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a  b  s  t  r  a  c  t

Computer-aided  method-development  programs  require  accurate  models  to describe  retention  and  to
make  predictions  based  on  a limited  number  of  scouting  gradients.  The  performance  of  five  different
retention  models  for hydrophilic-interaction  chromatography  (HILIC)  is assessed  for  a wide  range  of
analytes.  Gradient-elution  equations  are presented  for each  model,  using  Simpson’s  Rule to approximate
the  integral  in  case  no exact  solution  exists.  For  most  compound  classes  the  adsorption  model,  i.e.  a
linear  relation  between  the  logarithm  of  the  retention  factor  and  the logarithm  of  the  composition,  is
found  to provide  the most  robust  performance.  Prediction  accuracies  depended  on  analyte  class,  with
peptide  retention  being  predicted  least  accurately,  and  on the stationary  phase,  with  better  results  for  a
radient scanning
ethod development
radient equations

diol column  than  for an  amide  column.  The  two-parameter  adsorption  model  is also  attractive,  because
it can  be  used  with  good  results  using  only  two  scanning  gradients.  This  model  is recommended  as
the  first-choice  model  for describing  and  predicting  HILIC  retention  data,  because  of  its  accuracy  and
linearity.  Other  models  (linear  solvent-strength  model,  mixed-mode  model)  should  only  be considered
after  validating  their  applicability  in specific  cases.

©  2017  The  Author(s).  Published  by Elsevier  B.V.  This  is an  open  access  article under  the  CC  BY license
. Introduction

Hydrophilic interaction chromatography (HILIC) has become
ncreasingly important for the analysis of highly polar analytes,
uch as antioxidants [1], sugars (e.g. glycomics [2–4]), (plant)
etabolites [5–7], foodstuffs [8], and environmental pollutants [9].

he exact mechanism of retention in HILIC has been intensively
nvestigated and it is thought to be rather complex. The currently
ccepted mechanism is a combination of (i) partitioning processes
f the analytes between a water-poor organic mobile phase and

 water-rich layer absorbed on a polar stationary-phase mate-
ial [10], and (ii) electrostatic interactions between the analytes

nd the stationary-phase surface [11]. Therefore, HILIC can best be
escribed as a mixed-mode retention mechanism.

∗ Corresponding author at: University of Amsterdam, van ‘t Hoff Institute for
olecular Sciences, Analytical-Chemistry Group, Science Park 904, 1098 XH, Ams-

erdam, The Netherlands.
E-mail address: B.W.J.Pirok@uva.nl (B.W.J. Pirok).

ttps://doi.org/10.1016/j.chroma.2017.11.017
021-9673/© 2017 The Author(s). Published by Elsevier B.V. This is an open access article
(http://creativecommons.org/licenses/by/4.0/).

To describe retention in HILIC, several retention models have
been investigated. The model most commonly used in reversed-
phase LC (RPLC) involves a linear relationship between the
logarithm of the retention factor (k) and the volume fraction of
strong solvent (ϕ). When a linear gradient is used in RPLC this
results in so-called linear-solvent-strength conditions [12]. Already
in 1979, LSS conditions have been studied and described in detail by
Snyder et al. [12] and equations were also derived for situations in
which analytes elute before the gradient commences or after it has
been completed [12,13]. However, due to the mixed-mode reten-
tion mechanism, this linear model may  be less suitable to accurately
model retention in HILIC.

To describe retention more accurately across a wider ϕ-range,
Schoenmakers et al. introduced a quadratic model [13], including
relations for the retention factor for analytes eluting within and
after a gradient. However, an error function was required to allow
partial integration of the gradient equation. This is an impractical

aspect of the relationship. Moreover, the model may  show devia-
tions from the real values when predicting outside the scanning
range. An empirical model proposed by Neue and Kuss circum-
vented the integration problems, allowing analytical expressions to

 under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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e obtained for retention under gradient conditions [14]. A reten-
ion model based on surface adsorption has also been proposed for
ILIC, predicting retention across narrow ranges of water concen-

rations in the eluent. To account for the observed mixed-mode
ehaviour found in HILIC, Jin et al. introduced a three-parameter
odel [15], which was found to precisely describe retention factors

n isocratic mode [16]. However, similar to the quadratic model,
ntegration of the corresponding gradient equation was signifi-
antly complicated, involving a gamma  function and potentially
ielding complex numbers.

For efficient method development, an underlying accurate
escription of the retention mechanism is crucial. Because gradi-
nt elution is an essential tool for analysing or scanning samples,
ccurate description of gradient-elution patterns is also essen-
ial. Computer-aided-optimization tools, such as Drylab [17] for
D-LC, or PIOTR [18] for 1D and 2D-LC, utilize the concept of
o-called “scouting” or “scanning” runs to establish retention
arameters [19], from which the optimal conditions and the opti-
al  chromatogram can be predicted. Method development in HILIC

ollowing these principles has extensively been studied by Tyteca
t al. [20,21]. However, the currently employed retention models
or HILIC do not allow accurate prediction of retention times of ana-
ytes eluting during or after the completion of gradients based on a
ery limited number of scouting measurements. This hampers the
pplication of such optimization tools for HILIC.

In this work, we present the results of an evaluation study of
ach of the five above-listed models for predicting retention times
n gradient-elution HILIC based on a limited number of scouting
uns for a wide range of applications. First, the equation for each
etention model is addressed in the context of gradient-elution
hromatography. We  use Simpson’s Rule [22] to approximate the
ntegration of resulting gradient equations when an exact solution
oes not exist, i.e. for the quadratic and mixed-mode models. The
erformance of each of these models in computer-aided method-
evelopment programs is assessed.

. Theory

In the case that a solute elutes before the start of the gradient,
he retention time (tR,before) can be calculated from

R,before = t0 (1 + kinit) (1)

here kinit depicts the retention factor at the start of the gradient
nd t0 the column dead time. The general equation of linear gradi-
nts allows calculation of the retention time if a compound elutes
uring the gradient

1
B

ϕinit+B(tR−�)∫
ϕinit

dϕ

k (ϕ)
= t0 − tinit + tD

kinit
(2)

n this equation k (ϕ) is the retention model, denoting the variation
f the retention factor k with the composition parameter �. The
hange in ϕ as a function of time (i.e. the slope of the gradient) is
epicted Bϕ = ϕinit + Bt)  and � is the sum of the system dwell time

D, the waiting time before the gradient is programmed to start tinit,
nd t0 (� ≈ tD + tinit + t0). For useful application of gradient-elution
etention prediction models in real cases, it is essential that the
etention time cannot only be established if the analyte elutes dur-
ng the gradient, but also if it elutes after the gradient is completed.
n this case, the retention is obtained by integrating the retention

odel in the following equation
1
B

ϕfinal∫
ϕinit

dϕ

k (�)
+ tR − � − tG

kfinal
= t0 − tinit + tD

kinit
(3)
. A 1530 (2017) 104–111 105

Here, tG represents the gradient time. The application of some of
the proposed HILIC retention models is complicated, because the
integrals in Eqs. (2) and (3) cannot be analytically solved. The appli-
cation of each of the HILIC models for gradient-elution separations
is the main topic of this paper and this will be described in detail
in the following sections.

2.1. Exponential model

In the exponential model (Eq. (4)), k0 accounts for the extrap-
olated retention factor for ϕ = 0 and S denotes the change in the
retention factor with increasing mobile phase strength.

ln k = ln k0 − Sϕ (4)

This equation is often referred to as the linear-solvent-strength
(LSS) equations, because it corresponds to LSS conditions in com-
bination with linear gradients (ϕ = ϕinit + Bt). Schoenmakers et al.
derived equations for a compound eluting during (tR,gradient) and
after (tR,after) the gradient [13].

tR,gradient = 1
SB

ln
{

1 + SB · kinit

[
t0 − tinit + tD

kinit

]}
+ � (5)

tR,after = kfinal

(
t0 − tD + tinit

kinit

)
− 1

BS

(
1 − kfinal

kinit

)
+ tG + � (6)

Here, kfinal represents the retention factor at the end of the gradient
and tG the duration of the gradient.

2.2. Neue-Kuss empirical model

The empirical model introduced by Neue and Kuss [14] is given
by

ln k = ln k0 + 2 ln (1 + S2ϕ) − S1ϕ

1 + S2ϕ
(7)

where the coefficients S1 and S2 represent the slope and curvature
of the equation, respectively. Integration of the gradient equation
yields

tR,gradient = ln F

B(S2 − S1lnF)
− ϕinit

B
+ � (8)

with F defined as

F = S2Bk0

(
t0 − tinit − tD

kinit

)
+ e

S2ϕinit
1−S1ϕinit (9)

Similarly, introducing Eq. (7) into Eq. (3) and rewriting yields

tR,after = kfinal

(
t0 − tinit + tD

kinit

+S2Bk0 (e
S2ϕinit

1+S1ϕinit − e
S2ϕfinal

1+S1ϕfinal )) + tG + � (10)

2.3. Adsorption model

The adsorption model is based on confined surface adsorption
as used in normal-phase chromatography and is given by

ln k = ln k0 − n ln ϕ (11)

where n depicts the ratio of surface areas occupied by a water and a
solute molecule [16]. In the events that the compound elutes during
or after the gradient retention can be calculated from [23]

[ ( ) ] 1
n+1
tR,gradient =
k0 t0 − init D

kinit
B (n + 1) + ϕinit

B

−ϕinit

B
+ � (12)
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tR,after = kfinal

(
t0 − tinit + tD

kinit

)

− kfinal

Bk0 (n + 1)

[
ϕn+1

final − ϕn+1
init

]
+ tG + � (13)

.4. Mixed-mode model

The mixed-mode aspect of HILIC led Jin et al. to propose a tai-
ored model [15]

n k = ln k0 + S1ϕ + S2 ln ϕ (14)

here S1 is said to account for the interaction of solutes with the
tationary phase and S2 for the interaction of solutes with solvents.

hile seemingly attractive because of its ability to account for the
ixed-mode character of HILIC retention, the relation does pose a

ractical problem upon integration of the gradient equation.
The calculation of the retention time using Eq. (14), requires a

amma  function and may  possibly result in complex numbers. To
ircumvent this, we apply Simpsons’ Rule [22] to approximate the
ntegral (Eq. (15)).

Simpsons

⎧⎨
⎩

ϕfinal+B(tR,gradient−�)∫
ϕinit

eS1ϕ · eS2 dϕ

⎫⎬
⎭

= Bk0

(
t0 − tinit + tD

kinit

)
(15)

This rule divides the integral over a function, f, in our case
(ϕ) = eS1ϕ · eS2 in m segments of width �ϕ. Subsequently, each
egment is approximated by a solvable quadratic equation such
hat, in essence, the complex integral is replaced by m solvable
uadratic equations (Eq. (16)).
ϕfinal∫
ϕinit

f (ϕ) dϕ ≈ �ϕ

3

[
f (ϕinit) + 4f

(
1
m

�ϕ  + ϕinit

)

+2f
(

2
m

�ϕ  + ϕinit

)
+ . . . + 2f

(
m − 2

m
�ϕ  − ϕinit

)

+4f
(

m − 1
m

�ϕ  + ϕinit

)
+ f (ϕfinal)

]
(16)

Of course, the approximation is accompanied by an error. With
he Simpsons’ Rule, the maximum error depends on m and can be
alculated from

E| ≤ D(ϕfinal − ϕinit)
5

180m4
(17)

here D represents the maximum value of the fourth derivative of
he retention model in the integration range from ϕinit to ϕfinal. In
his study, we set the acceptable calculation error to 0.001, which
s much smaller than the typical experimental error. Rewriting the

quation yieldsm ≥ 4
√

| f 4(ϕx) · �ϕ5

0.18 |(18)

In the case of the mixed-mode model, ϕx equals ϕinit. Likewise,
he mixed-mode retention model can be applied in conjunction
ith Eq. (3), resulting in

tR,after = kfinal

(
t0 − tinit + tD

kinit
− 1

Bk0
Simpsons

⎧⎨
⎩

ϕfinal∫
ϕinit

eS1ϕ · eS2 dϕ

⎫⎬
⎭

⎞
⎠ + tG + � (19)
. A 1530 (2017) 104–111

2.5. Quadratic model

In comparison with the exponential (“LSS”) model, the quadratic
model offers a more flexible solution across a broader range of the
volume fraction of the strong solvent. Retention is given by

ln k = ln k0 + S1ϕ + S2ϕ2 (20)

Where S1 and S2 represent the influences of the volume fraction
of strong solvent. Similar to the mixed-mode model, integration of
the gradient-elution equation is complex. Effectively, the gradient
equations become

Simpsons

⎧⎨
⎩

ϕfinal+B(tR,gradient−tG−�)∫
ϕinit

eS1ϕ · eS2ϕ2
dϕ

⎫⎬
⎭

= Bk0

(
t0 − tinit + tD

kinit

)
(21)

tR,after = kfinal

(
t0 − tinit + tD

kinit
− 1

Bk0

Simpsons

⎧⎨
⎩

ϕfinal∫
ϕinit

eS1ϕ · eS2ϕ2
dϕ

⎫⎬
⎭

⎞
⎠ + tG + � (22)

For calculating the number of partitions m for the Simpson’s
approximation from (Eq. (18)),]zϕx now equals ϕfinal, because the
fourth derivative is largest at the final solvent strength.

3. Experimental

3.1. Chemicals

Aqueous solutions were prepared using deionized water (Arium
611UV; Satorius, Germany; R=18.2 M� cm). Acetonitrile (ACN,
LC–MS grade) was  obtained from Avantor Performance Chemi-
cals (Deventer, The Netherlands). Ammonium formate, formic acid
(reagent grade, ≥95%) and the peptide mix  (HPLC peptide standard
mixture, H2016) were obtained from Sigma-Aldrich (Darmstadt,
Germany). The earl-grey tea was  obtained from Maas International
(Eindhoven, The Netherlands). The dyes used in this study were
authentic dyestuffs obtained from the reference collection of the
Cultural Heritage Agency of the Netherlands (RCE, Amsterdam, The
Netherlands).

3.2. Instrumental

All experiments were carried out on an Agilent 1100 LC sys-
tem equipped with a quaternary pump (G1311A), an autosampler
(G1313A), a column oven (G1316A) and a 1290 Infinity diode-array
detector (G4212A) (Agilent, Waldbronn, Germany). In front of the
column, an Agilent 1290 Infinity In-Line Filter (G5067-4638) was
installed to protect the column. The dwell volume was approxi-
mately 1.1 mL.  The injector needle was  set to draw and eject at a
speed of 10 �L·min−1 with two seconds equilibration time. Two
columns were used, a Waters Acquity BEH Amide (150 × 2.1 mm
i.d., 1.7-�m particles, 130-Å pore size; Waters, Milford, MA,  USA)
and a Phenomenex Luna HILIC column (50 × 3 mm,  3 �m,  200 Å;
Phenomenex, Torrance, CA, USA), further referred to as diol column.

3.3. Procedures
3.3.1. Analytical methods
The mobile phase consisted of acetonitrile/buffer [v/v] 97:3

(Mobile phase A) and acetonitrile/buffer [v/v] 1:1 (Mobile phase
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). The buffer was 10 mM ammonium formate at pH 3. For all
xperiments recorded on the amide column, five different scouting
radient programs were used. All gradients started from 0.0 until
.5 min  isocratic at 100% A, followed by a linear gradient from 100%

 to 100% B in 10 (Gradient A1), 17 (Gradient A2), 30 (Gradient A3),
2 (Gradient A4) and 90 (Gradient A5) minutes. In all cases, 100%

 was maintained for 2 min, after which a linear gradient of 1 min
rought the mobile phase back to the initial composition of 100%
, which was  maintained for 20 min  to thoroughly re-equilibrate

he column. The flow rate was 0.25 mL  min−1.
For the experiments carried out on the diol column, the five

ifferent scout gradients each started with 0.0–0.5 min  isocratic at
00% A, followed by a linear gradient from 100% A–100% B in 0.67
Gradient D1), 1.33 (Gradient D2), 2.0 (Gradient D3), 4.0 (Gradient
4) and 6.0 (Gradient D5) minutes. The flow rate was 1.0 mL  min−1.

.3.2. Sample preparation
The peptide mix  was used at a concentration of 1000 ppm in

eionized water, and was diluted five times with ACN before anal-
sis. The injection volume was 5 �L.

The metabolites were individually prepared as stock solutions
n ACN/water with ratios (varying between 9:1 or 8:2 [v/v]) and
esulting concentrations depending on the solubility of each com-
ound (see Supplementary Material section S-1). For analysis,
ixtures of seven or eight metabolites were prepared with effec-

ive metabolite concentrations in these mixtures between 100 and
00 ppm. The injection volume of each mixture was  1 �L. The peaks

n the chromatograms were identified using individual injections,
learly distinguishable peak patterns and UV–vis spectra.

The dyes were prepared as individual stock solutions of approx-
mately 5000 ppm in water/MeOH (1:1) [v/v]. Mixtures of 20 dyes

ere prepared and the resulting solution was diluted four times in
CN. The mixtures were injected at a volume of 3 �L with effective

ndividual dye concentrations of approximately 25 ppm. The peaks
n the chromatograms were identified using the UV–vis spectra.

For the preparation of the earl-grey-tea sample, 200 mL  of
eionized water was heated until the boiling point was reached. The
eating was turned off and the earl-grey-tea bag was submerged in
he water for 5 min. After cooling, the resulting solution was diluted
ve times with ACN prior to analysis. The injection volume was

 �L.

. Results and discussion

.1. Goodness-of-fit

To establish a good representation of HILIC behaviour, a set of
7 analytes was compiled comprising organic acids, peptides, syn-
hetic and natural dyes and components found in black tea (Table 1).
he set mainly comprises acidic, basic, zwitterionic and neutral
ompounds with varying polarity and, in most cases, aromatic func-
ionality. The retention times for all analytes on the amide column
ere recorded with five different gradient programs (see Exper-

mental section, gradients A1-A5). Using the obtained retention
imes (see Supplementary Material section S-2 for all retention
ime data), all retention parameters were determined for each
etention model by using the nonlinear-programming-solver fmin-
earch function of MATLAB to fit the retention model to the data.
he resulting retention parameters are displayed in Table 1. For
ost analytes, reasonable values were found. Peptide component

 exhibited no retention and thus was excluded from this study.

To assess the ability of the different models to describe the

etention behaviour, the Akaike Information Criterion (AIC) [24]
as used. This criterion provides a measure for the mean-squared

rror in describing the retention behaviour based on information
. A 1530 (2017) 104–111 107

theory and it can be regarded as a goodness-of-fit indicator. The cri-
terion has been used before to study retention behaviour in HILIC
[16] and partition coefficients [25]. One attractive feature of the AIC
criterion is that it allows comparison of models with different num-
bers of terms. For example, a three-parameter model is expected
to describe the data better than a two-parameter model. The AIC
criterion accounts for this by penalizing the model for each addi-
tionally employed parameter, allowing an unbiased comparison.
For calculation the AIC, the number of parameters, p, the number
of experiments, n, and the sum-of-squares error (SSE) from the fit
of the retention model are used.

AIC = 2p + n
[

In
(

2� SSE
n

)
+ 1

]
(23)

Table 1 lists the AIC values obtained. Lower AIC values generally
indicate a better description of the retention behaviour. Generally,
the adsorption and Neue-Kuss models show favourable AIC val-
ues. In the case of the Neue-Kuss model, this is in agreement with
previous studies [16]. This is also reflected in Fig. 1, where the num-
ber of found compounds with a given AIC value are grouped in a
histogram per retention model. It can be seen that the LSS model
performs poorly in most cases and that both the mixed-mode and
quadratic models are not robust across the range of compounds.

Conversely, the plot suggests that the adsorption and Neue-Kuss
models perform more reliably, in particular for the metabolites and
dyes (see Supplementary Material section S-3 for histograms per
class of analytes).

4.2. Prediction errors

With this insight, the ability of the models to reliably predict
retention times based on a smaller number of gradients was studied
to allow automatic gradient optimization. To simulate such a situa-
tion, the retention times from gradients A2 and A4 were excluded,
and the retention parameters were determined once more using
exclusively the data from gradients A1, A3 and A5. The obtained
retention parameters were used to predict the retention times for
gradients A2 and A4.

The results are plotted in Fig. 2A for the amide column, where
the errors in prediction of the retention times of all analytes in gra-
dient A2 are reflected by the solid bars and the dashed bars reflect
the prediction errors for gradient A4. Most models perform very
similarly, with an average prediction error of approximately 2% for
retention times of gradient A2 and 2.5% for retention times of gradi-
ent A4. A significant deviation of this impression is the performance
of the Neue-Kuss model, which is surprising because of the low AIC
values found for this model. This can be explained by realizing that
this is an empirical model now using just three points (A1, A3 and
A5) instead of all five such, was the case for Fig. 1. To investigate
to which extent the observations obtained thus far also pertain to
other stationary phases, the retention times for 17 of the analytes
(peptides and metabolites) were also recorded on a cross-linked
diol column, using a similar set of scanning gradients (see Sup-
plementary Material section S-4 for the obtained retention times,
determined retention parameters and the calculated AIC values; see
Section 3.3.1 for gradient programs and conditions). Again, using
exclusively data from gradients D1, D3 and D5, the retention times
of gradient D2 and D4 were predicted and the prediction errors
are shown in Fig. 2B. Interestingly, the prediction errors across the
range of models is much better with, with prediction error values of
approximately 0.5% for D2 and 1.0% for D4. Noteworthy is, however,
the dramatic performance of the Neue-Kuss model for which the

box-and-whisker plots are off-scale. The lower prediction errors
suggest a more-regular behaviour of the diol column. It is worth to
point out that the obtained retention factors for both columns were
rather similar. To rule out that this significantly better performance
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Table 1
Overview of determined retention parameters and calculated AIC values for all 57 analytes and five studied retention models based on five scanning gradients.

LSS Mixed-Mode Quadratic Adsorption Neue-Kuss

Compound ln k0 S AIC ln k0 S1 S2 AIC ln k0 S1 S2 AIC ln k0 n AIC ln k0 S1 S2 AIC
tea  component 1 3.322 18.069 7.386 −2.217 0.708 1.564 5.225 3.325 −18.253 1.952 9.400 −2.373 1.604 2.940 7.430 249.896 19.696 0.578
tea  component 2 3.781 18.941 8.570 −2.790 0.000 1.940 5.768 3.765 −18.717 0.165 10.719 −2.790 1.940 3.767 9.177 282.120 18.957 −0.045
tea  component 3 3.975 15.981 6.959 −2.290 0.006 1.951 2.875 3.981 −16.211 1.880 8.983 −2.300 1.955 0.870 6.379 96.118 7.975 1.096
tea  component 4 4.830 20.493 9.618 −3.726 0.001 2.801 7.156 7.831 −62.722 133.254 −5.245 −3.729 2.802 5.156 8.452 121.672 7.762 5.553
tea  component 5 4.604 17.599 11.171 −2.867 0.088 2.456 8.560 8.625 −72.020 164.111 −3.301 −2.930 2.482 6.518 8.557 132.038 8.858 5.938
tea  component 6 5.251 13.292 15.366 −2.011 0.000 2.753 13.394 8.272 −40.755 56.057 7.373 −2.008 2.752 11.394 5.297 14.315 0.160 17.142
nicotinic  acid 2.245 11.175 5.807 −0.699 0.000 0.764 5.681 2.296 −12.574 3.847 7.781 −0.693 0.763 3.687 4.871 239.184 26.905 2.576
benzyltrimethylammonium  2.626 12.234 2.614 −0.991 0.000 0.977 −2.923 2.637 −12.644 3.064 4.402 −0.991 0.977 −4.921 4.403 125.560 14.849 −8.292
adenine  2.746 10.943 4.915 −0.708 0.143 0.956 0.966 2.784 −11.849 3.511 6.654 −0.771 0.975 −1.172 4.139 88.312 10.965 −0.413
hypoxanthine  2.731 10.730 8.425 −0.709 0.000 0.953 5.485 2.781 −11.851 3.505 10.254 −0.709 0.953 3.488 5.527 187.602 19.457 −3.392
adenosine  2.783 10.090 4.831 −0.559 0.095 0.939 0.812 2.809 −10.809 3.707 6.420 −0.598 0.950 −1.231 3.773 61.007 8.018 0.743
benzylamine  3.064 12.556 9.744 −1.170 0.000 1.207 6.508 3.069 −12.842 2.479 11.619 −1.173 1.208 4.503 7.528 278.750 22.807 −3.007
tyramine  component 1* 3.228 12.835 7.439 −1.307 0.002 1.321 2.110 3.965 −29.081 68.844 1.422 −1.304 1.319 0.097 5.562 120.642 11.979 −1.056
tyramine  component 2* 3.672 15.929 6.827 −1.639 1.524 1.596 1.995 3.680 −16.197 2.022 8.813 −2.148 1.745 −1.174 6.876 147.934 12.188 −3.958
cytosine  3.131 10.230 7.552 −0.686 0.000 1.126 1.425 3.660 −21.394 43.706 2.507 −0.688 1.127 −0.581 4.476 67.053 7.857 0.491
dopamine  3.906 14.159 9.265 −1.834 0.000 1.807 4.011 5.000 −32.352 62.068 2.399 −1.837 1.807 2.009 4.236 23.672 1.472 9.022
rutin  4.511 17.591 10.704 −2.892 0.000 2.414 7.775 4.477 −17.211 0.000 12.920 −2.889 2.413 5.775 7.989 121.060 8.521 5.547
tryptophan  4.374 15.552 8.972 4.344 15.242 0.000 11.235 5.784 −35.798 62.181 0.924 −2.367 2.219 1.674 8.010 122.006 8.780 −0.288
deoxyguanosine  3.658 12.611 11.412 −1.356 0.000 1.551 7.164 3.673 −13.027 2.318 13.271 −1.360 1.552 5.159 7.228 152.984 12.749 −0.196
phenylalanine  4.248 14.714 12.319 −2.071 0.000 2.063 9.176 6.302 −44.134 89.891 0.722 −2.070 2.062 7.176 7.713 120.650 9.115 5.696
thiamine  4.330 12.909 13.198 −1.636 0.000 2.018 9.610 6.107 −35.822 62.602 3.062 −1.636 2.018 7.610 6.732 74.771 6.107 7.647
peptide  component 1** −42.339 108.595 −27.618 −31.941 414.976 0.489 −25.618 −36.800 −66.500 48.000 −25.618 5.784 −14.031 −27.618 −48.236 −61.782 58.202 −25.618
peptide  component 2 4.247 17.496 12.144 4.220 17.174 0.000 14.132 4.224 −17.219 0.112 14.132 −2.867 2.268 12.988 4.544 24.902 1.002 14.271
peptide  component 3 4.279 16.309 12.836 4.252 16.009 0.000 14.817 4.276 −16.372 1.162 14.827 −2.612 2.235 13.811 4.559 22.906 0.902 14.991
peptide  component 4 4.169 14.040 13.190 4.148 13.815 0.000 15.164 4.201 −14.625 2.514 15.209 −2.002 2.029 14.500 3.853 6.795 −1.317 15.008
peptide  component 5 4.597 12.198 16.158 4.568 11.945 0.000 18.118 4.654 −12.952 2.459 18.199 −1.654 2.244 17.441 4.118 4.013 −1.481 17.816
Indigo  Carmine 1 4.541 9.651 13.864 −0.734 0.000 1.953 8.973 5.624 −20.692 23.549 8.624 −0.735 1.953 6.973 4.872 15.431 0.861 13.786
Azo  Fuchsine 6B 4.569 11.542 13.475 −1.329 0.000 2.112 9.714 5.973 −27.111 36.704 7.987 −1.328 2.111 7.714 6.872 60.775 4.861 8.670
Indigo  Carmine 2 3.717 9.580 14.081 −0.586 0.000 1.398 10.585 4.573 −22.314 36.988 10.200 −0.590 1.400 8.581 5.378 57.857 5.904 9.509
Orange  GG 3.682 10.073 13.518 −0.716 0.000 1.411 9.910 4.573 −23.882 41.868 9.245 −0.721 1.413 7.906 6.258 95.731 9.034 7.434
Crystal  Ponceau 6R 3.581 11.043 11.842 −0.956 0.000 1.415 7.795 4.453 −25.940 49.730 6.909 −0.961 1.417 5.790 6.671 127.455 11.420 4.745
Auramine  component 1 3.238 10.439 9.920 −0.744 0.000 1.190 5.061 3.923 −24.121 51.448 4.284 −0.747 1.191 3.055 5.395 102.156 10.706 1.888
Auramine  component 2 3.115 10.174 9.162 −0.661 0.000 1.111 4.208 3.735 −23.304 51.597 3.633 −0.663 1.112 2.203 5.000 94.415 10.465 1.261
Auramine  component 3 2.990 9.708 8.447 −0.533 0.000 1.024 3.473 3.548 −22.129 50.565 3.172 −0.534 1.024 1.472 4.610 85.555 10.096 0.866
Auramine  component 4 2.871 9.144 7.611 −0.388 0.000 0.936 2.606 3.363 −20.640 48.243 2.645 −0.387 0.935 0.610 4.228 75.597 9.542 0.448
Rhodamine  B 2.554 7.575 4.480 0.000 0.000 0.711 −0.123 2.582 −8.359 3.876 5.869 0.005 0.709 −2.097 3.379 54.331 8.216 −1.060
Crystal  Violet 2.407 6.478 3.309 0.256 0.000 0.593 −0.174 2.412 −6.640 0.799 5.195 0.264 0.590 −2.140 3.065 46.820 7.783 −0.570
Diamond  Green G 2.267 5.580 1.369 0.464 0.000 0.491 −0.943 2.268 −5.608 0.130 3.355 0.473 0.488 −2.910 2.757 38.480 7.058 −0.921
Taetrazine  5.497 14.754 7.222 −2.613 0.000 3.105 −1.268 7.303 −31.694 36.209 −14.046 −2.615 3.106 −3.267 7.940 54.203 3.287 −0.654
Cochineal  Red A 5.251 15.050 7.731 −2.611 0.000 2.907 0.066 7.018 −33.179 41.868 −11.468 −2.610 2.907 −1.935 4.647 6.697 −1.194 13.088
Ponceau  RR 3.863 17.934 5.116 −2.670 0.000 1.969 −2.887 3.865 −18.121 1.992 7.174 −2.671 1.969 −4.888 7.390 159.770 12.244 −23.321
Gongo  Red 3.039 21.244 0.845 −2.772 0.000 1.553 −4.985 4.090 −53.446 198.823 −18.434 −2.774 1.554 −6.996 5.858 201.297 18.063 −17.595
Patent  Blue V 2.193 11.969 −7.432 0.870 6.579 0.338 −8.782 2.208 −12.507 3.972 −5.732 −0.756 0.754 −17.922 3.217 94.330 13.759 −43.011
Rhodamine  1.610 4.453 −44.498 1.012 1.561 0.146 −41.591 1.656 −6.546 19.859 −45.932 0.708 0.220 −37.989 1.639 9.853 2.002 −49.004
Safranine  T component 1 2.546 6.260 10.792 0.352 0.000 0.617 12.198 2.868 −14.500 35.601 11.405 0.360 0.614 10.197 2.967 29.745 4.983 11.920
Safranine  T component 2 2.931 9.448 10.724 −0.440 0.000 0.971 11.070 3.533 −23.285 57.890 9.400 −0.439 0.971 9.070 4.057 62.526 8.015 10.550
Cotton  Scarlet 3.112 9.765 10.239 −0.514 0.130 1.071 10.199 3.147 −10.562 3.471 11.956 −0.550 1.081 8.178 4.188 54.802 6.711 9.669
Orcein  component 1 3.299 10.441 9.778 −0.753 0.000 1.221 9.939 3.334 −11.215 3.383 11.512 −0.757 1.222 7.939 3.670 23.892 2.407 10.116
Orcein  component 2 3.660 9.765 10.972 −0.640 0.000 1.382 9.304 4.376 −20.954 33.942 6.924 −0.644 1.384 7.304 5.084 52.909 5.564 8.605
Fast  Acid Magenta B 3.829 10.041 11.667 −0.742 0.000 1.503 9.562 4.676 −22.322 35.226 6.668 −0.747 1.504 7.562 4.027 15.236 0.922 12.236
Yellowish  Light Green SF 5.117 15.874 16.530 −2.661 0.000 2.769 15.854 9.443 −61.174 107.417 5.178 −2.657 2.768 13.854 4.536 7.258 −1.233 19.873
Orcein  component 1 2.866 12.606 8.217 1.892 9.524 0.269 10.154 2.888 −13.227 3.392 10.211 −1.184 1.128 8.736 2.895 14.030 0.312 10.213
Orcein  component 2 4.218 17.305 9.678 −2.689 0.000 2.183 6.049 4.203 −17.198 0.862 11.817 −2.685 2.182 4.050 8.124 151.117 10.798 1.792
Orcein  component 3 4.452 18.409 11.015 −3.039 0.000 2.402 8.624 4.415 −17.996 0.001 13.210 −3.035 2.401 6.625 4.661 23.962 0.787 12.229
Orcein  component 4 3.769 15.093 5.753 −2.010 0.000 1.769 −2.113 3.792 −15.647 2.944 7.588 −2.012 1.770 −4.116 6.185 102.375 8.910 −6.772
Orcein  component 5 4.008 15.194 11.364 −1.666 1.209 1.791 12.239 4.002 −15.209 0.921 13.398 −2.172 1.955 10.249 5.406 56.080 4.741 12.376
Rutin  4.402 12.318 14.317 −0.927 1.280 1.842 15.275 5.021 −20.213 21.190 15.605 −1.567 2.070 13.291 4.134 7.430 −0.818 17.011

* Two well−separated peaks were systematically observed for tyramine.
** Excluded from study due to lack of retention.
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Fig. 1. Quality of fit of 56 retained analytes based on the obtained AIC values for each retention model. The analytes were classified within distinct ranges of AIC values for
clarity.  See Supplementary Material section S-3 for quality-of-fit histograms per analyte class.
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f specific models is caused by the absence of the dyes and/or tea

omponents in the data set, the plot shown as Fig. 2C compares
xclusively the prediction errors for the 17 selected analytes. The
bserved trends support those found in Figs. 2A and 2B.
mide column, (B) 17 analytes on the diol column (C) 17 analytes on the amide and
ors of both the second and fourth gradient (A2 and A4 for amide and D2 and D4 for
rent scales on the y-axes.

4.3. Repeatability
To study the robustness of fitting the retention parameters and
predicting retention times, ten analytes were selected and mea-
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ig. 3. Retention curves of 10 selected analytes for the (A): LSS, (B) mixed-mode, (C
f  five sets of retention parameters derived from five sets of gradient retention data

ured five times with all five gradients on the amide column. The
esulting retention curves are shown in Fig. 3. The error bars signify
he spread based on the five determinations. Narrow spreads in the
etention curves were observed for the LSS and mixed-mode mod-
ls, but especially for the adsorption model. The spread was  larger
or a number of components with the Neue-Kuss model, despite
he use of five data points for fitting, and it was dramatic for the
uadratic model.

One trend that can be observed is that for specific (mostly early-
luting) analytes the spread is larger towards higher fractions of
ater. The typical HILIC conditions may  no longer be applicable in

his range. Earlier-eluting compounds are generally more difficult
o fit with the relatively limited gradient range used for scouting.To

tudy the influence of the number of scanning gradients on the error
n prediction, retention parameters were determined for each pos-
ible combination of gradients where the predicted gradient would
all within the scanning range. For example, gradients A1, A2 and
ratic, (D) adsorption and (E) Neue-Kuss models. Each curve represents the average
error bars shown represent the uncertainty.

A4 could be combined to predict A3 as the latter falls within the
scanning range, whereas this was  not the case for predicting gra-
dient A4 from gradients A1, A2 and A3. The results are shown in
Fig. 4, with the plot showing the prediction errors for all 56 retained
analytes plotted against the number of used scanning gradients.
Note that the mixed-mode, quadratic and Neue-Kuss models were
not investigated for the use with two scanning gradients as they
are three-parameter models. Not surprisingly, a larger number of
scanning gradients improves the accuracy of the predictions. How-
ever, we  can see that for some models this trend is more significant
than for other ones. Using four scanning gradients instead of two
provides just minor improvements in prediction accuracy for the
adsorption model, which appears to perform solidly for the amide

column. It should also be noted that the effect of additives, which
have been shown to influence the type of interactions in HILIC, have
not been evaluated here [26].
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. Concluding remarks

We  have investigated the quality-of-fit and prediction accura-
ies for five retention models and a wide array of compounds from
ifferent classes. For most compound classes, the adsorption model
rovides the most robust performance in terms of its ability to
escribe and accurately predict HILIC retention based on a limited
umber of scanning gradients. Prediction accuracies were gener-
lly better for a diol column than for an amide column, with the
xception of the Neue-Kuss model which performed poorly when
sing three scouting runs on either column.

While the adsorption model was found to perform robustly for
ost of the investigated analytes, the data suggest a strong effect

f the combination of analyte class and stationary-phase chemistry
n model performance. The two-parameter model is also attractive,
ecause it can be used with good results using only two scanning
radients. We recommend that the adsorption model should be
he first-choice model for describing and predicting HILIC retention
ata, unless data are available to demonstrate that other models
“LSS” model, mixed-mode model) perform adequately in specific
ituations. Based on the present data, we cannot recommend the
uadratic and Neue-Kuss models for use in HILIC.
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