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A B S T R A C T   

In this work, the correlations between retention behavior and lipophilicity of a large set of hydrophilic neutral 
and ionic analytes were studied based on three hydrophilic interaction liquid chromatography (HILIC) stationary 
phases, including zwitterionic, crosslinked diol and triazole stationary phases. It was found that HILIC, due to the 
diversity of retention mechanism, is a more complex chromatography separation mode than reversed-phase 
liquid chromatography (RPLC) which has been widely accepted for lipophilicity assessment. Because electro
static interactions contributed to the overall retention of the charged solutes on all three stationary phases, ion- 
strength of the mobile phase kept the same during the whole experiment. After the correlations between 
retention factor log k and water volume fraction Φ were investigated, the mixed retention model was revealed to 
be more suitable for HILIC retention behavior than other single models including partitioning and adsorption 
model. Moreover, in order to bridge the relationship between HILIC log k and lipophilicity parameter log D, net 
charge ne and Abraham solvation parameter were introduced in the quantitative structure-retention relationship 
(QSRR) model. Although the correlation coefficients between log D and log k were still moderate, the significant 
improvement in correlation has made HILIC a potential choice as the complement of RPLC for log D 
measurement.   

1. Introduction 

The logarithm of octanol-water partition coefficient (log P) is 
generally considered as one of the most relevant lipophilicity descriptors 
to be applied in absorption, distribution, metabolism, excretion and 
toxicity (ADMET) studies [1,2], and thus it is an important parameter in 
pharmaceutical industry. For an ionizable solute, lipophilicity is often 
expressed in terms of the logarithm of distribution coefficient (D) 
involving the contribution of all ionic species to the total hydrophobicity 
of the analyte instead of log P. Usually, log P values are determined with 
experimental methods recommended by the Organization for Economic 
Co-operation and Development (OECD), such as traditional shake-flask 
method (SFM) [3], slow-stir method (SSM) [4] and reversed-phase 
liquid chromatography (RPLC) method [5]. Researchers have done a 
large number of theoretical and practical explorations aiming at the 
RPLC-based log P determination method for neutral and ionizable 

compounds [6–14]. Compared with SFM and SSM methods, this method 
offers several practical advantages including speed, reproducibility, 
insensitivity to impurities and degradation products, broader dynamic 
range, on-line detection, simplified sample handling and reduced sam
ple sizes. 

Many researchers proposed gradient elution-based RPLC methods for 
high throughput log P determination and have obtained satisfactory 
results [15–18]. A few other researchers focused on expanding the range 
of log P determination with the RPLC method. Although RPLC methods 
are able to measure log P values of highly hydrophobic compounds (log 
P > 4) which are difficult to be measured by SFM (log P from � 2 to 4) 
[5], existing RPLC-based methods could hardly be utilized to measure 
log P values of more highly hydrophilic solutes. In the classic isocratic 
method for log P measurement, the log kw parameter corresponding to 
neat water as mobile phase is considered as a more reliable lipophilicity 
index than any arbitrarily selected isocratic log k [12]. log kw is often 
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extrapolated via linear solvent strength (LSS) model with at least four 
isocratic log k values at different contents of organic modifier (ϕ) [12]. 
Because of the weak retention of hydrophilic solutes on RPLC columns, 
we could not obtain highly reliable log k or log kw values of them for log 
P evaluation. 

Hydrophilic solutes could be divided into two categories, ionic ones 
and neutral ones. Earlier, Zou et al. [19] proposed that the ion-pair 
reversed-phase liquid chromatography (IP-RPLC) could be used for 
measuring log D values of ionic compounds. They established a rela
tionship between calculated log D value, logarithm of retention factor 
(k) and solute charge for model sulphonic acids. By adding ion-pair re
agents in the mobile phase, retention times of the ionic compounds are 
prolonged and could be precisely obtained. We evaluated and further 
explored the IP-RPLC-based log D determination method and considered 
it as an appealing method for expanding log D determination range [13]. 

For hydrophilic neutral solutes, there seem no better ways to in
crease their retention times on RPLC columns other than using longer 
columns and water-rich mobile phases. However, in many cases, 
retention times of the hydrophilic neutral solutes are still too short to be 
precisely measured. In recent years, the interest in hydrophilic interac
tion liquid chromatography (HILIC) continued to grow and the avail
ability of a wide variety of HILIC columns for either commercial or 
research sources also facilitated the fast adoption of this technique. 
There have been many applications of HILIC reported in the area of 
biomedical research, proteomics and metabolomics [20–22]. In RPLC, 
retention behaviors are mainly governed by hydrophobic interaction, 
while in HILIC, hydrophilic partitioning, surface adsorption and elec
trostatic interaction between charged groups may all influence the 
retention behavior [23]. Hence, HILIC is especially suitable for the 
separation of hydrophilic solutes which could hardly be separated in 
RPLC. Moreover, HILIC could be viewed as a very good complement to 
RPLC because the mobile phases used in HILIC and RPLC are similar. 
Many researchers investigated HILIC retention mechanism [24–28], 
including the study of lipophilicity parameter log P value. Dou�sa et al. 
[29] found a linear correlation (r > 0.99) between log k and log D for 
α-amino acids at pH 3.5 to 6.5 and for ω-amino acids at pH 3.5 on three 
different HILIC columns, TSKgel Amide-80, Kromasil 60-5DIOL and 
Nucleosil 100-5 N(CH3)2. Chirita et al. [30] investigated the retention of 
a large set of 76 compounds (anionic, cationic, neutral and zwitterionic) 
on two zwitterionic stationary phases (ZIC-HILIC and Nucleodur HILIC). 
Moderate correlation coefficients between log k and log D at pH 6.2 were 
obtained for ZIC-HILIC (R2 ¼ 0.70) and Nucleodur HILIC (R2 ¼ 0.87). 
Kumar et al. [31] investigated the retention behaviors of 29 model 
compounds (acidic, basic and neutral) on 6 different stationary phases, 
including a zwitterionic (ZIC-HILIC), a silica (Atlantis silica), a cross
linked diol (Luna HILIC), a mixed-mode diol (Acclaim mixed-mode 
HILIC-1) and two amide stationary phases (TSKgel Amide-80 and 
XBridge BEH Amide) under different mobile phase conditions. They 
found a reasonable linear correlation between log k and log D (pH 3) for 
two amide stationary phases (r ¼ 0.81 and 0.83, respectively) at 85% 
acetonitrile, and neutral compounds showed better correlation (r ¼
0.94) than acidic and basic compounds. Tufi et al. [32] assessed the 
column performances and retention behaviors on five different com
mercial HILIC packing materials (silica, amino, amide and two zwit
terionic stationary phases). The silica based XBridge HILIC column 
showed the highest correlation between retention and log D of the 
analytes. Based on these studies, it seems that HILIC is promising solu
tion for lipophilicity determination of hydrophilic solutes. 

We tried to deeply investigate the relationship between HILIC 
retention behavior of hydrophilic solute to evaluate the possibility for 
lipophilicity determination. However, unlike the nearly uniform RPLC 
stationary phases (C8 and C18), there are different kinds of commercially 
available HILIC stationary phases. Three different stationary phases, 
including a zwitterionic (ZIC-HILIC), a crosslinked diol (YMC Pack Diol- 
120-NP) and a triazole (COSMOSIL HILIC) phase were used in this work. 
Different from the zwitterionic and crosslinked diol phases whose 

retention behaviors have been studied by some researchers, the triazole 
phase is relatively new. According to the instruction of the supplier, the 
bonded triazole is positively charged and acidic solutes would be greatly 
retained. In our early work [13], when evaluating IP-RPLC-based log D 
determination method, tetrabutylammonium bromide was added in the 
mobile phase to prolong the retention times of acidic compounds. The 
IP-RPLC chromatographic system is difficult to be equilibrated and it is 
hard to totally remove the ion-pair reagents from RPLC columns after 
the experiment. Thus, the HILIC stationary phase might be an attractive 
alternate for log D determination of acidic solutes because no ion-pair 
reagents are needed. This work is our follow-up exploration of 
expanding lipophilicity determination range of chromatography based 
methods. The retention behaviors of neutral and acidic compounds on 
three HILIC stationary phases were systematically studied, and corre
lations between log D and retention behaviors were established. In order 
to correlate with our study on IP-RPLC based log D determination 
method, pH of the mobile phase was kept at 7.0 as our previous work 
[13] to make acidic solutes ionized. The ionic solutes are more hydro
philic than their neutral forms, which would be favorable to obtaining 
reliable log k or log kw values and therefore concluding the correlation 
between HILIC retention and lipophilicity. 

2. Experimental section 

2.1. Materials 

HPLC grade acetonitrile was purchased from Honeywell (Ulsan, 
Korea). Ammonium acetate (analytical-reagent grade) and ammonia 
(25%–28%, analytical-reagent grade) were purchased from Nanjing 
Chemical Reagent (Nanjing, China). Ultrapure water was used 
throughout the experiment. 

Compounds investigated in this experiment (including 6 lipophilic 
solutes No. 1–6 and 63 hydrophilic solutes No. 7–69. Among them, No. 
45–69 were also tested in our previous work [13] for evaluation of the 
IP-RPLC based log D determination method) are listed in Table 1 log D 
and net charge (ne) of these compounds at pH 7.0 are also listed in 
Table 1. For neutral compounds like 6 lipophilic compounds, log D 
values are always equal to their log P values. These compounds were 
obtained from commercial sources (Sinopharm Chemical Reagent, 
Shanghai, China; J&K Scientific, Beijing, China; and/or Sigma-Aldrich, 
St. Louis, USA) with a minimum purity of 98%. Stock solutions con
taining about 1.0 mg/mL of solutes were individually prepared in 
acetonitrile and stored in a refrigerator (4 �C) before use. The injection 
concentration was 50 μg/mL and the injection volume was 5 μL. 

2.2. Apparatus 

A Waters 2695 Alliance separation module (Milford, MA, USA) was 
employed consisting of a vacuum degasser, a quaternary pump and an 
auto-sampler, and a Waters 996 photodiode-array (PDA) detector set at 
the respective optimum absorption wavelength for each compound. 
Three HILIC column used was SeQuant ZIC-HILIC (abbreviated as ZIC, 
250 mm � 4.6 mm i.d., 5 μm, Merck KGaA, Darmstadt, Germany), YMC- 
Pack Diol-120-NP (abbreviated as DIOL, 250 mm � 4.6 mm i.d., 5 μm, 
YMC Co., Ltd., Kyoto, Japan) and COSMOSIL HILIC (abbreviated as COS, 
250 mm � 4.6 mm i.d., 5 μm, Nacalai Tesque Inc., Kyoto, Japan). The 
column temperature was maintained at 30 �C. All experimental reten
tion times (tR) were obtained by averaging the results of at least three 
independent injections at 1.0 mL/min mobile phase flow rate. Data 
acquisition and processing were performed on a Waters Empower 
chromatography manager system. The pH values of mobile phase were 
measured using a FiveEasy Plus™ pH meter (Metter-Toledo, Schwer
zenbach, Switzerland). The electrode system was standardized with 
ordinary aqueous buffers of pH 4.00, 7.02 and 9.26 at 25 �C (Mettler- 
Toledo). 
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2.3. Experimental procedure 

Since electrostatic interactions between charged groups play 
important roles in governing the retention in HILIC, any non-hydrophilic 
partitioning interactions might affect log D generation from retention 
behaviors in HILIC. Thus, the influence of pH and ion strength of the 
mobile phase on retention behaviors were evaluated. First, two ways 
were tested to prepare mobile phases as illustrated in Fig. S1. In binary 
mobile phase preparation method, 10 mM acetate buffer solution was 
adjusted to pH 7.0 in one solvent reservoir separately, then it was mixed 
with acetonitrile in another solvent reservoir in the quaternary pump 
system. In this way, the ion strength and pH of the mobile phase would 
vary with the volume fraction change of acetate buffer in the mobile 
phase. Another way, unitary mobile phase preparation method, is to mix 
desired proportion of acetonitrile with buffer solution in one solvent 
reservoir and keep the mobile phase containing 10 mM ammonium ac
etate, then adjust the mixed mobile phase pH to 7.0. Retention times of 
two neutral solutes (No. 20 cytidine and No. 30 20-deoxycytidine) and 
two ionic solutes (No. 12 barbituric acid and No. 36 4-aminomethyl 
pyridine) were determined using mobile phases prepared in above two 
ways at different water contents of 0.10, 0.15, 0.20, 0.25 and 0.30. In 
subsequent experiments, the mobile phases were prepared using the 
second way. Second, keep the concentrations of ammonium acetate at 5, 
20 and 40 mM in the mobile phase, and the retention times of the above 
4 solutes were determined at different water contents of 0.20, 0.25, 0.30. 
Results indicated that electrostatic interactions could not be totally 
suppressed. Considering ammonium acetate is insoluble in acetonitrile 
and the ion strength with varied water volume fraction should be kept 
the same, we chose 10 mM ammonium acetate in subsequent 

experiments. 
Usually, the dead time t0 was determined with toluene in HILIC [33]. 

In this present work, we used the retention time of hexamethylbenzene 
at water volume fraction of 0.30 as the dead time. In HILIC separation 
mode, mobile phases usually contain under 30% water. Retention times 
of all 69 solutes were determined on three HILIC columns with mobile 
phases containing 10 mM ammonium acetate at different water contents 
of 0.05, 0.10, 0.15, 0.20, 0.25 and 0.30. Since there were few studies on 
retention behaviors of the triazole stationary phase, we determined the 
retention times of 65 solutes (except No. 57, 61, 65 and 69) with mobile 
phases containing 10 mM ammonium acetate at additional water con
tents of 0.40, 0.50, 0.60, 0.70 and 0.80. Relationships between log k and 
water content Φ were established and analyzed by Origin 8.0 (Origin 
Lab Corporation, Northampton, MA, USA). Then, log D values of hy
drophilic solutes (No. 7 to 69) were correlated with log k values obtained 
at different Φ by Matlab R2019b (The MathWorks, Inc., Novi, MI, USA). 

3. Results and discussion 

3.1. Discussion on two mobile phase preparation methods 

In RPLC based log P determination method, log kw is generally 
considered as the lipophilicity index for generating log P. log kw is 
usually extrapolated via the LSS model with log k obtained at different ϕ. 
Binary mobile phase is often used in RPLC and ion-suppression RPLC (IS- 
RPLC) for log P and log D determination. The ion-strength and pH would 
vary with the change of organic modifier content [34,35]. In RPLC and 
IS-RPLC, retention behaviors are mainly governed by hydrophobic in
teractions. The ion-strength and pH change of the mobile phase would 

Table 1 
log D and ne of all investigated compounds at pH 7.0.  

No. Solute log D ne No. Solute log D ne 

1 Benzyl alcohol 1.10 0 36 4-Aminomethyl pyridine � 1.99 1.00 
2 Benzene 2.13 0 37 Pyridazine � 0.35 0 
3 Toluene 2.73 0 38 N,n-dimethylformamide � 0.75 0 
4 Naphthalene 3.30 0 39 Dimethyl sulfoxide � 0.8 0 
5 Biphenyl 4.01 0 40 N-methylpyrrolidone � 0.33 0 
6 Hexamethylbenzene 4.61 0 41 Thiourea � 1.05 0 
7 Isoniazid � 0.68 0 42 Thioacetamide 0.24 0 
8 2-Aminopyrimidine � 0.18 0 43 Acrylamide � 0.54 0 
9 Pyrazine � 0.02 0 44 Uracil � 0.42 0 
10 Pyrimidine � 0.18 0 45 Benzoic acid � 1.12 � 1.00 
11 Cytosine � 1.40 0 46 2-Bromobenzoic acid � 1.51 � 1.00 
12 Barbituric acid � 3.89 � 1.00 47 3-Bromobenzoic acid � 0.76 � 1.00 
13 Uridine � 1.79 0 48 2-Chlorobenzoic acid � 1.92 � 1.00 
14 Thymine � 0.57 0 49 4-Chlorobenzoic acid � 0.75 � 1.00 
15 Hydantoin � 1.27 0 50 3-Methylbenzoic acid � 0.57 � 1.00 
16 Allopurinol � 0.36 0 51 3,5-Dimethylbenzoic acid � 0.09 � 1.00 
17 Hypoxanthine � 0.57 0 52 Benzeneacetic acid � 1.21 � 1.00 
18 6-Methyluracil � 0.07 0 53 4-Bromophenylacetic acid � 0.47 � 1.00 
19 Adenine � 0.13 0 54 2-Chlorophenylacetic acid � 0.72 � 1.00 
20 Cytidine � 2.27 0 55 2-Methylphenylacetic acid � 0.88 � 1.00 
21 3-Aminopyridazine � 0.03 0 56 Benzenesulfonic acid � 1.50 � 1.00 
22 2-Amino-6-chloropurine 0.36 � 0.17 57 1,5-Naphthalenedisulfonic acid � 2.54 � 2.00 
23 20-Deoxyadenosine � 0.56 0 58 4-Chlorobenzenesulfonic acid � 0.45 � 1.00 
24 2-Piperidone � 0.36 0 59 4-Methylbenzenesulfonic acid � 0.94 � 1.00 
25 5-Fluorouracil � 0.77 � 0.17 60 5-Amino-2-nanphthalenesulfonic acid � 0.72 � 1.00 
26 4(3H)-pyrimidone � 0.89 0 61 2-Amino-1,4-benzenedisulfonic acid � 3.32 � 2.00 
27 5-Nitro-6-methyluracil � 1.91 � 1.00 62 1-Naphthalenesulfonic acid 0.10 � 1.00 
28 Guanosine � 1.79 0 63 2-Naphthalenesulfonic acid 0.36 � 1.00 
29 20-Deoxyguanosine � 1.61 0 64 2,4-Dimethylbenzenesulfonic acid � 0.32 � 1.00 
30 20-Deoxycytidine � 2.00 0 65 4-Sulfobenzoic acid � 3.43 � 2.00 
31 1,3-Dimethyluracil � 0.15 0 66 3,5-Dichloro-2-hydroxybenzenesulfonic acid 0.95 � 1.14 
32 2-Thiouracil � 0.93 � 0.28 67 3,5-Dicarbomethoxybenzenesulfonic acid 0.44 � 1.00 
33 Thymidine � 1.36 0 68 4-Hydroxybenzenesulfonic acid � 1.98 � 1.00 
34 5-Methyluridine � 1.54 0 69 3-Sulfobenzoic acid � 3.23 � 2.00 
35 2-Methylpyrimidine 0.15 0     

log D values of No. 1–6 are literature log P values obtained from database module of ACD/Labs software; log D values of No. 7–44 were calculated using ACD/Labs 
software V11.02 (© 1994–2013 ACD/Labs); log D values of No. 45–69 were taken from Ref. [14]; ne values were calculated with pH and ACD/pKa based on dissociation 
equilibrium. 
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influence the existing forms and retention behaviors of ionized com
pounds. However, it seems that the variation of ion-strength and pH due 
to using binary mobile phase did not affect the determination accuracy 
of log P and log D, and most researchers achieved satisfactory log P and 
log D assessment results [12,13]. The HILIC stationary phases are polar 
stationary phases, and ion-strength and pH of the mobile phase might 
greatly influence the retention behavior of solutes, especially for the 
ionic ones. The ion-strength of binary mobile phase is lower compared to 
that of unitary mobile phase. We prepared binary mobile phase at Φ ¼
0.30, 0.25, 0.20, 0.15 and 0.10 by mixing 10 mM acetate buffer adjusted 
to pH 7.0 with acetonitrile, and measured the pH. The real pH values of 
binary mobile phase were 7.65, 7.81, 7.93, 7.98 and 8.17, respectively. 

Retention times of the four investigated solutes, two neutral solutes 
(No. 20 cytidine and No. 30 20-deoxycytidine) and two ionic solutes (No. 
12 barbituric acid and No. 36 4-aminomethyl pyridine) on three 
different columns with binary and unitary mobile phase are presented in 
Fig. 1. In Fig. 1, retention behaviors of both neutral and ionic solutes 
were influenced with binary and unitary mobile phase. For two neutral 
solutes, retention times on the ZIC stationary phase were relatively close 
with binary and unitary mobile phase. On the DIOL and COS stationary 
phases, retention times of the two neutral solutes were different with 
binary and unitary mobile phase at Φ ¼ 0.10, indicating that the 
retention mechanism on the two stationary phases might change at low 
water contents. For ionic solutes, retention times obtained with binary 
and unitary mobile phase were significantly different. The fact that 
retention time of No. 12 with a negative charge was prolonged and that 
of No. 36 with a positive charge was shortened on the ZIC and DIOL 
stationary phases with higher ion strength mobile phases suggested that 
the two stationary phases were negatively charged. Considering that 
zwitterionic and crosslinked diol groups are apparently electro- 
neutrality, the negative charge might come from the ionized Si–OH on 
the silica substrate. In contrast, the fact that retention time of No. 12 
with a negative charge was shortened and that of No. 36 with a positive 
charge was prolonged on the COS stationary phase with higher ion 
strength mobile phases confirmed that the triazole stationary phase was 
positively charged. Because our potential aim is to evaluate lipophilicity 
with HILIC retention, the variation of electrostatic interactions with 
changes of mobile phases is not favored. Thus, mobile phases with same 
ion-strength but different water volume fraction might help weaken the 
influence of electrostatic interactions. In the subsequent experiments, 
the unitary mobile phase preparation method was adopted on our log P 
and log D study. 

3.2. Influence of ion-strength on retention behaviors 

Recent years, a few researchers studied the influence of ion-strength 
on retention behaviors with several HILIC stationary phases [28,36], 
expecting to evaluate how much the electrostatic interactions contribute 
to the overall retention of the charged solutes. Although some mean
ingful experimental results and conclusions were presented, none of the 
studies conducted the experiments at more than one acetonitrile 

content. The correlation of the volume fraction of organic modifier and 
the electrostatic interaction changes in the mobile phases has not been 
systematically studied. 

Influences of ammonium acetate concentration on retention behav
iors of two neutral and two ionized compounds on three HILIC columns 
at different Φ are illustrated in Fig. 2. From Fig. 2, we can conclude that 
a higher salt concentration would help reduce the electrostatic in
teractions between ionic solutes and stationary phases. However, even 
40 mM ammonium acetate was used, the electrostatic interactions were 
not totally suppressed on these three stationary phases, as the retention 
times tend to be unchanged as salt concentration rises. In HILIC, the 
retention times become longer as Φ decreases at low water content. 
Because salts such as ammonium acetate are usually insoluble in 
acetonitrile, we could not obtain a mobile phase with high salt con
centration and acetonitrile content, which means that we should take 
electrostatic interactions into account. It was also found from Fig. 2 that 
the retention times of the two neutral solutes (No. 20 and No. 30) were 
prolonged with the increase of ammonium acetate concentration on the 
three HILIC stationary phases. Alpert firstly postulated that polar com
pounds were retained in HILIC through preferential partitioning be
tween a more hydrophobic mobile phase and an immobilized liquid 
layer enriched in water [37]. Studies by many researchers showed that 
both acetonitrile content and salt concentration would affect the thick
ness of water layer on the surface of stationary phase [38–42]. Ac
cording to Dinh et al. [41], water uptake was increased with salt 
concentration (ammonium acetate) for all the stationary phases because 
more water was needed to solvate the increasing amount of ammonium 
ions adsorbed on the packing surface. Thus, high salt concentration 
might help prolong the retention times of hydrophilic solutes. 

3.3. Retention behaviors of hydrophobic solutes on HILIC stationary 
phases 

Usually, hydrophobic solutes like toluene are often considered to be 
not retained on HILIC stationary phases and toluene is often used as 
unretained marker to determine the dead time. Fig. 3 presents retention 
times of 6 hydrophobic compounds with varied log D values with mobile 
phases containing 10 mM ammonium acetate at Φ ¼ 0.10, 0.15, 0.20, 
0.25 and 0.30. It can be found that elution order of hydrophobic com
pounds inversely correlated to their log D values. The higher the lip
ophilicity, the shorter the retention time, which is opposite to the 
phenomenon on RPLC columns. Although the retention times were 
relatively short for all 6 hydrophobic compounds, their retention times 
were prolonged with the decrease of water volume fraction in mobile 
phases, which indicated that hydrophobic compounds would retain on 
HILIC columns. Thus, retention time of compound with higher lip
ophilicity might be closer to the real dead time. Differences between 
retention time of hexamethylbenzene with the highest log D value ob
tained at Φ ¼ 0.10 and 0.30 were about 0.3–0.4 min on 3 HILIC columns. 
In subsequent discussion, we assumed that dead time of the HILIC col
umns would not change with the change of water content and retention 

Fig. 1. Retention times of barbituric acid (No. 12), cytidine (No. 20), 20-deoxycytidine (No. 30) and 4-aminomethyl pyridine (No. 36) on three HILIC columns with 
binary mobile phase (solid line) and unitary mobile phase (dashed line). 
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times of hexamethylbenzene at Φ ¼ 0.30 on 3 HILIC columns were used 
to calculate k values. 

3.4. Correlations between log k and volume fraction of water on three 
HILIC stationary phases 

As two common models, partitioning model and adsorption model 
described by Eq. (1) and Eq. (2) respectively were often used in studies 
of HILIC retention mechanism [27]:  

log k ¼ log kw - S Φ                                                                        (1)  

log k ¼ log kB - n log Φ                                                                   (2) 

In these 2 equations, Φ is the volume fraction of water (water is the 
stronger solvent in HILIC separation mode). kw is the hypothetical 
retention factor when Φ ¼ 0, while kB is the retention factor when Φ ¼ 1. 

According to some researchers, different results presented when 
retention data fitted to the two models. Li et al. [43] investigated the 
retention behaviors of tetracyclines on an amino bonded silica phase and 
found that their retention data fitted the partitioning model better. Wu 

Fig. 2. Influence of NH4Ac concentration on retention of barbituric acid (No. 12), cytidine (No. 20), 20-deoxycytidine (No. 30) and 4-aminomethyl pyridine (No. 36) 
on three HILIC columns with different volume fraction of water. 

Fig. 3. Retention times of hydrophobic compounds, benzyl alcohol (No. 1), benzene (No. 2), toluene (No. 3), naphthalene (No. 4), biphenyl (No. 5) and hexam
ethylbenzene (No. 6), on three HILIC columns with mobile phases containing 10 mM ammonium acetate at different volume fraction of water. 
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et al. [44] revealed that retention data of amino acids on a zwitterionic 
sulfobetaine phase seemed to fit the adsorption model better. Dou�sa 
et al. [29] indicated that there was no significant difference when their 
retention data of aliphatic α- and ω-amino acids on amide, diol and 
amino phases fitted to the partitioning and adsorption models. Jin et al. 
[33] proposed a mixed model by adding a second term to Eq. (1) to 
account for adsorptive effects:  

log k ¼ s0 þ s1 Φ þ s2 log Φ                                                            (3) 

Besides, they examined the accuracy of Eq. (4), which was not as 
good as Eq. (3) for fitting the retention factors.  

log k ¼ A Φ2 þ B Φ þ C                                                                 (4) 

Greco et al. [39] confirmed that the mixed model fitted the retention 
data of 14 benzoic acids on sulfobetaine phase better than both the 
partitioning model and the adsorption model. Jandera et al. [45] found 
that the mixed model failed to fit when Φ < 0.02, and proposed a 
four-parameter equation, Eq. (5), for the low Φ range:  

log k ¼ a2 þ mRP Φ - mHILIC log (1 þ b Φ)                                         (5) 

Neue and Kess [46] proposed an empirical nonlinear model for both 
isocratic and gradient chromatography. Eq. (6) is the equation for iso
cratic elution:  

log k ¼ log k00 þ 2 log (1 þ a Φ) - B Φ / (1 þ a Φ)                             (6) 

Petr et al. [47] compared these isocratic retention models, and found 
the mixed model performed the best in describing the experimental 
retention data of oligosaccharides. These results implied that retention 
mechanism might be different for different kind of compounds on 
different columns and the mixed model might be more suitable for 
correlating log k with Φ. 

Retention data obtained in this present work on three different HILIC 
stationary phases were fitted with above 6 models, and detailed data are 
presented in the Supplementary Material (Table S1, Table S2 and 
Table S3). It should be noted that 4 disulfonic acids (No. 57, 61, 65 and 
69) strongly retained on the triazole (COS) stationary phase and could 
not be eluted with the mobile phases used. Thus, their log k - Φ models 
were not fitted. The mixed model fitted the retention data on ZIC and 
DIOL stationary phases with most of the adjusted R2 > 0.99. However, 
for the retention data of ionic acidic solutes (No. 45–69) on COS sta
tionary phase, the adjusted R2 of the mixed model were <0.99. Results 
indicated that retention data fitted the mixed model better than both the 
partitioning model and the adsorption model, being consistent with the 
results presented by Greco et al. Jandera model and Neue-Kess model 
fitted the retention data as well as mixed model. However, the fitting 
results of the Jandera model for the retention data of ionic acidic solutes 
on COS stationary phase were worse than those of the mixed model. 
Besides, the errors of the Jandera model fitting parameters were much 
larger than their values, as shown in Table S4. The Neue-Kess model 
fitting the retention data of ionic acidic solutes on COS stationary phase 
behaved better than the mixed model, but the adjusted R2 for No. 51, 52 
and 55 were lower than 0.2. In conclusion, the mixed model for corre
lating log k with Φ were the best and the most stable among the 6 models 
involved. 

In the mixed model, s1 in Eq. (3) represents the effect of the parti
tioning mechanism and the adsorption mechanism on the retention 
time. The s1 values of ionic acidic solutes are positive, indicating that the 
partitioning mechanism makes the retention time longer as Φ rises. The 
s1 values of most other solutes are negative, representing the opposite 
effect. As the solutes of ionic form tend to be more hydrophilic, the 
differences of s1 between ionic acidic solutes and neutral solutes existed. 
The partition process occurs between adsorbed water layer and bulk 
mobile phase. The layer increases in thickness as the water content of the 
mobile phase increases to 0.3 by volume [38]. Therefore, the retention 
of ionic acidic solutes become stronger as Φ rises. s2 values of most 

solutes are negative, indicating that the adsorption mechanism makes 
the retention time shorter as Φ rises. The occupied pore volume by 
thicker water layer may contribute to this fact. 

The retention data of ionic acidic solutes showed different preference 
to fit the partitioning model and the adsorption model on three sta
tionary phases, which reminded that the retention mechanism was quite 
complex. Remarkably, ionic acidic solutes (No. 45 to 69) showed sig
nificant different retention behavior on COS stationary phase. Their 
retention data could hardly fit the partitioning model or the adsorption 
model, and the correlation coefficients were quite low. Therefore, a 
further study was applied to the retention behaviors of solutes on the 
COS stationary phase. 

3.5. Retention behaviors of solutes on triazole stationary phase 

Because four disulfonic acids (No. 57, 61, 65 and 69) could not be 
eluted, their retention behaviors were not further studied as the other 65 
solutes. Retention times of these 65 solutes obtained at broad Φ range 
are summarized in the Supplementary Material (Table S5) and some 
representative data are illustrated in Fig. 4. According to Fig. 4, the 
relationships between retention times and Φ for all investigated solutes 
were U-shape plots. There were differences between the plots of ionic 
acidic solutes and those of other solutes. Ionic acidic solutes were rep
resented by 5-nitro-6-methyluracil (No.27), benzoic acid (No. 45) and 4- 
methylbenzenesulfonic acid (No.59). Their retention times were short
ened with the increase of Φ near 0.1, then prolonged with the increase of 
Φ like the RPLC retention behavior. At first, 5-nitro-6-methyluracil was 
not classified into ionic acidic solutes as it contains no carboxylic or 
sulfonic group. However, the log k - Φ plots of 5-nitro-6-methyluracil 
and other ionic acidic solutes were similar. We calculated the pKa of 
5-nitro-6-methyluracil with the ACD/Labs software, which was 5.6 �
0.4, indicating its acidity. We also calculated the pKa of barbituric acid, 
which was 4.0 � 0.4. However, its retention time - Φ plot was different 
from those of No.27, No.45, No.59, which might be caused by its longer 
retention time. Therefore, other solutes were represented by barbituric 
acid (No. 12), cytidine (No. 20) and 2-amino-6-chloropurine (No. 22). 
Their retention times were shortened with the increase of Φ like the 
HILIC retention behavior, followed with a smooth rise near Φ of 0.7. 
Among the neutral hydrophilic solutes, cytidine (No. 20), guanosine 
(No. 28), 20-deoxyguanosine (No. 29), 20-deoxycytidine (No. 30) have 
longer retention times on triazole stationary phases compared to other 
neutral solutes. According to Table 1, their log D values are � 2.27, 
� 1.79, � 1.61 and � 2.00 respectively, which are relatively lower than 

Fig. 4. Influence of acetonitrile volume fraction on retention times of repre
sentative neutral and ionized solutes on COSMOSIL HILIC column. 
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most of others. In addition to stronger hydrophilicity of these four 
compounds, their hydrogen bond acceptor count parameters were also 
queried, which were 7 (No. 20), 9 (No. 28),8 (No. 29), 6 (No. 30) 
respectively and were the highest of all compounds. Triazole stationary 
phases with positively charged tend to be more receptive to electrons, 
whereas compounds with higher hydrogen bond acceptor parameters 
tend to donate electrons and are more easily to be retained on the tri
azole stationary phases. Therefore, retention behaviors on triazole sta
tionary phases were also strongly influenced by hydrogen bonding other 
than hydrophilic interaction. Different kinds of plots are presented by 
ionic acidic solutes, indicating that the retention mechanism of the tri
azole stationary phase is complex and solutes behave different tendency 
towards different retention mechanisms. This stationary phase is helpful 
for separating ionic acidic solutes. 

3.6. Relationships between retention behavior and log D of solutes on 
three HILIC stationary phases 

All the above discussion contributed to the understanding of reten
tion behaviors of solutes on three investigated stationary phases. The 
correlation coefficients between log D and the constants of 6 models, and 
the correlation coefficients between log D and log k at different Φ are 
shown in Fig. 5. It should be noticed that log D values of No. 7 to No. 44 
have no experimental values and were all calculated with the ACD/Labs 
software with some calculation errors. Besides, a few solutes could not 
be eluted or their retention times were shorter than the dead time under 
some Φ, thus the corresponding data were not included in the calcula
tion of correlation coefficients. Correlation coefficient reflects the linear 
correlation between two variables. From Fig. 5, we can find negative 
correlations between log D and most of these parameters, but the cor
relation coefficients were low on all three stationary phases. Among the 
constants of 6 models, the correlations of the constants of the parti
tioning model and the quadratic model were relatively high, while the 
correlations of the constants of the mixed model were low. The differ
ences may be because the meanings of log kw and C are explicit, which 
are both the retention factors when Φ ¼ 0. In contrast, s0 is a complex 
parameter related to interaction energy between solutes and stationary 
and mobile phase [47]. For the ZIC column, there exist better correla
tions between log D and log k, but the correlations are still not good 
enough. No. 45 to No. 69 were studied in our previous work [13] on 
IP-RPLC based log D determination, and their log D values were exper
imentally obtained and were relatively more reliable. The correlation 
coefficients between log D and log k of No. 45 to No. 69 were better on 
all the three stationary phases. However, the moderate even modest 
correlation coefficients indicate that parameters corresponding to 
non-hydrophilic interactions are needed to improve the correlation. 

Besides hydrophilic interactions, electrostatic interactions and some 
other interactions would also influence the retention behaviors of sol
utes on HILIC stationary phases. 

In the IP-RPLC log D determination method [13], the net charge ne of 
solutes corresponding to electrostatic interactions and Abraham solva
tion parameter B corresponding to H-bond interactions were introduced 
to improve the correlations between log D and log k. The similar method 
was used in this present work. We introduced the net charge ne and 
several of Abraham solvation parameters. Abraham solvation parame
ters contain A (solute hydrogen bond acidity), B and/or BO (solute 
hydrogen bond basicity), L (logarithmic gas-hexadecane partition coef
ficient), S (polarizability/dipolarity), E (excess molar refraction), and V 
(McGowan’s molar volume). Eq. (7) expressed as follow is fitted with 
retention data.  

log D ¼ Intercept þ m1X1 þ m2X2 þ m3X3 þ…                                  (7) 

One of s0, C, a2, log k00, or log k at specified Φ was selected as X1. 1–4 
of ne, A, B, BO, L, S, E, V were selected as X2, X3, etc. The correlations are 
improved when ne and Abraham solvation parameters were introduced 
and the best fitting results are presented in Table 2. The low correlation 
coefficients obtained on the triazole stationary phase reaffirmed the 
complex retention mechanism of this stationary phase. BO and E occur 
frequently in the results, reflecting the participation of hydrogen bond 
basicity and polarity, respectively. We also fitted retention data of No. 
45–69, as their log D values were experimental values taken from our 
previous work [13]. Their quantitative structure-retention relationship 
(QSRR) models of these molecules with similar log k - Φ relationship 
behaved better. The adjusted R2 of results with X1 - X5 were greater than 
0.9 for all 3 stationary phases. We found that adding more X did not gain 
more promotion of adjusted R2. In addition, without log k, the adjusted 
R2 of fitting results decreased, as shown in Table 2. This fact indicated 
that hydrophilic interaction might be the main influencing factor on 
retention behavior. 

From Fig. 5, we can find that log k values at Φ ¼ 0.1 and 0.15 are best 
correlated with log D. A better correlation between log D and log k is 
expected at the lower volume fraction of water. Usually, we cannot 
obtain log k values at 100% acetonitrile on HILIC columns, because it 
should always contain some water in the mobile phase. In RPLC, log kw 
corresponding to 100% water as mobile phase extrapolated is often used 
to generate log D. As discussed in section 3.4, Eq. (1) and Eq. (2) do not 
always fit HILIC retention data well on different stationary phases. Eq. 
(3) is better to fit the retention data, however, we cannot extrapolate log 
k at Φ ¼ 0 via this equation. log kw in Eq. (1), C in Eq. (4), a2 in Eq. (5), 
and log k00 in Eq. (6) all correspond to log k at Φ ¼ 0, in which log kw 
usually performs better correlation with log D. Despite this, the corre
lations of extrapolated log kw are not better than the experimental log k. 

Fig. 5. Correlation coefficients of the relationship between log D and model constants, or log k at different water volume fraction Φ.  
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Table 2 
The best fitting results between log D and log k with ne and Abraham solvation parameters introduced.  

Stationary 
phase 

Y X1 X2 X3 X4 X5 N m1 m2 m3 m4 m5 Intercept R2 adjusted 
R2 

F-value 

No. 7–69 
ZIC log 

D 
log kw (the 
partitioning 
model)     

63 � 1.10     � 0.38 0.7039 0.6991 145.0454 

ZIC log 
D 

log kw (the 
partitioning 
model) 

S    63 � 1.34 0.47    � 1.01 0.7474 0.7390 88.7788 

ZIC log 
D  

S    63  � 0.67    0.13 0.1567 0.1429 11.3387 

ZIC log 
D 

log kw (the 
partitioning 
model) 

Bo E   63 � 1.14 � 0.64 1.02   � 0.88 0.7939 0.7835 75.7709 

ZIC log 
D  

Bo E   63  � 1.32 0.86   � 0.58 0.2598 0.2351 10.5306 

ZIC log 
D 

log kw (the 
partitioning 
model) 

Bo S E  63 � 1.30 � 0.89 0.65 0.78  � 1.31 0.8309 0.8193 71.2631 

ZIC log 
D  

Bo S E  63  � 1.06 � 0.50 1.07  � 0.28 0.2874 0.2512 7.9337 

ZIC log 
D 

log kw (the 
partitioning 
model) 

Bo S E V 63 � 1.30 � 0.91 0.54 0.72 0.32 � 1.40 0.8351 0.8206 57.7330 

ZIC log 
D  

Bo S E V 63  � 1.08 � 0.63 1.00 0.38 � 0.40 0.2933 0.2446 6.0185 

ZIC log 
D 

log k (Φ ¼ 0.2)     63 � 1.82     � 1.39 0.7297 0.7253 164.6790 

ZIC log 
D 

log k (Φ ¼ 0.2) ne    63 � 1.74 0.21    � 1.27 0.7461 0.7377 88.1730 

ZIC log 
D  

ne    63  0.56    � 0.67 0.1309 0.1167 9.1895 

ZIC log 
D 

log k (Φ ¼ 0.2) L E   63 � 1.78 � 0.23 0.99   � 1.12 0.7931 0.7826 75.3900 

ZIC log 
D  

L E   63  � 0.33 0.87   0.04 0.1658 0.1380 5.9638 

ZIC log 
D 

log k (Φ ¼ 0.2) ne Bo S  63 � 1.56 0.67 � 1.12 1.04  � 1.52 0.8280 0.8162 69.8100 

ZIC log 
D  

ne Bo S  63  1.09 � 1.81 1.22  � 0.51 0.4437 0.4155 15.6891 

ZIC log 
D 

log k (Φ ¼ 0.2) ne Bo S V 63 � 1.36 0.91 � 1.52 0.99 0.83 � 1.76 0.8448 0.8312 62.0463 

ZIC log 
D  

ne Bo S V 63  1.61 � 2.70 0.99 2.36 � 1.55 0.6297 0.6041 24.6548 

DIOL log 
D 

log kw (the 
partitioning 
model)     

63 � 1.50     � 0.33 0.6631 0.6575 120.0378 

DIOL log 
D 

log kw (the 
partitioning 
model) 

E    63 � 1.68 0.44    � 0.77 0.7005 0.6905 70.1549 

DIOL log 
D  

E    63  � 0.41    � 0.47 0.0410 0.0253 2.6075 

DIOL log 
D 

log kw (the 
partitioning 
model) 

Bo E   63 � 1.54 � 0.82 1.16   � 0.81 0.7802 0.7690 69.8082 

DIOL log 
D  

Bo E   63  � 1.32 0.86   � 0.58 0.2598 0.2351 10.5306 

DIOL log 
D 

log kw (the 
partitioning 
model) 

ne Bo V  63 � 1.17 0.77 � 1.15 2.00  � 1.09 0.8078 0.7946 60.9475 

DIOL log 
D  

ne Bo V  63  1.27 � 1.95 2.53  � 1.08 0.5703 0.5485 26.1029 

DIOL log 
D 

log kw (the 
partitioning 
model) 

ne Bo E V 63 � 1.27 0.62 � 1.37 0.79 1.44 � 1.19 0.8504 0.8373 64.8135 

DIOL log 
D  

ne Bo E V 63  1.22 � 2.10 0.40 2.27 � 1.13 0.5817 0.5528 20.1636 

DIOL log 
D 

log k (Φ ¼ 0.1)     62 � 1.97     � 0.77 0.6821 0.6768 128.7485 

DIOL log 
D 

log k (Φ ¼ 0.1) ne    62 � 1.87 0.29    � 0.63 0.7164 0.7068 74.5307 

DIOL log 
D  

ne    62  0.56    � 0.66 0.1309 0.1164 9.0389 

DIOL log 
D 

log k (Φ ¼ 0.1) Bo E   62 � 1.90 � 0.80 0.98   � 1.09 0.7700 0.7581 64.7378 

(continued on next page) 
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Table 2 (continued ) 

Stationary 
phase 

Y X1 X2 X3 X4 X5 N m1 m2 m3 m4 m5 Intercept R2 adjusted 
R2 

F-value 

DIOL log 
D  

Bo E   62  � 1.32 0.87   � 0.59 0.2597 0.2346 10.3509 

DIOL log 
D 

log k (Φ ¼ 0.2) ne Bo E  63 � 2.35 0.70 � 0.99 0.95  � 1.17 0.8234 0.8113 67.6197 

DIOL log 
D  

ne Bo E  63  0.65 � 1.46 0.98  � 0.27 0.4357 0.4070 15.1842 

DIOL log 
D 

log k (Φ ¼ 0.1) ne Bo E V 62 � 1.54 0.69 � 1.31 0.72 1.19 � 1.24 0.8565 0.8436 66.8228 

DIOL log 
D  

ne Bo E V 62  1.22 � 2.10 0.40 2.27 � 1.12 0.5816 0.5522 19.8087 

COS log 
D 

log kw (the 
partitioning 
model)     

59 � 1.63     � 0.61 0.5642 0.5565 73.7815 

COS log 
D 

log kw (the 
partitioning 
model) 

E    59 � 1.92 0.44    � 1.08 0.6152 0.6015 44.7681 

COS log 
D  

E    59  � 0.31    � 0.44 0.0347 0.0178 2.0500 

COS log 
D 

log kw (the 
partitioning 
model) 

Bo E   59 � 1.79 � 0.72 1.08   � 1.10 0.7054 0.6893 43.8884 

COS log 
D  

Bo E   59  � 1.02 0.66   � 0.53 0.2213 0.1935 7.9582 

COS log 
D 

log kw (the 
partitioning 
model) 

Bo E V  59 � 1.84 � 0.85 0.88 0.68  � 1.46 0.7405 0.7213 38.5214 

COS log 
D  

Bo E V  59  � 1.11 0.54 0.40  � 0.74 0.2338 0.1920 5.5947 

COS log 
D 

log kw (the 
partitioning 
model) 

ne Bo E V 59 � 1.69 0.47 � 1.26 0.78 1.40 � 1.56 0.7705 0.7489 35.5961 

COS log 
D  

ne Bo E V 59  1.01 � 1.92 0.39 2.00 � 1.07 0.3857 0.3402 8.4780 

COS log 
D 

log k (Φ ¼ 0.1)     59 � 1.62     � 0.57 0.5319 0.5237 64.7657 

COS log 
D 

log k (Φ ¼ 0.1) V    59 � 1.88 0.60    � 1.16 0.5804 0.5654 38.7315 

COS log 
D  

V    59  � 0.35    � 0.42 0.0222 0.0050 1.2929 

COS log 
D 

log k (Φ ¼ 0.2) Bo V   59 � 2.22 � 1.24 2.01   � 1.72 0.7397 0.7255 52.1103 

COS log 
D  

Bo V   59  � 0.84 0.63   � 0.64 0.2023 0.1738 7.1020 

COS log 
D 

log k (Φ ¼ 0.2) Bo E V  59 � 2.30 � 1.64 0.78 1.73  � 1.90 0.8049 0.7905 55.7057 

COS log 
D  

Bo E V  59  � 1.11 0.54 0.40  � 0.74 0.2338 0.1920 5.5947 

COS log 
D 

log k (Φ ¼ 0.2) B Bo E V 59 � 2.29 4.03 � 5.74 0.79 1.82 � 1.96 0.8174 0.8002 47.4603 

COS log 
D  

B Bo E V 59  4.44 � 5.63 0.55 0.50 � 0.80 0.2490 0.1934 4.4769 

No. 45-69                 
ZIC log 

D 
log kw (the 
partitioning 
model)     

25 � 1.27     � 0.04 0.8307 0.8234 112.8866 

ZIC log 
D 

log kw (the 
partitioning 
model) 

L    25 � 1.55 0.35    � 2.04 0.9674 0.9644 326.3186 

ZIC log 
D  

L    25  � 0.09    � 0.47 0.0125 � 0.0304 0.2916 

ZIC log 
D 

log kw (the 
partitioning 
model) 

ne L   25 � 1.69 � 0.36 0.33   � 2.27 0.9695 0.9651 222.4626 

ZIC log 
D  

ne L   25  3.11 0.35   0.32 0.7250 0.7000 28.9982 

ZIC log 
D 

log kw (the 
partitioning 
model) 

ne Bo E  25 � 1.99 � 0.91 0.55 0.92  � 2.00 0.9776 0.9731 218.3416 

ZIC log 
D  

ne Bo E  25  2.82 0.23 0.74  1.23 0.6543 0.6049 13.2468 

ZIC log 
D 

log kw (the 
partitioning 
model) 

ne Bo S E 25 � 2.02 � 0.99 1.20 � 0.53 1.17 � 1.98 0.9788 0.9732 175.0515 

ZIC log 
D  

ne Bo S E 25  2.89 � 1.46 1.39 0.09 1.04 0.6626 0.5951 9.8171 

(continued on next page) 
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Table 2 (continued ) 

Stationary 
phase 

Y X1 X2 X3 X4 X5 N m1 m2 m3 m4 m5 Intercept R2 adjusted 
R2 

F-value 

ZIC log 
D 

log k (Φ ¼ 0.2)     25 � 1.68     � 1.43 0.8738 0.8683 159.2869 

ZIC log 
D 

log k (Φ ¼ 0.2) V    25 � 1.73 1.06    � 2.77 0.9117 0.9037 113.5719 

ZIC log 
D  

V    25  0.35    � 1.50 0.0041 � 0.0392 0.0946 

ZIC log 
D 

log k (Φ ¼ 0.2) B V   25 � 1.57 � 0.60 1.97   � 3.37 0.9234 0.9124 84.3559 

ZIC log 
D  

B V   25  � 2.95 5.14   � 5.03 0.4885 0.4420 10.5045 

ZIC log 
D 

log k (Φ ¼ 0.2) L E V  25 � 1.49 � 1.07 2.04 5.25  � 3.39 0.9402 0.9283 78.6285 

ZIC log 
D  

L E V  25  � 3.82 5.83 17.39  � 4.85 0.6157 0.5608 11.2139 

ZIC log 
D 

log k (Φ ¼ 0.2) A L E V 25 � 1.49 0.22 � 1.20 2.25 5.86 � 3.65 0.9407 0.9252 60.3340 

ZIC log 
D  

A L E V 25  0.12 � 3.90 5.94 17.74 � 5.00 0.6158 0.5390 8.0154 

DIOL log 
D 

log kw (the 
partitioning 
model)     

25 � 1.99     0.01 0.8626 0.8566 144.4188 

DIOL log 
D 

log kw (the 
partitioning 
model) 

ne    25 � 1.71 0.54    0.49 0.8760 0.8647 77.7078 

DIOL log 
D  

ne    25  2.40    1.74 0.5960 0.5784 33.9264 

DIOL log 
D 

log kw (the 
partitioning 
model) 

B V   25 � 1.66 � 1.32 2.40   � 2.08 0.9370 0.9280 104.1485 

DIOL log 
D  

B V   25  � 2.95 5.14   � 5.03 0.4885 0.4420 10.5045 

DIOL log 
D 

log kw (the 
partitioning 
model) 

ne B V  25 � 1.42 0.55 � 1.13 2.50  � 1.85 0.9438 0.9325 83.9452 

DIOL log 
D  

ne B V  25  2.45 � 1.06 3.81  � 2.10 0.8073 0.7797 29.3170 

DIOL log 
D 

log kw (the 
partitioning 
model) 

L S E V 25 � 1.61 � 0.66 � 0.72 1.63 4.30 � 1.90 0.9471 0.9332 68.0964 

DIOL log 
D  

L S E V 25  � 3.51 � 0.26 5.49 16.47 � 4.89 0.6180 0.5416 8.0893 

DIOL log 
D 

log k (Φ ¼ 0.1)     25 � 2.21     � 0.81 0.8352 0.8281 116.5762 

DIOL log 
D 

log k (Φ ¼ 0.1) B    25 � 2.11 � 0.48    � 0.41 0.8674 0.8554 71.9801 

DIOL log 
D  

B    25  � 0.99    � 0.22 0.1440 0.1068 3.8694 

DIOL log 
D 

log k (Φ ¼ 0.1) B V   25 � 1.82 � 1.49 2.47   � 2.69 0.9331 0.9236 97.6955 

DIOL log 
D  

B V   25  � 2.95 5.14   � 5.03 0.4885 0.4420 10.5045 

DIOL log 
D 

log k (Φ ¼ 0.1) A L S  25 � 1.83 � 0.68 0.51 � 1.29  � 1.47 0.9393 0.9272 77.4401 

DIOL log 
D  

A L S  25  � 3.18 0.75 � 1.90  � 0.81 0.5741 0.5133 9.4364 

DIOL log 
D 

log k (Φ ¼ 0.1) A Bo L S 25 � 1.85 � 0.69 0.45 0.52 � 1.62 � 1.40 0.9405 0.9248 60.0458 

DIOL log 
D  

A Bo L S 25  � 3.11 � 1.03 0.71 � 1.16 � 0.99 0.5801 0.4962 6.9090 

COS log 
D 

log kw (the 
partitioning 
model)     

21 � 2.66     � 0.22 0.7151 0.7001 47.6851 

COS log 
D 

log kw (the 
partitioning 
model) 

ne    21 � 3.66 10.31    10.33 0.7890 0.7656 33.6577 

COS log 
D  

ne    21  � 11.47    � 12.22 0.2154 0.1741 5.2174 

COS log 
D 

log kw (the 
partitioning 
model) 

Bo V   21 � 2.16 � 1.11 2.46   � 2.50 0.8598 0.8351 34.7552 

COS log 
D  

Bo V   21  � 1.08 4.06   � 4.85 0.5697 0.5219 11.9178 

COS log 
D 

log kw (the 
partitioning 
model) 

ne Bo L  21 � 3.87 12.08 � 1.25 0.29  11.32 0.8990 0.8738 35.6194 

(continued on next page) 
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A fallback solution was to extrapolate log k at lower Φ via Eq. (3) with 
log k values obtained at higher Φ to correlate better with log D. We 
established Eq. (3) with log k values obtained at Φ ¼ 0.15, 0.20, 0.25, 
0.30, then log k values at Φ ¼ 0.10 was extrapolated and compared with 
experimentally obtained data. Detailed data are presented in the Sup
plementary Material (Table S6). Although Eq. (3) still fitted the reten
tion data well, the parameters s0, s1 and s2 were different from those in 
Table S1, Table S2 and Table S3, respectively, indicating that different 
equations were obtained with retention data at different Φ range. The 
extrapolated log k values do not always match the experiment obtained 
values, probably because the retention mechanism changes with the 
volume fraction variation of acetonitrile. Thus, the experimentally ob
tained log k values at low Φ and parameters corresponding to non- 
hydrophilic interactions were needed to establish relatively reliable 
QSRR models. Correlation coefficients below 0.9 of improved correla
tions between log D and log k claimed that quite a number of further 
studies are necessary to make HILIC an applicable option for lip
ophilicity determination. 

4. Conclusion 

HILIC has emerged as a promising separation method for hydrophilic 
solutes. Meanwhile, a few researchers have reported the correlation of 
log D values with HILIC retention data under specific chromatographic 
conditions. However, it is a challenging task to evaluate log D from 
HILIC retention data due to the fact that the retention mechanism of 
HILIC is more complex than RPLC. In this present work, the retention 
behaviors of hydrophilic neutral and ionic solutes on three different 
HILIC stationary phases were elucidated comprehensively. Retention 
data obtained on above three HILIC stationary phases were fitted with 
six retention models, among which mixed model was recommended as 
the best one. To explore the possibility of HILIC for lipophilicity deter
mination, the correlation coefficients between log D and log k of solutes 
were further investigated. Parametrically diverse QSRR models have 
been introduced, and it was revealed that log D correlated better with 
log k at low volume fraction of water. Hopefully, with the increasing 
interest of researchers and demand of ADMET study, HILIC might be an 
appealing alternative for log D determination like RPLC with the advent 
of commercialized HILIC stationary phases in future. 
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