1238 96 EPG
Alltima HP C18 EPS 0.655 .004 Q401 Q036 Q459 1260 12 Cig-A
Alltima HP C18 Amide 0.497 26 Q357 Q124 -0.019 Q926 31 EPG
Prosphere 300 C4 0.689 .0a5 —0.059 Q027 Q312 Q684 10 C4-B
Prosphere 100 C18 0.883 .73 Q305 Q017 Q181 1517 64 Cig-B

Analytical Sales and Service
Advantage 300 0.867 -0.001 Q123 Q020 Q597 1110 17 Cig-B
Advantage Armor C18120A 0.962 -0.014 -0.076 —0.004 Q077 Q261 86 Cig-B
Armor C183um 0.964 -0.016 -0.079 —0.002 Q122 Q296 85 Cig-B
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Table 13 Continued
Columr? H s’ A B C(2.8) C(7.0) Kref® Typé
Beckman
Ultrasphere Octyl 0.896 —0.016 Q004 Q086 Q157 0546 57 Cs-B
Ultrasphere ODS 1.085 .014 Q174 Q068 0279 0382 87 Cis-B
Bioanalytical systems
BAS MF-8954 0.979 —0.069 Q0181 0022 1081 1397 69 Cis-B
Bischoff
Bischoff EU Reference Column 1.004 .001 0264 Q006 Q178 Q449 a3 Cig-A
ProntoSIL 120-5 C18 SH 1.032 .@R0 —0.105 —0.024 Q115 Q0404 87 Cis-B
ProntoSIL 120-5 C8 SH 0.739 —0.062 —0.080 Q013 Q076 0526 49 Cs-B
Prontosil 120-5-C1 0.413 —0.079 —0.084 0020 Q042 0656 12 C:-B
ProntoSIL 120-5-C18 H 1.006 .07 —0.104 —0.003 Q125 Q156 97 Cis-B
ProntoSIL 120-5-C18-AQ 0.975 —0.007 —0.082 Q004 Q137 0224 81 Cis-B
Prontosil 120-3-C30 0.919 .80 Q0571 —0.003 Q507 1788 69 Cso0-B
Prontosil 200-5-C18 AQ 0.973 011 —0.057 Q006 Q125 0288 63 Cis-B
ProntoSIL 200-5 C8 SH 0.761 —0.026 —0.194 Q024 Q125 0238 28 Cs-B
ProntoSIL 200-5-C18 H 0.956 —0.002 —0.119 Q017 0163 0219 48 Cis-B
Prontosil 200-5-C30 0.909 .09 Q347 Q007 Q0305 1171 44 Cso-B
Prontosil 200-5-C4 0.549 —0.064 —0.220 Q038 Q086 0511 13 Cs4-B
ProntoSIL 300-5 C8 SH 0.739 —0.042 —0.130 0028 Q156 Q0405 18 Cs-B
ProntoSIL 300-5-C18 H 0.957 —0.013 —0.088 Q0016 0239 0250 32 Cis-B
Prontosil 300-5-C30 0.909 —0.030 Q152 0021 0352 1002 29 Cso0-B
Prontosil 300-5-C30 EC 0.925 @7 —0.018 Q012 Q0303 0458 28 Cs0-B
Prontosil 300-5-C4 0.471 093 —0.073 Q055 Q115 Q786 a6 C4-B
ProntoSIL 60-5 C8 SH 0.929 —-0.015 Q0160 —0.019 -0.314 1004 84 Cs-B
ProntoSIL 60-5-C18 H 1.155 041 Q060 —0.085 Q102 0262 122 Cis-B
Prontosil 60-5-C4 0.686 —0.072 Q108 Q001 —0.056 1201 41 Cs4-B
ProntoSil CN 0.370 -0.114 —0.414 —0.028 0168 0668 Q9 Cyano
ProntoSIL 120-5-CN EC 0.427 .063 —0.320 Q015 Q019 Q768 12 Cyano
ProntoSIL 120-5-C18 ace-EPS 0.815 .0 —0.482 0238 —0.246 Q099 83 EPG
ProntoSIL 120-5-C18 AQplus 0.964 —0.022 Q0255 Q0036 —0.106 0631 91 EPG
Prontosil 120-5-C8 ace-EPS 0.554 —0.028 —0.808 0226 —0.255 0121 37 EPG
ProntoSIL 200-5-C18 ace-EPS 0.805 —0.009 —0.466 0223 Q079 Q0196 47 EPG
ProntoSIL 300-55-C18 ace-EPS 0.803 —0.005 —0.487 0219 —0.001 Q0190 29 EPG
ProntoSIL 120-5-Phenyl 0.557 163 -0.217 0022 Q167 Q706 24 Phenyl
ProntoSIL 60-5-Phenyl 0.703 .196 —0.005 —0.009 Q0410 1509 45 Phenyl
HyperSORB 120-5-ODS 0.951 .@65 Q039 —0.021 Q795 1315 52 Cig-B
SpheriBOND 80-5-ODS1 0.700 .80 Q367 Q0010 1453 >24 38 Cig-A
SpheriBOND 80-5-ODS2 1.010 .@e6 Q153 —0.037 Q731 1008 7 Cig-A
Dionex
Acclaim C18 1.033 m17 —0.142 —0.026 Q086 —0.003 100 Cis-B
Acclaim C8 0.857 o4 —0.275 0011 Q086 0016 60 Cs-B
Acclaim300 C18 0.958 —0.018 —0.168 0021 0262 0223 29 Cis-B
Acclaim PA C16 0.855 w67 —0.116 0023 —0.270 Q0357 68 C16
Eprogen
SynChropak RP8 0.638 —0.096 Q108 Q026 0223 Q940 12 Cs-A
SynChropak RPP 0.746 -0.111 0229 Q030 0261 1287 18 Cig-A
SynChropak RPP 100 0.921 —0.060 —0.063 Q127 0229 Q0320 54 Cig-A
ES industries
Chromegabond WR C18 0.979 .026 —0.159 —0.003 0320 0283 54 Cis-B
Chromegabond WR C8 0.855 .25 —0.279 0023 Q0200 Q0144 36 Cs-B
GL science
Inertsil Ph-3 0.526 a79 —0.133 Q040 Q121 Q735 26 Phenyl
Inertsil C8-3 0.830 —0.004 —0.265 —0.016 —0.333 —0.362 71 Cs-B
Inertsil ODS-2 0.994 m32 —0.045 —0.005 —0.116 Q773 84 Cis-B
Inertsil ODS-3 0.991 21 —0.142 —0.021 -0.473 —0.333 109 Cis-B
Inertsil ODS-P 0.977 —0.021 Q608 —0.043 0235 1479 112 Cis-B
Inertsil WP300 C18 0.938 —-0.015 —0.117 Q001 0202 Q0163 38 Cis-B
Inertsil WP300 C8 0.793 —0.015 —0.212 Q013 Q122 Q069 22 Cis-B
Inertsil CN-3 0.369 ®m49 —0.808 Q083 —2.607 -1.297 11 Cyano
Inertsil ODS-EP 0.825 056 —1.590 Q054 —0.600 —0.049 72 EPG
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Columm? H S A B C(2.8) C(7.0) Kref Type
Grace/Vydac
Vydac 201TP 0.900 —0.019 Q407 —0.006 Q395 1027 21 Cig-A
GROM analytik
GROM-SIL 120 ODS-5 ST 1.035 .001 0134 —0.005 Q0135 0121 105 Cis-B
GROM-SIL 120 Octyl-6 MB 0.872 —0.001 —0.007 0029 —0.017 Q0135 58 Cs-B
GROM Saphir 110 C18 1.055 .@2 Q085 Q000 —0.030 Q0115 121 Cis-B
GROM-SIL 120 ODS-3 CP 1.029 —0.019 Q0093 —0.005 Q099 Q0123 102 Cig-B
GROM SAPHIR 110 C8 0.835 .032 —0.103 0031 —0.093 0255 71 Cs-B
Hamilton
HxSil C18 0.847 —-0.073 0302 0014 0230 1055 70 Cig-B
HxSil C8 0.683 —0.074 Q088 Q028 Q067 0856 44 Cs-B
HiChrom
Hichrom RPB 0.964 —0.027 Q0106 Q003 Q0153 Q0143 64 Cig-B
Hichrom 3005 RPB 0.944 —0.028 0044 Q015 0226 0216 26 Cig-B
Higgens
Targa C18 0.977 —0.019 —0.070 Q000 Q013 Q175 86 Cig-B
Imtakt
Unison UK-C18 0.981 m19 Q015 —0.011 Q110 Q070 89 Cig-B
Jones
Apex C18 0.984 —0.037 0010 Q037 1245 2311 61 Cig-A
Apex C8 0.869 —0.069 0235 Q0168 1368 1376 44 Cs-A
Apex 11 C18 1.009 —0.072 0239 Q0121 2041 2691 67 Cig-A
Genesis AQ 120A 0.961 —0.037 —0.155 Q008 Q061 0234 96 Cis-B
Genesis C18120A 1.005 .3 —0.068 —0.006 Q0139 Q124 a8 Cis-B
Genesis C18300A 0.975 .4 —0.085 0014 0266 Q0270 35 Cig-B
Genesis C4300A 0.615 —0.057 —0.398 Q0036 0143 0249 11 Cs-B
Genesis C4 EC 120A 0.646 —0.059 —0.331 Q027 Q063 Q400 34 C4-B
Genesis C8120A 0.829 —0.017 —0.082 Q017 Q055 Q300 62 Cs-B
Genesis EC C8120A 0.863 .am5 -0.174 0022 Q063 0141 69 Cs-B
Genesis CN 120A 0.424 -0.114 —0.681 —0.013 —0.001 Q0573 14 Cyano
Genesis CN 300A 0.397 —0.108 —0.645 —0.009 Q0025 Q0397 a5 Cyano
Genesis Phenyl 0.600 7 —0.378 Q035 Q0128 0584 29 Phenyl
Machery Nagel
Nucleosil 100-5-C8 HD 0.865 —0.008 -0.173 0029 Q045 0188 63 Cs-A
Nucleosil 100-5-C18 HD 0.962 —0.021 —-0.125 Q009 Q089 Q150 88 Cig-A
Nucleosil 100-5-C18 Nautilus 0.702 .am2 —0.482 0268 —0.441 0486 54 EPG
Nucleosil C8 0.574 —0.131 Q036 Q014 0282 1123 27 Cg-A
Nucleosil C18 0.906 —0.053 Q009 —0.033 0321 Q730 73 Cig-A
Nucleosil ODS 0.860 —0.081 —0.008 0014 0453 0984 27 Cig-A
Nucleodur 100-C18 Gravity 0.868 .@B2 —0.240 Q000 —0.158 0631 66 Cis-B
Nucleodur C18 Gravity 1.056 041 -0.097 —0.025 —0.080 Q316 110 Ci18-B
EC Nucleosil 100-5 Protect 1 0.544 .0a8 -0.411 Q309 -3213 —0.573 27 EPG
MacMod/ACT
ACE 300 C8 0.786 —0.003 -0.112 Q0032 Q0145 2336 18 Cs-B
ACE C4 0.674 —0.018 -0.178 Q026 Q090 0316 25 Cs-B
Ace 5 C4-300 0.710 014 —0.183 Q039 Q0166 0356 13 C4-B
Ace5 C18 1.000 m26 —0.095 —0.006 Q0143 Q096 79 Cig-B
ACE 5 C18-300 0.968 —0.024 Q003 Q006 0232 0208 31 Cig-B
Ace5 C8 0.833 ®m0o8 -0.219 Q024 Q109 Q145 49 Cs-B
Ace 5CN 0.409 —-0.107 —0.729 —0.008 —0.086 0441 Q8 Cyano
Ace 5 CN-300 0.460 074 —0.165 Q030 Q151 0856 Q4 Cyano
ACE AQ 0.804 —0.051 —0.129 Q0034 Q009 Q167 47 EPG
Ace Phenyl 0.638 Q45 —0.305 Q031 Q128 0461 28 Phenyl
Ace Phenyl-300 0.599 .005 —0.234 Q0032 Q0164 0548 11 Phenyl
MacMod/Higgins
Precision CN 0.431 -0.114 —0.485 Q019 —0.041 Q606 13 Cyano
PRECISION C18 1.003 .003 —0.041 —0.009 Q079 0341 a5 Cig-B
PRECISION C8 0.821 -0.014 —0.180 0021 Q095 0241 49 Cs-B
Precision C18-PE 0.977 —0.019 —0.070 Q000 Q013 Q175 86 EPG
Precision Phenyl 0.587 M2 —0.304 Q030 Q094 Q504 26 Phenyl
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Columr? H s A B C(2.8) C(7.0) Kref® Typef
Merck
LiChrosorb RP-18 0.969 —0.057 0266 —0.048 Q978 1240 71 Cig-A
LiChrospher 100 RP-18 1.006 —0.021 Q0183 —0.036 0646 0896 95 Cig-A
Chromolith RP18e 1.003 .028 Q009 —0.014 Q0103 Q187 31 Cis-B
LiChrospher 60 RP-Select B 0.747 —0.060 —0.042 Q006 Q108 1773 51 Cis-B
Purospher RP-18 0.585 254 —0.560 —1.309 —-1.934 1109 57 Cis-B
Purospher STAR RP18e 1.003 .0a3 —0.069 —0.035 Q018 Q044 105 Cis-B
Superspher 100 RP-18e 1.030 .026 —0.028 —0.011 0352 0266 a3 Cis-B
Nacalai Tesque
COSMOSIL AR-II 1.017 11 Q128 -0.028 Q116 Q494 81 Cis-B
COSMOSIL MS-II 1.032 41 —0.129 —0.012 -0.117 —0.027 81 Cis-B
Cosmosil 5-C18-PAQ 0.829 —0.034 —0.342 Q054 —0.343 Q057 56 EPG
Nomura
Develosil C30-UG-5 0.978 —0.038 —0.191 Q015 Q159 Q178 78 Cso-B
Develosil ODS-HG-5 0.981 .015 —0.169 —0.007 Q187 0221 81 Cis-B
Develosil ODS-MG-5 0.964 —0.039 —0.163 —0.002 -0.012 Q051 112 Cis-B
Develosil ODS-UG-5 0.997 .025 —0.145 —0.003 Q150 Q155 84 Cis-B
Phenomenex
Bondclone C18 0.825 —0.057 -0.121 Q046 Q080 0348 45 Cig-A
Partisil C8 0.750 —0.070 —0.095 Q075 Q037 Q547 45 Cs-A
Partisil ODS(3) 0.809 —0.080 —0.008 Q000 Q317 Q0902 54 Cig-A
Sphereclone ODS(2) 0.972 —0.040 Q271 —0.056 Q0864 1324 76 Cig-A
Jupiter300 C18 0.946 .030 -0.222 Q009 Q0235 0219 29 Cis-B
Jupiter300 C4 0.696 .009 —0.429 Q017 Q151 Q140 13 C4-B
Jupiter300 C5 0.728 .022 —0.384 Q014 Q128 0330 15 Cs-B
Luna C18 1.018 —0.025 Q072 Q008 —0.361 —0.036 109 Cis-B
Luna C18(2) 1.003 023 -0.121 —0.006 —0.269 -0.173 96 Cis-B
Luna C5 0.798 M36 —0.255 Q001 -0.278 Q114 59 Cs-B
Luna C8 0.875 —0.037 —0.015 0024 —0.400 0133 7.0 Cs-B
Luna C8(2) 0.889 m42 —0.223 —0.003 —0.299 —0.169 72 Cs-B
Prodigy ODS(2) 1.022 —0.032 Q0101 Q003 Q051 Q000 79 Cis-B
Prodigy ODS (3) 1.023 024 -0.129 —0.011 —0.195 -0.133 101 Cis-B
Selectosil C18 0.911 .054 Q034 —0.009 Q0296 Q743 7.0 Cis-B
Synergi Max-RP 0.989 .028 —0.008 —0.013 -0.133 —0.034 95 Cis-B
Ultracarb ODS (30) 1.114 .016 Q377 —0.050 —-0.311 Q731 182 Cis-B
Aqua C18 0.979 024 Q004 Q005 Q106 0236 Q0 Cis-B
Luna CN 0.452 -0.112 —0.323 —0.024 Q0439 1321 13 Cyano
Polaris C18-Ether 0.943 -0.013 -0.122 Q027 Q164 0553 55 EPG
Polaris C8-Ether 0.705 —0.023 —0.312 Q040 Q095 0269 18 EPG
Synergi Hydro-RP 1.032 —0.007 Q193 —0.046 —0.060 Q0278 113 EPG
Synergi Polar-RP 0.644 -0.144 -0.271 —0.004 Q041 Q762 39 EPG
Luna Phenyl-Hexyl 0.775 .024 —0.284 —0.001 Q001 0383 52 Phenyl
Prodigy Phenyl-3 0.525 .098 Q051 Q024 Q228 1465 23 Phenyl
Curosil-PFP 0.695 079 —0.267 —0.004 Q119 Q379 40 Fluoro
Restek
Ultra AQ C18 0.857 —0.115 0431 Q001 Q122 1239 87 Cig-A
Allure C18 1.115 43 Q112 —0.045 —0.048 Q066 157 Cis-B
Restek Ultra C18 1.055 .030 —0.068 —0.021 Q008 —0.066 126 Cis-B
Restek Ultra C8 0.876 .031 —0.230 Q016 Q043 Q012 76 Cs-B
Ultra IBD 0.657 —0.031 —0.022 0233 —0.512 Q915 38 EPG
Allure PFP Propyl 0.732 —0.157 —0.179 —0.037 Q710 1485 68 Fluoro
Ultra PFP 0.501 —0.089 —0.228 —0.003 —0.033 0588 19 Fluoro
SepServe
UltraSep ES AMID H RP18P 0.751 @3 —0.101 0259 —0.527 0855 49 EPG
UltraSep ES PHARM RP18 0.953 .aB1 Q435 —0.057 Q0593 1674 85 Cis-B
SGE
Exsil C8 0.788 69 Q019 Q003 0614 1116 a7 Cs-A
Exsil ODS 0.992 —0.036 0292 —0.040 Q0836 1229 76 Cig-A
Wakosil 5C8RS 0.802 —0.008 -0.272 Q001 -0.117 Q097 56 Cis-B
Wakosil Il 5C18AR 0.998 m75 —0.055 —0.034 Q070 Qo010 62 Cis-B
Wakosil Il 5C18HG 1.039 36 Q015 -0.023 Q009 Q210 71 Cis-B
Wakosil Il 5C18RS 0.964 —0.008 —0.160 —0.009 —0.070 Q046 92 Cis-B
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Columr H S A B C(2.8) C(7.0) Kref® Typef
Shiseido
CAPCELL C18 UG120 1.007 —0.036 Q037 —0.012 Q016 Q001 69 Cig-B
CAPCELL C18 AG120 1.030 —0.060 Q122 —0.065 0543 0628 72 Cig-B
CAPCELL C18 M G 1.005 —0.010 Q042 —0.007 Q079 Q007 102 Cig-B
CAPCELL C18 SG120 0.987 —0.031 Q093 —0.023 Q121 Q197 66 Cig-B
CAPCELLC18AQ 0.867 m46 —0.068 Q014 —0.093 Q402 7.0 EPG
CAPCELL C18 ACR 1.025 —0.045 Q073 —0.015 Q037 Q111 85 Cis-B
CAPCELL PAK C8 DD 0.836 —0.020 —0.154 Q015 -0.111 —0.075 54 Cs-B
CAPCELL PAK C8 UG120 0.854 —0.037 —0.097 —0.013 —0.046 —0.010 43 Cs-B
Imtakt/Silvertone Sciences
Cadenza CD-C18 1.057 —0.031 Q083 —0.028 Q0113 Q042 Q9 Cig-B
Supelco
Discovery BIO Wide pore C18 0.836 .@5 —0.253 Q028 Q121 Q119 34 Cig-B
Discovery BIO Wide pore C5 0.653 —0.018 —0.308 Q027 Q090 Q219 11 Cs-B
Discovery BIO Wide pore C8 0.839 .m8 —0.225 Q033 Q0205 Q0194 22 Cs-B
Discovery C18 0.985 026 —0.126 Q005 Q176 Q154 48 Cig-B
Discovery C8 0.832 012 —0.237 Q029 Q119 0143 33 Cs-B
Discovery CN 0.404 -0.111 —0.709 —0.009 —0.029 Q491 Q8 Cyano
Discovery Amide C16 0.758 —0.016 —0.560 Q0225 —0.042 Q026 40 EPG
Discovery HS PEG 0.305 .023 —0.739 Q158 —0.559 Q360 Q7 EPG
Supelcosil LC-18 1.019 —0.046 Q185 Q158 1599 1756 59 Cig-A
Supelcosil LC-18-DB 0.981 —0.026 Q054 Q116 Q0484 0534 57 Cig-A
Supelcosil LC-8 0.833 —0.047 —0.029 Q081 1117 1094 36 Cs-A
Supelcosil LC-8-DB 0.821 —0.037 —0.064 Q145 Q449 Q0557 34 Cg-A
Discovery HS F5 0.631 —0.166 -0.325 Q023 Q709 Q940 40 Fluoro
Thermo/Hypersil
Thermo CN 0.397 —0.110 —0.615 —0.002 —0.035 0513 Q6 Cyano
Aguasil C18 0.795 —0.110 Q244 Q016 Q0214 1634 74 EPG
Hypersil 100 C18 1.033 .013 —0.006 —0.023 0338 0638 87 Cig-A
Hypersil BDS C18 0.993 017 —0.095 —0.009 Q0336 0280 56 Cig-A
Hypersil Elite 0.958 ®31 Q0151 —0.010 Q0314 Q739 65 Cig-A
Hypersil ODS 0.974 —0.027 —0.124 Q017 Q912 Q973 55 Cig-A
Hypersil ODS-2 0.985 018 Q137 —0.012 0254 Q370 56 Cig-A
Hypersil PAH 0.946 —0.060 Q0226 —0.029 1439 1724 53 Cig-A
Hypersil Beta Basic-18 0.993 .@B2 —0.097 Q003 Q0163 Q126 64 Cig-B
Hypersil Beta Basic-8 0.834 .016 —0.247 Q029 Q0111 Q115 42 Cs-B
Hypersil BetamaxNeutral 1.098 .@B6 Q067 —0.031 —0.039 Q011 170 Cig-B
BetaBasic CN 0.426 .043 —0.453 Q014 Q014 Q904 Q8 cyano
BetaMax Acid 0.635 —0.057 —0.597 Q376 -2064 —0.510 58 EP
BetaMax Base 0.470 .060 —0.391 Qo010 Q014 1146 22 CN
Hypersil Bio Basic-18 0.975 .025 —0.098 Q008 Q253 Q217 33 Cig-B
Hypersil Bio Basic-8 0.821 012 -0.233 Q028 Q0230 Q210 18 Cs-B
Hypersil GOLD 0.881 —0.002 —0.017 Q036 Q0162 Q479 39 Cig-B
Hypurity C18 0.981 ®m25 —0.089 Q004 Q192 Q0168 55 Cig-B
HyPurity C4 0.713 ®00 —0.291 Q028 Q121 0252 19 Cs-B
Hypurity C8 0.833 10 —0.201 Q034 Q157 Q161 35 Cg-B
Hypurity Cyano 0.451 049 —0.492 0021 —0.016 Q839 Q7 Cyano
Hypersil Prism C18 RP 0.692 .@6 —0.350 Q312 —2.903 —0.674 48 EPG
Hypersil Prism C18 RPN 0.706 —0.021 Q001 0235 —0.508 0661 34 EPG
Hypurity Advance 0.406 —0.088 -0.119 Q183 —1.309 0922 16 EPG
Fluophase PFP 0.675 —0.129 —0.311 Q065 Q817 1375 45 Fluoro
Fluophase RP 0.698 .@8 Q103 Q039 1034 1417 34 Fluoro
BetaBasic Phenyl 0.571 167 —0.422 Q054 Q099 Q753 17 Phenyl
Betasil Phenyl-Hexyl 0.693 .054 —0.323 0021 Q038 0341 43 Phenyl
Varian
OmniSpher 5 C18 1.055 .50 —0.033 —0.029 Q121 Q057 108 Cis-B
Polaris C18-A 0.929 007 —0.227 Q062 Q149 Q160 52 EPG
Polaris C8-A 0.601 —0.008 —0.609 Q104 -0.074 Q209 22 EPG
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Columrf H s A B C(2.8) C(7.0) Kref Type®

Waters
MicroBondapak C18 0.798 —0.076 —0.030 Q016 0285 0854 46 Cig-A
Nova-Pak C18 1.048 .005 Q096 —0.029 Q545 0562 65 Cis-A
Nova-Pak C8 0.897 —0.027 —0.098 Q003 0609 0619 39 Cg-A
Resolve C18 0.961 -0.121 Q316 —0.064 1918 2141 79 Cis-A
Spherisorb C8 0.763 —0.090 —0.032 Q0052 Q736 1141 49 Cs-A
Spherisorb ODS-1 0.680 —0.180 Q318 Q010 Q844 1299 46 Cis-A
Spherisorb ODS-2 0.962 -0.074 Q070 Q033 Q908 1263 83 Cig-A
Spherisorb S5 ODSB 0.975 .az7 Q240 Q384 —0.642 1680 69 Cis-A
Atlantis dC18 b 0.918 —0.032 —-0.191 Q003 Q036 Q087 81 Cis-B
DeltaPak C18100A 1.028 .018 —0.017 —0.010 —0.051 Q024 Q0 Cig-B
DeltaPak C18300A 0.955 -0.014 —0.103 Q0016 0236 0287 30 Cis-B
J'Sphere H80 1.132 .060 —0.023 —0.067 —0.242 —-0.161 133 Cig-B
J'Sphere L80 0.763 —0.039 -0.214 Q000 —0.399 0346 58 Cis-B
J'Sphere M80 0.927 —0.027 —-0.121 —0.003 —0.293 Q140 91 Cig-B
Symmetry 300 C18 0.985 .31 —0.050 Q004 0228 0202 35 Cis-B
Symmetry 300 C4 0.658 —0.015 —0.431 Q013 Q100 Q183 14 Cs-B
Symmetry C18 1.053 .062 Q0020 —0.020 —0.302 Q124 a8 Cis-B
Symmetry C8 0.894 047 —0.204 Q020 —0.507 0284 70 Cs-B
Xterra MS C18 0.985 012 —0.141 —0.014 0133 0051 64 Cis-B
Xterra MS C8 0.803 MO6 —0.294 —0.006 Q057 —0.010 37 Cs-B
YMC Basic 0.821 —0.006 —0.235 0028 Q070 Q093 33 Cis-B
YMC Hydrosphere C18 0.937 —0.022 —0.129 Q006 —-0.139 Q157 68 Cig-B
YMC ODS-AQ 0.965 —0.036 —0.135 0004 —0.068 Q100 86 Cis-B
YMC Pack Pro C18 RS 1.114 .@b7 —0.061 —0.056 —-0.176 —0.224 127 Cig-B
YMC Pro C18 1.015 m13 —0.117 —0.006 —0.154 —0.005 87 Cis-B
YMC Pro C8 0.890 ®m14 —-0.214 Q007 —-0.322 Q020 65 Cs-B
Nova-Pak CN HP 60A 0.362 —0.165 Q100 Q000 0691 1175 a4 Cyano
Symmetry Shield C18 0.877 .@7 —0.344 Q096 —0.689 Q175 73 EPG
Symmetry Shield C8 0.750 —0.024 —0.505 Q0108 —0.592 Q0169 57 EPG
Xterra C18 RP 0.770 —0.055 —0.430 Q106 —0.155 —0.157 43 EPG
Xterra C8 RP 0.660 —0.057 —0.617 Q107 —0.186 —0.197 31 EPG
Xterra Phenyl 0.690 076 —0.374 —0.003 Q102 —0.033 26 Phenyl
MicroBondapak Phenyl 0.580 —0.156 —0.252 Q024 0356 Q976 21 Phenyl
Nova-Pak Phenyl 0.700 —-0.162 —0.304 Q016 Q765 Q812 25 Phenyl

ZirChrom
ZirChrom-EZ 1.110 Qaoo —0.770 —0.070 2170 2170 11 Zr
ZirChrom-PBD 1.340 a40 —-0.210 —0.020 2260 2260 10 Zr
ZirChrom-PS 0.644 —0.284 —0.303 Q089 1823 1820 Q3 Zr

SeeAppendix Afor details.

@ Source or supplier shown first, then individual columns from that source follow.

b vValue ofk for ethylbenzene.

¢ Type of column; EPG, embedded or end-capped polar group; phenyl, phenylpropyl or phenylhexyl column; cyano, cyanopropyl column; fluoro, per-fluoro
alkyl or phenyl-column; Zr, bonded zirconia column; in case of alkyl-silica columns, ligand length is indicatethgCetc.), and type-A or -B silica is also
noted.

and -B alkyl-silica columns using mobile phases of near- 4. Conclusions

neutral-pH, the available evidence implies a more impor-

tant role for slow desorption (b) as a cause of peak tail-  The hydrophobic-subtraction model reviewed in this pa-
ing. Slow desorption is expected to be more pronounced per provides a comprehensive and detailed treatment of sep-
with increasing silanol ionization (or a related increase in aration selectivity in reversed-phase liquid chromatography
metal contamination of the silica), suggesting increased tail- (RP-LC) as a function of the sample and column. Retention
ing for larger values ofC at higher pH. In fact, such a can be described quantitatively by the relationship:
correlation has been noted (Table 8[20]) for a mobile- X

phase pH 6.0: “low” tailing forC(6.0)<0.1, “moderate”  loga = log <—) =nH—-0oS*"+pA+dB+«'C

tailing for C(6.0)~ 0.5, and “high” tailing forC(6.0)~ 1.1. kes O N () I

The avoidance of peak tailing with higher-pH mobile phases @
therefore seems favored for columns with smaller values of Terms (i)—(v) of Eq{(2) represent contributions to retention
C. and column selectivity from various solute—column interac-
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tions (illustrated in the cartoons Bfg. 2): hydrophobicity (i), columns. Several practical applications of Et)are possible
steric resistance (ii), hydrogen bonding of basic (iii) or acidic (Section3), including the selection of columns of (a) equiva-
(iv) solutes to, respectively, acidic or basic column sites, and lent or (b) very different selectivity. Equivalent columns may
ion-interaction or ion-exchange (v). Valuesgf o/, 8/, o’ be required when a replacement column for a RP-LC proce-
and«’ measure the contribution of the solute to retention, dure is no longer available, while columns of very different
while the corresponding bolded parameters measure columrselectivity can be useful in method development for the sep-
hydrophobicityH, steric resistance to penetration into the aration of previously overlapping peaks. Columns of very
stationary phas8’, hydrogen-bond acidit and basicityB, different selectivity are also useful for the development of
and negative charge on the colur@n(or ion-exchange ca-  orthogonal separations, where pronounced changes in sepa-
pacity). Values oH, S', A andB can be regarded as approx- ration selectivity can be used to verify an absence of over-
imately independent of separation conditions (mobile phase lapped peaks in an original separation. Successful examples
composition, temperature), whilé varies in a predictable  of column selection for several previously developed, routine
way with mobile phase pH. RP-LC separations are summarized in this paper, based on
Eq. (2) has been tested for 150 solutes of widely dif- Eq.(2) and values oH, S, etc.
ferent molecular structure and for several hundred RP-LC
columns which include &-Cgp alkyl-silica (both type-A and
-B), embedded-polar group, polar-end-capped, cyano, and5. Nomenclature
most other commonly used column types. For a given col-

umn type, Eq(2) can predict values of with an average a stationary phase hydrogen bond basicity (E4)
accuracy oft1-3% (comparisons to date with >7000 exper- A “type-A’ column made from metal-containing silica
imental measurements af. These results indicate that all A relative column hydrogen-bond acidity, related to
significant solute—column interactions have been accounted number, acidity and accessibility of silanol groups
for, and values of the column-selectivity parametersS’, in the stationary phase (E(R))

etc. therefore provide a complete and reliable characteri- Ap average value oA for type-B alkyl-silica columns
zation of column selectivity. For retention on phenyl and (Eq.(13))

fluoro-substituted columns, the application of E2) to re- b stationary phase hydrogen bond acidity (EQ)
tention data for certain solutes suggests that two additional B “type-B” column made from pure silica; also,Bb
solute—column interactions must be taken into account. In the refers to %(v/v) of the B-solvent in the mobile phase
case of phenyl columns—w interactions resultin increased B relative column hydrogen-bond basicity (ER))
retention ofmr-bases such as nitro-substituted aromatic hy- Bp average value dB for type-B alkyl-silica columns
drocarbons. Similarly, variable dispersion interactions (not (Eq.(13))

recognized by Eq(2)) become important for both phenyl C relative column cation exchange activity, related to
and fluoro-substituted columns, due to large differences in number and accessibility of ionized silanols in sta-
their polarizability (or refractive index) versus other column tionary phase (Eq2))

types. Qualitative predictions can nevertheless be made re-C(2.8) value ofC for pH 2.8 (Eq.(12))
garding the effects of the latter solute—column interactions C(7.0) value ofC for pH 7.0 (Eq.(12))

on separation selectivity as a function of sample composition Cy average value of for type-B alkyl-silica columns
and column type. (Eq. (13)
Values of the solute(, o’, etc.) and columnH, S, etc.) CL ligand concentrationmoles/nt)
parameters appear consistent with our physico-chemical un-dp pore diameter (nm)
derstanding of the interactions represented by each of the fiveEPG ~ embedded polar group
terms of Eq(1). Thus, values of/, ¢/, etc. can be relatedto  Fs column matching function (Eq15))
solute molecular structure, and valuesHhfS', etc. can be F¢ value ofFg corrected for absence of acids or bases
rationalized with column properties such as ligand length and (Eq.(16))
concentration, pore diameter, end-capping and silica acidity H relative column hydrophobicity (E¢2))
(type-A versus type-B). Furthermore, valuestbfS', etc. Hp avg. value oH for type-B alkyl-silica columns
for columns of different type (alkyl-silica, embedded-polar- (Eq.(13))
group, cyano, phenyl, etc.) can be reconciled with the known k retention factor, equal tag — to)/to
chemical properties of these different columns. @2Ythere- kes value ofk for ethylbenzene (reference solute in
fore appears to represent physical reality, as well as providing Eq.(2))

a reliable measure of column selectivity and a better under-k;, k> values ofk for solutes 1 and 2, respectively
standing of the basis of column selectivity as a function of kp.g, k7.0 values ofk for berberine at pH 2.8 and 7.0, respec-

column properties and functionality. tively (Eq. (12))
Values ofH, S', etc. for more than 300 RP-LC columns of L molecular length; the number of atoms (excluding
various kinds have now been measuréah(e 13, which al- hydrogen) in the longest connected series that does

lows quantitative comparisons of column selectivity for these not double back on itself
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octanol-water partition coefficient (E(p)) v free energy to create a cavity in the stationary phase
stationary phase excess molar refraction (E9); (Eq.(2))

also, correlation coefficient

solute excess molar refraction (Ed))

reversed-phase liquid chromatography
dipolarity/polarizability parameter for stationary
phase (Eq(1))

equal to—S"; values ofSwere used in early papers
[4,5,10,12] instead of values &&"

relative steric resistance to insertion of bulky so-
lute molecules into the stationary phase;Sasn-
creases, bulky solute molecules experience greater
difficulty in penetrating the stationary phase and be-
ing retained (Eq(2)); S as defined previously (and
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