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a b s t r a c t

In this study, we investigated further the large increases in retention with pressure that we observed
previously in RP-LC especially for ionised solutes. These findings were initially confirmed on a conven-
tional silica C18 column, which gave extremely similar results to the hybrid C18 phase originally used.
Large increases in retention factor of ∼50% for a pressure increase of 500 bar were also shown for high
MW polar but neutral solutes. However, experiments with the same bases in ionised and non-ionised
forms suggest that somewhat greater pressure-induced retention increases are found for ionised solutes.
Retention increases with pressure were found to be considerably smaller for a C1 column compared with
a C18 column; decreases in retention with increasing pressure were noted for ionised bases when using a
ltra-high-pressure LC bare silica column in the hydrophilic interaction chromatography (HILIC) mode. These observations are
consistent with the partial loss of the solvation layer in RP-LC as the solute is forced into the hydrophobic
environment of the stationary phase, and consequent reduction in the solute molar volume, while the
water layer on the surface of a HILIC packing increases the hydration of a basic analyte. Finally, reten-
tion changes with pressure in RP-LC can also be observed at a mobile phase pH close to the solute pKa,
due to changes in pKa with pressure. However, this effect has no influence on the results of most of

our studies.

. Introduction

The influence of pressure in LC has been considered for many
ears. However, this topic has attracted greater interest with the
ecent introduction of instruments that allow the use of inlet pres-
ures up to 1000 bar. The main thrust of recent studies seems to
e the effect of pressure on efficiency [1–5]; nevertheless, some
tudies have considered its influence on retention.

The change in k as a function of pressure at constant temperature
an be expressed by the equation [6–8]:

n
(

k

k0

)
= −�V

RT
· P + ln

(
ˇ

ˇ0

)
(1)
here k0 and ˇ0 are the retention factor and the phase ratio under
eference conditions (which are taken as atmospheric pressure),

is the gas constant, T the absolute temperature and �V is the
hange in molar volume associated with the solute’s transition
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between the mobile and the stationary phases.

�V = Vstat. − Vmob (2)

Thus a graph of ln k vs P should be a straight line with slope
−�V/RT. Early studies that concentrated on the effect of pres-
sure on retention of small neutral solutes [9–14] showed quite
small increases in retention with pressure. For example, McGuf-
fin [9,10] showed that a pressure increase from 36 to 360 bar led to
an increase in retention of a homologous series of C10–C20 deriva-
tised fatty acids of from 9% to 24%. Ohmacht and co-workers [14]
showed increases in k of 10–25% for some aromatic hydrocarbons
and for some small polar compounds for an average column pres-
sure increase of about 380 bar. However, other workers found quite
large changes in retention for proteins [15–18]. For example, Chen
et al. [15] showed a 3-fold increase in retention time of the enzyme
lyzozyme when the average column pressure was increased from
23 to 318 bar. Liu et al. [17] found that an increase in pressure
of 180 bar caused k of insulin to increase by as much as a factor

of 2. Guiochon [18,19] studied the effect of pressure on the pro-
tein insulin (MW 5808) first on a conventional HPLC instrument
but later at the high pressures available from a UHPLC system. An
increase in retention of ∼330% for a pressure increase of ∼745 bar
at ∼25 ◦C was reported. Plots of ln k vs pressure were slightly con-

http://www.sciencedirect.com/science/journal/00219673
http://www.elsevier.com/locate/chroma
mailto:David.Mccalley@uwe.ac.uk
dx.doi.org/10.1016/j.chroma.2009.11.041
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ex upward. The authors determined a general expression of the
etention factor of insulin as a function of both temperature and
ressure. Clearly, the increase in retention with pressure is much
reater for large molecules compared with small molecules, pre-
umably due to the larger changes in the solute molar volume when
ransferring from the mobile to the stationary phase. Our group
reviously studied the effect of pressure on the retention of a wide
ange of different solutes [20], including ionised acids and bases
ith MW < 300. Increases in retention of these ionised solutes of as
uch as 50% were observed for an increase in the average column

ressure of 500 bar. Such large increases had not previously been
eported for these relatively low MW solutes. While these large
ncreases were found for ionised solutes, greater increases were
ound for polar compared with neutral non-polar solutes of similar
MM. It is likely that these larger increases in the retention are due
o larger changes in the molar volume of the solvated solute as it is
ransferred from the mobile to the stationary phase, as a result of
uch solutes losing part of their hydration layer when entering the
ydrophobic environment of the C18 layer of the RP column used

n these experiments.
Tanaka and co-workers [21] demonstrated decreases in reten-

ion with pressure for some solutes at mobile phase pH close to the
olute pKa. This study suggested that pressure can have an effect on
hanging the solute pKa. Along with most of the earlier work, it was
arried out at the relatively low pressures available with commer-
ial instrumentation available at the time. However, as indicated
bove, increased pressure generally results in an increase in reten-
ion in RP-LC [9–22], as long as heating effects are excluded. This
ondition is mostly satisfied by attaching restriction capillaries to
he end of the column, as in our previous study. Nevertheless, the
ffects of variable frictional heating are difficult to exclude entirely,
nd due to the increased viscosity at higher pressure, the column
ill be at a slightly elevated temperature at high pressure com-
ared with low pressure, even if the flow rate is the same and the
ressure is increased by restriction capillaries. We believe that this
actor contributes to the somewhat lower values of �V which we
eported at higher flow rate (higher pressure) compared with low
ow rate [20], as higher temperatures result in reduced retention,
cting in the opposite sense to the effect of increased pressure.

In the present study, we have explored further some of the issues
aised in our previous study in order to answer the following ques-
ions.

1) First we wished to confirm that the unusually large changes in
retention with pressure reported previously were not unique to
the particular hybrid C18 phase used, and could be reproduced
on a conventional silica C18 phase.

2) For solutes of comparable molecular size, can highly polar but
neutral molecules give similar increases in retention with pres-
sure to those shown by ionised solutes?

3) Are retention changes with pressure associated with change of
solute pKa important in the higher pressure ranges available
with modern instruments?

4) What effect does change in solute k (adjusted by varying the
mobile phase composition) have on the increase in retention
with pressure?

5) Does change in the chain length of the bonded phase influence
the effect of pressure on retention?

6) What influence does changing the separation mechanism
have on the effect of pressure on retention? For example,

hydrophilic interaction chromatography (HILIC) appeared to
be an attractive alternative mechanism to study as accord-
ing to our rationalisation of the findings in RP-LC (i.e. changes
in solute hydration), results should be completely different in
HILIC.
. A 1217 (2010) 276–284 277

2. Experimental

An ultra-high-pressure liquid chromatography system (UPLC®

system) was used (Waters, Milford, MA, USA) with binary solvent
manager, photodiode array (DAD) ultraviolet (UV) detection sys-
tem (500 nL flow cell), and sample manager/injector valve (1 �L
injections from partially filled 5 �L loop with needle overfill) was
used in all experiments. Temperature was maintained at 30 ◦C using
the UPLC oven. The columns used (all 50 mm × 2.1 mm I.D., 5 �m
particle size) were: XBridge C18 BEH; Atlantis HILIC silica; XBridge
C1 BEH. All were custom packed by Waters (Milford, USA) in UPLC
hardware designed for use with sub-2 �m packings, in order to
withstand the high applied pressure. Some previous experiments
using the XBridge column were repeated on a HyPurity C18 col-
umn, 50 mm × 2.1 mm I.D., 5 �m particle size (Thermo, Runcorn,
UK) again custom packed by the manufacturer in suitable hard-
ware. Solvents were pre-mixed and delivered from a single pump
channel. Column backpressure was increased by attaching capillary
tubes of 30 �m ID and lengths from 10 to 35 cm. The tubes were
attached between the end of the column and the detector using a
zero dead volume connector. The volume of the longest tube used
was 0.18 �L, a value that is very small compared with the total
extra-column volume (12.7 �L with no capillary). Therefore, the
addition of tubing of this small diameter prior to the detector is not
expected to affect column performance. The increases in retention
that resulted from the addition of this tubing were very small, but
nevertheless were corrected for in each case. With the RP column,
the buffers used were 0.025 M phosphate at pH 2.8, 5.8 and 8.0, or
phosphoric acid at pH 1.5. With the HILIC column, the mobile phase
was ACN–water (90:10, v/v) containing 0.005 M ammonium for-
mate adjusted to w

wpH 3.0. Acetonitrile (far UV grade) and KH2PO4
were obtained from Fisher Scientific (Loughborough, UK). Ammo-
nium formate was obtained from BDH (Poole, UK) and test solutes
were obtained from Sigma–Aldrich (Poole, UK). The RP column
was equilibrated for at least 10 h when using phosphate buffers,
in order to avoid the problem of “slow equilibration”, which causes
the retention of ionised bases to slowly decrease and that of ionised
acids to slowly increase with time [23]. Duplicate measurements of
retention time were taken in each case; on average, the variation
in retention time between these duplicates was about 0.15%.

3. Results and discussion

3.1. Investigation of the influence of pressure on retention using a
different C18 stationary phase

In order to eliminate the possibility that the unusual increases
in retention for ionised solutes observed [20] were due to some
unusual property of the inorganic–organic hybrid phase used,
we repeated some of the experiments with a conventional 5 �m
particle ODS column (HyPurity C18), using the same experimen-
tal conditions and with the same strong acids and bases as
before as probes. The results were indistinguishable from the
previous results. For example, an increase in average column pres-
sure of 500 bar for HyPurity C18 caused % increases in k using
acetonitrile–acidic phosphate buffer (30:70, v/v) at 0.2 mL/min
of 41%, 40%, 58% and 59% for the bases propranolol, diphenhy-
dramine, protriptyline and amitriptyline compared with 41%, 40%,
58% and 58% for XBridge. For the acids p-xylene-2-sulfonic acid
and 2-naphthalenesulfonic acid the increases were 31% and 37%

on HyPurity compared with 33% and 37% on XBridge. Considering
that one C18 stationary phase was bonded to pure silica, while the
other was a C18 based on a hybrid packing, we concluded that our
previous results were not specific to the type of C18 phase used. In
addition, the surface coverage and the retentivity of both packings
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Table 1
Changes in k with pressure depending on the mobile phase composition.

Compound % water Average column P
with no restriction
capillary (bar)

Average column P
range (bar)

k with no
restriction
capillary

Slope of ln k
vs P plot

Intercept Correlation (R2) % change in k
for a 500 bar P
increase

�V (cm3/mol)
at 30 ◦C

Amitriptyline

50% 37 37–361 0.79 0.000623 −0.253 0.994 36.5% −15.7
55% 37 37–375 1.24 0.000675 0.193 0.998 40.1% −17.0
61% 39 39–398 2.27 0.000773 0.790 0.999 47.2% −19.5
65% 39 39–386 4.32 0.000836 1.43 0.999 51.9% −21.1
70% 41 41–394 9.65 0.000895 2.23 0.999 56.4% −22.6
75% 41 41–422 24.9 0.000850 3.19 0.998 53.0% −21.4

2-Ethylaniline

65% 43 43–376 3.59 0.000131 1.27 0.993 6.8% −3.3
70% 46 46–400 5.14 0.000156 1.63 0.999 8.1% −3.9
75% 46 46–391 7.76 0.000193 2.04 0.994 10.1% −4.9
80% 46 46–416 12.1 0.000198 2.49 0.991 10.4% −5.0
85% 50 50–403 19.7 0.000184 2.97 0.997 9.6% −4.6
90% 48 48–400 32.7 0.000175 3.48 0.982 9.1% −4.4

3-Ethylaniline

65% 44 44–376 3.67 0.000153 1.29 0.996 8.0% −3.9
70% 46 46–400 5.41 0.000184 1.68 0.999 9.6% −4.6
75% 46 46–391 8.50 0.000200 2.13 0.996 10.5% −5.0
80% 46 46–419 13.8 0.000209 2.62 0.997 11.0% −5.3
85% 50 50–403 23.4 0.000192 3.14 0.988 10.1% −3.9
90% 47 47–402 39.6 0.000158 3.67 0.986 8.2% −4.0

4-Ethylaniline

65% 49 49–376 3.52 0.000169 1.25 0.996 8.8% −4.3
70% 46 46–401 5.24 0.000194 1.65 0.998 10.2% −4.9
75% 46 46–390 8.35 0.000214 2.11 0.999 11.3% −5.4
80% 46 46–420 13.9 0.000220 2.62 0.995 11.6% −5.5
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there is a region of microheterogeneity (molecules have a prefer-
ence for neighbours of the same kind), where there are clusters of
molecules of the same kind surrounded by regions where molecules
of the two kinds are close to each other. Finally, on the ACN-rich
85% 50 50–404 23.9
90% 47 47–401 41.4

obile phase aqueous component w
w pH 2.8 for amitriptyline, w

w pH 7.2 for anilin

re different. Thus the observed effects are not very sensitive to the
etails of the composition of the C18 stationary phase.

.2. Influence of pressure in RP as a function of mobile phase
omposition

Our previous interpretation of the large increases in reten-
ion with pressure for polar and ionised compounds supposes that
artial loss of the hydration layer on entering the hydrophobic sta-
ionary phase is involved. As such, the effect should depend on
he mobile phase composition. Four compounds were tested: a
trong base, amitriptyline, and three weak bases, 2-ethylaniline,
-ethylaniline and 4-ethylaniline using ACN–phosphate buffers.
mitriptyline was tested at low pH (2.8) where it is fully ionised

w
wpKa = 9.4 [24]), whereas the aniline derivatives (w

wpKa 4.42,
.86 and 5.11 for 2-ethylaniline, 3-ethylaniline and 4-ethylaniline
espectively [25]), were analysed under their neutral state at higher
H (w

wpH = 7.2). We note that the addition of organic solvent sep-
rates the pKa of the anilines and the mobile phase pH still further
s the pH of the phosphate buffer (an anionic acid HA−) is raised
n adding ACN, but the pKa of the protonated bases (cationic acids
H+) is lowered [26]. Thus, the pKa of these solutes was consid-
red to be too far from the mobile phase pH to expect changes
n ionisation of the solutes with pressure. The % water was var-
ed from 50% to 75% for amitriptyline and from 65% to 90% for
he aniline derivatives to give reasonable retention factors k for
hese solutes. The results obtained are summarised in Table 1. Plots
f ln k vs pressure for all the compounds in the different mobile
hases tested showed good linearity (minimum value of R2 was
.982, average was 0.995). All four compounds showed the same
ffect: an increase in the % of water in the mobile phase at first
ncreased the pressure-induced increase in retention, followed by a

ecrease (see Figs. 1 and 2). For example, 2-ethylaniline gave a slope
f ∼1.3 × 10−4 with 65% water, which increased to ∼1.6 × 10−4 with
0% water, ∼1.9 × 10−4 with 75% water, ∼2.0 × 10−4 with 80% water
nd then the slope decreased to ∼1.8 × 10−4 with 85% and 90%
ater.
0.000198 3.17 0.996 10.4% −4.2
0.000157 3.72 0.993 8.2% −4.0

atives, and in admixture with ACN. Flow 0.2 mL/min.

Changing the mobile phase ratio is expected to lead to modifica-
tions of the analyte solvation layer. Initially, the more water in the
mobile phase, the more hydrated the analyte may become. There-
fore it is reasonable to assume that there will be a greater change
in the molar volume when the hydration layer is lost on entering
the stationary phase. An additional factor is that it is well known
that the structure of ACN–water mixtures changes dependent on
its composition. There seems broad agreement from several stud-
ies that there are 3 different regions which exist. On the water rich
side there is a region which extends up to a mole fraction of ACN (x)
∼0.15 in which the water structure remains intact as ACN molecules
are added interstitially into cavities between water molecules,
without disrupting the water structure. In the range x = 0.15–0.75
Fig. 1. Plot of % change in k for a pressure increase of 500 bar vs % water in mobile
phase for amitriptyline. Conditions: XBridge C18 BEH, 5 �m, 50 mm × 2.1 mm, 30 ◦C,
1 �L injection volume, mobile phase buffered with 0.025 M KH2PO4 at pH 2.8, flow
rate at 0.2 mL/min, UV detection at 210 nm.
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ig. 2. Plot of % change in k for a pressure increase of 500 bar vs % water in mobile
hase for 2-ethylaniline (squares), 3-ethylaniline (triangles) and 4-ethylaniline
crosses). Conditions: XBridge C18 BEH, mobile phase buffered with 0.025 M KH2PO4

t pH 7.2, flow rate at 0.2 mL/min, other conditions as Fig. 1.

ide, the number of water clusters is low, and water–ACN interac-
ions that could be discounted in the middle range now become
mportant [27–29]. Considering that both Figs. 1 and 2 show a
hange of trend at 70–80% water (0.13–0.08 mole fraction ACN) it
s possible that this change could be attributed to the change in the
tructure of the mobile phase which occurs in this region. However,
here are at present no studies which detail the effect of pressure
n these structural regions. Another possible contribution to the
ecrease in the pressure-induced increase in retention that occurs
t 70–75% water may be due to viscosity effects. Using the empirical
elationship of Chen and Horvath [30] at 30 ◦C, ACN–water (40:60,
/v) has a viscosity of 0.766 cP, whereas ACN–water (20:80, v/v) has
viscosity of 0.816 cP. While we believe the influence of frictional
eating on our experiments is low due to the relatively large parti-
le size and small column length, it is possible that some frictional
eating of the column takes place resulting in some loss in retention

n opposition to the gain in retention with pressure. A further addi-
ion to the effect of frictional heating is the increase in viscosity that
ccurs with increasing pressure. However, over the range of solvent
ompositions relevant to our results in Figs. 1 and 2, increases in
iscosity with pressure are generally smaller as the water content
f the mixture increases, which is likely to moderate this effect
31,32]. In general, these results support our hypothesis that par-
ial loss of the solute solvation layer when entering the hydrophobic
tationary phase gives rise to large increases in retention, both for
onised and for non-ionised (polar) solutes.

.3. Influence of pressure on retention of neutral polar
ompounds

Previous results have shown clearly that both increasing molec-
lar size and/or polarity give rise to larger pressure-induced

ncreases in retention. However, we wished to investigate further
hether larger polar but neutral molecules could give significant

ncreases in retention with pressure. While proteins have been
tudied to some extent (see above), neutral solutes with a moder-
tely larger molecular weight have not previously received much
ttention. Thus, three corticosteroids were tested: hydrocortisone
MW 362), prednisone (MW 358) and prednisolone (MW 360) using
cetonitrile–water (25:75, v/v) at a constant flow rate set on the
ump. As before, pressure was increased by adding 30 �m I.D.

estriction capillaries of length from 10 up to 35 cm to the end of the
olumn. Table 2 summarises the results obtained at three different
ow rates. We attribute the decrease in the slope of ln k vs P with
ow to greater frictional heating effects at higher flow (see above).
ig. 3 shows the increases in retention with pressure increase at Ta
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Fig. 3. Plot of ln k vs P for large polar compounds. Conditions: XBridge C18 BEH,
m
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Fig. 4. Plot of ln k vs P at 0.6 mL/min for amitriptyline (diamonds;
y = −0.000106x + 1.18, R2 = 0.982) and nortriptyline (crosses; y = −0.000108x + 1.11,

T
C

obile phase 25% acetonitrile–75% water at 0.2 mL/min, UV detection at 254 nm.
ydrocortisone (diamonds; y = 0.000808x + 1.54, R2 = 0.995); prednisone (crosses;
= 0.000820x + 1.47, R2 = 0.995) and prednisolone (triangles; y = 0.000850x + 1.42,
2 = 0.991).

flow rate of 0.2 mL/min. The linearity of the fits was good with
orrelation coefficients better than 0.99. The increases obtained at
.2 mL/min were 50%, 51% and 53% for hydrocortisone, prednisone
nd prednisolone respectively, which have rather similar struc-
ures and MW. These results are comparable with the tricyclic bases
mitriptyline (MW 277), nortriptyline (MW 263) and protriptyline
MW 263) which were protonated under the conditions of study
nd previously were shown to give increases of 50–53%, although
hese values were obtained with slightly different mobile phase
ompositions and flow rates to the corticosteroids [20]. Neverthe-
ess, the result for amitriptyline in Table 1 with 25% ACN and flow
.2 mL/min (53% increase in k for a 500 bar pressure increase) was
btained under the same conditions as for the corticosteroids. Thus
t appears that neutral polar molecules can also exhibit consider-
ble pressure-induced retention increases. However, the increased
olecular size of the corticosteroids compared with the tricyclic

ases is contributory to the retention increases observed. Our stud-
es with weak bases (see below) have enabled the investigation
f the same molecule in charged and neutral state, to investigate
urther the influence of ionisation on pressure-retention effects.

.4. Influence of pressure on retention of bases in HILIC

HILIC has a completely different separation mechanism to that
n RP-LC. Alpert [33] suggested that the mechanism mostly involves
artitioning between the bulk mobile phase and a layer of mobile
hase enriched with water and partially immobilised on the sta-
ionary phase. Adsorption and ion exchange with ionised silanols

n silica-based columns are also likely to be contributory mecha-
isms. Therefore, it might be expected that the effect of pressure
n retention would be different in HILIC and in RP-LC. Certainly, an
ncrease in retention time with increasing pressure as a result of
oss of part of the hydration layer and decrease in solvated molec-

able 3
hanges in k with pressure for two bases using HILIC.

Compound F (mL/min) Average column P
with no restriction
capillary (bar)

Average column P
range (bar)

k with no
restriction
capillary

Amitriptyline
0.4 28 28–641 3.25
0.5 35 35–809 3.27
0.6 42 42–962 3.24

Nortriptyline
0.4 28 28–648 3.06
0.5 35 35–816 3.06
0.6 42 42–973 3.02
R2 = 0.992). Conditions: Atlantis Silica, 5 �m, 50 mm × 2.1 mm column, 30 ◦C, 1 �L
injection volume, mobile phase 90% acetonitrile–10% water with 5 mM ammonium
formate at pH 3, flow rate at 0.6 mL/min, detection at 254 nm.

ular volume is not expected in HILIC, as the solute does not enter
a hydrophobic environment on transferring from the mobile to the
stationary phase.

Table 3 and Fig. 4 summarise the results obtained for two
charged basic compounds, amitriptyline and nortriptyline using a
bare silica column with an acetonitrile–ammonium formate buffer
pH 3 (90:10, v/v). Recall that in RP chromatography, k increased by
∼50% for these solutes for a pressure increase of 500 bar. In compar-
ison, Table 3 shows decreases in retention of ∼5% for either solute for
a 500 bar pressure increase. It is indeed possible that these solutes
are more hydrated in the “stationary phase”, i.e. the water layer,
than they are in the mobile phase, resulting in an increase in the
solute molecular volume. According to Eq. (1), retention is there-
fore predicted to decrease with increasing pressure. This result can
also be envisaged by considering the principle of Le Chatelier. The
system will move to counteract the imposed increase in pressure,
by decreasing its solvated molecular volume which can be accom-
plished by the solute residing more in the mobile phase as the
pressure increases.

3.5. Influence of pressure on retention of weak bases when
partially ionised

So far, all our studies have been focused on the effect of pres-
sure using a mobile phase pH which resulted in solutes being either
fully ionised, or fully neutral. In all cases in RP chromatography, we
have observed an increase in retention when an increase in pres-
sure is applied. In the light of the results reported by Tanaka and

co-workers [21], we wished to understand to what extent pressure-
induced changes in solute pKa could influence retention, using the
higher pressures available in our system. Weak bases such as pyri-
dine and aniline derivatives were chosen for this study, as their

Slope of ln k
vs P plot

Intercept Correlation (R2) % change in k for a
500 bar P increase

�V (cm3/mol)
at 30 ◦C

−0.0000973 1.18 0.961 −4.7% 2.5
−0.000104 1.18 0.972 −5.1% 2.6
−0.000106 1.18 0.982 −5.2% 2.7

−0.000112 1.12 0.936 −5.4% 2.8
−0.000111 1.11 0.969 −5.4% 2.8
−0.000108 1.11 0.992 −5.3% 2.7
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Ka values lie in the middle of the pH range of operation of RP
olumns. Such compounds would also allow the study of the effects
f pressure on retention of the same solute in completely ionised
r non-ionised states, enabling observation of the effect of solute
harge alone on retention changes with pressure.

Three pyridine derivatives were studied: 2-ethylpyridine, 3-
thylpyridine and 4-ethylpyridine, with pKa of 5.89, 5.80 and 5.87
espectively. A mobile phase of ACN–water (10:90, v/v) containing
.025 M KH2PO4 was chosen and adjusted to two different w

wpH
alues: pH 5.8, close to the solutes’ pKa, where a change of ion-
sation is expected with pressure, and pH 8, where the analytes
re completely neutral. Unfortunately, it was impossible to study
n addition the effect of pressure at low pH for these particular
nalytes when completely ionised, due to the very low retention
btained with these rather hydrophilic bases. For example, at pH
.8 with the same mobile phase conditions, the retention factors of
he three derivatives were around 0.1.

As expected, retention factors of the pyridine derivatives were
reater at pH 8 than at pH 5.8 as the analytes are present entirely
s the neutral species (see Table 4). In this condition of high pH,
n increase in retention of approximately 10% was observed for
500 bar pressure increase, similar to values observed previously
ith other small polar neutral solutes. The values of �V were

ll negative under these conditions. However, Table 4 shows that
t pH 5.8, retention decreased for all 3 compounds as pressure
as increased. For a pressure increase of 500 bar, retention factor
ecreases of 13%, 8% and 16% were obtained for 2-ethylpyridine,
-ethylpyridine and 4-ethylpyridine respectively (see Table 4 at
.2 mL/min).

The effects of pressure on ionisation constants have been dis-
ussed by a number of authors [34–36]. In every case, the ionisation
f an electrically neutral acid or base in aqueous solution involves
contraction, and thus ionisation is enhanced by increase of pres-

ure [34]. This effect can be rationalised by considering the principle
f Le Chatelier, as the system moves to counteract the increase in
ressure. The explanation of this contraction (electrostriction) is
he strong interactions that exist between charged ions and the
olvent (water). The electric fields of the ions strongly attract the
ipolar solvent molecules and compress them locally to a higher
ensity than they had around the parent molecules. Thus the pKa

f the ethylpyridines is increased as pressure increases. As pointed
ut by Tanaka [21], the effect of pressure on the buffer must also be
onsidered. The ionisation of phosphate should also be increased,
ausing a decrease in the pH of the mobile phase as the pressure
s raised. Both of these effects act in the same direction to increase
he protonation of the ethylpyridines with pressure. As solutes are
argely retained by hydrophobic retention processes, an increase in
onisation of the solute will result in a decrease in retention. The
ffect of increased solute protonation must act in opposition, and
e greater than the effect of the change in molar volume of the
olute as it transfers from the mobile to the stationary phase, as
he latter effect causes retention to increase with pressure. These
esults are in agreement with those of Tanaka [21], who observed a
ecrease in retention for compounds such as 2,6-dimethylpyridine
pKa 7.35) under similar mobile phase conditions with a C18 col-
mn. This example is interesting as 2,6-dimethylpyridine has the
ame molecular weight and similar polarity to the pyridine deriva-
ives used in the present study. For example, Tanaka observed a
ecrease of 3.9% in retention of 2,6-dimethylpyridine for a pres-
ure increase of about 100 bar in acetonitrile–phosphate buffer pH
.8 (20:80, v/v); while we observed, for the same pressure increase,

decrease in retention of 2.8%, 1.6% and 3.4% for 2-ethylpyridine,
-ethylpyridine and 4-ethylpyridine respectively in the conditions
reviously mentioned, i.e. acetonitrile–phosphate buffer pH 5.8
10:90, v/v) at 0.2 mL/min. The experimental conditions in the study
ere are not exactly the same as the ones used by Tanaka (% in Ta
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Fig. 5. Chromatograms of a mixture of ionisable compounds at different aver-
age column pressures: (a) 75 bar (b) 825 bar obtained without and with a 25 cm
restriction capillary respectively. Conditions: XBridge C18 BEH, mobile phase
a
d
l
3

a
l
a
o

o
p
p
s
p
2
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l
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p
w
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t
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C

cetonitrile–0.025 M potassium phosphate pH 5.8 (15:85, v/v), flow 0.3 mL/min, UV
etection 200 nm. Peaks: 1, thiourea; 2, 2-methylbenzylamine; 3, pyridine; 4, 2,6-

utidine; 5, 2-picoline; 6, 2,4-lutidine; 7, 3-picoline; 8, aniline; 9, benzyl alcohol; 10,
,4-lutidine.

cetonitrile for example) but the results are obviously very simi-
ar although the present instrumentation allows higher pressures
nd therefore greater changes in retention with pressure to be
bserved.

Considering that changes in k for ionised compounds depend
n the mobile phase pH and on the analyte pKa, it should be
ossible to obtain selectivity effects between these types of com-
ounds, merely by increasing the pressure of the separation. Fig. 5
hows the separation of a mixture of various ionisable compounds
yridine (pKa 5.27), 2,6-lutidine (pKa 6.75), 2-picoline (pKa 5.97),
,4-lutidine (pKa 6.74), 3-picoline (pKa 5.52), aniline (pKa 4.62;
Ka values from [37–40]), 2-methylbenzylamine pKa (9.50), 3,4-

utidine (pKa 6.5; pKa from [25]) together with a neutral compound
benzyl alcohol) using acetonitrile-0.025 M phosphate buffer pH 5.8
15:85, v/v) at 75 bar (no restriction capillary) and at 825 bar (with
5 cm restriction capillary). While the retention of analytes with a
Ka around the mobile phase pH (peaks 3, 4, 5, 6, 7 and 10) decreases
hen the pressure is increased; retention of benzyl alcohol (peak

) and those analytes with a pKa further from the mobile phase pH
peaks 2 and 8) increases with increasing pressure. These different

hanges in retention by increasing the pressure cause the separa-
ion of peaks which were co-eluting (4-5 and 9-10), the co-elution
f peaks which were separated (2,3,4 and 5-6), and a reversal in
he elution order of peaks 8 and 10 (aniline/3,4-lutidine). Pressure
s thus potentially another parameter that could be used to adjust

able 5
hanges in k with pressure for aniline derivatives using ACN–phosphate buffers (10:90, v

pH mobile
phase

Compound Average column P
with no restriction
capillary (bar)

Average column
P range (bar)

k with no
restriction
capillary

1.5
2-Ethylaniline 27 27–472 2.16
3-Ethylaniline 27 27–472 3.45
4-Ethylaniline 28 27–488 3.66

7.2
2-Ethylaniline 48 48–400 32.7
3-Ethylaniline 47 47–402 39.6
4-Ethylaniline 47 47–401 41.4
. A 1217 (2010) 276–284

the selectivity of separations. Alternatively, separations may not be
exactly the same on columns of different particle size due to their
different operating pressures, even if the stationary phase chem-
istry is identical. In reversed-phase chromatography, an increase
in pressure typically increases retention, while the accompanying
thermal effects [1,18] decrease retention. Thus in practice when
comparing the selectivity of for example, a 5 �m and a sub-2 �m
particle column, the effects may partially cancel out.

3.6. Influence of pressure on retention of bases when ionised and
neutral

Polar basic compounds are likely to be considerably hydrated.
Charged species are more heavily hydrated than the uncharged
species [41]. We performed a further study with 2-ethylaniline,
3-ethyl aniline and 4-ethylaniline (pKa 4–5), as we wished to inves-
tigate the effect of pressure on retention of the same compounds
when fully protonated and fully neutral, which had not been possi-
ble with the pyridine derivatives. Such an experiment should also
throw light on whether ionisation of the compound gives rise to
larger changes in retention with pressure, as would be expected if
partial loss of the hydration layer was involved as the solute enters
the stationary phase. It is important that the same % of water and
organic modifier are used in the experiments at different pH values,
as we have shown above that this is a factor affecting the change
in retention of these solutes with pressure. It proved difficult to
find suitable analytes that gave sufficient retention for the proto-
nated base but not excessive retention for the neutral base with
the same organic modifier/aqueous buffer concentrations. How-
ever, this condition was reasonably satisfied by these substituted
anilines in conjunction with a mobile phase containing 10% ace-
tonitrile. The solutes should be almost entirely protonated at pH
1.5 where they generated k values (in the absence of restriction
capillaries) in the range 2.2–3.7, and almost entirely neutral at
pH 7.2 where k values ranged from 32.8 to 41.4 (see Table 5). It
would have been interesting to perform this experiment also at an
intermediate pH between 4 and 5, i.e. around the analytes’ pKa;
unfortunately, phosphate is not a suitable buffer for this range of
pH (pKa1 2.15 and pKa2 7.20 [31]). We did not wish to substitute a
different buffer which would have complicated the interpretation
of the results. The plots of ln k vs P showed an acceptable linearity
(R2 between 0.89 and 0.99, Table 5). Although the absolute dif-
ference between the results at the two different pHs is not large,
there is clearly less increase in retention with a 500 bar pressure
increase when the analytes are fully neutral (8–9% for the three
solutes) compared with when they are fully ionised (11–15%); the
increase is 65%, 51% and 36% for 2-ethylaniline, 3-ethylaniline and
4-ethylaniline respectively. The results lend weight to the hypoth-

esis that larger increases in retention with pressure are expected
from ionised solutes than for polar neutral solutes, even though
the increases for the latter can nevertheless be substantial, espe-
cially if the solutes have a high molecular weight. This result can be
explained due to the likelihood of more extensive hydration of the

/v) at wwpH 1.5 and 7.2.

Slope of ln k
vs P plot

Intercept Correlation (R2) % change in k for a
500 bar P increase

�V
(cm3/mol)
at 30 ◦C

0.000281 0.782 0.891 15.1% −7.1
0.000234 1.24 0.915 12.4% −5.9
0.000210 1.31 0.891 11.1% −5.3

0.000175 3.48 0.982 9.1% −4.4
0.000158 3.67 0.986 8.2% −4.0
0.000157 3.72 0.993 8.2% −4.0
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ionised solutes, leading to a greater loss in molar volume when the
compound enters the hydrophobic environment of the stationary
phase.

3.7. Influence of the carbon chain of the stationary phase on the
pressure-induced changes in retention

If retention increases with increased pressure in RP-LC are
caused by loss of solute solvation on entering the stationary phase,
the effect might be expected to be different on bonded phases of
different chain length. For example, the contact area with a C18
phase is larger than the contact area with a C1, thus less solvent is
released with the C1, thus the pressure effect should be smaller.

Some ionised strong bases (propranolol, diphenhydramine,
amitriptyline, nortriptyline and protriptyline) and some neutral
compounds (anthracene and pyrene) were analysed in the same
conditions of mobile phase as in our previous study [20], i.e.
acetonitrile–0.025 M phosphate buffer pH 2.7 (30:70, v/v) for bases
and acetonitrile–water (70:30, v/v) for the more hydrophobic neu-
tral solutes. Table 6 summarises the changes in retention obtained
for both C1 and C18 columns. Changes in k with pressure clearly
decrease by using a C1 column instead of a C18 column. For example,
retention of amitriptyline increased by 59% for a 500 bar pressure
using a C18 column, compared with only 24% on a C1 column. This
behaviour was also observed for the neutral compounds, whose
retention increased by 1–3% with the C1 column instead of 12–16%
with C18 column. However, even if changes in k are much lower
with the C1 column, they are still quite considerable and certainly
not negligible for ionised compounds. These results are broadly in
agreement with the mechanisms that we have proposed.

4. Conclusion

We have confirmed that the large increases in retention with
pressure for polar and ionised solutes were not due to some unusual
property of the hybrid inorganic–organic RP column used previ-
ously. Very similar results were obtained also for a conventional
silica C18 phase. All the results in the present study support the
hypothesis that these increases in retention are due to a reduc-
tion in the solute molar volume as it transfers from the mobile to
the stationary phase, and that this could be caused by loss of the
solute hydration layer when it enters the hydrophobic network of
the bonded phase chains.

The pressure-induced increases in retention for these solutes
in RP-LC appear to increase as the mobile phase water content
increases from 50 to 75% water, followed by a decrease at higher
water concentration. If the increases in retention with pressure
are due to partial loss of the solute hydration layer on enter-
ing the stationary phase, the initial increase could be explained
by greater hydration of these solutes as the mobile phase water
content increases. It is possible that the subsequent decrease in
retention at high water content may be due to changes in the struc-
ture of water–ACN mixtures, or to the increased viscosity of mobile
phases of high water content giving small frictional heating effects.
Polar neutral compounds can also show large increases in retention
with pressure, especially for large molecules. Experiments using
weak bases in the ionised and non-ionised states however suggest
that somewhat larger increases are obtained for ionised solutes of
the same molecular weight.

Retention increases with pressure were shown to be consider-

ably smaller for a C1 phase compared with a C18 phase because the
contact area between solute and stationary phase is smaller with C1
chains. Using a bare silica HILIC column, decreases in retention with
pressure for ionised bases were noted. This result is consistent with
the idea that the solute may become more hydrated in the water
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Finally, we have confirmed that retention changes with pressure
n the region of solute pKa can be caused by pressure-induced pKa

hanges of the solute and mobile phase buffer. However, this effect
ppears to be an entirely separate phenomenon compared with
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