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Abstract
The Abraham linear free energy relationship model has been used to characterize a hydro-
philic interaction liquid chromatography (HILIC) silica column with acetonitrile/water and 
methanol/water mobile phases. Analysis by the model for acetonitrile/water mobile phases 
points to solute volume and hydrogen bond basicity as the main properties affecting reten-
tion, whereas solute hydrogen bond acidity, dipolarity and polarizability practically do not 
affect it. Formation of a cavity is easier in acetonitrile-rich mobile phases than in the aque-
ous stationary phase, and hence increase of solute volume decreases retention. Conversely, 
hydrogen bond acidity is stronger in the aqueous stationary phase than in the acetonitrile-
rich mobile phase and thus an increase of solute hydrogen bond basicity increases reten-
tion. Results are similar for methanol/water mobile phases with the difference that solute 
hydrogen bond acidity is significant too. Increase in hydrogen bond acidity of the solute 
decreases retention showing that methanol mobile phases must be better hydrogen bond 
acceptors than acetonitrile ones, and even than water-rich stationary phases. The results are 
like the ones obtained in zwitterionic HILIC columns bonded to silica or polymer supports 
for acetonitrile/water mobile phases, but different for solute hydrogen bond acidity for a 
polymer bonded zwitterionic column with methanol/water mobile phases, indicating that 
bonding support plays an important role in HILIC retention. Comparison to RPLC char-
acterized systems confirms the complementarity of HILIC systems to RPLC ones because 
the main properties affecting retention are the same but with reversed coefficients. The 
least retained solutes in RPLC are the most retained in HILIC.
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1 Introduction

Hydrophilic interaction liquid chromatography (HILIC) is a modern mode of liquid chro-
matography complementary to reversed-phase liquid chromatography (RPLC). Despite that 
the retention time is very short, HILIC is able to separate polar compounds, that cannot be 
separated by RPLC. In contrast to RPLC, HILIC uses a polar stationary phase with a much 
less polar mobile phase. The difference to normal-phase liquid chromatography (NPLC), 
which uses pure or mixed non-aqueous solvents as mobile phases, is that HILIC mobile 
phases are similar to the RPLC ones (i.e., they are aqueous organic solvent mixtures, such 
as acetonitrile–water or methanol–water), with the difference that water contents are low 
enough (5–40%) to keep a polarity much lower than that of the stationary phase. Presence 
of water in the mobile phase facilitates the solubility of very polar and ionic solutes which 
would not be solubilized in NPLC and that would be almost not retained in RPLC [1–5].

The retention mechanism in HILIC is more complex than in RPLC or NPLC. The polar 
stationary phase adsorbs water from the mobile phase and several water-rich layers of grad-
uated variable composition and mobility are formed between the column stationary phase 
surface and the bulk mobile phase [2–17]. Polar solutes partition between the mobile phase 
and these adsorbed or semi-adsorbed layers and, since the transitional mobility of these 
layers are reduced in reference to the mobile phase, the solutes are delayed and eluted later, 
i.e., they are retained. In fact, the different solute–solvent interactions that contribute to sol-
ute partitioning between the bulk hydroorganic mobile phase and the water-rich layers par-
tially immobilized on the stationary phase are considered to be the main retention mecha-
nism in HILIC [1]. However, other interactions with the column components can also be 
involved in the retention depending on the solute characteristics, the functional groups of 
the bonded phase and support, and the solvent composition of the mobile phase [2–6, 8, 11, 
13, 14].

The stationary phase in HILIC must be polar enough to interact with the water con-
tained in the mobile phase and adsorb part of it. Bare silica, the classical stationary phase 
for NPLC, was one of the first supports used in HILIC, but many other polar phases, such 
as amino, amide, diol, cyano and especially zwitterionic phases, bonded to different sup-
ports have been developed [2, 4–6, 8]. Although all these phases may appear to be very 
different, they have in common that they are the support for the adsorbed water-rich layers 
acting as main stationary phase, and thus analytes are expected to have similar partition 
properties in them. However, some differences may be also expected because water adsorp-
tion is different depending on the column functionalization [16, 17] and distinct additional 
interactions between the solute and the different bonded phases and supports are expected 
too.

Regarding mobile phases, acetonitrile–water mixtures are by far the most used HILIC 
eluents, as in RPLC but with a much lower proportion of water (3–40%) to keep a low 
polarity. Other organic modifiers of different eluotropic strength commonly used in RPLC, 
such as methanol, isopropanol or tetrahydrofuran, have also been investigated as HILIC 
mobile phases [4]. Variation of the nature (organic solvent) and composition (%) of the 
mobile phase produces changes in the amount of adsorbed water [16, 17] and of course 
variation of the additional interactions with the bonded phase and support.

The main purpose of this paper is the characterization of the different solute–solvent 
interactions that led to HILIC retention in a silica column with acetonitrile/water and meth-
anol/water mobile phases by means of the general linear free energy relationship (LFER) 
developed by Abraham [18]. The Abraham model has been applied to characterize many 
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RPLC systems [19–62] and some NPLC ones [63–68], but as far as we know only three 
HILIC columns, all them with a sulfobetaine phase bonded to a silica [69] or a polymeric 
[70] support, have previously been characterized for neutral solutes retention, although 
some modifications of the LFER approach have been proposed for the retention of ionic or 
partially ionized solutes in HILIC columns [69, 71, 72].

Characterization of a pure silica column (with no bonded phase) will provide informa-
tion on the different types of solute–solvent interactions (dipolarity, polarizability, hydro-
gen bonding, creation of cavities in the solvents) that contribute to HILIC partition and 
retention, interactions that are commonly described by the unspecific term of “polarity”. 
The provided information can be contrasted with the one already known for RPLC and 
NPLC, and since some functionalized HILIC columns have been already characterized, an 
additional goal will be comparison of the effect of the sulfobetaine bonded phase and sup-
port on the characterized solute–solvent interactions.

2  Theory

2.1  Abraham LFER Model

Abraham developed several models based in linear free energy relationships to relate many 
physicochemical and biological properties to solute–solvent interactions [18]. In these 
models a free energy related parameter (such as the logarithm of an equilibrium constant) 
is linearly related to the combination of solute and solvent descriptors, describing each 
descriptor a particular type of interaction. The model for the partition between two con-
densed phases applied to liquid chromatography (also named solvation parameter model) 
usually takes the form of Eq. 1.

Since the equilibrium constant for the partition between stationary and mobile phases 
is difficult to measure in liquid chromatography, the retention factor (k), which is directly 
related to the partition constant by the phase ratio (ratio between the volumes of stationary 
and mobile phases) is used instead of the constant.

In the Abraham model of Eq. 1, the v·V term accounts for the difference in free energy 
for cavity formation in the two solvents (stationary and mobile phases) together with resid-
ual solute–solvent dispersion interactions. The e·E term models the difference in polariz-
ability contributions from n- and π-electron pairs, s·S the dipole-type interactions (orienta-
tion and induction) differences, a·A the hydrogen bond donation from the solute to solvent 
phases, and b·B the hydrogen bond donation from solvents to solute. c is the system con-
stant, which includes the phase ratio, normalization of descriptors and other factors inde-
pendent of the probe solutes terms.

E, S, A, B, and V are solute descriptors, either experimentally determined or calculated. 
V is the McGowan molar volume. E is the solute excess molar refractivity. S is the sol-
ute dipolarity/polarizability, A and B are the overall hydrogen bond acidity and basicity, 
respectively [18]. The descriptors are known for about 9000 compounds [73, 74], and 
free [73] and commercial [74] software is available for the calculation, if necessary. More 
recently, Poole has developed an alternative database of descriptors from chromatographic 
data [75].

(1)log10 k = c + e ⋅ E + s ⋅ S + a ⋅ A + b ⋅ B + v ⋅ V
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e, s, a, b, and v are the system coefficients obtained by multilinear regression of the free 
energy related property  (log10 k in this case) against the solute descriptors. They reflect the 
difference in solute interaction between the stationary and mobile phases. The sign (posi-
tive or negative) and magnitude of these coefficients lead to the characterization of chroma-
tographic systems, finding the key features responsible for retention and allowing the com-
parison between different retention modes, columns, and mobile phases. This information 
can be easily obtained by measuring the chromatographic retention of an adequate series 
of solutes with well-known descriptors and regressing its retention  (log10 k) against their 
descriptors. A tutorial for the practical application of the method to partition processes, and 
in particular to liquid chromatography, has recently been presented by Poole [76].

The Abraham LFER model has been successfully applied to a large number of physico-
chemical and biological processes [18], and in particular many liquid chromatography ones 
[19–68], to obtain chemical and biological information about the intermolecular interac-
tions governing the processes being studied [39].

Application of the model to liquid chromatography requires the accurate determination 
of the retention factor (k). k is calculated from the measured retention volume (VR) or time 
(tR) of the solute and the hold-up volume (VM) or time (tM) according to Eq. 2.

Please notice that extracolumn volumes (or times) were subtracted from gross retention 
values obtained from chromatographic peaks, in order to refer retention only to the column 
and thus be independent of the particular instrument used.

2.2  Determination of the Hold‑Up Volume by the Abraham LFER Approach

Determination of the chromatographic hold-up volume (a measure of the volume of the 
effective mobile phase) is not an easy task, especially in HILIC where a significant part 
of the mobile phase is adsorbed and acts as stationary phase. The Abraham LFER model 
offers a simple way to determine the hold-up volume by measuring the retention of differ-
ent members of a homologous series [12].

As Table 1 shows, solute members of a particular homologous series have almost identi-
cal Abraham descriptors except for their McGowan’s volume (V). Therefore, all terms of 
Eq. 1, with the exception of the volume, can be considered constant, and combination of 
Eqs. 1 and 2 leads to Eq. 3.

being r0 a constant defined in Eq. 4:

The hold-up volume can easily be obtained, together with r0, by non-linear regression 
of the retention volumes of the homologous series members against their LFER descriptor 
volumes (V).

Different homologous series may be used for the extrapolation of VM which may led 
to slightly different hold-up volumes. The different series can be combined in a unique 
equation to obtaining an unique VM value, as well as an unique v parameter, by using flag 
descriptors as described by Eq. 5 [16, 17]:

(2)k =
VR − VM

VM

=
tR − tM

tM

(3)VR = VM ( 1 + r0 ⋅ 10 v ⋅V )

(4)r0 = 10c+e ⋅E+s ⋅S+a ⋅A+b ⋅B
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where n is the number of homologous series included in the model, and fi are binary flag 
descriptors (1 or 0) used as independent variables in the fitting (i.e., for homologues of 
i-th series, fi = 1 and fj  ≠  i = 0). Hold-up volume (VM) and v are the same for each and 
every considered homologous series, and their values are fitted together from all retention 
data. On the contrary, the r0 value is series dependent, and it is calculated only from the 
retention data of the corresponding series setting f = 1 for this series and f = 0 for the other 
series, avoiding in this way the influence of the data from other series to each particular 
series r0 calculation.

3  Experimental

3.1  Chemicals and Solvents

Injected analytes were from Acros Organics, Alfa Aesar, Baker, Fluka, J.T. Baker, Merck, and 
Sigma-Aldrich; all of high purity grade (≥ 99%). Water was obtained from a Milli-Q plus sys-
tem (Millipore, Billerica, USA) with a resistivity of 18.2 MΩ cm. Acetonitrile and methanol 
were HPLC gradient grade and purchased from Fisher (Loughborough, UK).

3.2  Instrumentation and Chromatographic Conditions

HPLC measurements were performed on a Shimadzu (Kyoto, Japan) HPLC system consist-
ing of two LC-10ADvp pumps, a SIL-10ADvp auto-injector, an SPD-M10AVvp diode array 
detector and a CTO-10ASvp oven at 25  °C and a SCL-10Avp controller. A 150 × 4.6 mm 
Kinetex 5 μm HILIC 100 Å (unbonded silica) column (Phenomenex, Torrance, CA, USA) 
was employed. Injection volume and flow rate were 1 μL and 1 mL⋅min−1, respectively.

3.3  Procedure

Extracolumn volume was determined injecting 1 μL of 0.5  mg⋅mL−1 aqueous solution of 
potassium bromide (Merck, > 99%) in absence of column and using water as eluent at the flow 
rate of 0.50 mL⋅min−1, in triplicate. The overall extracolumn volume in the particular chro-
matograph employed was 0.12 mL. This volume was subtracted from gross retention volumes 
obtained from all chromatograms.

Stock solutions of injected analytes were prepared in methanol at concentrations of 
5–10 mg⋅mL−1, and diluted to 0.5–1 mg⋅mL−1 before injection. The column was equilibrated 
with the new eluent for at least 20 min when changing the mobile phase.

(5)VR = VM

(

1 +

n
∑

i=1

(

r0
i
⋅ fi

)

⋅ 10v⋅V

)
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4  Results and Discussion

4.1  Hold‑Up Volume Determination by the LFER Method

The measurement of the retention factors (k) of the considered solutes (Eq. 2) requires a 
previous determination of the hold-up volume (VM) of the studied HILIC systems. This 
determination has been done by the Abraham LFER approach described in Sect. 2.2.

Three homologous series were selected: n-alkyl benzenes, n-alkyl phenones, and n-alkyl 
ketones. The Abraham descriptors of the homologues are presented in Table  1 together 
with the descriptors of the rest of solutes studied in the characterization.

Conjoint hold-up volumes were determined from the results of the three series simul-
taneously analyzed by Eq. 5. The obtained results for the studied systems are presented in 
Table 2 together with the statistics of the fitting. Figure 1 presents the plots obtained for 
all studied series and mobile phase compositions. The fitted VM value in Eq. 5 represents 
a non-linear extrapolation of the molecular volume of the homologues to infinite, and this 
might involve a significant degree of uncertainty. However, differences between the fitted 
VM and the VR of the closest homologue (dodecylbenzene) is, in most of the chromato-
graphic systems studied in this work, less than 1%, never higher than 3%, and thus extrapo-
lations were performed from a relative short distance in retention. The good precision of 
the extrapolation is reflected in the small standard deviations of the extrapolated VM values 
presented in Table 2 (about 0.01 mL).

Acetonitrile/water and methanol/water mobile phases representative of HILIC retention 
were selected for the study. HILIC mobile phases must contain some water to be adsorbed 
as stationary phase, but not so much for the polarity of the mobile phase to be higher than 
or even like that of the stationary phase. For the studied silica column and mobile phases 
this range becomes approximately 50–90% of acetonitrile or 70–90% of methanol. In these 
composition ranges the retention vs. solute volume plots for homologous series show a 
clear HILIC behavior (see the downwards plots in Fig. 1), being for a particular series the 
largest solutes less retained than the smallest ones [12, 16, 17]. When the water contents 

Table 2  Fitted VM, ri, and v parameters (± standard deviation) to Eq. 5 from the retention volumes of the 
homologous series (n-alkyl benzenes, n-alkyl phenones, and n-alkyl ketones) in acetonitrile/water and 
methanol/water mobile phases showing HILIC behavior

The number of homologues (N) used in the fittings, the adjusted determination coefficients (R2
adj), and the 

root-mean-square error (RMSE) are also provided

VM (mL) r0
benzenes r0

phenones r0
ketones v N R2

adj RMSE

Acetonitrile
90% 1.461 ± 0.011 0.109 ± 0.013 0.178 ± 0.013 0.274 ± 0.011  − 0.358 ± 0.039 31 0.976 0.009
80% 1.434 ± 0.010 0.139 ± 0.015 0.249 ± 0.022 0.370 ± 0.021  − 0.486 ± 0.048 31 0.972 0.011
70% 1.401 ± 0.008 0.171 ± 0.010 0.284 ± 0.014 0.391 ± 0.012  − 0.437 ± 0.030 31 0.989 0.008
60% 1.411 ± 0.010 0.178 ± 0.010 0.267 ± 0.010 0.355 ± 0.008  − 0.359 ± 0.026 31 0.990 0.007
50% 1.468 ± 0.007 0.154 ± 0.007 0.227 ± 0.006 0.305 ± 0.005  − 0.323 ± 0.016 30 0.996 0.004
Methanol
90% 1.592 ± 0.004 0.106 ± 0.005 0.196 ± 0.011 0.183 ± 0.007  − 0.490 ± 0.035 31 0.987 0.004
80% 1.605 ± 0.003 0.112 ± 0.003 0.202 ± 0.007 0.195 ± 0.004  − 0.467 ± 0.022 31 0.995 0.003
70% 1.624 ± 0.003 0.107 ± 0.002 0.204 ± 0.004 0.214 ± 0.003  − 0.480 ± 0.017 29 0.998 0.002



1089Journal of Solution Chemistry (2022) 51:1081–1100 

1 3

Fig. 1  Hold-up volume fittings (Eq. 5) from retention data of homologous series showing a typical HILIC 
behavior
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of the mobile phase increase, the largest solutes of the series become more retained than 
expected (in relation to the expected trend from smaller series members) because of partial 
RPLC retention, giving rise to a dual HILIC-RPLC retention mechanism also observed in 
other columns [13, 15–17]. For mobile phases very rich in water only the RPLC retention 
mechanism is observed in HILIC columns, obtaining typical retention vs. volume upwards 
plots [16, 17].

Table  2 shows that the hold-up volumes for acetonitrile/water mobile phases slightly 
decrease in the range 90–70% acetonitrile, i.e., the volume of mobile phase decreases when 
its water content increases because more water is adsorbed as stationary phase. However, a 
further increase of water content in the mobile phase (range 70–50% acetonitrile) produces 
a slight increase of VM (i.e., less adsorption of water) probably because of the increase of 
mobile phase polarity.

For methanol/water mobile phases VM values are similar for all compositions and larger 
than for acetonitrile/water, which implies a smaller and more constant water adsorption. 
This behavior has been observed in other columns too [17].

4.2  LFER Characterization of the HILIC Silica Column

A set of 75 solutes was selected for the column characterization. The selected set was sim-
ilar to those used previously [70], complemented with the members of the homologous 
series used for VM determination.

Retention data was measured for the whole set of solutes in the eight HILIC mobile 
phases studied, and the k value of each compound was calculated from the solute reten-
tion volume and the hold-up volume at the particular mobile phase composition (Table 2). 
Later, retention factors for each mobile phase were correlated against the solute descriptors 
according to Eq. 1. The solutes with residuals higher than 2.5 times the standard deviation 
of the linear regression in any of the studied chromatographic systems were marked as 
outliers. The number of outliers was low, 2–6 for acetonitrile/water mobile phases and 8–9 
for methanol/water ones, depending on the mobile phase composition. The results obtained 
in the correlations are presented in Table 3 with the statistics of the fits. The variation of 
coefficients obtained in the fits with the mobile phase composition are presented in Fig. 2.

The main solute properties affecting the retention in mobile phases containing acetoni-
trile are the molecular volume (V) and the hydrogen bond acceptor capability (B). Since 
intermolecular interactions in acetonitrile-rich mobile phases are weaker than in the water-
rich adsorbed stationary phase, the formation of a cavity in the mobile phase requires a 
lower amount of energy and therefore the higher the molecular volume, the lower the reten-
tion (v < 0). Regarding hydrogen bonding, the b coefficient is positive and large showing 
that the water-rich stationary phase can interact stronger by hydrogen bond donation to 
the hydrogen bond acceptor solute than the acetonitrile-rich mobile phase. In contrast, the 
a coefficient is negative, but not significant (by Student’s t-test at 95% confidence level) 
demonstrating that the mobile and stationary phases must be similar in terms of hydrogen 
bond acceptor abilities. We think that these results are reasonable, because water (mostly 
in the stationary phase) is a good donor and acceptor of hydrogen bonds, whereas acetoni-
trile (mostly in the mobile phase) is also a good acceptor (although a bad donor). Solvent 
hydrogen bond basicity must be similar in both phases and thus hydrogen bond donation 
from solute to the solvent cancels out retention effects (a·A ≈ 0). However, hydrogen bond 
acceptor solutes favour retention by a strong hydrogen bond donation from the water-rich 
stationary phase to the solute, which is not possible in the acetonitrile-rich mobile phase 
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(b·B > 0). Water and acetonitrile are both quite dipolar and poorly polarizable, and this 
type of interactions must be comparable in both phases leading to non-significant s and e 
coefficients.

Slightly different results are obtained for methanol/water mobile phases. Like in ace-
tonitrile/water, volume and hydrogen bond basicity are the most significant solute proper-
ties affecting retention. The volume coefficient (v) is large and negative and b large and 
positive, as in acetonitrile/water. However, the a coefficient is significant and negative 
showing that an increase of the hydrogen bond acidity of the solute decreases retention, 
i.e., the methanol-rich mobile phase must be more hydrogen bond basic than the water-rich 
stationary phase. Dipolarity is somewhat significant too, and positive. Hence, an increase 
in the dipolarity of the solute increases retention, implying that the stationary phase must 
be slightly more dipolar than the mobile phase. The e coefficient is not significant at all by 
Student’s t-test at 95% confidence level, as in acetonitrile/water mobile phases.

As an example, Table 4 shows the products of the chromatographic system coefficients 
and the molecular descriptors for chlorobenzene and 4-chlorophenol in two mobile phases 
containing 80% of organic solvent, one with acetonitrile and the other with methanol. Each 
product accounts for the contribution of the considered specific interaction to the chroma-
tographic retention. The structural difference of these solutes is the hydroxy group, and 
thus the phenol is just slightly larger (ΔV = 0.06) and with somewhat improved hydro-
gen bond basicity (ΔB = 0.13) and polarizability from n- and π-electron pairs (ΔE = 0.20) 
interactions. The main differences lie in the dipole-type interactions (ΔS = 0.43) and 

Fig. 2  Characterization (Eq.  1) of the Kinetex HILIC (unbound silica) column in acetonitrile/water and 
methanol/water mobile phases showing HILIC behavior

Table 4  System constants (c) and products of the coefficients and the molecular descriptors (e·E, s·S, a·A, 
b·B and v·V) for chlorobenzene and 4-chlorophenol in two HILIC systems consisting of a underivatized 
silica column and 80% acetonitrile/water or 80% methanol/water mobile phases

Calculated  (log10 kcalc, Eq. 1) and experimental retention factors  (log10 kexp) are also provided

Mobile phase Solute c e·E s·S a·A b·B v·V log10 kcalc log10 kexp

80% acetonitrile Chlorobenzene  − 0.86  − 0.05 0.03 0.00 0.06  − 0.43  − 1.25  − 1.14
4-Chlorophenol  − 0.86  − 0.06 0.05 0.00 0.17  − 0.47  − 1.16  − 1.11

80% methanol Chlorobenzene  − 1.14 0.00 0.09 0.00 0.05  − 0.41  − 1.40  − 1.40
4-Chlorophenol  − 1.14 0.00 0.16  − 0.28 0.13  − 0.44  − 1.56  − 1.54
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particularly hydrogen bond acidity capabilities (ΔA = 0.67). In acetonitrile the contribution 
of A is not relevant, since the hydrogen bond basicity of the system (a) is practically zero 
(Table 3), and thus the product a·A is insignificant. Differences in dipolarity (ΔS) are also 
poorly relevant due to the low value of the s coefficient. The hydrogen bond acidity of the 
system is relevant (b), but since ΔB is small the differences in the product b·B are not sub-
stantial. Consequently, similar chromatographic retentions are expected (and experimen-
tally confirmed) for chlorobenzene and 4-chlorophenol at 80% acetonitrile. However, when 
methanol is used in the mobile phase the solute hydrogen bond acidity gains importance 
(a = − 0.42), and thus the retention of the phenol is reduced (a·A = − 0.28) in relation to the 
benzene, which lacks hydrogen bond donor capacities. Therefore, 4-chlorophenol is less 
retained than chlorobenzene in the studied underivatized silica column at 80% methanol.

4.3  Comparison to Other HPLC Systems

HILIC was developed as complementary to RPLC for separation of polar compounds that 
cannot be well separated in RPLC because they are weakly retained. Then, it is expected 
that solute–solvent interactions are completely different and even mainly reversed com-
pared to those of RPLC. It is well known [19–25, 28–34, 36, 37, 39–41, 43–47, 49, 53–59, 
61] that the main interactions affecting RPLC retention are solute volume (v·V) and hydro-
gen bond basicity (b·B), as in our HILIC-acetonitrile system but with reversed signs of 
the coefficients. Conversely to HILIC, in RPLC large solutes with poor hydrogen bonding 
basicity are well retained. Complementarity of HILIC to RPLC can be demonstrated by 
comparison of the coefficients of typical RPLC and HILIC systems.

In RPLC, retention is very dependent of the composition of the mobile phase, although 
the proportions of the predominant interactions are rather constant [70]. Then, it is conven-
ient to normalize the coefficients for comparison of the different compositions and columns 
[77]. Normalization is done by dividing each coefficient by the length (l) of the correlation 
vector, which can be easily obtained from Eq. 6

Thus, the normalized coefficients, which correspond to the unitary correlation vector, eu, 
su, au, bu, and vu are obtained. Normalized coefficients are relative weights of the respective 
solute–solvent interactions in the solute retention.

The normalized coefficients for the two most representative HILIC systems studied in 
this work (90% acetonitrile and 90% methanol) are presented in Table 5, together with rep-
resentative normalized coefficients of RPLC systems. RPLC normalized coefficients are 
the means of different C8 and C18 with different acetonitrile/water (20–90% acetonitrile) 

(6)l =
√

e2 + s2 + a2 + b2 + v2

Table 5  Normalized coefficients of representative Kinetex HILIC systems (unbonded silica) studied in this 
work compared to reversed- and normal-phase [70]

Column Mobile phase eu su au bu vu

Kinetex HILIC 90% acetonitrile 0.00 0.03  − 0.04 0.86  − 0.51
90% methanol 0.04 0.12  − 0.38 0.73  − 0.56

Nucleosil silica n-hexane/propan-2-ol (95/5) 0.11 0.24 0.24 0.77  − 0.54
Mean C8-C18 20–90% acetonitrile 0.09  − 0.16  − 0.19  − 0.63 0.71

10–80% methanol 0.09  − 0.21  − 0.17  − 0.6 0.73
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and methanol/water (10–80% methanol) mobile phases and were taken from a previous 
work [70]. Standard deviations of the coefficients are very low (< 0.1, see the original ref-
erence) and prove the representativity of the coefficient’s values. Data for a typical NPLC 
system with a silica column and a non-aqueous organic solvent mixture (n-hexane with 
5% propan-2-ol as modifier) is given too [66, 70], which is expected to be more similar to 
HILIC systems. In fact, HILIC is sometimes considered a type of NPLC.

Similarities and differences between the compared systems can be easily observed by a 
radial plot such as the one presented in Fig. 3A. It can be observed that the HILIC system 
are similar to the NPLC representative system than to the RPLC systems. The acetonitrile-
HILIC system is the closest to the NPLC ones, whereas the methanol-HILIC system is 

Fig. 3  Radial plot of normalized system coefficients for (A) typical reversed-phase systems (C8-C18, 
20–90% acetonitrile and 10–80% methanol), normal-phase [Nucleosil Silica n-hexane/propan-2-ol (95/5)] 
and Kinetex HILIC (unbound silica, 90% acetonitrile and 90% methanol) chromatographic systems; and 
B different HILIC columns (Kinetex HILIC, ZIC-HILIC, ZIC-pHILIC, and Nucleodur HILIC) in hydroor-
ganic mobile phases containing 80% acetonitrile or 80% methanol)
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quite close too with the exception of the hydrogen bond donation interaction from solute to 
solvent (a coefficient). Acetonitrile- and methanol-RPLC systems are very different from 
HILIC and NPLC systems (except for the polarizability e·E interaction), especially for the 
volume v·V and hydrogen bond donation from solvent to solute b·B interactions. The RPLC 
systems are all very similar in all relative interactions regardless of the organic modifier of 
the mobile phase (acetonitrile or methanol) and their compositions and columns.

The few HILIC systems characterized in literature by the Abraham model for neutral 
solutes have been compared to the HILIC systems studied here. We have literature data 
for 80% acetonitrile in a ZIC-HILIC and a Nucleodur HILIC columns [69], which have a 
zwitterionic sulfobetaine bonded to a silica support, and 80–95% acetonitrile and 80–95% 
methanol for a ZIC-pHILIC column [70] with a zwitterionic sulfobetaine bonded to a poly-
meric support. We have selected 80% acetonitrile (available in all columns) and 80% meth-
anol mobile phases for comparison with our results in the Kinetex silica column (with no 
bonding) for the same mobile phases. Normalized coefficients are presented in Table 4 and 
the comparison of the normalized coefficients can be observed in Fig. 3B.

Figure 3B shows that the most different HILIC system is the one of the ZIC-pHILIC 
column with methanol, especially for b coefficient which is negative (like in RPLC) 
whereas in the other HILIC columns it is positive. We suppose that the reason may lay 
in the polymeric support, which is different from the silica support of the other columns. 
However, the same column with acetonitrile/water is more similar to the other HILIC col-
umns with acetonitrile/water too. Our pure silica column with acetonitrile/water is similar 
to the two sulfobetaine functionalized silica columns ZIC-HILIC and Nucleodur HILIC, 
suggesting that functionalization of the column does not have a big effect in its HILIC 
character. Our pure silica column with methanol/water mobile phase is different in the a 
coefficient. It is negative (like in RPLC) whereas in the other HILIC systems is zero or 
positive. Comparison confirms that HILIC columns with acetonitrile/water mobile phases 
have a HILIC character more marked than the same columns with methanol/water mobile 
phases. Surprisingly, the support (silica or polymer) seems to be more determinant of 
the HILIC behavior (at least for methanol/water mobile phases) than the presence of the 
bonded phase (sulfobetaine), although characterization of more HILIC systems with differ-
ent bonding would be needed to confirm it.

5  Conclusions

Application of the Abraham LFER model for neutral solutes to a HILIC silica column with 
acetonitrile/water and methanol/water mobile phases allows to characterize de main sol-
ute–solvent interactions responsible of HILIC retention. Creation of a cavity in the phases 
and hydrogen bond donation from the phases are the main interactions. Increase of sol-
ute volume favors elution, whereas hydrogen bond acceptor ability (basicity) of the solute 
increases retention. For mobile phase with methanol/water, hydrogen bond donation from 
solute to phases is also important, and a decrease in hydrogen bond donor ability (acidity) 
of the solute favors retention. Solute dipolarity and polarizability, as well as hydrogen bond 
acidity for acetonitrile/water mixtures, do not seem to have a significant effect in the reten-
tion of compounds.

Comparison to reversed-phase and normal-phase shows that hydrophilic interaction 
liquid chromatography systems are closer to normal-phase systems than to reversed-phase 
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ones, especially using acetonitrile/water mobile phases. In general, acetonitrile/water elu-
ents in HILIC columns show stronger HILIC interactions than methanol/water eluents.

Comparison of diverse HILIC systems indicate that functionalization of the column 
may not have a big effect on the HILIC solute–solvent interactions, whereas the support 
of the functionalization (silica or polymer) and the lack of it (pure silica columns) may be 
more important.
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