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Abstract

Hydrophilic interaction liquid chromatography (HILIC) in conjunction with mass spectrometry (MS) 
has become a powerful tool for the analysis of a wide variety of challenging analytes.  Applications 
of the technique have increased dramatically over the past decade, especially for the analysis of 
polar analytes where reversed-phase chromatography suffers.  HILIC conditions employ a high 
percentage of acetonitrile which enables facilitated solvent evaporation in LC-MS sources and thus 
often an increase in analyte response when compared to more aqueous based systems.  The 
increased retention of polar analytes afforded by HILIC provides improved selectivity and decreases 
the impact of endogenous species, often leading to improved qualitative and quantitative analyses. 
Although HILIC has proven useful, it has also been thwarted with complications including difficulties 
in method development and method robustness.
In this report, studies investigating the underlying retention mechanisms dominant in HILIC 
chromatography are presented and discussed.  Along with reversed-partitioning, HILIC is well 
known to exhibit ion-exchange. The interplay of the dominant mechanisms are unveiled and used to 
develop a model of overall retention and selectivity.  Interactions that operate using different 
stationary phase chemistries and conditions are presented.  The impact of analyte polarity and 
charge as well as the variations caused by high percentages of organic on these physiochemical 
parameters are highlighted.
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Conclusion
HILIC chromatography is known to operate by both partition and polar/ionic interactions.  In this 
study, select probes were utilized to demonstrate the different dominant interactions that exist on 
various “HILIC” phases:
• Pentadiol – dominated by partition
• Bare silica – both partition and IEX
• Pentafluorophenylpropyl – mainly IEX
In order to develop robust and reliable methods using HILIC chromatography, it is essential to 
understand the retention mechanisms at play.  This knowledge leads to:
• Intelligent choice of stationary phase
• Rational choice of mobile phase modifiers and instrument controls
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Introduction

As with all modes of chromatography, HILIC retention and selectivity is a function of many different 
molecular interactions.  HILIC is known to involve both partitioning of polar molecules in and out of a 
semi-immobilized aqueous adsorbed layer on the stationary phase as well as direct interactions with 
the surface of the phase (1).
When a mobile phase rich in organic comes in contact with a polar stationary phase, a semi-
immobilized aqueous layer may form creating a biphasic system.  Polar molecules may then 
partition in and out of the water layer resulting in retention. Due to the close proximity of the water 
layer to the surface, other interactions such as dipole-dipole and ion-exchange are also likely to 
occur.
A sound understanding of the interactions in HILIC is paramount to:
• Development of robust and reliable methods
• Intelligent choice of HILIC stationary phase
• Intelligent choice of mobile phase conditions and controls

This study focuses on the interaction differences that might be expected for three different HILIC 
stationary phases:  PFPP (F5), bare silica (HILIC) and a new pentadiol phase (OH5).
Using ephedrine as a probe molecule, retention as a function of buffer concentration was collected 
and interpreted.  
Several related compounds were also run simultaneously and retention and selectivity noted.  
Interpretation of the observed results in terms of the dominant interactions prevalent using each 
phase is provided.

Table 1 shows the structures of the selected probes for the study along with important 
physiochemical parameters.  Each of the compounds are considered to be small, polar bases 
exhibiting pKa values of greater than 9 and negative log D values as predicted at a pH of 8.0.  This 
particular pH was chosen for the calculation as the known effective pH of the ammonium acetate 
buffer used is approximately this value (2). 
From this data we observe that:
• pKa values are essentially the same for each compound
• Synephrine is predicted to be more polar than ephedrine/pseudo

Synephrine167.210.13-1.359.37
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Experimental
Conditions:
Instrument:  Waters 2690/Micromass ZQ single quadrupole interfaced via ESI operating in pos. 
ion mode
Columns:

• Pentadiol (OH5), 10 cm x 3.0 mm, USLF001318
• Ascentis Express HILIC, 10 cm x 3.0 mm, USCL001328
• Ascentis Express F5, 10 cm x 3.0 mm, USEL001270

Mobile Phase A:  10 mM ammonium acetate (pH unadjusted) in 10:90 water:acetonitrile
Mobile Phase B:  10:90 water:acetonitrile
Mixtures of A and B were run at 0%B, 20%B, 40%B, 60%B and 80%B corresponding to 10 mM, 
8 mM, 6 mM, 4 mM and 2 mM buffer concentrations, respectively
Flow rate:  0.4 mL/min
Temperature: ambient
Detection:  MS, ESI, pos ion mode, scan m/z 125 – 300
Injection volume:  2 µL

Figure 1. Response of Ephedrine Retention on Buffer Concentration on Three HILIC Phases
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Results
Figure 1 shows a plot of ephedrine retention on buffer concentration for each of the phases 
studied.  In each case, a linear response is observed indicating some presence of ion-exchange in 
each system.
• With a slope of -0.8187, the fluorinated phase is shown to retain based primarily on ion-

exchange mechanisms.  
• At a slope of  -0.6525, the bare silica column shows a high degree of IEX, but also exhibits other 

dominant interactions (presumably partitioning into an adsorbed aqueous phase)
• At a slope of -0.2199, the OH5 column shows only a small impact of IEX on retention.

Figure 2 shows the chromatographic data collected using the OH5 column at 10 and 2 mM
ammonium acetate.  
It is apparent that pseudoephedrine and ephedrine do not separate under these conditions (nor any 
conditions between).  The more polar synephrine elutes later than the ephedrine pair, indicating a 
dominance of partition interaction (the more polar compound should spend more time in the 
aqueous layer and thus retain more).  Since the ephedrines have the same predicted solubility 
parameters, it is not surprising that a partition mechanism alone would not distinguish the analytes.
The 2 mM separation shows only a small increase in retention for the probes indicating only a slight 
contribution to retention from IEX mechanisms.

Figure 2. OH5 Column at 10 and 2 mM Ammonium Acetate
2 mM10 mM

1. Ephedrine
2. Pseudoephedrine
3. Synephrine

Figure 3 shows the chromatographic results using the HILIC (bare silica phase) at 4 and 2 mM.  
The increase in retention for all analytes (synephrine eluted at greater than 20 minutes at 2 mM
buffer) as a function of mobile phase ion concentration shows a considerable contribution from IEX 
mechanisms.
It is also noted that ephedrine and pseudoephedrine show selectivity.  It is expected that surface 
interactions (hydrogen bonding, IEX, etc) are responsible for this observation.
As with the OH5 column, synephrine elutes after the ephedrine pair.  The higher retention is likely 
due to existence of partition mechanisms in addition to ion-exchange.

Figure 3. HILIC (bare silica) Column at 4 and 2 mM Ammonium Acetate
4 mM2 mM
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3. Synephrine
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Figure 4 shows the retention of the probes on the F5 column using 8 and 2 mM buffer concentration, 
respectively.
Again a strong dependence of analyte retention on buffer concentration is observed indicating the 
presence of ion-exchange interactions.
Ephedrine and pseudoephedrine are once again discriminated.
Synephrine, in this case, elutes prior to the ephedrine pair.  This observation indicates a lack of 
HILIC partition (ie no, or minimal, aqueous layer adsorbed on the surface) using the fluorinated 
phase.

Figure 4. F5 Column at 8 and 2 mM Ammonium Acetate
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Discussion
OH5 
• Little IEX behavior (lack of surface interactions)
• Synephrine elutes after the ephedrine pair (partitioning)
• The ephedrine pair is not discriminated (partitioning – weakly shape selective)

– Conclusion – close to pure HILIC partitioning
HILIC (bare silica phase)
• Mid range IEX behavior (surface interactions)
• Synephrine elutes after the ephedrine pair (partitioning)
• Ephedrine pair is discriminated (surface interactions)
• Greater overall retention (relative to the two other phases) – mechanistic synergy

– Conclusion:  synergistic combination of HILIC partitioning and surface interactions
•F5
• Near total IEX behavior (surface interactions – at least long range)
• Synephrine elutes prior to ephedrine pair (lack of HILIC partitioning, perhaps presence of RP 

partitioning)
• Discrimination of ephedrine pair (surface interactions)

– Conclusion:  Ion-exchange, with perhaps some lingering RP partition
•The cartoon in Figure 5 attempts to put a visual to the following observations:
• Each of the phases is built on the same base silica and thus have the same surface for interactions
• The extent of ion-exchange is likely related to the depth of the water layer generated on each 

phase

Figure 5. Proposed Model for Different HILIC 
Stationary Phases
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A deep water layer may be expected to 
develop on the pentadiol phase due to the 
richness of hydrogen bonding sites. The 
partitioning interactions, then, occur further 
away from the surface, thus limiting the
analyte from interacting via polar/ionic 
mechanisms with the silica surface. 
In the case of the HILIC phase, the 
aqueous layer appears to be more shallow.  
When a polar molecule partitions into this 
layer, it is now drawn to within a close 
proximity to the interactive surface.  A 
combination of interactions thus occurs.  
In this study the small polar bases have 
the propensity to both partition and ion-
exchange, leading to relatively large 
retention times as compared to OH5 or F5.

For F5, studies to date have not indicated any true 
aqueous layer development, presumably due to its 
relatively nonpolar chemistry.  When no aqueous layer 
exists only surface interactions like IEX are available.


