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a b s t r a c t 

In this work, the characterization of several reversed-phase and HILIC chromatographic systems is presented by 
means of the Abraham’s solvation parameter model, focusing on the impact of solute polarizability, dipolarity, 
hydrogen bonding, and molecular volume on chromatographic retention. Although retention times in octadecylsi- 
lane columns are clearly dependent on the nature and content of the organic modifier in the mobile phase, similar 
chromatographic selectivities are reported for eluents containing acetonitrile or methanol in the range between 
40 and 80%. The most relevant analyte properties affecting retention are the hydrogen bond acceptor capacity 
and the molecular volume, the former favoring partition into the mobile phase and the latter into the stationary 
phase. The behavior of HILIC systems greatly depends on the nature of the support (silica or polymeric), the 
bonded phase (zwitterionic, aminopropyl, dihydroxypropyl) and the organic solvent used in the eluent (acetoni- 
trile or methanol), but they have in common that larger solute volumes allow more favorable partition into the 
organic solvent-rich mobile phase. The evaluation of the chromatographic retention of ionized analytes in HILIC 
should be performed with care, since they may interact with ionized buffering species, leading to unexpected 
lower retentions. 
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. Introduction 

Analytical problems involving complex samples with multiple ana-
ytes with a similar behavior are often difficult to solve. In these cases, an
pproximation based on chromatographic methods is usually the most
ommon election, but finding the most convenient experimental condi-
ions may not be easy and straightforward. Here the experience of the
hromatographer plays a paramount role because a method develop-
ent based only on blind trial and error might be excessively time con-

uming, and therefore expensive in terms of the instrumental, material,
nd human resources involved. When facing a new challenge, falling out
f our previous experience, it is interesting to have some tools helping
s to choose a few promising chromatographic systems to solve a par-
icular analytical problem. Please notice that a chromatographic system
s not just the column, meaning the bonded phase and support responsi-
le for the stationary phase behavior, but also the eluent being pumped
hrough, the mobile phase. 

In this work, we aim to evaluate the effect of analyte properties on its
nteractions with the chromatographic stationary and mobile phases and
onsequently their effect on retention. For this purpose, we selected a va-
iety of chromatographic systems consisting of different supports (silica
∗ Corresponding author. 
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r polymer), bonded phases (octadecyl, cyanopropyl, zwitterionic sulfo-
etaine, dihydroxypropyl, and aminopropyl), and mobile phase compo-
itions (acetonitrile or methanol as organic solvents). A very convenient
ool for this study is the Abraham’s solvation parameter model, which
elates chromatographic retention with solute properties such as polar-
zability, dipolarity, hydrogen bonding and molecular volume [1–4] . 

In 1993, Michael H. Abraham [5] proposed a model based on linear
ree energy relationships based on solution properties allowing to corre-
ate and to interpret a wide variety of physicochemical and biochemical
rocesses. According to this approach, the free energy change involved
n a solvation process, such as the partition of a solute between liq-
id stationary and mobile phases, can be modeled as the sum of energy
hanges related to solute-solvent interactions. In the case of a chromato-
raphic process the solvation property directly related to the free energy
hange is expressed as the decimal logarithm of the retention factor ( k ),
nd the model is mathematically expressed as follows: 

og 10 𝑘 = 𝑐 + 𝑒 ⋅ 𝐸 + 𝑠 ⋅ 𝑆 + 𝑎 ⋅ 𝐴 + 𝑏 ⋅ 𝐵 + 𝑣 ⋅ 𝑉 (1)

The different terms in Eq. (1) are described in Table 1 . On the one
and, E, S, A, B , and V represent molecular descriptors that only de-
end on the solute and are independent of the chromatographic system
h 2023 
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Table 1 

Description of the different terms in the Abraham’s solvation parameter model ( Eq. (1) ). E, S, A, B , and V are solute descriptors, either experimentally determined or 
calculated. e, s, a, b , and v are the system coefficients, reflecting the difference in solute interaction between the solvated stationary phase and the mobile phase. 

Term Description 

log 10 k Decimal logarithm of the retention factor 
c System constant (accounting for the chromatographic phase ratio, normalization of descriptors and other factors that are not solute dependent) 
e·E Excess polarizability contributions from solute n - and 𝜋-electron pairs 
s ·S Dipole-type interactions (orientation and induction) 
a ·A Hydrogen bond donation from the solute to the solvent 
b ·B Hydrogen bond donation from solvent to solute 
v ·V Cavity formation in the solvent together with residual solute-solvent dispersion interactions (with V being the McGowan volume of the solute in cm 

3 mol − 1 /100) 
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nder study. These descriptors, which have been scaled in order to show
alues of similar magnitude (typically between 0 and 3), are available
rom either open access [6] or subscription [7] databases. On the other
and, e, s, a, b , and v are the coefficients allowing the characterization
f the chromatographic system. They reflect differences between mobile
nd stationary phases in the complementary property of the molecular
escriptor. A positive value of a system coefficient informs about more
avorable interactions of the solute with the solvent molecules of the sta-
ionary phase, responsible for an increase in retention. If it is negative,
nteractions with mobile phase are more relevant, reducing retention.
inally, a system coefficient close to zero shows no significant differ-
nces between mobile and stationary phase regarding the feature under
onsideration. 

The application of Abraham’s solvation parameter model assumes
hat the main retention mechanism in liquid chromatography is based
n the partition of the solutes between the mobile and stationary phases.
he presence of other retention mechanisms, such as adsorption, might

ntroduce some deviations in the accuracy of the model, but even though
t will provide information about the solute properties affecting reten-
ion in a chromatographic system. In the last part of this work, we study
he chromatographic behavior of some acidic and basic compounds
n hydrophilic interaction liquid chromatography (HILIC) over a wide
ange of pH values and using different buffering systems. The eluents
sed in HILIC have a very high content of organic solvent, which may re-
ult in a very low salt solubility and the consequent insufficient buffering
apacities). Furthermore, under these mobile phase conditions electro-
tatic interactions can be established between charged species, leading
o an unexpected retention behavior. 

. Material and methods 

.1. Instrumentation 

The chromatographic system consisted of two LC-10ADvp pumps, an
IL-10ADvp autosampler, an SPD-M10Avp diode array detector, a CTO-
0ASvp oven, and an SCL-10Avp controller, all from Shimadzu (Kyoto,
apan). The system was controlled by LC Solutions software from Shi-
adzu. 

The columns studied were: Chrom-Clone C18 (150 × 46 mm 5 μm
00 Å), Luna NH2 (150 × 46 mm 5 μm 100 Å), and Luna CN
150 × 46 mm 5 μm 100 Å) from Phenomenex (Torrance, CA, USA);
MC-Triart Diol-HILIC (150 × 46 mm 5 μm 120 Å) from YMC Co. Ltd.
Kyoto, Japan); and ZIC-HILIC (150 × 46 mm 3.5 μm 100 Å) from Merck
Darmstadt, Germany). 

.2. Methods and chromatographic conditions 

Several different acetonitrile-water and methanol-water mixtures
ere used as mobile phase. The mobile phase flow rate was 0.5 mL
in − 1 for the ZIC-HILIC column and 1 mL min − 1 for the rest of the

olumns. The injection volume was 1 μL. All separations were performed
t 25 °C, in duplicate. The extra-column volume of the HPLC instrument
as subtracted from all the measured gross retention volumes. Hold-up
2 
olumes needed for the calculation of retention factors ( k ) were deter-
ined by the homologous series LFER approach described in reference

8] . 
A Crison 5014 glass electrode connected to a GLP22 pH-meter (Hach,

arcelona) was calibrated using standard aqueous buffers of pH 4.01 and
.00 (25 °C), and pH was measured in the hydroorganic eluent ( s w pH
cale). 

.3. Chemicals and solvents 

Water was obtained from a Milli-Q plus system from Millipore (Bil-
erica, USA) with a resistivity of 18.2 M Ω cm. Acetonitrile and methanol,
oth HPLC gradient grade, were purchased from Panreac (Barcelona,
pain). Acids and bases used in the preparation of buffered mobile
hases were for analysis grade obtained from different providers. 

The compounds used in the present work for the characterization of
hromatographic systems are presented in the supplementary material
Tables SP1) and were obtained from several different manufacturers,
ll high purity grade ( ≥ 98%). 

.4. Sample preparation 

Stock solutions of the solutes were prepared in methanol at a con-
entration of 5 mg mL − 1 and diluted to 0.5 mg mL − 1 before injection.
 -Alkyl ketones were injected at stock solution concentration due to
heir lower UV absorbance. 

. Results and discussion 

.1. Characterization of reversed-phase and HILIC chromatographic 

ystems 

Retention factors ( k ) of the compounds used for the characteriza-
ion of the chromatographic systems (Table SP1) were measured for
he five columns used in this work (Chrom-Clone C18, Luna CN, Luna
H2, YMC-Triart Diol-HILIC, and ZIC-HILIC). Acetonitrile and methanol
re the most common organic solvents employed in the preparation of
eversed-phase mobile phases. Although acetonitrile is more expensive
han methanol, it is extensively used due to its higher elution strength
and thus a lower amount of organic solvent is needed), lower ab-
orbance at short UV wavelengths, lower viscosity, and higher boil-
ng points. The eluent composition selected in this study for reversed-
hase columns was 60% acetonitrile/40% water. In HILIC the solvent
trength is roughly the opposite of reversed-phase, being water the
trongest solvent and acetonitrile is one of the weakest. Therefore, ace-
onitrile is the most common choice in HILIC, since it provides a much
igher increase in retention compared to methanol. Provided that water
lays a fundamental role in the constitution of HILIC stationary phases
 9 , 10 ], the proportion of water in the mobile phase must be kept be-
ow certain limits to be different enough from the water-rich station-
ry phase and allow retention, and thus we chose in this work the elu-
nt composition of 90% acetonitrile/10% water. Although Luna CN was
hought to behave as a HILIC column, in fact this mode was only clearly
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Table 2 

Results of the characterization ( Eq. (1) ) of some reversed-phase (RPLC) and HILIC columns in acetonitrile-water mobile phases. Chrom-Clone C18, Luna CN, ZIC-HILIC, 
YMC-Triart Diol-HILIC, and Luna NH2 columns were characterized in the present work. The constants ( c ) and coefficients ( e, s, a, b , and v ) of the chromatographic 
systems (standard errors in parentheses), the number of solutes used in the characterization ( N ), and the determination coefficients ( R 2 ) are reported. 

Chromatographic system Bonded phase c e s a b v N R 2 Ref. 

RPLC (60% acetonitrile) 
Spherisorb ODS-2 C18 − 0.21(0.04) 0.18(0.03) − 0.40(0.02) − 0.46(0.02) − 1.09(0.03) 1.10(0.03) 127 0.980 [11] 
ERC-1000 (ODS) C18 − 0.26(0.04) − 0.02(0.03) − 0.17(0.04) − 0.52(0.03) − 1.34(0.04) 1.37(0.03) 51 0.992 [11] 
Unisil C18 C18 − 0.37(0.09) 0.28(0.09) − 0.21(0.04) − 0.18(0.03) − 0.69(0.04) 1.00(0.05) 37 0.974 [11] 
XTerra MSC18 C18 − 0.30(0.03) 0.00(0.05) − 0.33(0.04) − 0.32(0.03) − 1.11(0.04) 1.19(0.03) 58 0.982 [12] 
XTerra RP18 C18 − 0.33(0.02) 0.12(0.03) − 0.34(0.02) − 0.20(0.02) − 1.00(0.03) 1.03(0.02) 55 0.992 [12] 
Chrom-Clone C18 C18 − 0.16(0.02) 0.07(0.03) − 0.26(0.02) − 0.51(0.03) − 1.31(0.04) 1.19(0.04) 80 0.962 –
Luna CN a Cyanopropyl − 0.29(0.01) 0.12(0.01) − 0.18(0.01) − 0.24(0.02) − 1.02(0.02) 0.91(0.01) 80 0.991 –
HILIC (90% acetonitrile) 
Kinetex HILIC Unbound silica − 0.84(0.05) 0.00(0.07) 0.03(0.07) − 0.04(0.07) 0.83(0.09) − 0.49(0.04) 74 0.780 [19] 
ZIC-HILIC Sulfobetaine − 0.64(0.05) − 0.22(0.06) 0.27(0.05) 0.29(0.05) 1.01(0.07) − 0.89(0.04) 78 0.938 –
ZIC-pHILIC Sulfobetaine c − 0.51(0.05) − 0.04(0.09) 0.09(0.08) 0.83(0.08) 0.77(0.09) − 0.71(0.04) 56 0.930 [13] 
YMC-Triart Diol-HILIC 1,2-Dihydroxypropyl − 0.72(0.03) − 0.03(0.04) 0.10(0.02) 0.13(0.03) 0.68(0.04) − 0.45(0.02) 75 0.941 –
Luna NH2 Aminopropyl − 0.53(0.03) − 0.04(0.04) 0.01(0.03) 0.36(0.03) 0.46(0.04) − 0.27(0.02) 84 0.908 –
Luna CN b Cyanopropyl − 1.76(0.05) 0.04(0.06) 0.54(0.05) 0.05(0.07) 0.51(0.08) − 0.55(0.05) 74 0.892 –

a 40% acetonitrile. 
b 100% acetonitrile. 
c polymeric particle platform. 
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bserved at 100% acetonitrile. For this reason, it was also assayed with
 mobile phase containing 40% acetonitrile to ensure its reversed-phase
ehavior. 

The set of solutes was carefully selected to be sufficiently large to
nsure the statistical significance of the system coefficients and to have
ell-known and wide variated E, S, A, B , and V molecular descriptors.
able 2 shows the system constants ( c ) and coefficients ( e, s, a, b , and
 ) calculated by multiple linear regression analysis of the retention fac-
ors (dependent variable) and the molecular descriptors (independent
ariable) of the solutes using Eq. (1) . Compounds with residuals higher
han 2.5 times the standard deviation of the linear regression were con-
idered as outliers and removed from the set for the analysis. Addition-
lly, the table shows several systems from the literature also character-
zed by the Abraham’s solvation parameter model, with the aim of com-
aring chromatographic systems showing reversed-phase and HILIC be-
aviors. Whereas retention mechanisms in reversed-phase are relatively
imple and well known, in HILIC it is much more complex. It is gener-
lly accepted that the main retention mechanism in HILIC is based on
he partition of analytes between the organic solvent-rich mobile phase
nd water-enriched layers adsorbed on the bonded phase and chromato-
raphic support (generally silica), acting as stationary phase. In addition
o this hydrophilic partitioning, hydrogen bonding and electrostatic in-
eractions between the solute and the bonded phase/support are also
ossible [ 9 , 10 ]. 

The main solute properties affecting the retention in the reversed-
hase and HILIC chromatographic systems ( Table 3 ) are the molecular
olume ( V ) and the hydrogen bond basicity ( B ). The difference between
oth retention modes is the sign of the system coefficients ( v and b ). In
eversed-phase, positive values of v indicate that the stationary phase is
ess cohesive than the mobile phase, and thus the formation of a cav-
ty in the octadecyl stationary phase requires less energy to overcome
he intermolecular solvent-solvent interactions than in the acetonitrile-
ater mobile phase. Consequently, the higher the molecular volume of
 solute, the higher the retention in reversed-phase ( v ·V > 0 (positive
alues) → log k ↑ , Eq. (1) ). In HILIC, the water-rich layers acting as sta-
ionary phase are more cohesive than the mobile phase, favoring the
artition into the eluent because of the lesser energy required for the
olute to create a cavity, and therefore reducing retention ( v ·V < 0 (neg-
tive values) → log k ↓). In fact, in the absence of bonded phase and
ust unbound silica (Kinetex HILIC), b and v are the only system coef-
cients significatively different from zero. Concerning hydrogen bond
asicity, we need to observe again the differences between mobile and
tationary phases to find the reasoning behind the negative value of b for
3 
eversed-phase and positive for HILIC. C18 and cyanopropyl lack acidic
ydrogens, and therefore interactions with solutes with hydrogen bond
cceptor capabilities are favored with the hydroorganic mobile phase,
educing retention ( b ·B < 0 → log k ↓). In HILIC, the higher proportion
f water reinforces the hydrogen bond donor features of the stationary
hase, in relation to the acetonitrile-rich eluent, increasing retention
 b ·B > 0 → log k ↑ ). 

In reversed-phase, solute hydrogen bond acidity ( a ·A < 0) and dipo-
arity/polarizability interactions ( s ·S < 0) also favors partition into the
obile phase, although to a lesser extent than hydrogen bond basic-

ty. Just the opposite behavior is generally observed for HILIC. The sys-
em coefficient e is generally small and close to zero for both chromato-
raphic models, suggesting that the extent of solute-solvent dispersion
nteractions is similar for both the stationary and the mobile phases
 e ·E ≈ 0 → log k ∼). 

Comparison of the two columns with the same bonded phase (sulfo-
etaine) but different support (ZIC-HILIC, silica; ZIC-pHILIC, polymer),
hows for the polymeric a reinforced retention for solutes with hydro-
en bond acidity at the expense of basicity. This shows that, in fact,
upport also plays an active role in the chromatographic behavior of
ILIC systems. 

For the characterized chromatographic systems, provided that so-
ute descriptors can be easily estimated from the molecular structure of
ny compound [6] , retention and selectivity factors can be roughly esti-
ated, allowing to find a priori the most promising column and mobile
hase for the separation of two analytes in a mixture. 

.2. Effect of mobile phase composition on chromatographic systems 

.2.1. Reversed-phase 

Anyone who has ever worked in chromatography knows well that
he retention time of a compound depends on the composition of the
obile phase. In an octadecylsilane column, for example, the retention

actor of a poorly polar analyte decreases with increasing organic sol-
ent content in the eluent. This phenomenon, translated to the Abraham
odel ( Eq. (1) ), must necessarily affect the system coefficients model-

ng the behavior of the chromatographic system. A priori we might not
now the extent of the variation for each coefficient, but we can be sure
hat the sum of the different terms in the equation will lead to a smaller
alue of the dependent variable log k . 

Fig. 1A shows the e, s, a, b , and v values of a reversed-phase
pherisorb ODS-2 column in different acetonitrile-water and methanol-
ater mixtures [11] . For both organic solvents, a decrease in the positive
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Table 3 

Preparation of the 90% acetonitrile buffered mobile phase used in this work and measured mean pH values in the aqueous 
buffer and the eluent throughout column conditioning and chromatographic runs (standard deviation in parentheses). 

Aqueous buffer Mobile phase 

Initial species p K a [20] Conc. (mM) pH adjusted with pH 

s 
w pH 

Oxalic acid 1.25 50 Potassium hydroxide 1.51(0.01) 2.34(0.04) 
Chloroacetic acid 2.87 50 – 2.07(0.01) 3.21(0.05) 
Citric acid 3.13 50 Potassium hydroxide 3.14(0.01) 4.69(0.01) 
Formic acid 3.75 100 Ammonia 2.96(0.01) 5.54(0.02) 

3.44(0.01) 6.16(0.06) 
4.70(0.02) 7.00(0.01) 

HEPES a 7.56 50 Potassium hydroxide 7.51(0.01) 7.42(0.02) 
Ammonium acetate – 50 – 6.97(0.02) 7.90(0.02) 
Ammonia 9.25 50 Acetic acid 10.00(0.10) 8.68(0.09) 
Pyrrolidine 11.31 50 Acetic acid 11.20(0.10) 9.86(0.04) 
CAPS b 10.50 100 Potassium hydroxide 10.38(0.04) 10.03(0.06) 
Dimethylamine 10.73 100 Acetic acid 11.40(0.04) 10.13(0.04) 

a HEPES (4-(2-hydroxyethyl)-1-piperazine ethanesulfonic acid). 
b CAPS (3-(cyclohexylamino)-1-propanesulfonic acid). 

Fig. 1. (A) System coefficients ( Eq. (1) ) for a Spherisorb ODS-2 column in sev- 
eral acetonitrile- (MeCN) and methanol (MeOH)-water compositions. (B) Mean 
unitary coefficients for the considered acetonitrile- and methanol-water mobile 
phases. 
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oefficients ( e and v ) and an increase in the negative ones ( s, a , and b ) is
bserved when the proportion of acetonitrile or methanol in the eluent
ncreases, but this variation is more pronounced for b and v . Notice that
hese latter descriptors are related to the solute hydrogen bond basicity
4 
nd the molecular volume, which are the most relevant features affect-
ng retention in C18 columns, as commented in the previous section for
cetonitrile-water mobile phases. 

At this point, if we want to analyze the contribution of each de-
criptor within a certain chromatographic system and compare it with
nother with a different range of log k values, we need to apply a
ormalization procedure. To do so, we divide each coefficient by the
quare root of the sum of squares of all coefficients (for example,

 u = a/ ( e 2 + s 2 + a 2 + b 2 + v 2 ) 
1 
2 ), and the resulting system coefficients ( e u ,

 u , a u , b u , and v u ) are the components of a vector of unitary length [12] .
Normalization of the system coefficients presented in Fig. 1A leads

o very similar values not only for all compositions sharing the same or-
anic modifier, but also between acetonitrile and methanol. The mean
alues obtained for acetonitrile- and methanol-water eluents, together
ith their corresponding standard deviations (error bars), are shown in
ig. 1B . As a practical implication of these results, we can conclude that
imilar selectivities are expected for this column in the studied range of
obile phase compositions, independently of the water content in the

luent and the election of organic modifier. This behavior has been also
bserved for several reversed-phase columns and mobile phases contain-
ng acetonitrile, methanol, and tetrahydrofuran as organic solvents [13] ,
onfirming the relevance of the solute molecular volume ( v u >> 0) and
ydrogen bond acceptor capacity ( b u << 0) in reversed-phase retention.

.2.2. HILIC 

In the following part of the study, we compare the effect of the
obile phase composition on the chromatographic behavior of differ-

nt HILIC columns using eluents with high contents of acetonitrile and
ethanol. Fig. 2 shows the obtained Abraham coefficients ( e, s, a, b,

nd v ) for a representative sample of the chromatographic systems con-
idered (full and detailed results are in Table SP2 of the supplemen-
ary material). In the case of the underivatized silica column (Kinetex
ILIC) we observe that changing acetonitrile to methanol only affects

he hydrogen bond acceptor capacity of the chromatographic system
 a ), whereas for the zwitterionic column with polymeric support (ZIC-
HILIC) choosing one organic solvent or the other, or even the water
ontent in the eluent, significantly affects the five system coefficients.
he use of acetonitrile or methanol has an impact on the hydrogen bond-

ng features (particularly b , but also a ) and dispersion interactions ( e ) of
he aminopropyl (Luna NH2) and the 1,2-dihydroxypropyl (YMC-Triart
iol-HILIC) columns, whereas dipolarity/polarizability coefficient ( s )

eems to remain unaltered. 
With the aim of better comparing the behavior of the studied HILIC

ystems in terms of chromatographic selectivity, we normalized the sys-
em coefficients and calculated the average values for each column and
ype of organic modifier. From these results, presented in Fig. 3 , we can
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Fig. 2. System coefficients ( Eq. (1) ) for HILIC columns with different bonded phases in hydroorganic mobile phases containing variable proportions of acetonitrile 
(MeCN) or methanol (MeOH) as organic solvents. 

Fig. 3. Mean values of normalized system coefficients for Kinetex HILIC, ZIC- 
pHILIC, YMC-Triart Diol-HILIC, and Luna NH2 columns in acetonitrile- and 
methanol-water mobile phases (Table SP2). 
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raw three generalized observations. Firstly, the magnitude of the stan-
ard deviation (error bars) in relation to the mean value is generally
mall, indicating that little variations in selectivity are expected when
uning the water content in the mobile phase. Secondly, all chromato-
raphic systems, regardless of the column and eluent, have in common
 negative cavity coefficient ( v ) of similar magnitude. This is consis-
ent with the assumed main retention mechanism in HILIC based on
he hydrophilic partition of the solute between a water-rich station-
5 
ry phase and a less cohesive hydroorganic mobile phase. Notice that
his is a common feature for unbound silica (Kinetex HILIC), silica with
onded phases (Diol-HILIC and Luna NH2) and polymer with bonded
hase (ZIC-pHILIC). Thirdly, dipolarity/polarizability interactions ( s )
ontribute to increase retention, but to a lower extent (except for ZIC-
HILIC and methanol). The effect on retention of dispersion ( e ) inter-
ctions and hydrogen bonding ( a and b ) clearly depends on the bonded
hase and the mobile phase solvent, which points out the importance
f secondary interactions between the column functionalization and the
olute, or even in the structure and composition of the adsorbed water-
ich layers. Therefore, hydrophilic partition might be the main reten-
ion mechanism in HILIC, but the role of the bonded phase and support
hould not be underestimated. 

.3. Chromatographic retention of acid/base compounds in HILIC 

In 1977 Horváth, Melander and Molnár described the effect of solute
onization on the retention of weak acids and bases in reversed-phase
iquid chromatography [14] . Assuming a partition process of the solute
etween the mobile and the stationary phase, the retention behavior
f a compound with acid/base properties can be modeled according to
q. (2) : 

 = 

𝑘 HX + 𝑘 X ⋅ 10 pH − p 𝐾 a 
1 + 10 pH − p 𝐾 a 

(2)

here k HX is the retention factor of the protonated species of the solute
for instance, HA for a neutral acid or BH 

+ for a neutral base) and k X 
or the deprotonated one ( A 

− or B). The degree of ionization is given by
he relationship between the mobile phase pH and the p K a value (acid-
ty constant) of the solute in the particular mobile phase composition.
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Fig. 4. Dependence of chromatographic retention with the mobile phase s w pH 

and nature of the buffering system for acetylsalicylic acid and lidocaine in a 
ZIC-HILIC column at 90% acetonitrile. Empty symbols represent data points 
excluded in the fitting to Eq. (2) . 
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e  
herefore, reproducible retention factors of partially ionized compounds
an only be achieved if the mobile phase has a constant pH value, and
his is obtained by means of buffered mobile phases. This model should
lso be applicable to HILIC, as long as the retention mechanism is also
ased on the solute partition between the two chromatographic phases.

Notice that in the preparation of the organic solvent-rich mobile
hases used in HILIC we are facing two major challenges. Firstly, ionized
pecies are generally poorly soluble, and low concentrations might lead
o insufficient buffering capacities and undesired pH variations through-
ut chromatographic runs. Therefore, when working under HILIC con-
itions in isocratic mode, we recommend periodic measurements of the
H of the eluent. Secondly, the pH of an aqueous buffer changes after
ixing with the organic modifier, and the final pH of the eluent might

e very different from that of the initial aqueous buffer. Due to its accu-
acy and simplicity of measurement, we propose to use the s w pH escale
15–17] , where the glass electrode is calibrated with conventional aque-
us standards (typically at pH 4 and 7) and the pH is measured in the
ydroorganic mobile phase. 

In this work we assayed different buffering systems in 90% ace-
onitrile mobile phases, using the ZIC-HILIC column as a case study,
ith the aim of covering the widest possible operational pH range [18] .
e prepared 50 mM aqueous solutions of several acids and bases and

djusted the pH with concentrated potassium hydroxide, ammonia or
lacial acetic acid. The pH was adjusted in the range of p K a ± 1 unit, in
rder to have a sufficient buffer capacity even at the low 5 mM buffer
oncentration of the mobile phase, and it was periodically measured
t the detector exit with a glass electrode. If pH readings were not
table (standard deviations higher than 0.1 pH units) and the buffer
as sufficiently soluble in the mobile phase, the concentration of the
queous buffers was raised up to 100 mM. The preparation and mea-
ured pH values of the finally selected buffering systems are shown
n Table 3 . Notice that for neutral acids (oxalic, chloroacetic, citric,
nd formic) the mobile phase s w pH increases in relation to the aque-
us one of the same buffer, whereas for the cationic acids (conjugate
cids of the neutral bases ammonia, pyrrolidine, and dimethylamine)
t decreases. Ammonium acetate solution was prepared just dissolv-
ng in water the appropriate weight of salt, without further pH ad-
ustment. HEPES (4-(2-hydroxyethyl)piperazine-1-ethanesulfonic acid)
nd CAPS (3-(cyclohexylamino)-1-propanesulfonic acid) are zwitteri-
nic compounds, and the p K a value reported in the table is the one
orresponding to the basic piperazine and amino groups, respectively.
or these buffers the pH shifts to lower values with the addition of ace-
onitrile, such as for the basic buffer above mentioned, but with smaller
ariations. 

The dependence of retention with mobile phase pH was studied for
everal acids and bases with p K a values in the range between 3 and
. Fig. 4 shows the results of acetylsalicylic acid and lidocaine, which
re representative of the retention profiles obtained for all the studied
rotolytes (Table SP3, Figure SP1 and Figure SP2 in the supplementary
aterial). In contrast to reversed-phase, it can be observed that in HILIC

etention increases with the ionization degree of the analytes, this is to-
ards basic pH for acids and acidic pH for bases. However, it is clear
t a first glance that an unexpectedly lower retention is observed for
ome basic buffers in the analysis of acidic compounds, and some acidic
uffers in runs involving basic analytes. This might be related with ion
air formation between charged buffering species and ionized analytes,
uch as chloroacetate and hydrogencitrate with protonated lidocaine, or
mmonium, pyrrolidonium and dimethylammonium with acetylsalicy-
ate. The ion pair would present a reduced polarity and a larger volume,
eading to a more favorable partition into the mobile phase in relation
o the water-rich stationary phase. 

In this work, in the neutral to basic pH range, two different buffering
ystems involving ammonium/ammonia and acetic acid/acetate were
ssayed. The first buffer ( s w pH 7.90) was directly prepared from the am-
onium acetate salt, whereas the second one ( s w pH 8.68) was made by

ddition of small volumes of glacial acetic acid to an ammonia solu-
6 
ion. The molar fraction of ammonium is higher in the second buffer,
nd this seems to support the hypothesis that it is the cationic buffer
he responsible species of the unexpected chromatographic behavior of
egatively charged analytes. Notice that this lower retention is not ob-
erved when uncharged species of bases or acids are chromatographed
n these buffering systems. 

The results obtained with HEPES buffer should be treated with cau-
ion, not only because of the abnormal retention it gives rise to for
cidic substances, but also because of the different behavior it produces
n the chromatographic system. Measured hold-up volumes were about
.3 mL lower than those determined for the rest of buffers, suggesting
hat HEPES is affecting somehow the formation of the water-rich layer
cting as stationary phase in HILIC or is leading to some kind of exclu-
ion mechanism. 

According to the fittings of experimental data to Eq. (2) , the p K a 
alues (referred to the s w pH scale) at 90% acetonitrile of acetylsalicylic
cid and lidocaine are quite similar, 6.4 and 6.1, respectively. How-
ver, notice the p K a shifts in relation to the aqueous values (3.48 and
.95), + 2.9 for the acid and − 1.8 for the base. Although to a differ-
nt extension, these positive and negative p K a shifts for acids and bases,
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espectively, are observed for the compounds included in the study (with
he exception of benzyl nicotinalte, Table SP3). 

. Concluding remarks 

Although retention factors in C18 columns clearly depend on the
ercentage and nature of organic modifier in the mobile phase, simi-
ar selectivities can be observed in a wide range of eluent compositions
repared with acetonitrile and methanol as organic solvents. The ana-
yte properties that most affect reversed-phase retention are the hydro-
en bond basicity, favoring interactions with the hydroorganic mobile
hase and thus reducing retention, and the molecular volume, increas-
ng retention due to a more favorable partition into the less cohesive
on-polar bonded phase. 

Even though HILIC columns share the same main retention mecha-
ism, the partitioning of analytes into water-enriched layers, their chro-
atographic behavior, and selectivity largely depend on the nature of

he support/bonded phase and the organic solvent used in the eluent.
 common feature for the columns studied in this work in acetoni-

rile/water eluents is the importance of analyte hydrogen bond basicity
nd molecular volume in retention. These are also the most relevant so-
ute properties in reversed-phase, but in HILIC its impact on retention
s just the opposite. 

The analysis of acids and bases requires the use of buffered mobile
hases, which is not straightforward in HILIC eluents containing a high
roportion of organic solvent. Since a pH shift takes place when an or-
anic solvent is added to an aqueous buffer, it is strongly recommended
o measure the pH in the hydroorganic mobile phase. The ionized species
f compounds with acid/base properties, due to the increase in polarity,
re expected to be more retained than the neutral ones. However, some
harged buffering species can interact with these ionized compounds,
eading to unexpectedly lower retention factors. 
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