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The  performance  characteristics  of  separation  were  studied  for  small  pharmaceuticals  and  larger  charged
molecules  (peptides)  in various  mobile  phase  conditions  on  two  5-cm  long  narrow  bore  columns  packed
with  1.7  �m  core-shell  and  totally  porous  particles  respectively.  The  effect  of  temperature  and  pH  addi-
tives  (formic  acid,  trifluoroacetic  acid,  ammonium  formate,  ammonium  acetate  and  ammonia)  on  column
efficiency  was  investigated  through  a kinetic  study  based  upon  data  obtained  under  gradient  elution  con-
HPLC
igh temperature
T-UHPLC
eptides
onisable compounds
ub-2 �m particles

ditions.  Sample  peak  capacities  were  calculated  and  compared  in all  studied  conditions  for  a  sample  of
ten representative  peptides  having  masses  ranging  from  500  to  2000  Da.  The  elevation  of  temperature
was  found  to  be significantly  beneficial.  The  effect  of  flow-rate  on peak  shape  was  also  investigated.
Ammonium  acetate  at neutral  pH  led to the  best  results  in terms  of both  efficiency  and  peak  capacity.  It
was found  that  column  performance  was  strongly  dependent  on  the  type  of  stationary  phase,  especially
in acidic  medium.
olatile buffers

. Introduction

Nowadays, the analysis of small ionisable compounds such as
harmaceuticals or larger charged molecules such as peptides is
ostly carried out in reversed phase liquid chromatography (RPLC)
ith mass spectrometry (MS) detection using an electrospray (ESI)

nterface. Separations are usually achieved at acidic pH either with
FA or with formic acid as additive. The advantage of low pH is the
uppression of ionisation of silanol groups thereby limiting sec-
ndary interaction with cationic compounds and thus preventing
eak tailing. TFA is known to perform well with cationic analytes
robably due to its action as an ion-pairing agent thereby improv-

ng the peak shapes [1].  As a result, it is widely used for the analysis
f pharmaceutical and biological compounds. However the use of
FA can also have a negative effect on the detection sensitivity in
S detection. Furthermore, the low mobile phase pH when using

FA as additive (pH < 2.5) may  be detrimental to the column life.
n the other hand, the problem of unusual overloading of ionised
ases at acidic pH, especially with low ionic strength additive such
s formic acid 0.1%, was often cited [2–7] although the reasons for

his behaviour are still debated [8].  The use of neutral or even basic
uffers instead of acid buffers has been reported [9] but the com-
arison of their performance in terms of mass overload was only
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related to non-volatile buffers. The use of alternative volatile addi-
tives and their comparison with TFA and formic acid in terms of
column performance for charged compounds has been little studied
up to now.

Very fast separations are of great interest to increase the anal-
ysis throughput. Very short analysis times are also demanded in
the second dimension of a comprehensive on-line two-dimensional
separation [10]. The combined use of high temperature and sub-
2 �m particles at ultra-high pressure was often proved to be very
efficient to speed up the analysis [11,12]. The use of the new core-
shell particles was also recommended for fast separations due to
their excellent mass transfer properties [13–16] which make the
use of very high linear velocities possible without significant loss
in efficiency.

The objective of this study was  to make a critical compari-
son of pH additives that are recommended for mass spectrometry
detection. This study was  carried out on two common 5-cm long
narrow bore columns, packed with 1.7 �m core-shell and 1.7 �m
totally porous particles respectively, both columns being famous
for their ability to achieve ultrafast separation. Experimental mea-
surements were conducted under gradient elution conditions using
a novel method described in Section 2. The kinetic characteristics
of both columns were assessed via reduced HETP plots for basic
compounds and peptides at different temperatures under different

mobile phase conditions. Finally sample peak capacities were cal-
culated on both columns for a sample of ten representative peptides
and compared in different mobile phase conditions at different
temperatures.

dx.doi.org/10.1016/j.chroma.2011.08.041
http://www.sciencedirect.com/science/journal/00219673
http://www.elsevier.com/locate/chroma
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Table 1
Physical properties of peptides.

No. Peptide name Mw (g) Isoelectric point

1 Influenza
Hemagglutinin (HA)
peptide

1102.15 3.5

2  FLAG peptide 1012.97 3.9
3 WDDHH 708.68 5.2
4  Leucine enkephalin 555.62 6
5  Bombesin 1619.85 7.6
6  [arg8]-Vasopressin 1084.23 8.2
7 [ile]-Angiotensin 897.08 9.4
8  Bradykinin fragment

1–5
572.66 10.6
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9  Substance P 1347.63 11.7
10  Bradykinin 1060.21 12.5

. Experimental

.1. UHPLC system

All data were acquired with the Acquity UPLC system (Waters,
ilford, USA). This instrument includes a high pressure binary

ump with a maximum delivery flow-rate of 2 mL/min, an auto-
ampler with a 5 �L sample loop, a column oven with a maximum
emperature of 90 ◦C, a photo diode array detector with a 500 nL
ow-cell. The instrument was controlled by Empower software.
he maximum backpressure is 1000 bar for flow-rates up to

 mL/min, 800 bar for flow-rates up to 1.5 mL/min and 630 bar for
ow-rates up to 2 mL/min.

The signal sampling rate was set at 80 Hz for the measurements
f extra-column variances and at 40 Hz for the measurements of
and profiles eluted from the columns. The wavelength was  set at
20 nm and the time constant at 25 ms.

The flow-rate accuracy was checked at 30 ◦C, 60 ◦C and 90 ◦C by
ollecting water at different flow-rates ranging from 100 �L/min to

 mL/min. The relative errors were less than 0.5%.
The mobile phase was preheated by a heat exchanger made up

f a stainless steel tube (50 cm × 0.127 mm)  located between the
heodyne injection valve and the column inlet. A polyether ether
etone (PEEK) tube (15 cm × 0.1 mm)  was located between the col-
mn outlet and the detector. A total extra-column volume of 13 �L
as determined in the absence of column. The measured dwell vol-
me  was 120 �L. A time offset of 0.8 s was observed after the zero

njection time was recorded. It was taken into account for the reten-
ion time measurements. The needle wash cycle included a strong
ash using water–acetonitrile (20/80, v/v) and a weak wash using
ater–acetonitrile (80/20, v/v).

.2. Chemicals and reagents

The sample mixture for experiments under gradient elution
ode contained diphenhydramine (0.05 mg/mL, pKa = 9.0 [17]),

affeine (0.05 mg/mL) and ten peptides (0.03 mg/mL) which were
repared by diluting their stock solutions with water. Ten repre-
entative peptides were chosen in order to have a large variety
f molecular weights and isoelectric points. They were obtained
rom Sigma–Aldrich (Steinheim, Germany). One peptide, WDDHH,
as custom synthesized (Genecust, Luxembourg). Their isoelectric
oint and molecular weight are reported in Table 1. Diphen-
ydramine, protryptilline, ethylparaben and caffeine were also
btained from Sigma–Aldrich (Steinheim, Germany). The tryptic
igest of BSA, lysozyme and myoglobin from Sigma Aldrich (Stein-

eim, Germany) was injected after preparation without further
ilution.

Acetonitrile (HPLC grade) was obtained from SDS (Peypin,
rance). Water was obtained from an Elga water purification system
. A 1228 (2012) 135– 147

(Veolia water STI, Le Plessis Robinson, France). The mobile phase
pH was controlled thanks to various additives selected in order to
be compatible with mass spectrometry detection: formic acid 0.1%
(FA, pH 2.8), trifluoroacetic acid 0.05% (TFA, pH 2.4), ammonium
formate 10 mM (AF-pH 2.8 adjusted with formic acid and AF-pH
10.4 adjusted with ammonia), ammonium acetate 10 mM (AA, pH
6.8) and ammonium hydroxide 0.1% (AMO), all from Sigma–Aldrich
(Steinheim, Germany). Buffered eluents prepared from salts were
filtered through a 0.2-�m nylon filter before use. In order to
keep the ionic strength constant all along the gradient, the pH
adjuster was added in both aqueous and organic phases except for
ammonium salts, not enough soluble in organic solvents at such
concentrations.

2.3. Columns

Two different columns with the same particle size were studied:
a core-shell Kinetex-C18 column (5 cm × 2.1 mm I.D., particle diam-
eter 1.7 �m)  from Phenomenex (Torrance, CA, USA) and a totally
porous Acquity BEH-C18 column (5 cm × 2.1 mm  I.D., particle diam-
eter 1.7 �m)  from Waters (Milford, MA,  USA). The core- particles
are made of a 1.25 �m solid silica core and a 0.23 �m thick layer of
porous silica. Total column porosity was  determined as 0.5 and 0.6
for Kinetex-C18 and Acquity BEH-C18 respectively by injecting a
non-retained solute (uracile). The mobile phase linear velocity, u0
was determined by

u0 = 4F

�d2
i εt

(1)

where F is the volumetric flow-rate, di, the column internal diam-
eter and εt, the total column porosity. HETP data were collected on
new columns before performing any other experiments.

2.4. Determination of viscosities and diffusion coefficients

The mobile phase viscosities, �, were calculated for every mobile
phase conditions according to a method previously described [18].
The diffusion coefficients of caffeine, protriptylline and diphenhy-
dramine were estimated from the Wilke and Chang equation [19].
The diffusion coefficients of peptides were estimated by

Dm = 0.9
298

T

�
Dm,w,25 ◦C (2)

� is the solvent viscosity (cP) at the temperature T (K) and
Dm,w,25 ◦C, the diffusion coefficient (m2/s) in water at 25 ◦C which
was calculated using the empirical correlation of Stadalius et al.
[20]:

Dm,w,25 ◦C = 10−9
(

2.2M−1/3 + 62
M

)
(3)

where M is the molecular weight

2.5. Measurement of column pressure drop, retention times and
peak variances

The contributions of extra-column volumes including extra-
column residence time (text), extra-column pressure drop (�Pext)
and extra-column peak variance (�2

ext), were determined by replac-
ing the column by a zero dead volume connector and injecting 1 �L
ethylparaben in an aqueous eluent in all conditions of temperature
and flow-rate. �2

ext was calculated from the second order moment

using a home-made program written in Microsoft Visual Basic 6.0
which made use of data exported by Empower. The obtained val-
ues were 5.4, 5.8 and 6.2 �L2 at 0.5, 0.7 and 1 mL/min respectively.
Under gradient conditions, the contribution of extra-column band
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Fig. 2. Plot of reduced plate height versus reduced linear velocity. Comparison of
common standard isocratic method (open symbols and black fitted curve, k around
3.5) and proposed gradient method (full symbols and red fitted curve, ke around
ig. 1. Column pressure drop versus linear velocity at 30 C with 1.7 �m fully porous
olumn (Acquity BEH-C18, 5 cm × 2.1 mm)  and 1.7 �m core-shell column (Kinetex-
18,  5 cm × 2.1 mm).  Mobile phase: water–acetonitrile (70–30, v/v).

roadening before the column inlet was assumed to be negligi-
le due to the sample concentration at the column inlet (focusing
ffect). The extra-column variance due to the contribution of both
etector and connecting tube between the column outlet and the
etector cell was estimated as about 2 �L2 at the same flow-rates.

The total peak variance was established from the Dorsey–Foley
quation [21], which was shown to be well correlated to the true
eak variance for small peak asymmetry (<2.5) [22]:

2
tot = (b/a + 1.25) × w0.1

41.7
(4)

here w0.1 is the peak width and b/a, the ratio of the right half
idth to the left half width, measured at 10% of the peak height.

t should be underlined that the Dorsey–Foley equation might
ecome strongly inaccurate in case of very high asymmetry val-
es (i.e. >2.5) and thus might underestimate plate height values.
ccordingly, corresponding values should rather be considered as

he best possible performance that would be achieved in such con-
itions.

The column characteristics were subsequently calculated
ccording to �2

col = �2
tot − �2

ext, �Pcol = �Ptot − �Pext and tr,col =
r,tot − tr,ext. The variation of the column pressure drop as a function
f the linear velocity, u0, at 30 ◦C for the two columns is given in
ig. 1. As shown by the very small difference between the slopes of
he two linear fitting curves, it can be concluded that the u0-based
olumn permeability is nearly the same for the two columns.

.6. Getting kinetic curves

The column plate height can be expressed as

col =
�2

L,col

L
(5)

here L is the column length and �2
L,  col, the peak variance due to

he dispersion inside the column at the time the solute band leaves
he column, both in length units. The variance in length units is
elated to the variance in time units by

2
L,col = u2

e × �2
t,col (6)

here ue is the band velocity at the time the solute is eluted and
hus, the following equation can be obtained from Eqs. (5) and (6):

u2
e × �2

t,col

col =

L
(7)

In isocratic elution the band velocity is constant all along the
olumn and given by the ratio of the column length to the reten-
3.5) on Kinetex-C18 with caffeine as solute (© and �) and on Acquity BEH-C18 with
ethylparaben as solute (� and �). Mobile phase: water–acetonitrile. Temperature:
30 ◦C. See Table 1 for other conditions.

tion time and thus, Hcol can be readily calculated from the solute
retention time and the peak variance according to

Hcol =
L  × �2

t,col

t2
r

(8)

The universal method to construct Van Deemter curves consists
in collecting data in isocratic elution and then using Eq. (8). With
the aim of enabling a fair comparison of Van Deemter curves, it is
essential that all curves be obtained with the same retention fac-
tors as both the B- and the C-terms depend on solute retention
factor. However, this cannot be achieved under isocratic conditions
within a single run. Furthermore, for large molecules such as pep-
tides, the variation of the retention factor with eluent composition
is much more significant than for small molecules and hence more
difficult to control. Finally, the contribution of extra-column band
broadening can be much more a concern in isocratic than in gra-
dient conditions wherein a focusing effect can significantly reduce
the extra-column band broadening which takes place before the
column inlet.

For these various reasons, gradient data were used to construct
Van Deemter curves. In gradient elution, Eq. (8) is not valid since
the band velocity increases as the solute band moves inside the
column. The band velocity at the time the solute is eluted depends
on its retention factor at this time, ke and is given by

ue = u0

1 + ke
(9)

For linear solvent strength gradients [23] and very large reten-
tion factor at initial composition, ke can be expressed as:

ke = 1
2.3b

= tG

2.3S�Ct0
(10)

where b is the gradient steepness, S is the slope of the relation-
ship between the logarithm of the retention factor and the eluent
composition, �C  is the difference between final and initial compo-
sitions, t0 is the column dead time and tG is the gradient duration.
The product �C  × (t0/tG) is the normalized gradient slope.

Recently, Neue et al. [24] proposed a method to calculate protein

plate counts at a given flow-rate from gradient data. Their method
consisted in plotting the measured peak width as a function of the
inverse of the normalized gradient slope in order to determine S val-
ues which in turn allow the calculation of plate counts via Eqs. (7),
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ig. 3. Performance comparison of various analytical conditions for the analysis of dip
.7  �m and (b) Kinetex-C18, 5 cm × 2.1 mm,  1.7 �m.  Mobile phase: water/acetonitr
AA);  ammonia 0.1% (AMO); ammonium formate 10 mM-pH10.4 (AF), 1 �L injected

9) and (10). However, they observed an improvement in the calcu-
ated plate count values for steeper gradients (higher normalized
radient slopes) and attributed this phenomenon to band com-
ression. The band is indeed subjected to a compression inside the
olumn due to the fact that the band tail moves faster with a mobile
hase that is stronger than the band front. As a result the band width

s reduced by a factor G, called the band compression factor. Band

ompression in gradient elution has been discussed by Snyder et al.
ince the very beginning of liquid chromatography [23,25]. It was
hown that G, decreases with gradient steepness with values usu-
lly ranging from 0.6 to 1 [23,26].  It is likely that G also depends on
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ig. 4. Variation of peak asymmetry as a function of the reduced linear velocity in gr
inetex-C18. Gradient conditions are given in Section 2. Same other conditions as in Fig. 
ydramine (k about 5). Experimental h–� plots of (a) Acquity BEH-C18, 5 cm × 2.1 mm,
th pH additive, TFA 0.05% (TFA); formic acid 0.1% (FA); ammonium acetate 10 mM
plots of formic acid for Kinetex-C18 are out of scale.

both solute and mobile phase composition for charged compounds.
As a result, the measure of column plate heights from gradient data
should take into account the band compression effect by replacing
Eq. (7) by Eq. (11):

Hcol =
u2

e �2
t,  col

G2L
(11)
It should be noted that Eq. (11) is valid if we assume that
Hcol remains independent of the mobile phase composition [27].
Combining Eqs. (9) and (11) leads to the following relationship
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hich gives the estimation of column plate heights from gradient
ata:

col = u2
0

(1 + ke)2
×

�2
t,  col

G2L
(12)

In Neue‘s method [24], the band compression is assumed to be
egligible. In addition Eq. (8) can be strongly affected by a deviation

rom LSS theory. Thus, in order to overcome these limitations, a
rior determination of both ke and G was done for each component
sing the following steps:
. The whole sample was first separated in gradient elution with
a normalized gradient slope of 1% (with solvent concentra-
tion expressed as the volume percentage) and a flow-rate of

2.45 2.5 2.55
min
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2.6 2.65 
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TFA  pH  2.4
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FA pH  2.8 
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AA pH  6.8 
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AA  pH  6.8
60°C  (ke ≈5-
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f g h

2.45 2
m

2.25 2.3 2.35
min

1.98 2.03 2.08
min

ig. 6. Chromatograms on Kinetex-C18 (5 cm × 2.1 mm,  1.7 �m particles) for diphenhyd
 mL/min, 1 �L injected, mobile phase additive in water-acetonitrile, normalized gradien
nd  peak asymmetry are given into brackets. Other conditions given in Fig. 3.
tic elution at different temperatures with formic acid as additive. Column: Acquity
olutes: (a) diphenhydramine (k about 5) and (b) protryptilline (k about 10).

0.5 mL/min. The initial and final acetonitrile compositions were
1% and 65% respectively (�C = 64%).

2. The mobile phase compositions at the point of elution were cal-
culated according to

Ce = Ci + �C
t0

tG

(
tr

t0
− tD

t0
− 1

)
(13)

where tr is the solute retention time and tD, the instrument dwell
time. It should be underlined that this method assumes perfectly

linear and non-distorted gradients.

3. An isocratic experiment using the corresponding solvent com-
position as mobile phase was  performed for each component
at the same flow-rate. Both compression factor and retention

4.2 4.25 4.3
min

4.68 4.73 4.78
min

2.7

2.5)

As=2.2)

d eAMO pH 10 .4  30 °C 
(ke ≈10-As=2.35 )

AF pH 10.4
30°C (ke ≈10-
As=1.5)

.5 2.55
in

ramine with various volatile mobile phase additive at 30 ◦C and 60 ◦C. Flow-rate:
t slope of 1% (see Section 2 for the gradient conditions). Retention factor at elution
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factor at the point of elution were calculated according to Eqs.
(14) and (15) respectively:

G2 =
�2

col,  Grad

�2
col,  Iso

(14)

ke = tr, iso

t0
− 1 (15)

where tr,iso is the solute retention time under isocratic mode.
Gradient data were then collected at various flow-rates. The gra-
ient time was changed along with the flow-rate in order to keep
he normalized gradient slope constant and hence maintaining the
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t time: 8 min; 0.5 mL/min; 30 ◦C; (b) gradient time: 4.35 min; 0.7 mL/min; 30 ◦C; (c)
tes are given in Table 1.

same ke and G values. Column plate heights were then calculated
according to Eq. (12).

3. Results and discussion

In the first part of this work, the validity of the present method
involving gradient data is illustrated by comparing the resulting
kinetic curves to those obtained from isocratic data. In a second
part, the effect of both mobile phase additive and temperature on

the kinetic performance is discussed for charged compounds via
reduced HETP plots. Usually the construction of kinetic plots [28,29]
can offer a fair comparison of kinetic performances between differ-
ent chromatographic systems. However, as previously highlighted,
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oth columns have the same permeability and their upper limiting
ressure is the same (1000 bar). Accordingly kinetic plots become
seless in this case and hence reduced HETP plots are quite suitable
o compare kinetic performance between the two  studied columns
n different mobile phase conditions. All studied pH additives were
olatile so that they can be compatible with mass spectrometry
etection. In the last part, sample peak capacities are calculated for

 sample of ten representative peptides on both columns and com-
ared in different mobile phase conditions at three temperatures.

.1. Comparison of isocratic and gradient methods for the
onstruction of the kinetic curves

As previously pointed out, h measures under gradient conditions
re useful when a wide variety of compounds are studied since
hese measures are obtained in a single run for a given flow-rate.
nder isocratic conditions, it is necessary to inject the compounds

eparately with an appropriate mobile phase for each compound
providing similar retention factors). Besides being time consum-
ng, this method runs the risk of some column degradation before
ompleting the whole study due to the huge amount of experi-
ents that are required when different conditions of pH and/or

emperature are investigated. Fig. 2 shows reduced plate height
h = H/dp) versus reduced linear velocity (v = u0.dp/Dm) plots for
eutral solutes with k value around 3 using fully porous and core-
hell sub-2 �m particles. The reduced plate heights values which
ere obtained from gradient runs are represented with full sym-

ols in Fig. 2. The gradient data for caffeine were obtained together
ith those for peptides (same runs) and that is the reason of the
resence of ammonium acetate in gradient elution. Experimental
ata were fitted to the Knox equation [30] using the least square
ethod. The good agreement of the data obtained from gradient

uns (full symbols) with those obtained from isocratic runs (open
ymbols) emphasizes the excellent reliability of the proposed gra-
ient method.

The minimum reduced HETP value is 2 for the Kinetex-C18 col-
mn  whereas it is close to 3 for the Acquity BEH-C18 column.

hese results confirm those obtained in recent studies on neu-
ral compounds and sub 2-�m narrow-bore columns [16,31,32].
he minimum reduced plate height was found even lower with
ub-3 �m particles but it is probably more difficult to pack effi-
 Conditions: Acquity BEH-C18 column (5 cm × 2.1 mm,  1.7 �m). Solutes: 1-Influenza
ykinin (�). Same conditions as in Fig. 7.

ciently 1.7 �m particles than 2.6 �m particles. The slope of the
curve beyond the optimum velocity (close to the c-term value)
which expresses the effect of resistance to mass transfer in both
stagnant mobile and stationary phases is flatter with shell par-
ticles (about 0.05 for shell particles while 0.09 for totally porous
particles). Better performance of shell particles was explained by
thickness of the shell, narrower particle size distribution and/or
better quality of packing [15]. It was  also suggested that the dif-
ference in kinetic performance between the two particles might be
related to the different degree of external roughness of these two
particles [33].

3.2. Effect of mobile phase additive and temperature on the
reduced HETP plots for basic compounds

The sample with ten representative peptides, caffeine and
diphenhydramine was  injected on both columns in various mobile
phase pH, first at 30 ◦C, and then at the maximum allowed tem-
perature (60 ◦C for Kinetex-C18 and 90 ◦C for Acquity BEH-C18).
Separations were performed in gradient elution with different
flow-rates ranging from 0.1 mL/min to the maximum flow-rate
allowed by the authorized pressure limit (1000 bar for both
columns). The plate height calculation was  performed according
to the procedure described above.

Fig. 3 shows the h–� plots of diphenhydramine on Acquity BEH-
C18 (Fig. 3a) and Kinetex-C18 (Fig. 3b). In all studied conditions the
results with diphenhydramine (basic compound) are quite differ-
ent from those with caffeine (neutral compound) with much higher
reduced plate height in case of diphenhydramine even at high pH
(ammonia or ammonium formate adjusted at pH 10.4) although the
dissociation rate of diphenhydramine is expected to be very small
in these high pH conditions. h–� plots scatter in the range of very
high h values. It is due to the great difficulty of measuring peak vari-
ances in this range due to very bad peak shapes. As was  pointed out
in Section 2, the measure of variances by the Dorsey–Foley equation
becomes inaccurate for As >2.5 and thus usually underestimate the
actual value. However, an accurate measure of such high h values

is much less important than in the low range values and therefore
the presented h values are just expected to give a general trend.

Best results, with h–� plots very close to those of caffeine, were
obtained on Acquity BEH-C18 (Fig. 3a) with ammonium acetate
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18  (5 cm × 2.1 mm,  1.7 �m)  at 30 C (c) and 60 C (d). Solutes: 1-Influenza Hemagg
 about 3 for all solutes. Note the significant loose in column performance in all stu
0 ◦C are out of scale.

0 mM as pH additive. Surprisingly reduced plate height values do
ot vary very much when increasing the reduced linear velocity,
specially with Kinetex-C18 (Fig. 3b). The flat shape of these curves
ight be explained by an unexpected decrease in peak asymme-

ry with the reduced linear velocity as shown in Fig. 4 for both
olumns. The decrease in peak asymmetry is particularly significant
t low pH with formic acid as pH additive. The same trend was  also
bserved in isocratic elution with different strong bases and vari-
us RP-silica columns. Results obtained with formic acid at different
emperatures with diphenhydramine and protryptilline are shown
n Fig. 5. Similar decrease in peak asymmetry can be observed at
he four studied temperatures suggesting that increasing tempera-
ure has no effect on peak shape when using formic acid. Similarly,

cCalley has recently pointed out a continuous decrease in the
symmetry factor with flow-rate for bases on monolithic RP-silica
olumns in buffered mobile phases at pH 3 and suggested that this

ffect might be due to a radial inhomogeneity of the monolith [8].
et, this explanation cannot be applied to shell particles which are
xpected, unlike monoliths, to have a good radial packing homo-
eneity [34]. We  therefore propose an alternative explanation. The
 ( ), 3-WDDHH (�), 5-bombesin ( ) and 7-[ile]-angiotensine ( ), caffeine (—-).
conditions compared to the neutral caffeine. Plots of 1-Influenza Hemagglutinin at

continuous decrease in peak asymmetry might result of a positive
effect of pressure which can counteract the inhability of the proto-
nated bases to penetrate the pores because of a mutual repulsive
effect of charged analytes adsorbed on the packing surface [8].  As a
result, high flow-rates might reduce the overloading effect which
takes place at low pH with low ionic strength. This explanation is
also supported by the fact that an elevation of temperature has no
effect on peak asymmetry with formic acid (Figs. 4 and 5) unlike
with other additives (Fig. 4) where a higher temperature signif-
icantly reduces the peak asymmetry and hence the plate height
value. With TFA (pH 2.4), ammonium acetate (pH 6.8) and ammo-
nia (pH 10.4), reduction of peak asymmetry with reduced linear
velocity is less significant and only occurs in the c-term dominated
region. It appears that for both columns, formic acid is a very bad
additive in terms of column efficiency. It is likely that bad peak
shapes are due to a low ionic strength thereby leading to mass over-

load which can occur even with very small amounts of ionised bases
[4].

It appears that, with diphenhydramine, Acquity BEH-C18 per-
forms better than Kinetex-C18 in all studied conditions. This was
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Fig. 11. Separation of a peptide mixture on Acquity BEH-C18. Conditions: gradient
runs from 1% ACN to 36% ACN in 8 min  at 30 ◦C and 0.5 mL/min (a); in 4 min at
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ot expected from the results with caffeine (see Fig. 2). Also this
s not in good agreement with recent studies on pharmaceuticals
hat found comparable or better performance with sub sub-2 �m
35] and even with sub-3 �m [32] superficially porous particles
ompared to sub-2 �m fully porous particles. However these refer-
nced studies were carried out with TFA as additive and actually the
resent results show little differences between the two  columns.
he problem involved by formic acid is much more important with
inetex-C18 (Fig. 3b) possibly due to different properties of the
tationary phases (surface coverage, carbon load, pore volumes)
hich might lead to a larger amount of C18-chains accessible to ion-

zed compounds on Acquity BEH-C18. Indeed as discussed above,
ery bad peak shapes with formic acid may  be caused by mutual
epulsion of charged analytes adsorbed on the packing surface
esulting in overloading even at very low analyte concentration.
his overloading effect might increase with a decrease of weak sites
hydrophobic interaction). The lower sample capacity of shell par-
icles compared to totally porous particles was recently found to
e in line with the proportion of the particle that was porous (i.e.
0%) [7].

As can be seen in Fig. 3, the effect of temperature is dra-
atic. When temperature is raised from 30 ◦C to 90 ◦C (Fig. 3a

or Acquity BEH-C18) or from 30 ◦C to 60 ◦C (Fig. 3b for Kinetex-
18), h–� plots are significantly shifted towards the bottom. A
ajor improvement in both efficiency (Fig. 3) and peak asymme-

ry (Fig. 4) is observed with all studied pH additives except formic
cid. The change in peak shape with temperature is shown in Fig. 6
or diphenhydramine. The separations were obtained in gradient
lution in different pH conditions at a flow-rate of 1 mL/min on
he Kinetex-C18 column. McCalley also investigated the effect of
emperature with phosphate as buffer and also observed a bet-
er efficiency for strong bases at pH 7 while no change occurred
t pH 3 [36]. Better results at higher temperature were usually
ttributed to an increase in sorption–desorption kinetics and/or a
ecrease in the dissociation rate with temperature [8,37].  Unlike
ith other additives, higher temperatures do not improve peak

hapes and hence peak efficiencies with formic acid (Fig. 6b and
).

Finally, ammonia at pH 10.4 does not seem to be a good addi-
ive either, particularly with the Kinetex-C18 column. At this pH,
iphenhydramine is still partly protonated and ionized silanols
re likely to be present in a larger extent on the surface of the
ilica-based Kinetex-C18 column than on the surface of the hybrid
rganic silica-based BEH column. A significant improvement can be
bserved when ammonium formate 10 mM (AF-10.4) is adjusted
t the same pH (Figs.3b, 6d and e) due to a higher ionic strength
nd therefore a larger amount of competing cations in the mobile
hase.

.3. Effect of mobile phase additive and temperature on the
educed plots for peptides

A similar study was carried out with peptides. Reduced plate
eight values were measured from gradient data with ke values
lose to 3 for all solutes in all mobile phase conditions. With
ormic acid at 30 ◦C, the obtained results were similar to those
btained with diphenydramine. That is, for most of the peptides,
he peak shapes were very bad, especially on the Kinetex-C18
olumn as shown in Fig. 7 by the separations obtained with the
ame normalized gradient slope of 1% on both columns at two  dif-
erent temperatures. As for small basic compounds, overloading
ffect might be explained by mutual repulsion of charged peptides

dsorbed on the material surface and hence by difference in peptide
ehaviour due to different properties between the two  columns.
urprisingly, the effect of temperature on peak efficiency in these
obile phase conditions seems to be more favourable for pep-
90 ◦C and 1 mL/min (b); presence of TFA 0.05% in the mobile phase. 1.0 �L injected.
Normalized gradient slope: 1%. Peptide names are given in Table 1.

tides than for basic compounds as also highlighted by the obtained
reduced plate height values given in Fig. 8 for the Acquity BEH-C18
column. Increasing temperature results indeed in an overall down-
ward shift in reduced HETP data suggesting that ionic interactions
are more complex for peptides than for monocharged analytes. It
should be noted for peptide 7 that a twofold improvement of h-
values with h values as high as 100 (i.e. about 300 plates) is less
than satisfactory. On the other hand, improvement in peak effi-
ciency is particularly attractive for both Peptides 1 and 5 since their
h–� plots get almost mixed up with those of caffeine. It should
be noted that the h–� plots for all peptides on Kinetex-C18 were
out of scale at 30 ◦C and even at 60 ◦C and hence not shown in
Fig. 8. Enhancement of peak efficiency with temperature is asso-
ciated with an important reduction of peak asymmetry as shown
in Fig. 9. On the other hand it is interesting to notice that increasing
flow-rate has also a positive effect on peak shape when formic acid
is used as additive. As previously discussed for basic compounds,
we speculate that the reduction of peak asymmetry could be due
to the increase in pressure with flow-rate thereby extending the
accessible surface of the stationary phase by forcing charged ana-
lytes which are subjected to a repulsive effect, to penetrate into the
pores.

With TFA and its ion-pairing role (Fig. 10), the results at 30 ◦C are
markedly better than those obtained with formic acid. However, it
is clear that kinetic performance of both columns at 30 ◦C (Fig. 10a
and c) are totally dependent on the solute and always worse for pep-
tides than for neutral solutes (solid black line for caffeine in Fig. 10).
Both columns provided similar reduced plate height values at 30 ◦C
whatever the peptides with very bad results obtained for Peptide
1 (h > 25), probably due to its low isoelectric point (3.5) and hence
to a difference in the total number of positive charges compared
to other peptides. Increasing temperature was  found to be very

attractive (Fig. 10b  and d), especially with the Acquity BEH-C18
column (Fig. 10b). In this latter case, the minimum reduced plate
height values of peptides turn out to be close to those of caffeine.
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he beneficial effect of temperature is also clearly highlighted in
ig. 11 with the comparison of two separations of peptides at 30 ◦C
nd 90 ◦C with TFA as additive on Acquity BEH-C18. Both separa-
ions were performed with the same normalized gradient slope.
he flow-rate was twice larger at 90 ◦C thereby leading to nearly
he same column pressure drop. In such conditions, diffusion coeffi-
ients are nearly twice larger and hence the reduced linear velocity
hould remain nearly constant from 30 ◦C to 90 ◦C. Accordingly,
or a neutral compound such as caffeine, the conditions at 90 ◦C
hould provide the same efficiency than those at 30 ◦C but with a
ignificant gain in analysis time (close to a factor 2) whereas for all
eptides, in addition to the same gain in analysis time, the condi-
ions at 90 ◦C offer a great improvement in peak efficiency. With
he Kinetex-C18 column, the benefit of increasing temperature is

ess noticeable with reduced HETP plots staying well above those
f caffeine (Fig. 10d). This can be explained by a lower temperature
60 ◦C for the Kinetex-C18 instead of 90 ◦C for the Acquity BEH-
18) and perhaps by a difference in column properties resulting
in more overloading effect on Kinetex-C18 compared to Acquity
BEH-C18.

Finally the results obtained with ammonium acetate are given in
Fig. 12 for both columns at two different temperatures. The trends
are similar to those observed with TFA, namely better efficiencies
on the Acquity BEH-C18 column and significant improvement on
both columns by elevating the temperature. The beneficial effect
of temperature is also highlighted in Fig. 13 with the separation of
peptides on the Kinetex-C18 column. At neutral pH, ionized silanols
are expected to play a role in the interactions between the pep-
tides and the stationary phase and the amount of ionized silanols is
likely to be larger on the surface of silica phases (Kinetex-C18) than
on the surface of silica-organic hybrid phases (Acquity BEH-C18)
thereby explaining the difference in reduced HETP data between

the two columns shown in Fig. 12.  However, on both columns, the
higher ionic strength yielded by ammonium acetate 10 mM per-
mits to reach lower plate height values compared to those obtained
with formic acid (Fig. 8) or even with TFA (Fig. 10).  Higher pH
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ith ammonium acetate is also probably responsible of such an
mprovement as pointed out by the difference in reduced HETP
ata between ammonium acetate 10 mM (pH 6.8) and ammonium
ormate 10 mM (pH 2.8) (Fig. 14). Reduced plate height values are

arkedly smaller with ammonium acetate, especially for Peptides
 and 8, suggesting that a neutral pH is more suited to the separation
f peptides in terms of column efficiency.

.4. Comparison of sample peak capacities of peptides in gradient
lution

Peak capacities were measured and compared for the same mix-
ure of ten peptides on the two columns with four different mobile
hase additives at three temperatures. Conditions and results are
iven in Table 2. The experimental peak capacities were determined
ccording to the concept of “sample peak capacity” as derived by
olan et al. [38]:

c = tn − t1

waverage
(16)

here tn and t1 are the gradient retention times of the most and the
east retained peptides (peptide 5 and peptide 3 respectively) and

average, the average 4� peak width. For a given sample in gradient
lution, the sample peak capacity provides a reliable comparison
f the quality of separation in different analytical conditions. Peak
apacities were measured with the same normalized gradient
lope of 1% in order to have a similar retention window between
he more and the less retained peptides. Peak capacities were
etermined at maximum pressure allowed by the solvent delivery
ystem. Maximum pressure depends on the flow-rate, namely
00 bar with 1.1 mL/min at 30 ◦C, 700 bar with 1.4 mL/min at 60 ◦C
nd 600 bar with 1.6 mL/min at 90 ◦C. As a result, these conditions
rovided the minimum column dead time (maximum velocity)
hat could be achieved under the studied conditions, namely
.8 s, 4.3 s for both columns at 30 and 60 ◦C respectively and 3.9 s
or Acquity BEH-C18 at 90 ◦C. Such very fast separations are of
rime interest for the second dimension of on-line comprehensive

wo-dimensional liquid chromatography which combines two  LC

odes with different retention mechanisms. Fig. 15 displays the
esulting peak capacities for both columns. With all additives, peak
apacities were 15–30% higher on the Acquity BEH-C18 column.
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ig. 14. Comparison of h–� plots on Acquity BEH-C18 between ammonium acetate 10 mM 

0 ◦C; solutes: 1-Influenza Hemagglutinin ( ), 5-bombesin ( ), 7-[ile]-angiotensine ( 

re  out of scale.
gradient time 2.94 min  (b); presence of ammonium acetate 10 mM in the mobile
phase. 1.0 �L injected. Normalized gradient slope: 1%. Peptide names are given in
Table 1.

On the other hand, for both columns, much higher peak capacities

were obtained with ammonium acetate. As an example, it can be
seen in Table 2 that a gradient run at 30 ◦C with ammonium acetate
10 mM should generate a peak capacity twice larger as a gradient
run at 30 ◦C with formic acid 0.1%. Also, higher peak capacities
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Table 2
Comparison of sample peak capacity and sample peak capacity production on a 5 cm Kinetex-C18 column and on a 5 cm Acquity BEH-C18 column at maximum pressure
with  different volatile additives at 30 ◦C, 60 ◦C and 90 ◦C. Normalized gradient slope: 1%.

Additive Formic acid 0.1% Ammonium formate
10 mM – pH 2.8

TFA 0.05% Ammonium acetate 10 mM

T (◦C) 30 60 90 30 60 90 30 60 90 30 60 90
�Pa (bar) 900 700 600 900 700 600 900 700 600 900 700 600

Kinetex-C18 F  (mL/min) 0.9 1.2 0.9 1.2 0.9 1.2
t0 (s) 5.8 4.3 5.8 4.3 5.8 4.3
tn − t1 (s) 98.5 75.3 93.8 75.0 124.0 94.0
nc

b 30 38 48 63 62 80
nc/t0 5.2 8.8 8.3 14.7 10.7 18.6

Acquity BEH-C18 F (mL/min) 1.1 1.4 1.6 1.1 1.4 1.6 1.1 1.4 1.6 1.1 1.4 1.6
t0 (s) 5.7 4.5 3.9 5.7 4.5 3.9 5.7 4.5 3.9 5.7 4.5 3.9
tn − t1 (s) 102.4 80.6 70.0 108.0 84.6 72.6 103.0 83.7 75.7 126.0 94.0 79.6
nc

b 35 51 59 54 64 72 54 74 87 74 89 93
nc/t0 6.1 11.3 15.1 9.5 14.2 18.5 9.5 16.4 22.3 13.0 19.8 23.8

a Colum pressure drop at starting gradient conditions.
b Sample peak capacity calculated using Eq. (16).

F r the sample of ten peptides. Experimental data points at a pressure of 900 bar at 30 ◦C,
7 ic acid 0.1% (FA); Ammonium formate 10 mM (FA); TFA 0.05% and ammonium acetate
1  given in Table 2.
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ig. 15. Sample peak capacity for 5 cm Kinetex-C18 and 5 cm Acquity BEH-C18 fo
00  bar at 60 ◦C and 600 bar at 90 ◦C. Comparison between different additives: form
0  mM (AA) as additives. Normalized gradient slope: 1%. Conditions and results are

ere obtained with ammonium acetate compared with TFA. Peak
apacities with ammonium formate at pH 2.8 were nearly the
ame as with TFA, and hence significantly lower than those with
mmonium acetate. In addition to higher efficiencies, the use of
mmonium acetate provides larger retention windows (t10 − t1
n Table 2) thereby amplifying the difference in peak capacities.
inally, it is worth noting that the elevation of temperature is very
ttractive in all mobile phase conditions as previously discussed.

 major issue with the use of high temperatures is the reduction
f retention. In gradient elution this usually results in a reduction
n the retention window which may  affect peak capacities. This
ituation was indeed encountered as shown by the difference
etween the retention times of the most and the least retained
eptides given in Table 2. However the loss in retention was  largely
ompensated by a dramatic enhancement of peak efficiency with
ll studied additives including formic acid, thereby leading to much
igher peak capacities at high temperature. Furthermore, in addi-
ion to a great improvement in peak capacity, higher temperatures

ade the use of higher mobile phase velocities possible and hence
igher peak capacities were attained in a shorter analysis time as
ighlighted by the peak capacity production given in Table 2. As an
xample, with a normalized gradient slope of 1% and ammonium
cetate, a peak capacity of about 100 was obtained at 90 ◦C on

cquity BEH-C18 with a column dead time of less than s (Fig. 16a)
hile half of this peak capacity value was obtained at 30 ◦C with

FA (same other conditions). Meanwhile the analysis time (i.e. the
ead time and hence the gradient time) was 50% higher. It should

Fig. 16. Separation of peptide on Acquity BEH-C18. Gradient from 1% ACN to 32%
ACN in 2 min; presence of ammonium acetate 10 mM in the mobile phase; 90 ◦C;
1.6 mL/min; normalized gradient slope: 1%; 1.0 �L injected; (a) sample of 10 repre-
sentative peptides (see Table 1) (b) sample of 3 proteins digested by trypsin (BSA,
lysozyme, myoglobin). The blank has been subtracted.
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e stressed that these conditions do not maximize the peak capac-
ty production on each column as the limiting pressure on this
nstrument was only 700 bar at 1.2 mL/min (60 ◦C for Kinetex-C18)
nd only 600 bar at 1.6 mL/min (90 ◦C for Acquity BEH-C18) sug-
esting that the gain in speed should be greater at higher flow-rate
rovided that the limiting pressure was higher. Finally the fact that
he limiting temperature is higher on Acquity BEH-C18 (90 ◦C), also
ontributes to achieve better kinetic performances compared to
inetex-C18 as highlighted by the very high peak capacity values
btained at 90 ◦C (see Fig. 15 and Table 2). The more attractive
ound gradient conditions were applied to get an ultrafast analysis
less than 1.8 min) of a complex tryptic digest of three proteins
Fig. 16b). Peak widths and hence peak capacity were in very good
greement with those predicted by the test mixture shown in
ig. 16a.

. Conclusions

In this work, we demonstrated that using gradient elution for
ollecting HETP data was straightforward and very convenient for
he RP-separation of peptides.

It was shown that the kinetic behaviour of charged compounds
as totally different from that of neutral compounds and further-
ore fully dependent on mobile phase conditions. Thus, results

erived from the comparison of columns by means of either
educed HETP plots or kinetic plots have to be carefully evalu-
ted before concluding and should be always related to the studied
omponent. For example, in the present study unlike many other
eported studies, the kinetic performance of Acquity BEH-C18 was
ound to be better than that of Kinetex-C18 in all studied mobile
hase conditions. This was demonstrated by considering basic com-
ounds and peptides as analytes and columns packed with 1.7 �m
articles. The difference is probably caused by difference in the sta-
ionary phase (silanol activity, hybrid silica versus silica) but the
ifference in particle structure which leads to difference in carbon
overage may  also explain the very bad peak shapes obtained with
ormic acid on Kinetex-C18.

The comparison of kinetic performance between different
olatile additives allowed to identify ammonium acetate at neu-
ral pH as the best mobile phase additive for basic compounds as
ell as for peptides. Despite its poor buffer capacity, the interest

n using this pH additive was also pointed out in a recent study on
radient equilibration time [39].

Formic acid should be avoided unless temperature is increased.
levating temperature was indeed proved to be very useful for
rastically reducing plate height values of charged compounds.
urthermore the reduction of solvent viscosity with temperature
ermitted to increase the flow-rate and hence to decrease the anal-
sis time. As a result, the peak capacity production was increased
wo or even threefold from 30 ◦C to 90 ◦C on Acquity BEH-C18 while
he peak capacity was 20–50% higher depending on the mobile
hase conditions (Table 2). Such conditions might be very attrac-

ive to speed up the second dimension of a comprehensive on-line
D-LC separation while maintaining a reasonable peak capacity.
n illustrative separation of a tryptic digest of three proteins was

n good accordance with the prediction.

[

[

. A 1228 (2012) 135– 147 147

It  is obvious that reduced HETP plots of charged compounds are
more difficult to interpret via the A, B and C-terms of the Knox
equation compared with neutral compounds. The role of the com-
ponent dissociation (silanols and solutes), of the pH and of the ionic
strength on the performance of columns is likely to be essential.
However the role of the pressure on the reduction of peak asym-
metry was  also pointed out. Enhancement of the peak shape was
attributed to a decrease in overloading effect thanks to the increase
in pressure with flow-rate. However, more work is still needed to
confirm our hypothesis.
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