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ABSTRACT

The kinetic performance of a bare silicaand C18 phase prepared from the same sub-2 pumand 3.5 wum base
materials were compared in the HILIC and RP mode using both charged and neutral solutes. The HILIC
column was characterised using the neutral solute 5-hydroxymethyluridine, the weak base cytosine,
and the strong base nortriptyline, the latter having sufficient retention also in the RP mode to allow
comparison of performance. Naphthalene was also used as a simple neutral substance to evaluate the RP
column alone. The retention factors of all substances were adjusted to give similar values (k' ~ 5.5) at their
respective optimum linear velocities. Reduced van Deemter b-coefficients (determined by curve fitting
and by the peak parking method, using a novel procedure involving switching to a dummy column) were
significantly lower in HILIC for all substances compared with those found under RP conditions. Against
expectation, c-coefficients were always lower in RP when compared with HILIC using sub-2 p.m particles.
While measurement of these coefficients is complicated by retention shifts caused by the influence of
high pressure and by frictional heating effects, broadly similar results were obtained on larger particle
(3.5 wm) phases. The mechanism of the separations was further investigated by examining the effect of
buffer concentration on retention. It was concluded that HILIC can sometimes show somewhat inferior
performance to RP for fast analysis at high mobile phase velocity, but clearly shows advantages when
high column efficiencies, using longer columns at low flow velocity, are employed. The latter result is
attributable to the lower viscosity of the mobile phase in HILIC and the reduced pressure requirement as
well as the lower b-coefficients.

© 2014 David V. McCalley. Published by Elsevier B.V. Open access under CC BY license,

1. Introduction

bonding and coulombic interactions are considered to promote
retention, usually in acetonitrile rich (>70%, v/v) buffered eluents

Hydrophilic interaction chromatography (HILIC) has been gain-
ing rapid acceptance for the analysis of hydrophilic/polar/charged
solutes since the early work of Alpert et al. [1] in 1990. Arguably
however, it was Martin and Synge [2] who first employed a HILIC-
type separation, using a water-saturated bare silica column, albeit
with the water-immiscible solvent chloroform as the mobile phase,
to separate polar amino acids. The retention mechanism was likely
to be similar in both studies. In HILIC, partitioning, hydrogen
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on polar stationary phases. The presence of a water-rich layer at the
silanol interface on silica phases has been confirmed by both exper-
iment[3,4] and via molecular dynamic simulation approaches[5,6].
It is between this layer and the bulk acetonitrile-rich mobile phase
thatanalyte partitioning is thought to take place. However, depend-
ing on the nature of the analyte, partitioning only contributes in
some measure to the overall retention mechanism. For instance,
McCalley [7] determined that a large proportion of the retention
for some basic solutes on bare silica was governed by ionic pro-
cesses. There are now many commercially available polar bonded
phases which can be used in HILIC providing the user with a
plethora of method development choices. Irgum [8], Tanaka [9]
and McCalley [10] and their co-workers have made progress in
attempting to characterise the selectivity of these phases under
various operating conditions. Unlike reversed-phase (RP), there
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remains difficulty in addressing general approaches to develop-
ing methods in HILIC, despite the many advantages it possesses,
which is a consequence of the ill-defined separation mechanism.
In addition to the enhanced retention of polar compounds, there
are several distinct advantages of HILIC over RP. These include the
volatility of ACN-rich mobile phases (ease of coupling and better
sensitivity with mass spectrometry [11]), low operating pressures
to achieve a given linear velocity [12], and different retention
selectivity compared with RP [13], offering for example the poten-
tial for two-dimensional separations. Superior peak shapes may
also be obtained for some compounds in HILIC compared with RP
[14,15].

Despite these numerous studies, relatively little work has been
published concerning the kinetic performance of HILIC compared
with RP. Simple van Deemter plots show that sometimes, supe-
rior mass transfer is obtained in HILIC for basic compounds,
due to the lower viscosity of the mobile phases used and resul-
tant enhanced solute diffusivity, and that also longer columns
were applicable generating high numbers of theoretical plates in
a reasonable analysis time [12]. However, reduced plots, which
would allow a more fundamental comparison of these tech-
niques, were not presented in that study. In the current work, a
more detailed comparison of the kinetic performance of the tech-
niques was attempted. We used a variety of test solutes which
cover a breadth of physiochemical properties in order to address
the practical comparison of HILIC versus RP. These substances
included a hydrophilic-neutral solute (5-(hydroxymethyl)uridine),
hydrophilic-weak base (cytosine), hydrophobic-strong base (nor-
triptyline) and a hydrophobic-neutral (naphthalene). This range of
compounds was employed as HILIC is often applied to ionised as
well as polar neutral species. Acids were not included in the study
as they often give very poor retention on bare silica HILIC phases
due to repulsion from ionised silanol groups [10]. We employed
the same native base silica from the same manufacturer for both
RP and HILIC in all cases so that a better comparison of the tech-
niques could be obtained. The b-coefficients were derived from
peak parking experiments using a novel valve system using an addi-
tional reference column to allow immediate pressurisation of the
measurement column after the parking period. Bulk diffusion coef-
ficients (D ) were measured experimentally using the Taylor-Aris
procedure [12] and compared with values obtained from estimates
using the Wilke-Chang and other procedures [16]. Peak parking
derived b-coefficients were then compared with those from simple
curve fitting of plots of reduced plate height against flow. Measure-
ments were made with matched sub 2-pm and 3.5 pwm phases, in
order to determine any effect of higher pressure on the measure-
ments. Finally, the effect of buffer concentration on retention was
investigated in order to inform the interpretation of the retention
mechanism in these experiments.

2. Experimental
2.1. Chemicals and reagents

HPLC grade acetonitrile was purchased from Fisher Scientific
(Loughborough, U.K.). Ammonium formate, formic acid, toluene,
naphthalene, uracil, 5-(hydroxymethyl)uridine, cytosine and nor-
triptyline were all purchased from Sigma-Aldrich (Poole, U.K.).
Water at 18.2 mS2 was from a Purite Onedeo purifier (Thame, UK).

2.2. Mobile phase preparation

Pre-mixed eluents were prepared by weighing the solvents,
converting to the % (v/v) values shown in Table 1 by means of
their density. Stock buffer solutions of 100 mM and 125 mM were

Table 1
Preparation of mobile phases used in the peak parking and flow studies.

Analyte Mode % ACN Buffer concentration
(mM/L)

Cytosine HILIC 92.7 524

Nortriptyline HILIC 94.2 5.25

5-(Hydroxymethyl)uridine HILIC 94.8 5.93

Naphthalene RP 54.9 n/a

Nortriptyline RP 334 20.3

prepared by dissolving the appropriate amount of ammonium
formate in water and adjusting to pH 3 using formic acid.

2.3. Apparatus and methodology

All experiments were performed on a model 1290 Infin-
ity ultra-high pressure liquid chromatograph (UHPLC, Agilent
Technologies, Walbronn, Germany) operated using Chemsta-
tion software. The instrument included a binary pump, column
compartment, autosampler and diode array detector (DAD). Con-
nections were made with minimal lengths of 75 um ID stainless
steel tubing (note these are supplied with the Agilent 1290 ultra-
low dispersion kit, part number 5067-5189). The columns used
were Zorbax Eclipse Plus C18 and HILIC Plus (Agilent Technolo-
gies, Delaware, USA) which were kind gifts from the manufacturer.
Column dimensions were 50 mm x 2.1 mm ID in all cases using
nominally 1.8, 3.5 or 5 um packings where specified. The actual
mean particle size of the 1.8 wm material in the columns used
was 2.0 um as measured by the manufacturer. This value was
used in all calculations, although the nominal particle size of the
material is referred to throughout. The actual particle size of the
3.5 m material was confirmed as 3.5 um, as measured by the
manufacturer. Columns were maintained at 30°C in the column
compartment. The Vex: of the system was measured at approxi-
mately 9.5 pL. The DAD was equipped with a low dispersion flow
cell of volume of 0.6 wL. Data collection rate was maintained at
160 Hz (although such a fast collection rate is not essential) using a
bandwidth of 1.2 nm without a reference wavelength. Detector set-
tings were 275 nm for cytosine, 240 nm for nortriptyline, 260 nm
for 5-(hydroxymethyl)uridine and 210 nm for naphthalene. 1.0 pL
injections of 10 ppm solutions dissolved in the exact mobile phase
were used. van Deemter curves for 1.8 wm and 3.5 wm particles
under HILIC conditions were constructed using flow rates from
0.025 to 2.0 mL/min (24 measurements). For the reversed-phase
study using 1.8 wm particles, flow rates were 0.025-1.0 mL/min (22
measurements). For the reversed-phase comparison using 3.5 pm
particles, flow rates were 0.025-1.5mL/min (19 measurements)
and 0.025-1.7 mL/min (21 measurements) for the nortriptyline
and naphthalene curves respectively. Correction for extra-column
effects at each flow rate was obtained using a zero-volume connec-
tor. However, due to the high k used for the construction of each van
Deemter curve, these corrections were negligible. Cox plot analy-
sis [17] (k versus 1/[M+]) for HILIC was performed at a flow rate
of 0.4mL/min and 0.3 mL/min for RP. Peak parking experiments
were performed (0.4 mL/min flow) using a 6-port, 2-position dual
column switching valve, which allowed the measurement column
to be arrested under pressure while an identical dummy column
of the same particle size and dimensions was used in place during
switching times. The arrested elution times used were 0, 2, 5, 10, 20,
30 and 60 min. All measurements were performed in duplicate and
averaged. For data in Fig. 1, single measurements were taken with
increasing flow and the duplicate of the data point with decreasing
flow to ensure no column deterioration had occurred. Symmetri-
cal peaks were obtained in all experiments and peak widths were
determined at half-height except where stated. Experimental diffu-
sion coefficients were measured using the open tubular Taylor-Aris
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Table 2
Non-reduced van Deemter coefficients from curve fitting.
Analyte Mode A(x10~%cm) B(x107> cm?/s) C(ms) Uope (cm/s) Hpin (x10~4cm) Nmax
dp=1.8 um
Cytosine HILIC 22 3.7 0.37 0.32 4.7 10,700
5-(OH methyl)uridine HILIC 1.9 3.2 0.61 0.23 4.7 10,300
Nortriptyline HILIC 23 4.2 0.34 0.35 4.9 10,700
Nortriptyline RP 25 2.8 0.47 0.24 4.8 10,400
Naphthalene RP 2.0 8.4 0.18 0.69 4.3 11,500
dp=3.5um
Cytosine HILIC 4.5 3.8 0.98 0.20 8.3 6050
5-(OH methyl)uridine HILIC 4.7 2.9 1.42 0.14 8.4 5990
Nortriptyline HILIC 4.6 4.4 0.82 0.23 83 5950
Nortriptyline RP 4.5 2.9 1.17 0.16 8.0 6270
Naphthalene RP 3.5 8.7 0.54 0.40 79 6310

method using a flow rate of 0.1 mL/min at 30°C [12]. The internal
diameter and length of the PEEK tubing used was 0.05277 cm and
1500 cm, and the coil diameter was 22 cm.

3. Results and discussion
3.1. Simple van Deemter plots

In both HILIC and RP, the mobile phase strength was adjusted
to give similar k' (~5.5) near their respective optimum linear
velocities in order to minimise the corrections for extra-column
bandspreading. These corrections were only of the order of a few
%. The data was fitted to the van Deemter equation:

H=A+§+Cu (1)

where H is the height equivalent to a theoretical plate, u is the lin-
ear velocity, and A, B and C are constants that can be derived from
curve fitting of H versus u data. Throughout this work we refer
to non-reduced coefficients in upper case, while reduced coeffi-
cients are in lower case. We compared pairs of both 1.8 pm and
3.5 wm particle packed columns. Fig. 1(a) and (c) (plots of H versus
u) show the expected smaller plate heights for the smaller parti-
cle 1.8 wm HILIC and reversed-phase columns. We used a slightly
higher buffer concentration for 5-(hydroxymethyluridine) in HILIC
in order to maintain k at 5.5 without using less than 5% water in
the mobile phase, which is a common lower limit employed. Note
the retention of this solute increases with increasing buffer con-
centration (see below). We also used higher buffer concentrations
(~20mM) for the nortriptyline reversed-phase work so as to min-
imise overloading effects on the peak shape, which may be apparent
even at very low sample concentrations. For this reason we did not
generally employ the statistical moments approach for calculating
peak profiles due to the low S/N (<100) values encountered, which
can undermine the precision and accuracy of such measurements.
The USP tailing factors (5% of peak height) for nortriptyline on the
1.8 wm and 3.5 wm phases were good (worst values 1.2 and 1.1
respectively), measured at their respective optimum linear veloci-
ties. Indeed Fig. 1(e) and (f) demonstrate that for these symmetric
peaks, little difference was shown in the curves for nortriptyline
in HILIC or naphthalene in RP when the plate height was calcu-
lated by the half-height, 5 sigma (4.4% peak height) or statistical
moments method (data is shown for the smaller particle columns).
Results would be expected to differ more substantially in the case
of asymmetric solute peaks.

Table 2 summarises the van Deemter A, B and C coefficients for
the two evaluated particle sizes. Very similar results were obtained
on both the 1.8 wm and 3.5 wm columns. It can be seen on both that
the B-coefficient for nortriptyline (RP) is smaller than that for the
same solute under HILIC conditions. Furthermore, the C-coefficient
for nortriptyline (RP) is larger than that for the same solute under

HILIC conditions. These findings agree with previous results for nor-
triptyline [12] and are in line with expectation concerning HILIC
versus RP. Table 3 shows that the experimentally measured bulk
diffusion coefficient (Dy,) of nortriptyline is considerably greater
(more than twice) in the HILIC eluent (94.2% ACN) than that used
for RP (33.4%), which as expected leads to greater axial diffu-
sion (increased B-coefficient) but improved mass transfer (reduced
C-coefficient) in HILIC. Nevertheless, whereas naphthalene (RP), 5-
(hydroxymethyluridine (HILIC) and nortriptyline (HILIC) have very
similar Dy, in their respective mobile phases, the B-coefficient for
naphthalene was considerably larger, and the C-coefficient smaller
than for both the HILIC solutes. This result is unexpected, and sug-
gests that other factors than the increased bulk diffusivity in HILIC
mobile phases are involved.

It is possible that frictional heating effects might contribute to
the C-coefficients at high flow rate. HILIC mobile phases have lower
thermal conductivity which could contribute to radial temperature
gradients. However, the low viscosity of HILIC mobile phase and
consequent lower operating pressures at the same linear velocity
leads to less power generation and thus may even out the effects
[18]. Similar results were shown for both particle size columns,
which may indicate indeed that frictional heating (which should
be considerably worse for the 1.8 wm columns) had not grossly
affected the results.

3.2. Determination of b-coefficients using the arrested elution
method

In an attempt to interpret further the initial observations we
measured the (reduced) b-coefficient using the arrested elution
method [19,20]. Briefly, this procedure entails measuring the effec-
tive diffusion through the packed bed (D) by stopping the eluent
flow once the solute band has migrated about half way down the
column. The flow is then resumed after a set period of time (in
which diffusion of the solute takes place) and the band is eluted out
of the column to the detector. The peak spatial variance is related
to the parking time (tp,) through the relationship:

0 = 2Defr - tpark (2)
The equation can be written in terms of temporal variance as:

2 .2
Degs = ot - uk/ztpark (3)

where up is the retained peak velocity L/tg and t is the time needed
to pass through the column with length L without stopping the flow.
Defr can then be determined from a plot of 62 against parking time.
Knowledge of the analyte diffusion coefficient in the bulk mobile
phase (Dn,) then allows for accurate calculation of the reduced b-
coefficient from Eq. (4) [19].

b=25£m+w) (4)
Dm
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Fig. 1. Non-reduced and reduced van Deemter plots for 1.8 wm columns (a) and (b) and for 3.5 wm columns (c) and (d) respectively, using the half height method to
determine plate height. Non-reduced plots for nortriptyline in HILIC (e) and naphthalene in RP mode (f) comparing the half height, 5-sigma and statistical moments method
for determination of plate height. The k’ for each analyte near the optimum flow velocity was around 5.5. Mobile phase as shown in Table 1. Some data points taken at lower

values of u and v are omitted to improve the clarity of figures a-d.

Carr [16] showed that correlations derived from empirical equa-
tions for determination of Dy, (such as the Wilke-Chang equation)
broke down in acetonitrile rich mobile phases. We therefore
determined diffusion coefficients experimentally, checking our

values using the value of thiourea in pure water as a ref-
erence point (T=25°C, Dpn=1.33 x 107> cm?/s [21,22]). Table 3
confirms that very poor correlation exists between the Scheibel,
Wilke-Chang and Li-Carr derived values and those determined
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Table 3
Comparison of calculated versus experimental diffusion coefficients. Solvent viscosity was determined according to Ref. [43].
T=30°C
Solute % ACN 1 (cP) Calculated Experimental
D (scheibel) Dm (wilke-Chang) D (Li-carr) Din (taylor-Aris) % RSD (n=3)
Cytosine 92.7 0.3968 3.29E-05 3.02E-05 3.33E-05 1.77E-05 0.40
Nortriptyline 94.2 0.3823 1.50E-05 1.49E-05 1.75E-05 1.43E-05 0.43
Nortriptyline 334 0.7892 6.42E—-06 7.49E-06 6.07E—-06 5.85E-06 0.56
Naphthalene 54.9 0.6818 1.14E-05 1.33E-05 1.19E-05 1.38E-05 0.18
5-(Hydroxymethyl)uridine 94.8 0.3777 1.89E-05 1.90E-05 2.25E-05 1.42E-05 0.70
Thiourea (25°C) 0 1.32E-05 0.92
Dy, values in cm?/s
Table 4
Effective diffusion data and comparison of reduced van Deemter coefficients.
Analyte Mode Desr (cm?/s) Det/Dm b (peak Parking) b? (Linearisation) b (curve Fitting) € (Curve Fitting) Vopt Rmin
dy,=1.8m
Cytosine HILIC 2.58E-06 0.15 2.11 2.12 2.10 0.17 3.6 24
5-(OH methyl)uridine HILIC 1.93E-06 0.14 1.94 2.27 2.26 0.22 3.2 24
Nortriptyline HILIC 3.09E-06 0.22 3.06 3.04 2.94 0.12 4.9 25
Nortriptyline RP 1.93E-06 0.33 4.97 4.67 4.74 0.07 8.2 2.4
Naphthalene RP 5.26E-06 0.38 5.73 6.00 6.06 0.06 9.8 2.2
dp=3.5pum
Cytosine HILIC 3.01E-06 0.17 233 2.06 2.12 0.14 3.9 2.4
5-(OH methyl)uridine HILIC 2.10E-06 0.15 2.21 1.92 2.01 0.17 3.5 2.4
Nortriptyline HILIC 3.61E-06 0.25 335 3.06 3.08 0.10 5.7 24
Nortriptyline RP 2.15E-06 0.37 5.46 491 4.99 0.06 9.4 23
Naphthalene RP 6.12E-06 0.44 6.47 6.28 6.31 0.06 10.1 23

3 Linearisation method (intercept of h versus 1/v using n=5 data points, 2 >0.99

experimentally for some solutes under HILIC conditions. For exam-
ple, a very large difference was found between the Wilke-Chang
derived (3.02E—05cm?/s) and the experimentally determined
(1.77E—05 cm?/s) values for cytosine in 92.7% ACN. This signifies
that serious errors would be encountered in determining reduced
van Deemter coefficients for the b- and c-terms using calculated
D, values. Fig. 2 shows plots of peak variance versus stop time
for the solute set (HILIC and RP) for both particle size columns.
Excellent linearity was observed for all experiments with >0.999
2 values obtained for each solute. Fig. 1(b) and (d) show the van
Deemter data plotted in reduced coordinates where the reduced
plate height, h =H/dp, and the reduced velocity v=udp/Dmy. The HILIC
and RP columns of nominally 1.8 and 3.5 wm particle size showed
very similar reduced plate heights for all solutes implying they were
of similar packing quality. Simplified theory indicates that plots of
h versus v for “good” columns operated under the same conditions
should overlay, and be independent of dp [23]. Typically, totally
porous particle columns give values of h,;, between 2.0 and 2.5,
although this is an empirical observation; such values are indeed
shown in Table 4. We deliberately measured curves for analytes at
near equivalent high k, where extra-column effects only minimally
influence the results.

Table 4 shows values of Dgg calculated from the peak parking
method, and values of the reduced b-coefficient calculated from
Eq. (4). Values of b- can be compared with those from curve fit-
ting of the data in Fig. 1(b) and (d). Linearisation analysis [24] was
also used to cross-check b-coefficients from curve fitting, as a suf-
ficient number of data points were obtained in the low flow region
to perform this analysis. Very good agreement is shown between
the curve fitting and peak parking measurements for all solutes
and conditions. It might be considered that small differences in
b-coefficients measured by either method are due to shifts in k'
at different flow rates in the curve fitting method (see below),
because peak parking experiments involve use of the same flow
rate to move the peak through and out of the column. However,
there is little difference in the compared sets of values for the 1.8
and 3.5 pm columns. An advantage of our peak parking procedure

in all cases).

20
18 d,=1.8 pm

Variance (Sec?)

0 500 1000 1500 2000 2500 3000 3500 4000
Stop Time (Sec)

d,=3.5pm

Variance (Sec?)

0 500 1000 1500 2000 2500 3000 3500 4000
Stop Time (Sec)

Fig. 2. Data from the arrested elution experiment for the two evaluated particles
sizes. Symbols and mobile phases as in Fig. 1.



12 J.C. Heaton et al. / ]. Chromatogr. A 1328 (2014) 7-15

was that the arrested column was held under pressure while flow
was diverted to a dummy column using a switching valve. Once
the flow is resumed on the column containing the peak, minimal
pressure perturbation is experienced. It could be advantageous to
perform arrested elution experiments in this way as it has been
argued elsewhere [25] that it is important to dampen the effect of
pressure perturbations due to stopping and starting flow.

Table 4 clearly confirms the tentative conclusion of smaller b-
coefficients in HILIC compared with RP. For example, in reduced
co-ordinates, the b-coefficient of nortriptyline in HILIC is consid-
erably smaller than that for the same solute in RP mode. Indeed,
the b-coefficients for both nortriptyline and naphthalene (RP) were
greater than for any of the HILIC solutes. The smaller b-coefficients
result from the smaller values of Deg/Dpy, for all the solutes in HILIC
compared with those in RP. The observation of a smaller b-terms in
HILIC versus RP was very recently discussed by Gritti and Guiochon
[26]. Indeed, the b-coefficient values in our study are in agree-
ment with these previous observations which were of the order
of 2-3 for HILIC and between 5-7 for well retained solutes in RP.
In RP chromatography, surface diffusion provides a considerable
contribution to the b-term of non-polar solutes retained by a non-
localised retention mechanism. The b-term may be made up of
three distinct contributions [27]. Firstly, diffusion occurs outside
the particle in the mobile phase, secondly in the mesopores of the
particle and thirdly along the pore surface of the stationary phase
(surface diffusion) [28]. For hydrophobic neutral substances in RP,
surface diffusion is facilitated by the organic-rich layer associated
with the C18 ligands. The surface diffusion effect is understood
to account for a large proportion of the intra-particle diffusion
character of a retained solute in RP [29]. Apparently, the mobil-
ity of analytes interacting with a solid silica surface in the HILIC
mode is more restricted. It has been suggested that this implies an
adsorption mechanism in HILIC (at least with bare silica columns)
in which localised interactions of the solute take place with specific
silanol sites of various kinds on the phase surface [30]. Addition-
ally, although surface diffusion could also be considered to occur
in HILIC, it would of necessity have to take place in a high viscos-
ity water layer and thus would contribute little to the intra-particle
diffusivity. The viscosity of pure water is 2-3 times greater than that
of pure acetonitrile [31]. As solute diffusivity is inversely related to
the viscosity, surface diffusion in the HILIC water layer would be
expected to be considerably less than that in the surface layer of
ACN associated with a C18 stationary phase. Localisation has been
given as the reason for small b-coefficients measured in adsorption
chromatography (normal phase) with bare silica columns in stud-
ies performed more than 30 years ago by Snyder and co-workers
[32]. Indeed, adsorption is a component of the retention mecha-
nism in HILIC that is likely to be encouraged on bare silica columns
which have less extensive water layers [4], especially with the
rather low mobile phase water concentrations used in the present
experiments [3].

We have performed these studies with a single mobile phase per
sample and column giving high k. Previous studies have shown that
in RP the reduced b-coefficient reaches a broad maximum value at
high k, whereas stabilisation of b occurs rapidly in HILIC [26]. We
believe that this approach allows a more reliable comparison of the
modes to be made.

While reduced plots are more useful in interpreting underlying
processes, consideration of non-reduced plots remains of impor-
tance to the practitioner, as these plots demonstrate what will be
observed by an experimentalist (see also kinetic plots below).

3.3. Comparison of c-coefficients

It is clear that from the reduced plots in Fig. 1 that analysis at
high velocity gives rise to larger reduced plate heights in HILIC

compared with RP, while h values at the optimum flow velocity
are remarkably similar. It is possible to explain this result as being
due to slower adsorption-desorption kinetics in HILIC, although
there is little firm evidence in the literature to support such a
hypothesis. Alternatively, Guiochon [30] has suggested that the
majority of this band broadening effect is due to long range eddy
dispersion. It was argued that the transverse diffusion coefficient
(which is scaled to the diffusion coefficient of the analyte) is too
small and the column ID too large to allow complete relaxation of
the radial concentration gradient within the column. This effect
would therefore be greater in reduced plots for HILIC compared
with RP, due to lower surface diffusion. Gradients may originate
at the column inlet due to a non-uniform sample distribution
and at the column outlet due to asynchronous sample collection
when standard end fittings are used [30]. It was noted that some
variation in the transverse diffusion coefficients might be obtained
from one average particle diameter to another, which could
explain the differences in the c-term region of the reduced plots in
Fig. 1(b) and (d). The effects would be reduced with long narrow
columns, providing that the bed structure of narrow columns
showed good radial homogeneity of the bed structure (which of
course, is not often the case). Thus at least for columns of the
same dimensions, fast analysis should be more favoured using RP
chromatography.

It is not possible to make firm conclusions on this issue from
our present work, as the c-coefficients deduced are a mixture of
the contribution of mass transfer and eddy dispersion. The latter is
assumed to be independent of flow in the simplified van Deemter
treatment used in this study (Eq. (1)) whereas clearly it is not.

A further comparison of kinetic performance is available
through kinetic plots as this method also considers the differences
in viscosity between the eluents used in HILIC and RP (see below).

3.4. Effect of flow on retention

The measurement of parameters related to solute retention on
small particle columns is complicated by the effects of frictional
heating and pressure which both increase as flow is increased.
These effects can be solute dependent. Indeed, significant changes
in retention factor were observed for all analytes in both RP and
HILIC modes (Fig. 3), which shows the % loss in retention going
from the lowest to the highest flow used for 1.8, 3.5 and also 5 pum
columns, introduced to compare effects at the lowest pressures.
For all columns, the lowest flow rate used was 0.025 mL/min. The
highest flow rates used for 1.8 pm particle evaluation in HILIC was
2.0 mL/min and 1.0 mL/min in RP. For the 3.5 wm column in HILIC,
the maximum flow was 2.0 mL/min, whereas for RP conditions the
maximum flow used was 1.5 mL/min and 1.7 mL/min for nortripty-
line and naphthalene data respectively. Clearly, the effects of high
flow on retention are greatest for the 1.8 wm column and least for
the 5 wm column. These effects are rarely mentioned in studies of
column performance as a function of flow.

Fig. 3 shows a small % loss in k between high and low flow for
naphthalene in the RP mode which is most significant for the 1.8 um
column. Values of k usually decrease with increasing temperature
[33] and indeed in columns of similar dimensions, temperature
increases of up to 20°C have been noted due to frictional heating
[34]. Increased pressure in the absence of heating effects, how-
ever increases retention for simple aromatic compounds in RP, with
greater increases shown for compounds with increasing MW. Thus
anthracene (which has a higher MW than naphthalene) gave an
increase in k of about 10% for a 500 bar pressure increase [35]. The
overall change in k for naphthalene is a balance of these two effects,
which act in opposition. Nortriptyline in RP shows overall increases
in retention with increasing flow (Fig. 3). This result is explained
by a much larger increase in k with pressure alone (~50% for a
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Fig. 3. Percentage loss in k between the highest and lowest flow rate used (detailed
in Section 3.4) for (a) 1.8 wm, (b) 3.5 wm and (c) 5 wm particles.

500 bar pressure increase [35]) for this higher MW ionic species.
Cytosine and 5-(hydroxymethyluridine) show large decreases in
retention with increased flow. In HILIC, increased pressure alone
appears to reduce k [36,37] and therefore the effects of pressure
and temperature act in the same direction. For nortriptyline in
the HILIC mode, increased temperature exceptionally appears to
increase retention [ 10]. Therefore pressure and temperature effects
balance out leading to the small variation in k with flow indicated
in Fig. 3.

Itis conceivable that the variations in k with flow shown in Fig. 3,
especially for the 1.8 pm column might have affected the values of
the reduced b- and c-coefficients for this column. However, results
for these coefficients are similar on the larger particle 3.5 wm col-
umn, which showed much smaller variations in k with flow (see
Table 4). This finding gives confidence that the coefficients deduced
by curve fitting are not seriously influenced by k variation, or by
the effects of frictional heating due to the mobile phase percolation
through the packed bed.

N ()
1.00E+03
1.00E+05

1.00E+04 1.00E+05 1.00E+06

1.00E+04

1.00E+03

H(s)

1.00E+02

1.00E+01

1.00E+00

1.00E-01

Fig. 4. Kinetic plot of t, versus N for HILIC and reversed-phase using a pressure
maximum = 1000 bar for the 1.8 wm particle packed columns. Symbols are as in
Fig. 1.

3.5. Kinetic plot comparison between HILIC and RP modes

The influence of the B-term and eluent viscosity (1) on the maxi-
mum achievable kinetic performance is established by considering
the following expression of Desmet et al. [38]:

AP TK,
Nmax = 7 [§:| exp (5)

Operating a length of column at a fixed pressure max (AP) with
a specific bed permeability (Ky) any reduction in both the B-
coefficient and viscosity would afford higher achievable maximum
plate numbers. By increasing column length to afford larger plate
numbers, higher pressures are required to achieve linear velocities
in excess of the optimum velocity to limit the contribution of the B-
term to efficiency. The moderate B-coefficients in HILIC combined
with the low viscosity of the mobile phases therefore offers particu-
lar advantages in accommodating long columns for high resolution
analysis. The lower mobile phase viscosity might contribute pos-
itively to fast analysis, since higher linear flow velocities can be
adopted within the pressure limit of the instrument. Furthermore,
for some solutes that can be analysed in either HILIC or RP mode,
enhanced diffusion coefficients in HILIC should favourably promote
mass transfer in fast analysis.

Fig. 4 shows the simplest kinetic plot representation of trans-
formed van Deemter data into column dead time t, versus
efficiency N. These plots were constructed for the 1.8 wm particle
packed columns only, using a pressure maximum of 1000 bar, for
all the solutes except 5-(hydroxymethyl)uridine, which was omit-
ted due to the large losses in retention (noted above) caused by
the influence of flow/pressure. With respect to the naphthalene
(RP) curve (diamond symbol), the impact of the larger B-term and
the higher viscosity of the mobile phase is patently obvious at the
right-hand side of the plot at high values of N. In order to shift
the vertical asymptote of this curve towards larger plate num-
bers, much higher pressures would be required to deliver adequate
linear velocities through the correspondingly longer columns. In
contrast, it is possible to obtain in excess of 100,000 plates for
nortriptyline in RP due to the smaller (non-reduced) B-term, due
in part to its lower Dy, value. Higher plate counts for the HILIC
solutes are achievable due principally to the lower viscosity of the
mobile phases. At t, =500 s the predicted plate counts were 76,000,
110,000, 144,000 and 154,000 for naphthalene (RP), nortripty-
line (RP), nortriptyline (HILIC) and cytosine (HILIC) respectively.
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Fig. 5. (a) Plot of Logk’ versus Log[M+] and (b) k' versus 1/[M+]. HILIC condi-
tions were 94.8% ACN containing 1-8 mM overall ammonium format}y pH 3.0 and
reversed-phase was 33.4% ACN containing 1-50 mM overall ammonium formaty,
pH 3.0.

However, the achievement of such plate counts entails the use of
very long columns, the predicted lengths being around 60 cm for
RP conditions and 80 cm for HILIC.

The curves also indicate the relative performance at short anal-
ysis times (left hand side of the plots). At t,=10s the predictions
were 19,000, 12,600, 17,000 and 16,800 plates for naphthalene
(RP), nortriptyline (RP), nortriptyline (HILIC) and cytosine (HILIC)
respectively. The predicted columns lengths for the fast analysis
region were around 10cm. The differences in the plate counts
relates to those particular column lengths being operated at
1000 bar and well into the C-term dominated region. Recall that
naphthalene in RP had a very low C-coefficient with little loss in
efficiency observed in the high flow region (Fig. 1). In contrast,
the poorer performance of nortriptyline in RP mode in the C-term
region of the plot is due to its low mobile phase diffusion coeffi-
cient. As with any kinetic plot predictions caution must be adhered
to as the initial van Deemter data were constructed using 5 cm long
columns. Ruta et al. [39] pointed out that differences in the pack-
ing qualities of longer columns, or frictional heating effects, make
it difficult to realise accurately in practice the predictions made for
long/coupled columns.

3.6. Retention mechanism elucidation

In order to discover more about the retention mechanism in
the different separation modes, particularly with regard to ionic
processes, we investigated the effect of buffer strength on k'. Cox
and Stout [17] investigated ionic retention using plots of k’ versus
1/[M+] where [M+] is the concentration of the displacing buffer
cation of the same charge as the solute. These plots should be
linear for a pure cation-exchange process for basic compounds,
with the line passing through the origin at infinite buffer con-
centration. A y-axis intercept of the plot allows the contribution
of non-ionic processes to retention to be assessed. Fig. 5 shows
the plots for HILIC (94.8% ACN containing 1-8 mM overall ammo-
nium formately pH 3.0) and reversed-phase (33.4% ACN containing
1-50 mM overall ammonium formateYy pH 3.0). The column hold-
up volume (V) was determined using the non-retained compound
toluene in HILIC, and uracil in RP. These markers were incorporated
in every injected sample, as Vi, can depend on mobile phase prop-
erties such as the ionic strength [40]. Fig. 5 shows that the retention
of nortriptyline in HILIC decreases substantially as the buffer con-
centration increases, indicating the presence of ionic retention. The
curvature of the plot is similar to that found in a previous study [7],
also using a bare silica stationary phase (Luna, Phenomenex). It is
possible this curvature could be due to a small degree of ion pairing,
which has been suggested as feasible at least with the acetate anion

[41]. The curvature precludes the accurate estimation of the contri-
bution of ion exchange to retention that would be possible with a
linear plot, but extrapolation to infinite buffer concentration indi-
cates that a very high proportion of the retention process is due to
ion exchange. In contrast, nortriptyline in RP mode shows a small
increase in retention with increasing buffer strength, indicating the
absence of cation exchange under these conditions. It is possible
that the presence of hydrophobic ligands reduces the acidity of
silanol groups in the RP mode and thus also reduces the influ-
ence of ion exchange, as these stationary phases use the same base
silica. The small increase in retention for nortriptyline with increas-
ing buffer strength might again be attributed to ion-pair effects,
although these are likely to be much smaller than in HILIC due to the
lower concentration of acetonitrile in the RP mobile phase. Alter-
natively, it is possible that some positively charged groups exist on
the RP surface that are introduced in the bonding process [42]. The
repulsive effect of such groups would be moderated with increas-
ing buffer concentration. The strong component of ionic retention
of nortriptyline in HILIC could well influence its smaller value of the
b-coefficient found in this mode compared with RP (see Table 4 and
discussion in 3.2), due to reduction of surface diffusion effects. The
weak base cytosine does not appear to be charged under the HILIC
conditions used, as its retention increases with increasing buffer
strength (Fig. 5(b)). Increase in retention with increasing buffer
strength is also shown for the neutral 5-(hydroxymethyl)uridine. It
is possible that the increased buffer strength increases the contri-
bution of the partition process to retention for these compounds,
by increasing the thickness of the water layer on the silica surface.
Clearly, the effects of buffer concentration have only been studied
at the single organic solvent concentration used for each solute in
the kinetic studies. It is quite possible that the balance of the various
contributing mechanisms changes with % organic, and a more com-
prehensive series of experiments would be necessary to examine
this question further.

In summary, the nature of the interactions in both chromato-
graphic modes is complex. It should certainly be considered that
these interactions influence the mobility of analytes in the adsorbed
state.

4. Conclusions

Significant differences in both the reduced and non-reduced
axial diffusion behaviour of solutes in the RP and HILIC modes were
observed on columns made from the same silica. These differences
were evaluated using curve fitting of the van Deemter equation
to data of plate height versus flow and by peak parking experi-
ments. A novel method was employed using switching flow to a
dummy column during the parking step. Simple non-reduced plots
for the same basic compound (e.g. nortriptyline) in either mode
indicated that B-coefficients were larger in HILIC than RP, and C-
coefficients were smaller. Thus the practitioner will observe lower
efficiency at low flow rate but higher efficiency at high flow rate in
HILIC compared with RP for similar basic compounds. These results
are as expected, and attributable merely to the much higher solute
diffusivity of such compounds in the low viscosity, high ACN con-
centration mobile phases used for them in HILIC compared with
RP.

However, comparison of both basic and neutral solutes in
reduced coordinates confirmed that the b-coefficients (determined
by peak parking, and by curve fitting) for all solutes studied in
the HILIC mode were considerably smaller than for those stud-
ied in the RP mode. An explanation of these results, based on the
work of Guiochon and others, is that in RP, surface diffusion can
take place due to the non-localised retention mechanism, facili-
tated by the layer of acetonitrile on the surface of the stationary
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phase, increasing the b-coefficient. In contrast, in HILIC, localised
adsorption (or ionic retention) may contribute significantly to the
retention mechanism, at least for bare silica columns using mobile
phases of relatively low water content. Surface diffusion in the layer
of water on the surface of HILIC columns also seems much less
likely. The reduced c-coefficients were always higher in HILIC than
RP. This could be due to slower adsorption-desorption kinetics in
HILIC, but further experiments are necessary to establish whether
this, or other interpretations of the increased values, are more likely
[30].

The nature of the mechanismin HILIC is ill-defined as was shown
by the effect of varying buffer concentration on retention. Ionic
retention of cations appears to play a much greater role in HILIC
than RP. However, the retention mechanism may be significantly
different on bonded phase HILIC columns compared with the bare
silica columns used in this study. Practitioners should be wary of
retention factor shifts at high flow rate that are particularly appar-
ent for some solutes in HILIC, where for other solutes, decrease in
retention both with increased pressure and with increased temper-
ature act in the same direction. Nevertheless, comparable results
were obtained in the present study for both sub-2 wm and larger
particle stationary phases, showing that the deductions were not
grossly affected.

Kinetic plot analysis shows HILIC can give improved perfor-
mance over RP when high efficiencies are required, using long
columns at low flow rates. This improvement results from the
low viscosity of typical HILIC mobile phases, allowing the use of
longer columns, together with the effect of lower B-coefficients
than expected. For fast analysis on short columns, the advantage
of low mobile phase viscosity in HILIC is opposed by higher C-
coefficients than might be expected.
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