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C olumn selectivity in reversed-phase liquid chromatography
IV. Type-B alkyl-silica columns
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Abstract

Columns for reversed-phase HPLC (RP-LC) can be characterized by five, retention-related parameters:H (hydro-
phobicity),S (steric selectivity),A (hydrogen-bond acidity),B (hydrogen-bond basicity), andC (cation-exchange behavior).
In the present study, values of the latter parameters have been measured for 92 type-B (low metals content) alkyl-silica
columns and compared to column properties such as ligand length, ligand concentration, pore diameter, and the presence or
absence of end-capping. With the exception of five columns of unusual design, retention factors,k, for 16 representative test
compounds were correlated with values ofH, S, etc., within an average61.2% (1 standard deviation, SD), suggesting that
all significant solute–column interactions are recognized by these five column parameters. A single-valued functionF iss

proposed to measure differences in selectivity for any two RP-LC columns whose values ofH, S, etc., are known. This
allows the easy selection of columns whose selectivity is desired to be either similar to or different from a starting column,
for application in either routine analysis or method development.
   2003 Elsevier Science B.V. All rights reserved.
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1 . Introduction the value ofk for a reference solute (ethylbenzene),
and the remaining symbols represent selectivity-re-
lated properties of the solute (h9, s9, b9, a9, k9) orPrevious work[1–3] suggests that the selectivity
the column (H, S, A, B, C). Terms (i)–(v) of Eq. (1)of alkyl-silica columns for reversed-phase liquid
represent contributions to solute retention and col-chromatography (RP-LC) can be characterized quan-
umn selectivity from various solute–column interac-titatively by means of Eq. (1):
tions. Thus, the various column parameters (H, S,

log(k /k ); logaref etc.) measure the following column properties:H,
5h9H 1s9S 1b9A 1a9B 1k9C (1) Hydrophobicity;2S, Steric resistance to insertion of

(ii) ( iv) (v)( i) ( iii ) bulky solute molecules into the stationary phase
Here, k is the retention factor of any solute,k is (similar to, but not the same as ‘‘shape selectivity’’ref

[4]); A, column hydrogen-bond Acidity, mainly
attributable to non-ionized silanols;B, column hy-
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column selectivity, which still allows comparisons of these so-called ‘‘ideal’’ solutes[1], values ofa can
columns selectivity in terms of these parameters be approximated within62–3% by:
(Section 4.3). The parametersh9, s9, etc., denote loga ¯h9H (2)
complementary properties of the solute (see Section

Eq. (2) allowed a determination ofrelative values of
6. Nomenclature).

H for each of the 10 columns in the original study.
The previous application[1] of Eq. (1) to 90 test

Eq. (2) can also be applied to retention data for other
solutes and 10 monomeric type-B C columns18 ‘‘non-ideal’’ solutes in order to isolate contributions
yielded a correlational accuracy of60.004 units in

D to retention and selectivity which arise from terms
loga (61% in a, 1 standard deviation, SD). Terms

(ii)–(v) of Eq. (1); i.e., for non-ideal solutes,
(i)–(v) of Eq. (1) have been further related to solute

D5 loga 2h9H (3)structure and properties of the column[3], sug-
gesting that each term of Eq. (1) predominantly The application of Eq. (3) to values ofk for solutes
represents a single solute–column interaction. To- of diverse molecular structure allowed the identifica-
gether these findings indicate that (a) all important tion of four solute groups, for each of which values
contributions to column selectivity are represented in of D depend mainly on just one of terms (ii)–(v) of
Eq. (1) (for the 10 columns originally studied), and Eq. (1). Average values ofD for each of the latter
(b) five column parameters (H, S, etc.) completely solute groups were then determined for each column
characterize column selectivity for these 10 columns. and equated to relative values of the column parame-

In the present study, we have carried out similar tersS, A, B, andC of Eq. (1). Once values ofH, S,
measurements as in Ref.[1] for a more diverse group etc., were determined in this way for each of the 10
of alkyl-silica RP-LC columns; i.e., one polymeric columns of the original study, the solute parameters
and 91 monomeric columns made from type-B (low h9, s9, etc., could be determined by multiple regres-
metal content[5]) silica, columns differing in alkyl sion of values of loga versusH, S, etc.
chain length (C –C ), ligand concentration, particle Solute retention (as described by Eq. (1)) depends3 30

pore diameter, and the presence or absence of end-on the solute, column and separation conditions
capping. Our aim was to further test the applicability (mobile phase composition and temperature). Eq. (1),
of Eq. (1) for the latter columns, and in the process which is based on properties of the solute and
to identify any exceptions to Eq. (1). A further goal column, could assume thateither the solute parame-
was the measurement of values ofH, S, etc., for a ters (h9, s9, etc.) or column parameters (H, S, etc.)
large number of different columns, hence providing change with conditions. Because the primary goal of
chromatographers with a practical basis for the the present study is the classification of columns
selection of columns of either similar or different according to selectivity, it is logical to allow values
selectivity. of h9, s9, etc., to vary with conditions—rather than

values ofH, S, etc. Such a convention is compatible
with both theory and experiment[2], leads to no
decrease in the reliability of Eq. (1), and is much2 . Background and theory
more practical for purposes of selecting columns of
either similar or different selectivity,regardless of

2 .1. Derivation of Eq. (1) separation conditions. Because a change in mobile
phase pH changes silanol ionization and the negative

The original development of Eq. (1) can be charge on the column, the column parameterC
summarized as follows. Initially, it was recognized varies with mobile phase pH (see Section 3.6).Values
that the main contribution to RP-LC retention is due of H, S, etc., are otherwise constant for any sample
to hydrophobic interaction between solute and col- or separation conditions.
umn (term (i) of Eq. (1)). For many solutes, espe-
cially non-ionized, less polar molecules of similar 2 .2. Practical application of Eq. (1)
‘‘shape’’, hydrophobic interactions account almost
completely for solute retention and values ofk. For For a reversed-phase liquid chromatography (RP-
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LC) assay that is to be used over several months or (1)are able to define column selectivity with the
years, replacement columns with equivalent selec- accuracy and precision required for the recognition
tivity must be available during that time. ‘‘Equiva- of equivalent column selectivity. What remains to be
lent’’ selectivity implies differences in individual shown is the applicability of Eq. (1) for a wider
separation factorsa of #3% [6]. The need for range of RP-LC columns, e.g., the 92 type-B alkyl-
equivalent column selectivity means that the supplier silica columns of the present study. At a later time,
should be able to guarantee batch-to-batch column results will be reported for other column types; e.g.,
uniformity, or the user must be able to locate a columns made from type-A silica, columns with an
column with equivalent selectivity from another embedded or end-capped polar group, phenyl and
source. In either case, column selectivity must be cyano columns, etc.
measurable in such a way that changes.3% in a

for two columns (and any sample or separation 2 .3. Some potential complications in the use of Eq.
conditions) can be easily and reliably anticipated. (1) for characterizing column selectivity
Thus, if areliable column characterization based on
appropriate test solutes (not the sample of interest) If Eq. (1) accurately describes retention for any
and a standard set of separation conditions shows RP-LC column, values ofh9, s9, etc., reported in
two columns to be equivalent, those two columns Ref.[1] can be used (multiple regression via Eq. (1))
should give similar separations for other samples and to measure values ofH, S, etc., for other columns.
separation conditions. However, certain issues must first be addressed.

For method development, as opposed to the Thus, values ofk obtained in Ref.[1] and used there
routine use of an RP-LC assay, columns of very to derive values ofh9, s9, etc., employed acetoni-
different selectivity may be needed in order to trile–water (50%, v/v) as mobile phase for non-
achieve acceptable sample resolution[7]. The availa- ionizable solutes, and acetonitrile–buffer (50%, v/v)
bility of a quantitative description of column selec- for acidic or basic solutes. For reasons of con-
tivity for different commercial columns would allow venience, it is preferable to carry out measurements
the user to select one or more columns for a (as in the present study) with a single organic /buffer
maximum change in selectivity. Columns of very mobile phase. Therefore, it is necessary to correct
different selectivity are also required for the develop- values ofh9, s9, etc., reported in[1–3] for the use of
ment of orthogonal separations, which serve to buffered mobile phases in the present study (Appen-
minimize the possibility of some unexpected sample dix A). We also assumed[1–3] that virgin columns
component overlapping a peak of interest—and stored as received from the manufacturer would
hence being overlooked. In either of these two maintain their original retention properties over the 2
method development situations, there is less need for years during which the data of[1–3] were collected.
a precise measurement of differences in column We have since found that small changes ink and
selectivity, as compared to a requirement for equiva- derived values ofH, S, etc., can occur during long-
lent columns in routine analysis. That is, the use of term storage of the column as in the study of[1–3].
Eq. (1) to identify equivalent columns requires Similar changes in stored columns with time have
deviations in Eq. (1) of#3% in a, whereas the been reported by others[9] and also confirmed to us
identification of columns of verydifferent selectivity by one column manufacturer.
(for method development) can be achieved despite Finally, as discussed below (Section 3.5), column
greater errors in Eq. (1) (or uncertainty in values of equilibration in RP-LC separation can be slower than
H, S, etc.) for a given column. previously appreciated, which also contributed to

Until recently, it appears that no general column some uncertainty in values ofk and related solute
test or tests have been described which can guarantee parameters reported previously[1,3]. The collective
that two columns will give equivalent separations for impact of the above three considerations is that
any sample or experimental conditions[8]. On the values ofh9, s9, etc., reported in Refs.[1–3] require
basis of recent work for 10 different C columns minor revision for the accurate measurement of18

[1–3], we believe that the column parameters of Eq. values ofH, S, etc., via Eq. (1). In the present study,
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we have redetermined values ofh9, s9, etc., for a or 7.00) was adjusted prior to addition of acetonitrile
select group of test solutes, based on data for a large by combining 60 mM mixtures of phosphoric acid
number of RP-LC columns. In this way it was with monobasic potassium phosphate (for pH 2.8) or
possible to (a) measure values ofH, S, etc., for these dibasic potassium phosphate (for pH 7.0). The
92 columns and (b) assess the general accuracy of resulting phosphate concentration in the final mobile
Eq. (1) for a wider range of RP-LC column prop- phase was 30 mM.
erties. Measurements were initially carried out with the

pH 2.8 mobile phase. Prior to sample injections, each
column was filled with pH 2.8 mobile phase and

3 . Experimental stored for 16–24 h just prior to use. After connection
of the column to the HPLC system, the column was

3 .1. Equipment and materials further flow-equilibrated for 20 min, followed by
injection of the seven samples ofTable 2at intervals

These were essentially as described in Ref.[1]. of 10 min (in a few cases, longer run times were
Detection at 205 nm was employed. required). Injection of mixture[1 was then re-

peated. Following retention measurements for the pH
3 .2. Columns 2.8 mobile phase, the column was equilibrated with

the pH 7.0 mobile phase for 20 min and sample[4
The columns used in the present study are de- (berberine) was injected in triplicate.

scribed inTable 1.Columns were 1530.46 cm with
5-mm particles, if available. One to three columns of 3 .5. Column equilibration
each type were the generous gift of the manufacturer.

When carrying out isocratic measurements of
3 .3. Samples retention time in RP-LC systems, the retention time

of each sample component usually becomes constant
Eighteen test solutes were distributed among seven (60.002 min) after 10–20 min of column equilibra-

sample mixtures, as summarized inTable 2. The tion (flow of mobile phase through the column).
very different retentions of solutes within a given However, column equilibration can require a much
mixture minimized the possibility of band overlap or longer time for the combination of ionized solutes,
reversal when these mixtures were separated on low-pH mobile phase, and certain commercial alkyl-
different columns. The sample mixtures ofTable 2 silica columns. An example is shown inFig. 1, for
contain 50mg/ml of each solute, and 10ml volumes values ofk as a function of injection time in the case
were injected (500 ng). Values of the separation of the ionized strong base, amitriptyline (a), and the
factora were determined for 16 solutes (exclusive of neutral solute ethylbenzene (b). We have observed a
thiourea) and interpreted in terms of Eq. (1). similar slow equilibration (same sample and con-

ditions) for eight of 19 commercial alkyl-silica
3 .4. Procedure columns. When another Symmetry C column was18

first flushed with pH 2.8 mobile phase and stored for
Separations were carried out with two different 16 h (‘‘static’’ equilibration), reattachment of the

mobile phases, having pH values of 2.80 and 7.00, column to the system followed by repeated injections
respectively. Other conditions were a temperature of of amitriptyline over a 9-h interval gave constant
35 8C, and a flow-rate of 2.0 ml /min for 1530.46- values ofk50.36360.003 (1 SD; 14 injections). In
cm columns. Flow rates were changed if necessary the present study, all columns were subjected to
for columns of other dimensions to maintain accept- ‘‘static’’ equilibration for 16–24 h prior to the
able pressure. The mobile phase consisted of acetoni- collection of data at pH 2.8. As a check on complete
trile–buffer (50%, v/v) (equal volumes of acetoni- equilibration for each of the columns ofTable 1,
trile and buffer were combined). The buffer was mixture[1 of Table 2(containing amitriptyline) was
60 mM potassium phosphate, and its pH (either 2.80 injected at intervals of 20 and 90 min after prior,
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T able 1
Properties and selectivity of columns used in the present study

Column Properties Selectivity parameters SD
a bd C H S A B C(2.8) C(7.0) logkpore L ref

Agilent
c1. Zorbax RX-C 8 2.0 0.792 0.076 0.117 0.018 0.012 0.948 0.703 0.0068

c2. Zorbax Rx-18 8 3.5 1.077 20.040 0.310 20.037 0.096 0.415 0.886 0.010
c3. Zorbax StableBond 80A C3 8 2.0 0.601 0.12420.080 0.038 20.084 0.810 0.450 0.011
c,d3a. Zorbax StableBond 80A C 8 2.0 0.795 0.079 0.138 0.018 0.014 1.020 0.710 0.0068

c4. Zorbax StableBond 80A C 8 2.0 1.008 0.021 0.21520.002 0.077 0.822 0.884 0.00318
c5. Zorbax StableBond 300A C3 30 2.0 0.526 0.12220.194 0.047 0.057 0.711 20.151 0.012

c6. Zorbax StableBond 300A C 30 2.0 0.701 0.085 0.002 0.047 0.146 0.820 0.106 0.0088
c7. Zorbax StableBond 300A C 30 2.0 0.906 0.050 0.045 0.043 0.253 0.700 0.344 0.00918

8. Zorbax Eclipse XDB-C 8 3.8 0.919 20.025 20.219 20.008 0.003 0.012 0.823 0.0088

9. Zorbax Eclipse XDB-C 8 4.0 1.077 20.024 20.062 20.033 0.055 0.089 0.958 0.00518

Akzo-Nobel
10. Kromasil 100-5C4 11 3.8 0.734 20.002 20.334 0.015 0.009 20.003 0.700 0.005
11. Kromasil 100-5C 11 3.7 0.864 20.013 20.212 0.019 0.054 20.001 0.881 0.0038

12. Kromasil 100-5C 11 3.5 1.051 20.035 20.070 20.022 0.039 20.057 1.098 0.00318

Alltech
13. Alltima C 10 2.8 0.993 0.014 0.036 20.013 0.092 0.390 1.062 0.00518

Bischoff Chromatography
14. ProntoSIL 60-5 C SH 6 3.2 0.929 0.015 0.16220.017 20.313 1.005 0.922 0.0148

15. ProntoSIL 120-5 C SH 12 3.2 0.739 0.06220.081 0.013 0.076 0.526 0.687 0.0038

16. ProntoSIL 200-5 C SH 20 3.2 0.761 0.02620.194 0.024 0.125 1.443 0.439 0.0048

17. ProntoSIL 300-5 C SH 30 3.2 0.739 0.04120.130 0.027 0.156 0.405 0.26 0.0078

18. ProntoSIL 120-5 C SH 12 3.0 1.032 20.018 20.108 20.024 0.114 0.403 0.938 0.02118

19. ProntoSIL 120-5-C -AQ 12 2.1 0.974 0.007 20.083 0.003 0.137 0.224 0.910 0.00318

20. ProntoSIL 60-5-C H 6 2.9 1.158 20.041 0.067 20.078 0.102 0.262 1.087 0.02118

21. ProntoSIL 120-5-C H 12 2.9 1.005 20.008 20.105 20.004 0.125 0.987 0.873 0.00318

22. ProntoSIL 200-5-C H 20 2.9 0.956 0.002 20.121 0.016 0.163 0.218 0.679 0.00618

23. ProntoSIL 300-5-C H 30 2.9 0.956 0.012 20.089 0.015 0.238 0.249 0.511 0.00518

Dionex
24. Acclaim C 12 3.7 0.857 20.004 20.274 0.012 0.086 0.016 0.780 0.0058

25. Acclaim C 12 3.2 1.032 20.018 20.142 20.027 0.086 20.002 1.002 0.00318

25a. Acclaim300 C 30 0.957 0.018 20.170 0.019 0.261 0.222 0.462 0.00618

ES Industries
26. Chromegabond WR C 12 3.5 0.855 20.025 20.279 0.024 0.200 0.144 0.554 0.0038

27. Chromegabond WR C 12 3.4 0.979 20.026 20.159 20.003 0.320 0.282 0.732 0.00318

GL Sciences
28. Inertsil C -3 10 1.6 0.830 0.004 20.267 20.017 20.334 20.362 0.849 0.0038

29. Inertsil ODS-3 10 1.3 0.990 20.022 20.145 20.023 20.474 20.334 1.037 0.004

Hichrom /ACT
30. Ace5 C 10 3.2 0.834 20.007 20.218 0.025 0.109 0.145 0.693 0.0028

31. Ace5 C 10 2.6 1.000 20.026 20.096 20.006 0.143 0.096 0.895 0.00118

0.000
Argonaut /Jones Chromatography 0.000

c32. Genesis C 120A 12 3.68 0.829 0.01720.081 0.018 0.055 0.300 0.795 0.0068

33. Genesis C 120A 12 3.87 1.005 20.004 20.068 20.007 0.139 0.125 0.993 0.00518

34. Genesis C4 EC 120A 12 3.48 0.646 0.05820.330 0.027 0.063 0.400 0.526 0.009
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Table 1. Continued

Column Properties Selectivity parameters SD
a bd C H S A B C(2.8) C(7.0) logkpore L ref

35. Genesis EC C 120A 12 3.85 0.864 20.005 20.173 0.023 0.064 0.142 0.837 0.0058

36. Genesis C4 300A 30 4.8 0.615 0.05720.397 0.036 0.143 0.249 0.059 0.007
37. Genesis C 300A 30 3.85 0.975 20.005 20.086 0.013 0.266 0.270 0.543 0.00518

38. Genesis AQ 120A (C ) 12 4.03 0.960 0.03620.157 0.007 0.060 0.233 0.981 0.00718

MAC-MOD/Higgins Analytical
39. PRECISION C 12 3.1 0.821 0.014 20.179 0.022 0.095 0.241 0.692 0.0028

40. PRECISION C 12 2.8 1.003 20.003 20.041 20.009 0.079 0.340 0.976 0.00218

Merck
41. Purospher STAR RP18e 12 3.0 1.00320.012 20.070 20.036 0.018 0.045 1.023 0.003
42. Chromolith RP18e 13 3.6 1.003 20.029 0.009 20.014 0.103 0.187 0.493 0.002

Nacalai Tesque
43. COSMOSIL AR-II (C ) 12 3.4 1.017 20.010 0.127 20.028 0.116 0.494 0.907 0.00618

44. COSMOSIL MS-II (C ) 12 2.8 1.031 20.040 20.131 20.014 20.118 20.027 0.908 0.00318

Nomura
45. Develosil ODS-UG-5 (C ) 14 3.2 0.997 20.025 20.145 20.004 0.150 0.154 0.926 0.00418

46. Develosil ODS-HG-5 (C ) 14 3.4 0.980 20.015 20.171 20.008 0.187 0.221 0.911 0.00218

47. Develosil ODS-MG-5 (C ) 10 1.6 0.963 0.036 20.164 20.003 20.012 0.051 1.051 0.01118

48. Develosil C30-UG-5 (C ) 14 1.8 0.976 0.036 20.195 0.011 0.158 0.177 0.892 0.01530

Phenomenex
49. Luna C (2) 10 5.5 0.889 20.041 20.221 20.001 20.299 20.169 0.859 0.0038

50. Luna C (2) 10 3.00 1.002 20.024 20.123 20.007 20.269 20.174 0.983 0.00318

51. Prodigy ODS (3) 10 3.30 1.023 20.025 20.130 20.012 20.195 20.134 1.003 0.002
52. Synergi Max-RP 8 3.21 0.989 20.028 20.008 20.013 20.133 20.034 0.976 0.005
53. Luna C5 10 7.85 0.800 20.030 20.251 0.003 20.277 0.115 0.770 0.008
54. Jupiter300 C 30 5.50 0.945 20.031 20.224 0.008 0.234 0.218 0.467 0.00518

55. Jupiter300 C5 30 5.30 0.729 20.021 20.382 0.016 0.129 0.331 0.183 0.007
56. Jupiter300 C4 30 6.30 0.698 20.008 20.426 0.019 0.153 0.142 0.126 0.008

Restek
57. Allure C 6 3.6 1.116 20.04 0.114 20.044 20.047 0.066 1.195 0.00818

58. Restek Ultra C 10 3.6 0.876 20.030 20.229 0.018 0.043 0.011 0.883 0.0088

59. Restek Ultra C 10 3.6 1.055 20.030 20.068 20.021 0.009 20.066 1.101 0.00318

Supelco
60. Discovery C 18 3.4 0.832 20.011 20.237 0.029 0.119 0.143 0.522 0.0028

61. Discovery C 18 3.0 0.984 20.027 20.128 0.004 0.176 0.153 0.683 0.00318

62. Discovery BIO Wide pore C5 30 4.1–5.0 0.655 0.01920.305 0.029 0.091 0.220 0.059 0.005
63. Discovery BIO Wide pore C 30 3.8–4.3 0.840 20.018 20.224 0.034 0.206 0.195 0.345 0.0038

64. Discovery BIO Wide pore C 30 3.3–4.0 0.836 20.014 20.253 0.028 0.121 0.119 0.528 0.00218

ThermoHypersil
65. Hypersil Beta Basic-8 15 3.9 0.834 20.016 20.248 0.029 0.110 0.114 0.619 0.003
66. Hypersil Beta Basic-18 15 3.6 0.993 20.032 20.099 0.002 0.163 0.126 0.808 0.003
67. Hypersil Bio Basic-8 30 5.5 0.821 20.011 20.232 0.029 0.231 0.211 0.253 0.003
68. Hypersil Bio Basic-18 30 4.9 0.975 20.025 20.099 0.007 0.253 0.217 0.512 0.002
69. Hypersil BetamaxNeutral (C ) 6 3.0 1.099 20.035 0.068 20.031 20.038 0.012 1.231 0.00518

70. Hypurity C 0.833 20.010 20.200 0.034 0.157 0.161 0.546 0.0038

71. Hypurity C 0.981 20.020 20.090 0.002 0.192 0.168 0.744 0.00318

Varian
c72. Varian OmniSpher 5 C 11 3.5 1.055 20.051 20.033 20.029 0.122 0.058 1.035 0.00818
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Table 1. Continued

Column Properties Selectivity parameters SD
a bd C H S A B C(2.8) C(7.0) logkpore L ref

Waters
73. Symmetry C 9 3.55 0.893 20.05 20.205 0.021 20.508 0.283 0.843 0.0068

74. Symmetry C 9 3.17 1.052 20.063 0.019 20.021 20.302 0.162 0.993 0.00318

75. DeltaPak C 100A 10 3.03 1.028 20.019 20.017 20.011 20.051 0.024 0.956 0.00418

76. Xterra MS C 12.4 2.75 0.803 20.004 20.292 20.005 0.058 20.009 0.571 0.0068

77. Xterra MS C 12.5 2.25 0.985 20.012 20.142 20.015 0.134 0.051 0.803 0.00318

77a. Symmetry300 C4 25 3.19 0.659 0.01720.428 0.014 0.102 0.185 0.157 0.007
78. Symmetry 300 C 25 3.5 0.984 20.031 20.051 0.003 0.228 0.202 0.549 0.00218

79. DeltaPak C 300A 30 3.21 0.955 0.013 20.104 0.016 0.235 0.286 0.481 0.00618
e80. Atlantis dC 9.6 1.52 0.917 0.031 20.192 0.001 0.036 0.087 0.908 0.00818

81. YMC Pro C 12.5 3.19 0.890 20.014 20.214 0.007 20.322 0.020 0.814 0.0058

82. YMC Pro C 12.5 2.54 1.015 20.013 20.117 20.006 20.154 20.005 0.939 0.00818

82a. J’Sphere L80 8 0.9 0.762 0.036 20.216 20.001 20.400 0.345 0.764 0.011
82b. J’Sphere M80 8 1.6 0.926 0.026 20.123 20.004 20.294 0.139 0.957 0.007
82c. J’Sphere H80 8 2.9 1.132 20.059 20.023 20.068 20.242 20.161 1.124 0.009

Column (‘‘Special’’ type-B columns (see text for details)
Alltech

c83. Platinum EPS C 10 2.9 0.420 0.152 0.151 0.026 0.509 1.369 0.022 0.0188
c84. Platinum EPS C 10 2.5 0.616 0.168 0.335 0.026 0.718 1.728 0.417 0.03918

85. Prevail C 10 1.2 0.618 0.089 0.040 0.041 0.081 1.072 0.530 0.0158

86. Prevail C 10 1.4 0.889 0.070 0.316 0.022 0.107 1.205 0.975 0.03718

GL Sciences
f87. Inertsil ODS-P 10 ¯2.7 0.978 0.028 0.612 20.038 0.234 – 1.048 0.033

a Pore diameter (mm).
b 2Ligand concentration (mmol/m ).
c Not end-capped.
d Also labeled ‘‘Zorbax Rx-C ’’.8
e Formerly called ‘‘Polarity dC ’’.18
f Berberine not eluted from column at pH 7.0.

‘‘static’’ equilibration. The ratio ofk values for the
90- and 20-min injections for all columns was found

T able 2
equal to 1.00260.007; i.e., essentially constant with-Samples used in present study
in the experimental error of such measurements

Mixture [1 Mixture [2a
(60.5%) as determined in the present study. ForThiourea Nortriptyline
studies such as the present which rely on precise,Amitriptyline Acetophenone

n-Butylbenzoic acid Mefenamic acid repeatable retention measurements, the problem of
retention drift as inFig. 1a represents an importantMixture [1a Mixture[3
reproducibility issue and is currently the subject ofN,N-Diethylacetamide p-Nitrophenol

5-Phenylpentanol Anisole further study in our laboratory.
Ethylbenzene Retention drift at pH 7.0 was not observed to be a
Mixture [2 Mixture [3a problem.
N,N-Dimethylacetamide Benzonitrile
5,5-Diphenylhydantoin cis-Chalcone 3 .6. Calculations
Toluene trans-Chalcone

Mixture [4 Retention factors,k, were determined for each
Berberine solute of Table 2 and each column ofTable 1 as
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 described above;k 5 (t 2 t ) /t , where t is theR 0 0 0

retention time of thiourea (values ofk can be
obtained from the authors). Values of the column
parametersH, S, etc., were determined from Eq. (1)
by multiple regression of values of loga for each
column versus values of the solute parameters listed
in Table 3 (see Appendix A for the derivation of
these values).Table 1summarizes resulting values of
the column parameters and the standard deviation of
the fit of Eq. (1) to data for each column.Values ofC
at pH 7.0 were determined[2] from:

C(7.0)5C(2.8)1 log(k /k ), (4)7.0 2.8

wherek andk refer to values ofk for berberine7.0 2.8

(a quaternary ammonium salt) at pH 7.00 and 2.80,
respectively.

4 . Results and discussion

4 .1. Applicability of Eq. (1) for the alkyl-silica
columns of Table 1

Fig. 1. Equilibration of Symmetry C column during flow of pH18

2.8 mobile phase through column. Retention factork for ami- For 10, previously studied C columns[1,3], we18
triptyline (a) and ethylbenzene (b) plotted versus time. Arrow in concluded that the accurate prediction of solute
(a) indicates completion of column equilibration. Experimental

retention via Eq. (1) (61% in a for 90 solutes) isconditions were a mobile phase of 50% acetonitrile–buffer, 358C,
evidence that all significant contributions to columnand 1.5 ml /min.
selectivity are accounted for by terms (i)–(v) of this

T able 3
Revised solute parameter values for the compounds ofTable 2(see Appendix A)

Solute h9 s9 b9 a9 k9

1. Acetophenone 20.744 0.133 0.059 20.152 20.009
2. Benzonitrile 20.703 0.317 0.003 0.080 20.030
3. Anisole 20.467 0.062 0.006 20.156 20.009
4. Toluene 20.205 20.095 0.011 20.214 0.005
5. Ethylbenzene 0 0 0 0 0
6. 4-Nitrophenol 20.968 0.040 0.009 0.098 20.021
7. 5-Phenylpentanol 20.495 0.136 0.030 0.610 0.013
8. 5,5-Diphenylhydantoin 20.940 0.026 0.003 0.568 0.007
9. cis-Chalcone 20.048 0.821 20.030 0.466 20.045

10. trans-Chalcone 0.029 0.918 20.021 20.292 20.017
11. N,N-Dimethylacetamide 21.903 0.001 0.994 20.012 0.001
12. N,N-Diethylacetamide 21.390 0.214 0.369 20.215 0.047
13. 4-n-Butylbenzoic acid 20.266 20.223 0.013 0.838 0.045
14. Mefenamic acid 0.049 0.333 20.049 1.123 20.008
15. Nortriptyline 21.163 20.018 20.024 0.289 0.845
16. Amitriptyline 21.094 0.163 20.041 0.300 0.817
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relationship. In the present study, a wider range in between old and new values. Differences in values of
stationary phase compositions was investigated: 91 loga from Eq. (1) which can arise from these
monomeric and one polymeric type-B alkyl-silica differences in values ofh9, s9, etc., were estimated
columns with C , C , C , C , C and C ligands, from the range in values of each column parameter;3 4 5 8 18 30

pore diameters ranging from 6 to 30 nm, varying the resulting change in values of loga is only
2ligand concentration (0.9–7.9mmol /m ), and with 0.002–0.004 (1 SD); i.e., not much greater than the

or without end-capping (unverified information sup- experimental repeatability of values of loga

plied by the manufacturer; seeTable 1). Also (60.002 units), and well within our target of60.012
included inTable 1are a monolithic column ([42) units, corresponding to63% in a.
and two hybrid-particle columns ([76,77; XTerra
MS C and C ).8 18 4 .1.2. ‘‘Special’’ columns

For experimental convenience, only the 16 test
In addition to the monomeric type-B columns of

solutes ofTable 3were used with Eq. (1), versus the
Table 1, five alkyl-silica columns of ‘‘special’’

90 solutes used previously[1,3]. However, the
design were also included: (a) a polymeric phase

solutes ofTable 3 include two or more compounds [87, (b) two (intentionally) severely under-bonded
whose retention is primarily determined by each of

packings[83,84, with ligand concentrations of 1.2–
terms (ii)–(v) of Eq. (1); i.e., the solutes ofTable 3 21.4mmol /m , and (c) two proprietary packings[85,
should allow a reasonable test of Eq. (1) for the

86 described as ‘‘ . . . (having) a 15% carbon load
columns studied.

leading to a relatively retentive, hydrophobic surface,
(which) allows use of 100% aqueous mobile phases

4 .1.1. Monomeric type-B columns
without the ‘phase collapse’ seen on other C18As discussed in Appendix A, solute parameter
phases.’’ Results for columns[83–87 are summa-

values were first obtained for solutes[1–16 of
rized in Table 1; the fit of retention data to Eq. (1)

Table 3, using columns[1–82c of Table 1. The
ranges from marginal to poor: 0.015#SD# 0.039,

application of Eq. (1) to retention data for these
corresponding to64–9% errors in predicted values

solutes and columns allowed the calculation of
of a. The accuracy of Eq. (1) for some of these

values of H, S, etc., for each column, and the
‘‘special’’ columns ([83–87) may therefore prove

prediction of experimental values of loga for these
inadequate for the purpose of selecting closely

solutes and columns.Table 1 lists values ofH, S,
equivalent columns whose values ofa for a give

etc., and SD (standard deviation) for the fit of values
sample should agree within63%. However, there

of loga for each column to Eq. (1); the average SD
should be no problem in selecting columns of very

for columns[1–82c was 0.005 log units, or61.2%
different selectivity. The reason for greater errors in

in a. Three columns inTable 1([18, 20, 48) have
the application of Eq. (1) to these ‘‘special’’ columns

significantly larger SD values (0.015–0.021), corre-
is now believed due to their greater acidity (large

sponding to errors ina of 4–5%. That is, three out
values of A and C). A fuller discussion will be

of these 85 columns exhibit marginal agreement with
presented in the following paper of this series (Part

Eq. (1). The smaller number (16) of test solutes used
V), which deals with type-A alkyl-silica columns.

in the present study versus the 90 solutes of Refs.
[1,3] represents a less stringent test of the validity of

4 .2. Values of H, S, A, B, and C as a function ofEq. (1) for the columns ofTable 1, with less
column propertiesassurance that Eq. (1) has captured all significant

contributions to column selectivity. The reader must
It has been shown[3] that values ofH, S, etc.,weigh our results accordingly.

vary with such properties of the column as ligandValues ofh9, s9, etc., reported inTable 3 differ
length n (C versus C ) and concentrationCsomewhat from values reported in Refs.[1,3], for C 8 18 L

2reasons discussed in Section 2.3 and Appendix A. A (mmol /m ), pore diameterd (nm), and whetherpore

comparison of these two sets of solute-parameter or not the column is end-capped. The most obvious
2values shows reasonable agreement (0.81#r #1.00) difference in the present alkyl-silica columns is in
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the length of the alkyl chain (C –C ). Other to column properties (Table 1). A simple test of the3 30

workers have noted differences in selectivity for C dependence of values ofH, S, etc., on column8

versus C columns[10], so it is useful to compare properties (n , C , d ) is afforded by multiple18 C L pore

values ofH, S, etc., for different ligand lengths; see regression; for example, for column parameterH:
Fig. 2. For each of these column parameters except

H5 a 1 b log n 1 c log d 1 d log CC pore LC, there are apparent trends in parameter values with
ligand length, hence justifying an approximate col- 1 e (end-capped?), (5)
umn selectivity classification according to ligand
size. However, there is also extensive overlap of wherea is a constant andb–d are coefficients which
these values ofH, S, etc., for different column chain denote the relative effects ofn , d , andC on H;C pore L

lengths, and in many cases a C column can appeare is the response ofH to end-capping—‘‘(end-18

more similar to a C or even a C column than to capped?)’’ has a value of 0 for non-end-capped8 5

another C column. columns and 1 for end-capped-columns. Similar18

The present study provides further information on relationships as for Eq. (5) can be assumed forS, A,
the relationship of each column selectivity parameter B and C. The log functions ofn , d , and C inC pore L

 

Fig. 2. Column selectivity parameters as a function of ligand length. See text for details.
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Eq. (5) were chosen in view of the logarithmic which rules out silanols or siloxane groups as a cause
nature of the column parametersH, S, etc. of column hydrogen-bond acidity. Changes inB with

Eq. (5) does not take into account differences in other column properties are in the opposite direction
the starting silica or bonding process used to make as changes inH, which is further confirmed by an
the various columns ofTable 1, which can further inverse correlation ofB and H:
affect values ofA andC. One means of minimizing 2B5 0.13–0.14H (r 5 0.62, SE5 0.014) (6)the impact on selectivity of differences in silica or
bonding process is to compare columns from the If water molecules serve as stationary-phase acceptor
same manufacturer. InTable 1, four, three-column sites, the preferential (and unexpected[3]) hydrogen-
sets (each set from the same manufacturer) can bebond retention of carboxylic acids versus phenols
identified in which only one or two column prop- might be the result of a twofold (therefore stronger)
erties vary within each set. InTable 4a,c–e, Eq. (5) hydrogen-bond interaction of water molecules with a
is applied to these four column sets.Table 4fgroups –COOH group:
these 12 columns together, andTable 4b and g
present data for column pairs which are identical
except for a change in a single column property. In
comparing the effects of different column properties
on values ofH, S, etc. (Table 4), note that values of
b (ligand length),c (pore diameter), andd (ligand
concentration) correspond to the effect of a 10-fold

(5) C (a measure of the negative charge on thechange in the property onH, S, etc. For a (more
column) decreases for end-capped columns, as ex-typical) 2-fold change in the latter column properties,
pected for the removal and/or obstruction of ionizedvalues ofb–d should each be multiplied by 0.3.
silanol groups. Other changes inC with columnThe results ofTable 4 can be summarized as
properties are discussed in Appendix B.follows:

(1) H (column hydrophobicity) increases with
increasing ligand lengthn and concentrationC , 4 .2.1. Comparison of values of C(7.0) versusC L

and decreases for larger pore diametersd . Similar C(2.8)pore

changes were reported in Ref.[3] for a smaller Because silanol ionization must increase as mobile
number of columns and are consistent with other phase pH increases, the value ofC(7.0) for a given
studies, as well as the nature of hydrophobic inter- column should always be greater thanC(2.8) (recall
action between solute and column. that the quaternary ammonium compound berberine

(2) –S (increased resistance to penetration of the is used to measureC(7.0)); Eq. (4)). In general this
solute into the stationary phase) increases with is true; the average value ofC(7.0)–C(2.8) for the
increasing ligand lengthn and concentrationC , columns of Table 1 is 0.15. However, severalC L

and decreases for larger pore diametersd (the columns havesmaller values of C(7.0), in somepore

opposite behavior versus that ofH). Similar changes cases by as much as 0.08 units (columns[12, 25,
were reported in[3] and are consistent with in- 77). The probable reason for this anomaly is the

1creased resistance to penetration (smallerS) for greater buffer cation concentration (K ) in the pH
greater ‘‘crowding’’ of ligands in the stationary 7.0 mobile phase versus the pH 2.8 mobile phase.
phase. Phosphate concentration was held constant (30 mM),

1(3) A (column hydrogen-bond acidity) decreases which means that K concentration is greater at pH
for end-capped columns, as expected. End-capping 7.0 versus pH 2.8. Other studies[11] have shown
removes and/or obstructs silanols (–SiOH), which that cationic solutes exhibit decreased retention at pH
are responsible for the hydrogen-bond acidity of the 7.0 as buffer cation concentration increases, the
column. Other changes inA with column properties normal consequence of an ion-exchange retention
are discussed in Appendix B. process. Values ofC(7.0) reported inTable 1should

(4) B is not significantly affected by end-capping, therefore be consideredrelative values.
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T able 4
Column selectivity parameters as a function of column properties. Correlation of values ofH, S, etc., with Eq. (5) and equivalents (whereS,
A, etc., replaceH). (a) Columns[82a–c; onlyC varies,H5a1d log C (and similarly forS, A, etc.); (b) StableBond C ; onlyC variesL L 18 L

[1]; (c) Columns[3–7; n and d vary, H5a1b log n 1c log d (and similarly forS, A, etc.); (d) Columns[54–56;n varies,Cc pore c pore c L

approximately constant;H5a1b log n (and similarly for S, A, etc.); (e) Columns[10–12; n varies, C approximately constant;c c L

H5a1b log n (and similarly for S, A, etc.); (f) Columns[3–7, 10–12, 54–5, 82a–c;n , d , C and end-capping vary;H5a1c c pore L

b log n 1c log d 1d log C 1e (end-capped?) (and similarly forS, A, etc.); (g) Symmetry C , end-capped and non-end-capped; onlyC pore L 18

end-capping varies

H S A B C(2.8) C(7.0)

(a) Columns[82a–c
2r 0.766 0.838 1.000 0.789 0.959 0.991

SE 0.077 0.030 0.002 0.025 0.023 0.035
a 0.748 0.040 20.199 0.003 20.376 0.314
d (C ) 0.386 20.189 0.379 20.132 0.310 20.997L

(b) StableBond C18
22.08 mol /m 0.998 0.021 0.271 0.006 0.085
21.79 mol /m 0.967 0.042 0.264 0.009 0.05

Change 0.031 20.021 0.007 20.003 0.035
Approximated (C ) 0.76 20.51 0.17 20.07 0.85L

(c) Columns[3–7
2r 0.991 0.960 0.947 0.831 0.991 0.448

SE 0.022 0.010 0.044 0.011 0.014 0.110
a 0.501 0.156 0.005 20.001 20.434 1.093
b (n ) 0.503 20.112 0.348 20.028 0.229 0.014c

c (d ) 20.157 0.019 20.244 0.048 0.261 20.244pore

(d) Columns[54–56
2r 0.999 0.802 0.995 0.983 0.877 0.001

SE 0.004 0.007 0.011 0.001 0.027 0.134
a 0.465 0.005 20.600 0.028 0.047 0.225
b (n ) 0.382 20.029 0.301 20.016 0.146 0.007c

(e) Columns[10–12
2r 0.997 0.979 1.000 0.712 0.384 0.762

SE 0.013 0.003 0.000 0.017 0.025 0.022
a 0.435 0.030 20.577 0.058 20.006 0.058
b (n ) 0.487 20.051 0.404 20.058 0.043 20.085c

(f) Columns[3–7, 10–12, 54–5, 82a–c
2r 0.933 0.935 0.971 0.731 0.906 0.864

SE 0.046 0.017 0.037 0.018 0.069 0.169
a 0.437 0.163 20.012 0.012 20.550 0.792
b (n ) 0.465 20.087 0.365 20.042 0.142 20.063c

c (d ) 20.195 0.032 20.298 0.058 0.255 0.127pore

d (C ) 0.476 20.149 0.221 20.041 0.660 20.244L

e (end-capping) 20.092 20.048 20.353 20.017 20.255 20.643

(g) Symmetry C18

Non-end-capped 1.03 20.029 0.388 20.023 0.038 0.812
End-capped 1.048 20.057 0.007 20.004 20.179 0.151
Change 0.02 20.03 20.38 0.02 20.22 20.66

Protonated bases often tail at neutral pH, and this ionized bases with the column, would therefore be
has been attributed to the interaction of cationic expected to correlate with increased tailing of cat-
solutes with ionized silanols[12]. Larger values of ionic solutes at pH 7.0. As summarized in Appendix
C(7.0), corresponding to increased ion interaction of C, a published ranking of columns according to
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‘‘silanol activity’’ as measured by peak tailing and e.g., from 0.080 units for values ofH, to 0.007 units
resulting lower values of the plate number N at pH forB. Differences in values ofH have a smaller
6.0 correlates with values ofC(6.0) as follows: effect ona, because solute hydrophobicity and
‘‘very low’’ silanol activity, C520.0260.19; values ofh9 correlate with retention; see the discus-
‘‘low’’ activity, C50.0560.12; ‘‘moderate’’ activity, sion of Fig. 4b,c in Ref.[1]. The last row inTable 5
C50.4660.16; ‘‘high’’ activity, C51.1560.05. The gives the allowable change in values ofH, S, etc.,
latter results appear to confirm a relationship at for a maximum allowable variation (63%) in values
near-neutral pH of band tailing with increased re- ofa.
tention as a result of the ionic interaction of proton-
ated bases and ionized silanols. 4 .3.2. Comparing the selectivity of two columns by

means of a single measure
4 .3. Practical comparisons of column selectivity Given values ofH, S, etc., for a large number of

commercially available columns, we need a simple
Given values ofH, S, etc., as inTable 1,any two procedure for comparing the relative selectivity of

columns can be compared in terms of selectivity. any two of these columns. An obvious approach is to
That is, ‘‘equivalent’’ columns should have similar plot values of logk for one column versus another,
values of H, S, etc., while columns with very as inFig. 3a. From such a plot, relative selectivity
different values ofH, S, etc., will have very different can be defined by the standard deviation (SD) of the
selectivities. For reasons to be discussed, however, best fit; for the Inertsil C and Discovery C columns8 8

we need to know quantitatively how changes inH, S, of Fig. 3a, SD50.13. The larger is SD, the more
etc., affect values of loga (Section 4.3.1), and it different are the columns. Likewise, an SD#0.012
would be convenient if some function ofH, S, etc., suggests that changes ina for one column versus the
can be derived that provides asingle measure of other will be less than 3%; i.e., such columns can be
relative column selectivity (Section 4.3.2). regarded as ‘‘equivalent’’. However, the latter ap-

proach requires retention data for a large enough
4 .3.1. Dependence of values of log a on H, S, etc. number of ‘‘appropriate’’ solutes to yield a repre-

The quantitative dependence of separation factors, sentative value of SD.
a, on values ofH, S, etc., is primarily of interest Assuming that values ofH, S, etc., are available
when we are comparing columns of similar selectivi- for columns under consideration, a more convenient
ty. In this case, we need to know how large a procedure for comparing column selectivity is to
difference in H, S, etc., is allowable for some visualize columns of different selectivity in terms of
maximum permitted difference in values ofa. This a five-dimensional plot in space, the data point for
is discussed in Appendix D and summarized inTable each column being represented by its coordinates
5. The second row ofTable 5 lists the allowable (values ofH, S, A, B, andC). We can then define a

9change in values of each column parameter for an column selectivity function,F , as the distances

average change ina equal to 1%. This allowed between two columns (1) and (2) in this five-dimen-
difference in each column parameter varies widely; sional plot:

T able 5
Effect of a change in column parametersH, S, etc., on separation: see text and Appendix D for details

Absolute change in loga for a change inH, S, etc., by 0.01 unit12

H S A B C

SD 0.0005 0.0041 0.0012 0.0061 0.00326
a

D(allowed)5allowed change inH, S, etc.
For 1% change ina 0.080 0.010 0.033 0.007 0.012
For 3% change ina 0.240 0.029 0.100 0.020 0.037
a For a maximum change in loga by 0.004 (equal to 1% ina); D(allowed)5(0.00430.01) /SD.
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Fig. 3. The selectivity of two columns compared. (a), plots of logk for Inertsil C and Discovery C columns (compounds ofTable 2); (b)8 8

plot of SD versusF for 67 solutes and 10 columns of[1]; (c) plot as in (b) for compounds ofTable 2and selected column pairs fromTables

1. See text for details.

2 2 29F 5 h(H –H ) 1 (S –S ) 1 (A –A ) The individual weighting factorsf , f , etc., ares 2 1 2 1 2 1 ch cs

equal to the reciprocal of values of ‘‘1 /D(allowed)’’2 2 1 / 2
1 (B –B ) 1 (C –C ) j (7)2 1 2 1 from the next-to-last last row ofTable 5.Columns of

similar selectivity will have small values ofF , andsEq. (7) represents a straightforward extension of the
vice versa for columns of very different selectivity.Pythagorean theorem. Because the column parame-

A verification of Eq. (8) is shown inFig. 3b, byters H, S, etc., vary in their relative contribution to
means of a plot of SD versusF . Data for 67 solutessselectivity (Table 5), the different terms of Eq. (7)
and 10 C columns from[1] were used to calculate18must be weighted accordingly:
values of SD from plots of logk for one column

2 2F 5 h[ f (H –H )] 1 [ f (S –S )] versus another, while corresponding values ofFs ch 2 1 cs 2 1 s

were determined from values ofH, S, etc., reported2 2
1 [ f (A –A )] 1 [ f (B –B )] 2ca 2 1 cb 2 1 in Ref. [1]. A reasonable correlation is noted (r 5

2 1 / 2
1 [ f (C –C )] j (8) 0.945). The ability of values ofF to accuratelycc 2 1 s
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measuresmall differences in column selectivity is of allowable value ofF for two columns, if they are tos

special interest (see discussion of Section 2.2). provide ‘‘equivalent’’ separation; i.e., values of SD#

Several columns fromTable 1are similar in terms of 0.012 log units, measured as inFig. 3a. It appears
values of F , and it is of interest to compare SD fromFig. 3c that two columns withF #3 can bes s

values for these column pairs with values ofF see considered ‘‘equivalent’’. We can illustrate the sig-s;

Fig. 3c.The correlation equations of SD versusF in nificance of values ofF by some representatives s

Fig. 3b,cdiffer slightly (dashed versus solid curves separations. Retention data collected in the present
in Fig. 3c), which likely reflects experimental uncer- study allow us to reconstruct chromatograms of
tainty and the different samples involved inFig. 3b various mixtures of the compounds ofTable 3. In
versus c. Fig. 4a, we take the Discovery C column as8

Fig. 3c allows us to estimate the maximum example of a starting column. In this case, we have

 

Fig. 4. Comparisons of column selectivity. Samples: (1)N,N-diethylacetamide; (2) nortriptyline; (3) 5,5-diphenylhydantoin; (4)
benzonitrile; (5) anisole; (6) toluene; (7)cis-chalcone; (8)trans-chalcone; (9) mefenamic acid. See alsoTable 6.(a–d) Columns identified
in the figure. Experimental conditions as in Section 3.
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2selected a maximum number of sample components (no acids present)F (–B)5 h[ f (H –H )]s ch 2 1

that still allow baseline separation of all bands with 2 2
1 [ f (S –S )] 1 [ f (A –A )]cs 2 1 ca 2 1the Discovery C column. Similar chromatograms8

2] 1 / 2(same sample and conditions) are shown inFigs. 1 [ f (C –C ) j (9b)cc 2 1

4b–d for three other columns. Values ofF and SDs

for plots of logk for each column versus the (neither acids nor bases present)F (–B,C)s
Discovery C column are given inTable 6. Most8 2 2

5 h[ f (H –H )] 1 [ f (S –S )]ch 2 1 cs 2 1people would regard the separations ofFigs. 4a–c as
2 1 / 2‘‘near equivalent’’, despite marginal values of SD 1 [ f (A –A )] j (9c)ca 2 1

equal 0.016 (64% in a), and F equal 4 for thes

Values of the above functions defined by Eqs. (9a)–Precision C column. The Inertsil C column ofFig.8 8

(9c) will be smaller thanF , meaning that columns4d provides a very different separation from that s

which are judged to be non-equivalent by Eq. (8),with the Discovery C column, as expected from its8

becauseF 43, may prove to be equivalent (F ,3)values of F538 and SD50.132. s ss

for samples which are free of acids or bases.

4 .3.3. Column selectivity as a function of the 4 .3.4. Relative importance of different column
sample parameters in controlling selectivity

The column comparison functionF assumes thats Given five different contributions to column selec-
the sample is sufficiently diverse so that all five tivity ( H, S, etc.), which of these parameters has the
contributions to column selectivity will be important greatest potential for creating changes in selectivity
(hydrophobicity, steric interaction, hydrogen bonding and separation? The range in values for each parame-
of acids and bases, ion interaction). This will often ter (difference between largest and smallest values)
not be the case. For example, if no significantly defines the maximum possible change in that param-
ionized compounds are present in the sample, the eter. If this range is divided by theD(allowed) value
column parameterC will likely be unimportant. from Table 5, we have the maximum change ina
Similarly, if acidic solutes are absent, the parameter from a maximum change in a given column parame-
B can be ignored. For samples which do not include ter. Thus, relative to the maximum change from a
acids and/or bases, the column comparison function change inH, we have the following changes ina for
can be modified for a better description of relative a maximum change in each column parameter:
column selectivity:

H (1.0),B (1.9), S (2.5)
2(no bases present)F (–C)5 h[ f (H –H )]s ch 2 1 ,A (3.3)<C(2.8) (11.1)<C(7.0) (19.9)

2 2
1 [ f (S –S )] 1 [ f (A –A )]cs 2 1 ca 2 1 The contribution of silanols (A and C) to varying

2 1 / 2
1 [ f (B –B )] j (9a) column selectivity is seen to be greatest (3.3–19.9-cb 2 1

fold larger change ina versus a change inH), which
is commonly accepted to be the case. Likewise,
ionized silanols (C) play the most important role in

T able 6 determining variations in column selectivity, espe-
Evaluation of column selectivity for the separations ofFig. 4

cially for pH.6 where more silanols are ionized. On
Column compared with Discovery C8 the other hand, the ionization of basic solutes
Ace C Precision C Inertsil C decreases at higher pH, which can greatly decrease8 8 8

the importance ofC in affecting separation; i.e.,SD 0.008 0.016 0.132
unless a solute iscompletely ionized, the effect ofCF 1 4 38s

on the retention of that solute atany pH is markedlyComparisons of values ofF and the standard deviation SD ofs
reduced, because values ofk9 decrease sharply withplots of logk for one column versus another. In each case, the

reference column is Discovery C . only partial loss of solute ionization[3].8
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4 .4. Comparisons of present and previous values of H will correlate linearly with values of
measurements of column selectivity loga . Such a correlation is observed for theCH2

present study (columns[1–87 ofTable 1) for values
Various means for the measurement of column ofa calculated from the ratio ofk values forCH2

selectivity have been reported previously[8], based ethylbenzene and toluene: H520.271
2on (a) the solvation parameter model[13], (b) 6.28 loga ; r 50.96, SD50.03. The corre-CH2

principal component analysis (PCA)[14], and (c) sponding correlation for the 19 columns reported
retention data for test solutes believed to measure both here and in Ref.[17] is somewhat poorer:

2specific solute–column interactions[15–17]. We H50.0915.34 loga ; r 50.77, SD50.06. TheCH2

have previously compared Eq. (1) with the con- latter correlation is likely adversely affected by (a)
ceptually similar solvation parameter model[1,3]. the use of columns from different lots here and in
Because the solute parameters of Eq. (1) are derived Ref.[17], (b) the use of a different mobile phase in
empirically, and because Eq. (1) recognizes two the two studies (50% ACN–buffer versus 80%
additional contributions to column selectivity (s9S methanol–water), and (most important) (c) a wider
and k9C), Eq. (1) provides a more accurate and range in column properties and values ofH for all 92
complete description of column selectivity versus the columns ofTable 1.
solvation parameter model. PCA can provide a
description of column selectivity that is equally 4 .4.1.2. Other solute–column interactions (S, A, B,
detailed and reliable as Eq. (1)[14], but resulting C)
column selectivity parameters cannot be related to Retention data for several other test solutes are
the known interactions between solute and column. reported in[17] for columns in Table 1. Shape
PCA has also not been extended to allow quantitative selectivity is believed to correlate with values of
comparisons of column selectivity as in Section 4.3. a (thek-ratio for triphenylene versuso-terphenyl;T / O

Test solutes deemed to be indicative of various 80% methanol–water mobile phase). Silanol hydro-
solute–column interactions are commonly used to gen-bond activity is measured bya for caffeine–C / P

describe column selectivity, but with the exception phenol (30% methanol–water). Ion-exchange capaci-
of Eq. (1) no attempt has so far been made to show ty is measured bya for benzylamine–phenol atA / P

that such measurements can provide a complete pH 2.7 and 7.6 (30% methanol–buffer). These four
characterization of column selectivity. measurements correspond, respectively, to values of

S, A, C(2.8) andC(7.0). The corresponding correla-
4 .4.1. Previously used test solutes tions between the measurements of[17] and the

Values ofk or (more commonly)a are commonly latter column parameters are summarized inTable 7.
used as measures of the various solute–column The correlation ofS with loga in Table 7 isT / O

2interactions described by Eq. (1) (terms (i)–(v)). A marginal (r 50.40) but in the right direction (b5
summary of such measurements for several RP-LC 20.39). That is, columns which are relativelyless
columns was reported by Euerby et. al.[17]. We can accessible to the bulkyo-terphenyl solute (which
compare results for the test solutes reported in[17] means larger values ofa ) should have smallerT / O

with the column parameters reported here for 19 values ofS — if S (‘‘steric intraction’’) and aT / O

columns which were examined in both studies (‘‘shape selectivity’’) both measure the same column
([2,3,3a,4,9,12,29,31–33,41,47,51,54,61,70,74,77, property. A similarly poor correlation (r50.29), also
82 of Table 1). in the ‘‘right’’ direction, was found [3] for the

dependence ofS on another measure of shape
4 .4.1.1. Column hydrophobicity (H) selectivity (a , the ratio of k values forTBN / BaP

Column hydrophobicity is measured in[17] by tetrabenzonaphthalene and benzo[a]pyrene). It has
values ofmethylene selectivity a ; a is the ratio been shown[3] that ‘‘shape selectivity’’ differs inCH2 CH2

of k values for n-pentyl- versusn-butylbenzene, some respects from ‘‘steric selectivity’’; shape selec-
using methanol–water (80:20%, v/v). Because of the tivity is significant for more rigid solute molecules,
logarithmic nature of values ofH, we expect that polymeric stationary phases, and high-organic mo-
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T able 7
Correlations of test-solute measurements of Ref.[17] with values ofH, S, A, C(2.8) andC(7.0); y 5 a 1 bx: see text for details

2Correlation r SE a b

H versus loga 0.77 0.06 0.09 5.34CH2

S versus loga 0.40 0.04 0.04 20.39T / O
cA versus loga 0.03 0.14 20.03 0.07C / P

C(2.8) versus loga at pH 2.7 0.70 0.10 0.48 0.43A / P

C(7.0) versus loga at pH 7.6 0.33 0.29 0.50 0.73A / P

H5a1b loga ; S5a1b loga ; A5a1b loga ; C5a1b loga .CH2 T / O C / P A / P

bile phases (80–100% B); steric selectivity is im- latter column parameters can be determined in a total
portant for less rigid molecules, monomeric phases, time of less than 4 h per column, using only six or
and intermediate mobile phase compositions (e.g., seven appropriate solutes.
50% acetonitrile–buffer). Most RP-LC separations
correspond more closely to the latter conditions; i.e.,
steric selectivity will generally be more significant 5 . Conclusions
than shape selectivity.

The correlation ofA with loga is negligibleC / P An empirical relationship for characterizing col-2(r 50.03), possibly due to the low H-bond basicity umn selectivity has been proposed[1–3]:
of aromatic proton acceptors (such as caffeine) in
RP-LC [3]. That is, despite its pronounced H-bond log (k /k ); logaref

basicity in solution[18], caffeine appears to be a 5h9H1s9S1b9A1a9B1k9C
poor choice of test solute for the measurement of
RP-LC silanol activity as a H-bond donor. The use Here, the experimentally measurable parametersH,
of a different mobile phase (30% methanol–water S, A, B, and C define column selectivity as a
versus 50% acetonitrile–buffer) may also be a factor function, respectively, of column Hydrophobicity,
in the poor correlation ofa with A, but other Steric resistance to penetration of the solute into theC / P

work [2] suggests that values ofH, S, A and B do stationary phase, hydrogen-bond Acidity and Basici-
not vary much with changes in the mobile phase. ty, or Cation-exchange activity. Values ofH, S, etc.,

Values ofC(2.8) correlate moderately with values are useful for choosing columns of either similar or
2of loga at pH 2.7 (r 50.70), but there is a poorer different selectivity; i.e., having either similar orA / P

correlation ofC(7.0) with values of loga at pH different values ofH, S, etc. Similar columns areA / P
27.6 (r 50.32). This may be the result of a partial needed for routine assays, where a backup column

deprotonation of benzylamine at pH 7.6, i.e., the may be required. Different columns are useful in
presence of even a small fraction of non-ionized method development, when a change in column
benzylamine molecules would have a large effect on selectivity is needed, or for the development of
benzylamine retention, unrelated to the ion-exchange ‘‘orthogonal’’ separations.
retention of ionized aniline and values ofC. Differ- A previous application of Eq. (1) to retention data
ences in the retention of benzylamine at pH 7.0 for 10 monomeric, type-B C columns gave agree-18

versus 7.6 may also be a factor. ment with Eq. (1) of61% in a, suggesting that all
If we accept that values ofH, S, etc. (Eq. (1)), significant contributions to column selectivity are

provide an adequate characterization of column recognized by Eq. (1). The present study provides a
selectivity, then the results ofTable 7 suggest that further test of Eq. (1) for 92 type-B columns of
the test solutes of[17] provide at best only crude varying ligand length (C –C ), ligand concentra-3 30

measures of column selectivity. We instead recom- tion, pore diameter, and end-capping, including one
mend the column parameters ofTable 1(H, S, etc.) polymeric packing. A similar agreement with Eq. (1)
for this purpose. Unpublished results suggest that the (61.2% in a, 1 SD) was found for 87 monomeric
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columns, suggesting that Eq. (1) is reliable for most tive importance of these five column parameters in
alkyl-silica columns currently used in RP-LC. That affecting column selectivity and separation increases
is, no new contributions to column selectivity were in the order
found for these columns, so that the column parame-

H (least effective),B, Sters H, S, etc., are believed to completely define
,A<C (most effective).column selectivity. A poorer agreement with Eq. (1)

(64–9% in a, 1 SD) was found for one ‘‘poly-
The effect ofC on column selectivity increases withmeric’’ (as opposed to monomeric) column and four
pH, due to increasing ionization of column silanols.columns from one manufacturer that were intention-

For a number of reasons, a procedure is needed forally ‘‘special’’ in their preparation and properties.
determining whether two RP-LC columns are equiv-Values of the column parametersH, S, etc., were
alent in terms of selectivity. Several different wayscompared with certain column properties: ligand
of characterizing column selectivity have been re-length n and concentrationC , particle pore diam-C L ported [8], including principal component analysis,eter d , and end-capping. The dependence ofHpore test solutes believed to measure different solute–and S on column properties supports our current
column interactions, and the solvation equation.interpretation of the solute–column interactions
None of these past measures of column selectivitywhich are associated with these column parameters.
are able to guarantee that two columns are equivalentValues of B and H vary with column properties in
in terms of selectivity, whereas the present paperopposite fashion, supporting our belief thatB is
suggests that values ofH, S, etc., from Eq. (1) fordetermined largely by water molecules that are
two columnscan be used to determine whether orretained in the stationary phase. Because carboxylic
not the columns are equivalent in terms of selectivityacids can interact with water by two hydrogen bonds,
and separation. Hence, the column selectivity data ofversus only one for phenol solutes, this can explain
Table 1 for 92 type-B columns, together with thethe reduced retention of phenols versus acids as a
column comparison procedure described here (Fsresult of hydrogen bonding to a proton acceptor in
function), now allows users a convenient and reliablethe stationary phase. Values ofA and C decrease
procedure for selecting two or more equivalentsharply with end-capping, in agreement with our
columns without the need for further experiments.belief that these column parameters are the result of

interactions of the solute with column silanols. As
predicted from the work of McCalley[12], larger
values of the column parameterC correlate with 6 . Nomenclature
increased peak tailing for protonated bases.

A convenient means of comparing the selectivity A column hydrogen-bond acidity, related
of any two alkyl-silica columns is presented here, by to number and accessibility of silanol
means of a simple function (F ) of H, S, etc., for the groups in the stationary phases

two columns. Two columns for whichF #3 are B column hydrogen-bond basicitys

expected to provide equivalent separations for most C column cation-exchange activity, re-
samples and conditions. Similarly, when it is desired lated to number and accessibility of
to change to a column of very different selectivity ionized silanols in stationary phase
(for the improvement of separation during method C(2.8) value ofC for pH 2.8
development), the largest possible value ofF is C(6.0) value ofC for pH 6.0s

desirable. For samples which do not contain acids C(7.0) value ofC for pH 7.0
2and/or bases, differences in column selectivity as C ligand concentration (mmoles/m )L

measured by values ofF becomes less pronounced d pore diameter (nm)s pore

(becauseB andC become less important in Eq. (1)). f , f , etc. weighting factors in Eq. (8);f 512.5;ch cs ch

For samples which are free of acids and/or bases, f 5100; f 530; f 5143; f 583cs ca cb cc

the likelihood of finding two columns with equiva- F column selectivity comparison func-s

lent selectivity therefore becomes greater. The rela- tion; a function of differences inH, S,
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A, B andC for two columns (Eq. (8)); penetration into stationary phase (s9 is
assumes a sample that contains acidic larger for more bulky molecules)
and basic solutes

F (–B) column selectivity comparison functions

for sample that does not contain acidic A cknowledgements
compounds (Eq. (9b))

F (–B,C) column selectivity comparison functions The present study (including following paper[1])
for sample that does not contain acids was supported in part by a Small Business Innova-
or bases (Eq. (9c)) tion Research (SBIR) grant from the National Insti-

F (–C) column selectivity comparison functions tutes of Health (US Department of Health and
for sample that does not contain basic Human Services). We are also much indebted for the
compounds (Eq. (9a)) advice, and critical comments of Dr. Peter Carr

H column hydrophobicity (University of Minnesota), Dr. David McCalley
H , H values ofH for columns 1 and 21 2 (University of the West of England), Dr. Uwe Neue
k retention factor, equal to (t 2 t ) /tR 0 0 (Waters Corp.) and Dr. Colin Poole (Wayne State
k value of k for ethylbenzeneref University), as well as the support of the various
n ligand length, measured as the numberC manufacturers who donated the columns ofTable 1.

of –CH – plus –CH units in the chain2 3

S column steric accessibility; asS de-
creases, bulky solute molecules ex-
perience greater difficulty in penetrat- A  ppendix A. Derivation of final values of the
ing the stationary phase and being solute parameters h9, s9, etc.
retained

S , S values ofS for columns 1 and 21 2 Solute parameter values for the compounds of
SD standard deviation Table 2 were reported in[1,3], for a 50% ACN–
t column dead time (min)0 water mobile phase in the case of nonionizable
t retention time (min)R solutes[1–12, and a 50% buffer mobile phase for
a separation factor for two solutes ionizable solutes[13–16. Data reported here for all
a9 solute hydrogen-bond acidity solutes were determined using 50% ACN–buffer, so
a ratio of k values for n-pentyl- versusCH2 it is necessary to correct previous values ofh9, s9,

n-butylbenzene; also, ratio for ethyl- etc., for the presence of buffer in the mobile phase. It
benzene versus toluene was found that the change in logk (dlog k) for

a ratio of k values for triphenylene versusT / O buffered (30 mM phosphate, pH 2.8) versus un-
o-terphenyl buffered mobile phase could be correlated with

a ratio of k values for tetraben-TBN / BaP values of logk for the unbuffered mobile phase:
zonaphthalene versus benzo[a]pyrene

dlog k 5 0.004–0.009 logk (unbuffered)a ratio of k values for caffeine versusC / P

2phenol (r 50.64, SE5 0.004) (A-1)
a ratio of k values for benzylamine ver-A / P

sus phenol Eq. (A-1) allows the estimation of values of logk for
b9 solute hydrogen-bond basicity the various nonionizable solutes and columns of
D contribution of solute–column interac- (1,2) for a buffered mobile phase, in place of values

tions other than hydrophobicity to re- for the original unbuffered mobile phase. Given
tention (Eq. (3)) these new values of logk, it is then possible to

h9 solute hydrophobicity calculate corresponding values of loga. Finally,
k9 relative charge on solute molecule given the original column parameters of Ref.[1],

(positive for cations, negative for an- multiple regression of values of loga versus values
ions) of H, S, etc., in terms of Eq. (1) yields initial solute

s9 steric resistance of solute molecule to parameter values for the compounds ofTable 2.
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T able 8The latter (initial) solute parameter values were
Correlation of peak tailing (‘‘silanol activity’’) with the columnfurther revised by a repetitive application of Eq. (1)
parameterC: see Appendix C for details

(multiple regression) to values of loga for the
aColumns ‘‘Silanol activity’’ [23] C(6.0)columns ofTable 1. In this way, a best fit of both

solute and column parameters were obtained for [29,31,47,50,71,77 ‘‘very low’’ 20.0260.19
[9,12,45,41,46,51,74 ‘‘low’’ 0.0560.12columns[1–82c ofTable 1.Resulting values of the
[2,4,43 ‘‘moderate’’ 0.4660.16solute parameters are summarized inTable 3, and bType-a ‘‘high’’ 1.1560.05

corresponding values of the column parameters are
a Average of values ofC(6.0) obtained by interpolation ofshown inTable 1.

C(2.8) andC(7.0) values.
b Unreported data for Waters Spherisorb ODS-1 and ODS-2.

A ppendix B. Dependence of values of A and C,
etc., on column properties Because values ofC also increase with increasing

silanol ionization, increased tailing of basic solutes
should correlate with values ofC for differentA increases with ligand length, an increase in pore
columns. A grouping of columns according todiameter, or an increase in ligand concentration.
‘‘silanol activity’’ has been reported recently[23].End-capping decreasesA. Recalling that values of
Increased ‘‘silanol activity’’ was measured by theb–d are based on very large (10-fold) changes in
average plate numberN for amitriptyline andeach column property,the effect of end-capping on A
pyridine at pH 6.0; the mobile phase was either 60%is by far most significant. It is likely that a reduction
methanol–buffer (pyridine) or 80% methanol–bufferin C allows a more effective end-capping, with aL
(amitriptyline), and the buffer was 25 mM potassiumnet decrease in silanol concentration; that is, the
phosphate (pH 6.0) (R. Moody (MacMod Analyti-smaller end-capping group (trimethylsilyl) allows a
cal), personal communication). An increase in peakgreater reaction of silanols compared to larger C or8
tailing corresponds to a decrease inN, and fourC groups. The latter observation can explain the18
groups of columns were reported based on averageobservedincrease in A with increase inC . ReasonsL
values ofN or ‘‘silanol activity’’; i.e., ‘‘very low’’for the observed increase inA with ligand length and
silanol activity (larger values of N).‘‘low’’decrease with pore diameter are less obvious.
activity.‘‘moderate’’ activity and ‘‘high’’ silanolThe column parameterC is a measure of the
activity (small values ofN). Each column groupnegative charge on the column, which results from
contained two or more columns from the presentionized silanols. ThusC should increase with in-
study, which allowed the estimation of values ofCcreasing silica acidity and increasing accessibility of
for each of these columns at pH 6.0; i.e., givenionized silanols. The results ofTable 4are in general
values ofC at pH 2.8 and 7.0, a value ofC at pH 6.0agreement with the latter prediction. Thus, end-cap-
can be obtained by interpolation. The results of thisping removes silanols and decreasesC. An increase
comparison of ‘‘silanol activity’’ or peak tailing within C increasesC, apparently for the same reason asL
values ofC at pH 6.0 is summarized inTable 8.for A (see above). More speculatively, an increase in

pore diameter, other considerations equal, appears to
decrease the hydrogen-bonding interaction of adja-

A ppendix D. Allowable differences in H, S, etc.,cent silanols[19,20], leading to an increase in ‘‘free’’
for columns of equivalent selectivitysilanols—which are believed to be more acidic[5].

For a change in column parameters defined asdH,
dS, etc., a change in the separation factora for anyA ppendix C. Increased peak tailing and lower
adjacent band pair (1) and (2) is given by Eq. (1) asvalues of N for columns with higher values of C

9 9 9 9dloga 5 (h 2h ) dH1 (s 2s ) dS12 2 1 2 1Basic compounds often exhibit tailing peaks,
9 9 9 91 (b 2b ) dA1 (a 2a ) dB2 1 2 1which is usually attributed to the interaction of
9 9protonated solutes with ionized silanols[21,22]. 1 (k 2k ) dC (D-1)2 1
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[2] N .S. Wilson, M.D. Nelson, J.W. Dolan, L.R. Snyder, P.W.9 9whereh andh refer to values ofh9 for bands (1)1 2
Carr, J. Chromatogr. A 961 (2002) 195.and (2), respectively, and similarly for the remaining

[3] N .S. Wilson, M.D. Nelson, J.W. Dolan, L.R. Snyder, P.W.
solute parameters of Eq. (2) (a9, b9, a9, k9). If Carr, L.C. Sander, J. Chromatogr. A 961 (2002) 217.
solutes[1–67 of Ref.[1] are arranged in order of [4] L .C. Sander, S.A. Wise, J. Chromatogr. A 656 (1993) 335.
increasing retention for column[3 of (1), Eq. (D-1) [5] L .R. Snyder, J.J. Kirkland, J.L. Glajch, in: Practical HPLC

Method Development, 2nd edition, Wiley-Interscience, Newpermits the calculation ofdlog a for each adjacent12
York, 1997, pp. 178–182.band pair, as a result of some difference in values of

[6] J .A. Lewis, D.C. Lommen, W.D. Raddatz, J.W. Dolan, L.R.
each column parameter. The average absolute change Snyder, I. Molnar, J. Chromatogr. 592 (1992) 183.
in dloga (udlog a u) for each band pair was first [7] L .R. Snyder, J.J. Kirkland, J.L. Glajch, in: Practical HPLC12 12

determined via Eq. (D-1) for a change in each Method Development, 2nd edition, Wiley-Interscience, New
York, 1997, Chapter 6.column parameter of10.01 units;Table 5summa-

[8] H .A. Claessens, Trends Anal. Chem. 20 (2001) 563.rizes the results of this calculation for each of the
[9] R .M. Smith, J.P. Westlake, R. Gill, M.D. Osselton, J.

five column parameters, in terms of SD values of Chromatogr. 592 (1992) 85.
udloga u. If the allowed difference in loga for [10] U .D. Neue, B.A. Alden, T.H. Walter, J. Chromatogr. A 84912 12

two ‘‘equivalent’’ columns were#0.004 (61% in (1999) 101.
[11] D .V. McCalley, J. Chromatogr. A 902 (2000) 311.a ), then the allowed change in each column12
[12] S .M.C. Buckenmaier, D.V. McCalley, M.R. Euerby, Anal.parameter is given in the second row of data inTable

Chem. 74 (2002) 4672.
5. These latter values are determined by the average[13] C .F. Poole, S.K. Poole, J. Chromatogr. A 965 (2002) 263.
difference in the solute parameterh9, s9, etc., for [14] L .A. Lopez, S.C. Rutan, J. Chromatogr. A 965 (2002) 301.
adjacent bands. In the case of values ofH, a rather [15] D . Visky, Y.V. Heyden, T. Ivanyi, P. Baten, J. De Beer, Z.

Kovacs, B. Noszai, E. Roets, D.L. Massart, J. Hoogmartens,large difference is allowable (D50.08), because
J. Chromatogr. A 977 (2002) 39.values ofh9 correlate strongly with solute retention;

[16] E . Cruz, M.R. Euerby, C.M. Johnson, C.A. Hackett, Chro-
9 9i.e., values of (h 2h ) for adjacent bands are2 1 matographia 44 (1997) 151.

9 9generally small, making the term (h 2h ) dH of [17] M .R. Euerby, P. Petterson, LC?GC Europe 13 (2000) 665.2 1

Eq. (D-1) relatively less significant (cf. Fig. 5b,c of [18] M .A. Abraham, J.A. Platts, J. Org. Chem. 66 (2001) 3484.
[19] R .K. Iler, in: The Chemistry of Silica, Wiley-Interscience,Ref. [1]). The results ofTable 5are to some extent

New York, 1979, p. 642.dependent on the sample and are therefore only
[20] L .R. Snyder, J.W. Ward, J. Phys. Chem. 70 (1966) 3941.

approximate when applied to other samples. [21] J . Nawrocki, J. Chromatogr. A 779 (1997) 29.
[22] D .V. McCalley, LC?GC Mag. 17 (1999) 440.
[23] C omparison Guide to C Reversed Phase HPLC Columns;18

Fig. 14 (‘Grouping of C Columns According to SilanolR eferences 18

Activity’); MacMod Analytical, Chadds Ford, PA, 2001.

[1] N .S. Wilson, M.D. Nelson, J.W. Dolan, L.R. Snyder, R.G.
Wolcott, P.W. Carr, J. Chromatogr. A 961 (2002) 171.
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