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Abstract

Amino-, cyano- and diol-bonded silica stationary phases were characterized by estimating their characteristic interaction
constants in reversed-phase liquid chromatography (RPLC) based on linear solvation energy relationships. Five characteristic
interaction constants of the stationary phases, the hydrophobicity (v), polarizability (r), dipolarity (s), hydrogen bond (HB)
acceptor basicity (@) and HB donor acidity strength (b) were determined by multiple regression analyses of logarithmic
retention factors (k) for a set of test solutes measured on them in 10% (v/v) methanol—-water vs. the solute properties
represented by characteristic molecular volume (V,), excess polarization (R,), dipolarity/polarizability (7*), HB donor
acidity («) and HB acceptor basicity (8). Magnitudes of the five constants for the phases in RPLC were compared with
those in normal-phase LC to see the differences in chromatographic selectivity in the two LC modes. [0 2001 Elsevier
Science BV. All rights reserved.
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1. Introduction

Practicing chromatographers have noted the sig-
nificant differences in retention characteristics among
stationary phases having the same bonded function-
aities [1,2]. This variability comes naturaly since
the retention in RPLC is determined by both non-
specific and specific, chemical interactions undergo-
ing between the solute molecule and the interactive
sites of the stationary phase. These involve not only
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nonspecific interactions between solute molecules
and the organic bonded phase but also hydrogen
bonding interactions with unreacted silanol groups
and complexation with trace metals on the silica
surfaces [3,4]. Relative contribution of these two
types of interactions depends on the characteristics of
the stationary phase, which include the nature of
base silica particle such as the specific surface area
and pore size and volume, the nature of bonded
organic ligand, and the bonding process.

The heterogeneous nature of the bonded stationary
phases makes them difficult to study. In addition,
different mobile phases will solvate the stationary
phase to different extents [5-8]. Therefore, the
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characteristics of those solvated surface phases need
to be considered in order to obtain a more complete
understanding of bonded-phase chromatography.
Characterization of solvated stationary phases can be
performed by either chromatographic or by spectro-
scopic measurements. A good summary of chromato-
graphic methods can be found in a recent book by
Unger [9]. Recently, the linear solvation energy
relationship (LSER) [10,11] and Kamlet—Taft sol-
vatochromic parameters have been used to character-
ize the stationary phases used in normal and re-
versed-phase LC. Park and co-workers [12-14]
correlated retention factors of a set of test com-
pounds on a number of stationary phases having
variegated types of bonded moieties vs. solutes
parameters based on LSER. From the coefficients
obtained from multiple linear regression analyses,
they determined the so-called ‘‘characteristic inter-
action constants’ for the stationary phases, which
measure the phases lipophilicity, dipolarity/polar-
izability, hydrogen bond (HB) accepting basicity and
HB donating acidity. Other recent studies on LC
stationary phases’ interaction properties using LSER
approach include works by Abraham and co-workers
[15,16], Oumada et al. [17], Cheong and Choi [18],
Valko et a. [19], Sandi and Szepesy [20,21], Spange
and co-workers [22—24], Reta et a. [25], and Al-Hgj
et a. [26].

Polar bonded phases such as cyano (cyanopropyl),
diol (dihydroxypropyl propyl ether) and amino
(aminopropyl)-bonded silica have been increasingly
used in both NPLC and RPLC [27,28]. The cyano-
and amino-bonded phases are used in both normal
and reversed-phase LC. The diol-bonded phase is
usually used in normal-phase mode but it can be also
used in reversed-phase mode for separation of polar
and ionizable solutes using water-rich organic or
pure water mobile phases. Recently, there has been a
growing interest in using water-rich mobile phases
by using akyl-bonded packings having very low
phase ratio, by using elevated temperature, or by
adding surfactants [28—31].

We thought that it would be useful to compare
interaction properties of these polar bonded station-
ary phases in NP and RPLC modes in understanding
differences in their chromatographic selectivity in the
two LC modes in both qualitative and quantitative
perspectives, even though in a relative sense. In the

present work we used LSER to characterize charac-
teristic interactions constants in RPLC of the three
polar bonded silica stationary phases in a highly
aqueous mobile phase and compared them with those
obtained in NPLC [32].

According to the LSER formalism [10,11], when
applied to the chromatographic retention, logarithmic
capacity factors of solutes are described by the
following equation:

logk=c+V(©62-62)V,+ LR, —R,)R,
+ St — ) wh + Bla, — @) 2 B
+ A(B, ~ B) 2 (1

The subscripts s, m and 2 designate the stationary
phase, mobile phase and the solute, respectively. The
descriptors included are V,, the characteristic molecu-
lar volume [33,34], 6, Hildebrand solubility parame-
ter, R, an excess molar refraction, #*, the solute
dipolarity/polarizability, = a;, the effective hydro-
gen bond donor acidity, and = ,32, the effective HB
acceptor basicity [35]. The coefficientsV, L, S, B, and
A are the fitting parameters. The ¢ term includes the
volume phase ratio and dipolar interactions between
the solute and the chromatographic phases when 7*
is zero. When a system with a fixed pair of mobile
and dtationary phases is considered, Eq. (1) is
reduced to:

logk=c+ov\V, + IR, +s7t +b >, Bh+a, al
(2

The coefficients v, r, s, b, and a are obtained by
multiple linear regression of logk vs. the solute
parameters. The sign and magnitude of the coeffi-
cients measure the direction and relative strength of
different types of solute—stationary (and mobile)
phase interactions affecting retention for a given pair
of mobile—stationary phase condition. When capacity
factors for a set of solutes measured on a number of
different stationary phase columns using the mobile
phase of the same composition are examined, the
mobile phase parametersin Eq. (2) (62, R, 7%, .,
and B,) are fixed. Then any variations in the
coefficients v, r, s, b, and a with different columns
are due only to variations in the properties (62, R.,
7%, a, and B,) of the stationary phases. Modi-
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components varies with the type of bonded func-
tional group on the sorbents in a given maobile phase.
However, when the mobile phase is constant for all
the columns studied what we measure is the actual
bonded phase environment (the bonded phase and
sorbed mobile phase components), which really
controls retention. Different magnitudes of these
coefficients for different columns are indicative of
the differences in the extent of contributions to
retention from various types of interactions of the
stationary phase with the solute. The values of the
coefficients v, r, s, b, and a thus, can be regarded as
measures of relative strength of corresponding inter-
action properties of the column. The a and b
coefficients, being complementary to the solute
hydrogen bond acidity and basicity, represents the
stationary phase hydrogen bond basicity and acidity,
respectively. The s coefficient is related to the
stationary phase dipolarity/polarizability. The v co-
efficient is related to a combination of dispersive
interactions and the cavity effect and essentialy
measures the phase lipophilicity [35]. The r coeffi-
cient refers to the ability of the phase to interact with
the solute 7r- and n-electrons.

2. Experimental

Retention measurements were obtained with a
Tosoh HPLC system composed of a CCPD dua
pump, CO 8010 column oven, a Rheodyne injector
equipped with a 10-pl sample loop, SD 8013 de-
gasser, and a UV 8010 detector set to a wavelength
of 254 nm and a RI 8010 detector connected in
series. A Hewlett-Packard 3396 Series Il integrator
was used to record chromatograms. Columns investi-
gated are a Lichrospher 100 Diol (150X 4.6 mm |.D.,
5 wm, Alltech Associates, Inc., Deerfield, IL, USA),
a Hypersil CN (150%X4.6 mm [.D., 5 pum, Alltech
Associates, Inc., Deerfield, IL, USA) and a Supel-
cosil LC-NH,, (250x4.6 mm I.D., 5 pm, Supelco,
Inc., Bellefonte, PA, USA). These are the same
columns as used in our previous study in NPLC [32].

The column was maintained at 30+0.1°C. The
eluent used was 10% v/v methanol—water at flow-
rate of 1-2 ml min~*. An aiquot of deuterium oxide
was injected to determine the column void volume
by noting the baseline disturbance due to the refrac-

tive index difference. The retention factors were
calculated from the mean retention times of triplicate
injections. Relative standard deviation in three repli-
cate retention time measurements was usually about
better than 1.5% for all solutes. In order to check the
stability of the column we injected toluene before
and after the day’s measurement and found the
retention times of toluene were reproducible within
1% for a day. This check was done everyday and we
observed that retention times of toluene agreed
within 2% before and after the whole series of
experiment. All the solutes were reagent grade from
Aldrich (Milwaukee, WI, USA) and used without
further purification. Methanol was HPLC grade and
from JT. Baker (Phillipsburg, NJ, USA). HPLC
grade water was obtained using an Elgastat UHQ 11
water purification system (Bucks, UK).

We have been careful to choose compounds of
widely varying physicochemical properties. Values of
the solute parameters [35] are given in Table 1.

3. Results and discussion

3.1. The RPLC LSER cosfficients in 10% v/v
methanol —water

Results of regressions of log k on the three sorbent
columns in 10% v/v methanol—-water vs. the solute
properties are listed Table 2, where the coefficients
in Eqg. (2) are given together with n the number of
solutes used, p the correlation coefficient, SD the
overall standard deviation, F the Fisher F-statistic
and the range of k values used. The data for aniline,
1-naphthol, pyridine and p-toluidine on diol column,
benzene, benzylamine, 4-bromoaniline, p-toluidine,
benzaldehyde, pyridine and n-butylbenzene on
amino column, and aniline, 1-naphthol, pyridine and
anthracene on cyano column are obvious outliers,
based on Student’s t-test and Cook’s distance [36],
and thus were not used in the regressions. Retention
times of most of aliphatic solutes are very short and
close to that of dead time maker and the retention
factors for these solutes may be subject to some
uncertainty. Nevertheless, correlation coefficients are
mostly close to unity, indicating that retention be-
havior of the solutes on the columns is well repre-
sented by the LSER model.
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Table 1 In order to gain understanding of factors rendering
The solute parameters the differences in retention properties of the three
No. Solute R, 75 Say 2BV, stationary phases let us examine the signs and
1  Diethyl ether 0041 025 000 045 0.731 magnitudes of the coefficients listed in Table 2. A
2 Dibutyl ether 0000 025 000 045 1294 bar graph for these coefficients is shown in Fig. 1.
3 Nitromethane 0313 095 006 031 0424 The magnitudes of the coefficients v and r are in
4 Acetone 0179 070 0.04 049 0547 general greater than those for s, a and b for all
5  2-Bethnone 0166 070 000 051 0.688 : .
6 Mehyl acctate 0142 064 000 045 0606 phases In all the regressions We_checked for poss_ble
7  Ethyl acetate 0106 062 000 045 0.747 interrelations between the descriptors by computing
8  Acetophenone 0818 101 000 048 1014 the cross-correlation coefficients. The highest corre-
9  Propiophenone 0804 095 000 051 1155 lation coefficient is that between 7% and = a)
10 Butyrophenone ~ 0792 095 000 051 129 (0.393) with p®=0.154. This indicates that the solute
11 2-Phenyl ethanol 0811 091 030 064 1057 set chosen for this work does not involve strong
12 Benzyl dcohol 0803 087 033 056 0916 - )
13 Phenol 0805 089 060 030 0775 cross correlations of descriptors.
14  p-Cresol 0820 087 057 031 0916 The positive signs of the v and r coefficients
15 Chlorobenzene 0.718 065 0.00 007 0.839 indicate that increasi ng solute size (Vx) and p0|ar-
16 Bromobenzene 0882 073 000 009 0891 izability (R) cause an increase in retention. Even
17 Nitrobenzene 0871 111 000 028 0.891 : .
18 Benzene 0610 052 000 014 0716 though the _funct|_onal groups o_f _the I_| gates are polar
19 Toluene 0601 052 000 014 0857 nonpolar dispersive and polarizing interactions be-
20  Ethyl benzene 0613 051 000 015 0998 tween the solute and stationary phase are predomi-
21 Ethyl benzoste ~ 0689 085 000 046 1219 nant over polar interactions between them. The
22 Fyridine 0631 084 000 052 0675 magnitude of the v coefficients is the greatest for
23 Aniline 0955 096 026 041 0816 : ;
24 Benzylamine 0829 088 010 072 0957 cyano _column followed by diol a_nd amino column
25  4-Bromoaniline 1190 119 031 035 0991 indicating that the cyano phase is the least polar
26 1-Naphthol 1520 105 061 037 1144 among the three and the best in discriminating solute
27 p-Chlorophenol 0915 108 067 020 0.89% size when al other solute properties are to be the
28 p-Toluidine 0923 09 023 045 0.957 same. The v coefficients for nonpolar oDS phases
29 Phenetole 0.681 070 000 032 1.057 L -
30  Benzaldehyde 0820 100 000 039 0873 are very large. This similarity in the v coeff|C|_ent
31 Propylbenzene 0599 050 000 015 1139 between cyano and nonpolar ODS phase explains
32 n-Butylbezene 0595 051 000 015 1.280 why the cyano phase can be used routinely in both
33 Mesitylene 0.649 052 000 020 1139 the NPLC and RPLC mode with eluents of higher
34 Bezonitiile 0742 111 000 033 0871 organic compositions than that used in this study.
% Anisole 0.708 075 000 029 0916 The r coefficient is much greater for the diol phase
36  p-Xylene 0613 052 000 017 0.998 ) T
37 Anthracene 2290 134 000 026 1454 than those for the cyano and amino phase. This is
expected since the diol phase possesses two pairs of
Table 2
LSER coefficients for the stationary phases in 10% v/v methanol —water
Stationary phase ¢ S a v p SD n F k range
Amino —-1.93 067 NS —0.56 046 09 012 30 99.20  0.02-1.90
(0.11)  (0.08) (0.15) (0.12)
Diol -1.18 212 -117  -060  —0.23 134 09 014 33 12406 003-7.95
(0.18)  (0.19) (0.21) (0.20) (0.15)  (0.17)
Cyano -121 106 -033 -08  -014 159 099 009 33 24232 0.13-1951
(0.10)  (0.11) (0.12) (0.12) (0.09)  (0.10)

NS, not significant. Numbers in parentheses are standard deviations associated with the coefficient estimates.
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Fig. 1. LSER coefficients for amino-, cyano- and diol-bonded phase.

n-electrons while the other two phases have one pair,
thus the former undergoes greater interactions with
the solute n- or m-electron pairs. This indicates that
the diol phase is best in differentiating the solutes
that have different polarizabilities and/or different
numbers of n-electron pairs if all the other properties
are smilar.

The magnitude of the a coefficients for the three
phases are quite similar, with that for the cyano
phase being somewhat greater than those for the
other two phases. The a coefficient is determined by
the difference in the HB basicity between the
stationary and mobile phase, (8,— B,). The B
values for propylamine (0.72) and ethylene glycol
(0.52), the free-form analogues for the amino and
diol phases, are greater than that for butyronitrile
(0.40), the free-form analog of the cyano group [37].
A greater 3, value will yield a smaller absolute value
for the coefficient a. This suggests that cyano phase
will be the better discriminator against the solutes

HB donor acidity with all the other solute properties
being similar.

The magnitude of the s coefficient is the biggest
for the diol phase, followed by the cyano phase. The
amino phase shows a datistically insignificant s
value. The s values for the phases decrease in the
same order as the #* vaues for the free-form
analogs for diol, cyano and amino phases, which are
0.92, 0.71 and 0.31, respectively [37]. This infers
that the diol phase will be the better discriminator
against the solutes polarity with al the other
properties being similar. The b coefficients for all
three phases are very small or negligible, indicating
that the solutes HB basicities are not be well
differentiated on these columns.

3.2, Comparison of the LSER coefficients in RP
and NPLC

It may be interesting to compare the five co-
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Table 3

Comparison of the LSER coefficients in NPLC and RPLC

Stationary phase 'y s Sy Sk ay, ag by b, Uy Vg

Amino NS 0.67 0.94 NS 2.94 —0.56 1.20 NS -0.72 0.46
(0.06) (0.08) (0.09) (0.15) (0.12) (0.08) (0.12)

Diol NS 212 1.07 —-1.17 2.37 —0.60 1.47 -0.23 —0.85 134
(0.19) (0.07) (0.21) (0.09) (0.20) (0.11) (0.15) (0.07) (0.17)

Cyano -0.17 1.06 114 -0.33 1.86 -0.82 1.00 -0.14 —0.48 159

(007)  (011)  (0.10) (0.12)

(0.07) (012)  (0.12) (0.09) (0.08)  (0.10)

Subscript N, NPLC; data from Ref. [32]. Subscript R, RPLC. NS, not significant. Numbers in parentheses are standard deviations

associated with the coefficient estimates.

efficients for the three columns obtained in NPLC
with those obtained in RPLC (Table 3). The same
columns were investigated in both RPLC and NPLC
study. Bar graphs for comparison of these coeffi-
cients in the two modes of LC are shown in Fig. 2.
In RPLC [15,16,38—41], the v and r coefficients are
always positive in sign and large, indicating that as
the solute size increases retention increases while in
NPLC the v coefficients are negative in sign and
comparable in size to those in RPLC, and the r
coefficients are very small or negligible. This is
related to the relative polarities of the mobile and

stationary phases used in the two modes of LC. The
larger the solute is, the greater is its lipophilicity.
This should favor partition of solute into the less
polar phase, that is, the stationary phase in RPLC
and mobile phase in NPLC. In RPLC, retention is
mainly driven by nonpolar dispersive interactions of
the solute with the nonpolar akyl bonded phase
[42—-44] while in NPLC retention is mainly driven by
competitive, polar and hydrogen bonding interactions
between the solute and mobile phase molecules
towards polar adsorption sites and nonpolar disper-
sive interactions are much less important. It follows

NH, Diol CN NH,

NH2 Diol cN NH2

Diol CN

Fig. 2. Comparison of the LSER coefficients in NPLC and RPLC.
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that the magnitudes of the v coefficients are greater
in RPLC than in NPLC.

The sign of the coefficients relevant to polar
interaction strengths (s, b and a) are all positive in
NPLC but al negative in RPLC. Thisis aso related
to the relative polarities of the mobile phase and
stationary phases in the two LC modes. As the
dipolarity, HB acidity and HB basicity of the solute
increase the solute favors partition into the more
polar and hydrogen bonding aqueous—organic mobile
phase in RPLC while it will be more strongly
attracted onto the stationary phase due to its in-
creased interactions with the more polar and hydro-
gen-bonding functional groups on the surface in
NPLC. The magnitude of the s coefficients in RPLC
is thus, in general, smaller than that in NPLC. As
shown in Eq. (1), the s coefficient is related to the
difference in the dipolarity between the stationary
and mobile phase, (7% — #r};). In RPLC, this differ-
ence is usually small. Dipolarities of aqueous organic
phases over the composition range are only sightly
greater in magnitude than those for stationary phases,
which possess polar functional groups, absorbed
water and organic solvent molecules and residual
surface silanol groups [45—47]. The relative mag-
nitudes of the a and b coefficients in the two LC
modes can be rationalized in a similar manner to the
case of the s coefficient. In NPLC, dipolarity of the
stationary phase is usually much greater, no matter
which is a solid adsorbent or polar bonded phase,
than the mobile phase of a nonpolar organic solvent
modified with another polar organic solvent. The HB
acidity and basicity of aqueous organic mobile
phases used in RPLC are much greater than those of
the solvated alkyl-bonded phases while the stationary
phases used in NPLC are much stronger HB bases
and acids than the organic mobile phases in NPLC.

Comparison of relative sizes of the LSER co-
efficients in two modes of LC provides information
for differences in chromatographic selectivity. The
magnitudes of the a coefficients in NPLC are much
greater than those in RPLC, indicating that these
polar bonded phases better differentiate solutes hav-
ing different HB acidities in NPLC than in RPLC.
The b coefficients are also greater in NPLC than in
RPLC, suggesting that solutes having different HB
basicities are better resolved when these polar
bonded phases are employed in NPLC than in RPLC.

The magnitudes of the s coefficients in NPLC are
also, in general, greater than those in RPLC, indicat-
ing that these polar bonded phases better differentiate
solutes having different dipolarities in NPLC than in
RPLC. The magnitudes of the v and r coefficients
are in general greater in RPLC than in NPLC,
indicating that solutes having different sizes and
polarizabilities are better separated in RPLC than in
NPLC.

Recently Oumada et al. [17] compared interaction
properties of a number of polar bonded phases in
NPLC including amino, cyano and diol phases using
their own and literature k data based on the LSER
methodology. The k values used were measured in
mobile phases of different composition than those
used in our work [32]. Although the values of the
coefficients obtained in their work are somewhat
different from those obtained in our work the trend
in variation of the coefficients with bonded function-
alities are similar. It must be, however, pointed out
that a meaningful comparison can only be made for
specific stationary—mobile phase combinations. Even
stationary phases possessing the same bonded lig-
ands show widely different retention properties due
to variations in the nature of the base silica particles
and the bonding process [1,2]. The extents of
solvation by the mobile phase components of the
stationary phase, which affect the properties of the
stationary phase, also vary widely with the com-
position of the mobile phase [5-8].

4. Conclusions

Reversed-phase liquid chromatographic selec-
tivities for amino-, cyano- and diol-bonded silica
stationary phases in a highly agueous eluent were
characterized by estimating five characteristic inter-
action constants based on linear solvation energy
relationships. Magnitudes of the constants for the
phases in RPLC were compared with those in NPLC
to see the differences in chromatographic selectivity
in the two LC modes. The comparison indicated the
following differences in chromatographic selec-
tivities: For solutes having different HB acidities
with the other interaction properties being similar
separation on these polar phases in NPLC may
provide better resolution than in RPLC. Solutes
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having different HB basicities are also better re-
solved in NPLC than in RPLC. These polar bonded
phases better differentiate solutes having different
dipolaritiesin NPLC than in RPLC. Solutes' size and
polarizability are however better discriminated in
RPLC than in NPLC. It is hoped that these phase
interaction constants provide an understanding of
differences in the selectivity for the three stationary
phases and may provide some useful information for
choosing a selective phase and mode of LC for a
given sample type.
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