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Gradient elution provides significant improvement in peak capacity with respect to isocratic con-
ditions and therefore should be used in comprehensive two-dimensional LC × LC, both in the first
and in the second dimension, where, however, gradients are limited to a short time period avail-
able for separation, usually 1 min or less. Gradient conditions spanning over a broad mobile phase
composition range in each second-dimension fraction analysis are used with generic “full in frac-
tion” (FIF) gradients. “Segment in fraction” (SIF) gradients cover a limited gradient range adjusted
independently to suit changing lipophilicity range of compounds transferred to the second dimension
during the first-dimension gradient run and to provide regular coverage of the two-dimensional reten-
tion space. Optimization of the gradient profiles is important tool for achieving high two-dimensional
peak capacity and savings of the separation time in comprehensive LC × LC. Calculations based on the
well-established gradient-elution theory can be used to predict the elution times and bandwidths
in fast gradients, taking into account increased probability of pre-gradient or post-gradient elution.

The fraction volumes transferred into the second dimension may significantly affect the second-
dimension bandwidths, especially at high elution strength of the fraction solvent, which may cause
even band distortion or splitting in combined normal-phase (HILIC)–RP systems, but also in some two-
dimensional RP–RP systems. In the present work, the effects of the fast gradient profile, of the sample
volume and solvent on the elution time and bandwidths were investigated on a short column packed
with fused-core porous-shell particles, providing narrow bandwidths and fast separations at moderate
operating pressure.

© 2010 Elsevier B.V. All rights reserved.
. Introduction

Gradient elution allows separations of samples containing com-
ounds with largely different retention in a single run. It is well
nown that the maximum number of peaks that can be separated
ide-by side in a given experimental time, so-called peak capacity,
c, is considerably higher in gradient chromatography than at iso-
ratic conditions [1–4], due to narrower peaks; further the coverage
f the retention space in a fixed time of separation is often more

egular in comparison to the isocratic elution mode. Like in one-
imensional chromatography, gradient elution provides significant

mprovement in peak capacity in comprehensive two-dimensional
C × LC, hence, gradient elution should be preferred in on-line two-

∗ Corresponding author. Tel.: +420 466 037 023; fax: +420 466 037 068.
E-mail address: Pavel.Jandera@upce.cz (P. Jandera).

021-9673/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.chroma.2010.10.095
dimensional comprehensive liquid chromatography. For maximum
increase in the two-dimensional peak capacity, second-dimension
gradients should provide separation selectivity largely different
from the first-dimension one [5,6] and the fraction transfer should
not contribute significantly to band broadening [7], which is often
not easy to achieve in practice.

The contribution of the second dimension is essential for the
overall two-dimensional LC × LC separation performance [8]. Fast
separation in the second dimension is crucial for successful 2D com-
prehensive LC × LC separations. Further, if the resolution obtained
in the first dimension is not to be significantly impaired by sam-
ple re-mixing in the fractions prior to the injection onto the

second-dimension column due to “undersampling”, at least 3–4
fractions should be collected per the first-dimension peak width
for the second-dimension separation (Murphy–Schure–Foley rule)
[9]. Gradient elution provides approximately constant bandwidths
of the early and of the late eluting peaks, hence approximately

dx.doi.org/10.1016/j.chroma.2010.10.095
http://www.sciencedirect.com/science/journal/00219673
http://www.elsevier.com/locate/chroma
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ig. 1. Examples of second-dimension gradient profiles in comprehensive LC × LC. F
radient; CS, continuously shifting second dimension gradient.

qual number of fractions per a first-dimension peak during the
hole gradient separation. This is a significant advantage to iso-

ratic elution mode, where the bandwidths regularly increase with
ncreasing elution times and the fraction number per peak regularly
hanges at a constant fraction cycle (modulation) time.

The second-dimension gradients are limited to a short time dur-
ng a first-dimension fraction collection period. Using fast second
imension gradients (20–60 s, including the post-gradient column
e-equilibration time), it was possible to accomplish on-line com-
rehensive LC × LC separations in 30–45 min [10–12]. Fast gradient
eparations within a fixed time improve at high linear flow veloc-
ties on short efficient columns, such as sub-2 �m columns at very
igh operation pressures. Similar results can be achieved at high
ow rates allowed by the pressure limits with standard HPLC

nstrumentation (to 400 bar) using monolithic columns [13–15],
r columns packed with fused-core porous-shell particles, which
owever usually provide better efficiencies at high flow rates
11,14,16].

To achieve high orthogonality and two-dimensional (2D) peak
apacity, the gradient conditions should be carefully optimized,
oth in the first and in the second dimension. Gradients run simul-

aneously in the first and in the second dimension are mainly
sed in reversed-phase (RP) two-dimensional systems with differ-
nt bonded stationary phase chemistry, or – less often – different
obile phase gradients [17], but can be applied also in normal

hase (HILIC) LC × LC.
l in fraction second dimension gradient; SIF, segment in fraction second dimension

Second-dimension gradients can be classified as generic “Full
in fraction” (FIF), “Segment in fraction” (SIF) and “Continu-
ously shifting” (CS) gradients (Fig. 1) [18]. The first-dimension
gradient profiles are represented as broken lines and for the
second-dimension gradients as full lines. There may be important
differences in the resolution, regularity of the coverage of the two-
dimensional retention plane and of the overall separation time, so
that the individual gradient types have characteristic advantages
and disadvantages [18]:

1. Generic steep gradients with an equal mobile phase composi-
tion change in each second-dimension run – “full in fraction”
(FIF) gradients – cover broad composition range between the
initial and final mobile phases in a very short time and offer effi-
cient bandwidth suppression. However post-gradient column
re-equilibration should be included in the separation time of
each second-dimension fraction separation, which significantly
diminishes the peak capacity in the second dimension and may
result in less regular coverage of the available retention space
and even possible carry-over of strongly retained compounds to
the next fraction.
2. “Segment in fraction” (SIF) second-dimension gradients employ
different partial mobile phase composition changes in several
subsequent time segments and combine some advantages of the
FIF and CS gradient types. They are less steep than FIF gradients,
but still provide significant bandwidth suppression; the sample
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carry-over can be avoided by using several segments with vari-
ous mobile phase composition ranges that can be adjusted to suit
the retention (the lipophilicity range) of the sample compounds.

. “Continuously shifting” (CS) gradients are useful especially in 2D
systems with partly correlated retention, such as RP × RP. They
are relatively shallow and usually provide larger bandwidths
than FIF gradients, but enable faster second dimension separa-
tion, as post-gradient equilibration is not necessary within the
individual cycles. The separation space is more regularly cov-
ered and sample carry-over can be avoided by adjusting parallel
gradient profiles in the first and in the second dimension [19].

Even though the theory of gradient elution is well estab-
ished [20–23], its validity has not been yet systematically studied

ith very steep gradients (1 min or less) run at high flow-rates
3–4 ml/min) on short columns (2–3 cm long), conditions which are
ecessary for fast second-dimension SIF or FIF gradient separations.
ith fast steep gradients, gradient pre-elution or post-gradient elu-

ion are more likely than with slower gradients and longer columns
nd should be avoided with second-dimension gradients, as it may
educe the peak capacity and even cause sample cross-over to the
ext fraction.

Recently, we presented an approach for calibration, prediction
nd optimization of gradient conditions for fast two-dimensional
P × RP separations of samples with broad lipophilicity distribu-
ion and applied this approach to comprehensive 2D separations
f natural antioxidants with a DIOL or polyethylene glycol column
n the first dimension and a porous-shell fused-core C18 column
n the second dimension [18]. One objective of the present work

as investigating the pre-elution and post-gradient elution of com-
ounds with different lipophilicities controlling their retention in
eversed-phase LC with fast steep gradients.

The sample solvent may very significantly affect the quality of
eparation [24–37]. It is well known that samples dissolved in a
eaker solvent than the mobile phase (such as in water in reversed-
hase LC) are adsorbed in a narrow zone at the top of the column,
o that the bandwidths at the time of elution are suppressed with
espect to the injected sample volume. This “on-column sample
ocusing” can be used to increase the detection selectivity by inject-
ng relatively large volumes of diluted samples [35,36]. On the other
and, injection of a sample dissolved in a stronger eluent than the
obile phase may cause band broadening or even distortion or

plitting [24–30], which was attributed to solubility effects [31], or
o differences in the viscosity of the sample solvent and that of the

obile phase, giving rise to “viscous fingering”, which can affect the
ispersion of localized samples in porous media [25,32–34]. Some
xperimental results suggest that the differences in the elution
trength of the sample solvent and the mobile phase are the most
mportant factor affecting this undesirable behavior [25]. These
ffects may be particularly detrimental with short highly efficient
olumns used in the second dimension, which generate very small
eak volumes [37].

In 2D LC × LC, fractions dissolved in the first-dimension mobile
hase are usually transferred to the second dimension with differ-
nt composition of the mobile phase. As a rule, a more retentive
olumn and a stronger mobile phase should be used in the second
imension with respect to the first dimension in comprehensive
C × LC, to suppress the band broadening caused by non-matching
lution strength in the two dimensions and to use the advantage of
sample focusing effect”. In practice, this approach is rather difficult
o apply, unless there is a strong correlation between the sample

etention in the first and in the second dimension, which however
mpairs the system orthogonality and hence 2D peak capacity.

Poor mobile phase compatibility may negatively affect 2D
eversed-phase gradient separations. However, the problem is
uch worse when a reversed-phase and a normal-phase (or HILIC)
A 1218 (2011) 1995–2006 1997

mode are coupled in an on-line comprehensive LC × LC system.
Mobile phases rich in acetonitrile used in HILIC operation are strong
eluents in reversed-phase systems, whereas mobile phases with
relatively high concentrations of water used in reversed-phase LC
have very strong elution strength in HILIC systems. Hence, the sol-
vent of the first-dimension fraction is stronger than the second
dimension mobile phase, either in HILIC-RP or in RP-HILIC 2D sys-
tems [38].

To solve the mobile phase compatibility issue in two-
dimensional HPLC, it is necessary to investigate the effect of the
sample volume and of the sample solvent on the separation under
fast gradient conditions. Some time ago, Layne et al. [24] per-
formed similar study on 2–5 cm long columns with gradient run
times 4.5–7.5 min, which are however too long for a FIF or SIF
second-dimension gradient operation. They observed impairing
peak distortion when the concentration of acetonitrile as the sam-
ple solvent increased and suggested solving this problem by sample
diluting with a weak solvent, adjusting gradient so that sample
elutes at a longer elution time, or using a larger separation col-
umn. Unfortunately, neither of these remedies can be used in
second-dimension fast gradient operation in on-line comprehen-
sive LC × LC.

In this work, we studied the effects of the sample volume and
of the concentration of aqueous acetonitrile as the sample solvent
on separation under various fast second-dimension gradient con-
ditions on a short (30 × 3 mm i.d.) column packed with fused-core
porous shell Ascentis Express C18 particles (2.7 �m). We selected
this type of column as it allows fast separation at a high flow rate
and relatively moderate pressures (up to 400 bar), in contrast to
fully porous columns enabling fast separations at very high pres-
sures only. We compared the solvent effects on chromatographic
behavior of benzene and homologous alkylbenzenes (C1–C5), to
investigate the role of sample retention, which regularly increases
with lipophilicity, i.e., with alkyl length in reversed-phase sys-
tems. This work was aimed to investigate the limits of sampling
volume and solvent in the second dimension of comprehensive
LC × LC, where relatively large effluent fractions in strong solvents
may be transferred into the second dimension to provide fast
separation and to avoid undersampling from the first dimension.
Alkylbenzenes were selected as sample compounds with regu-
larly increasing lipophilicity, which can be used to calibrate the
retention scale in RP HPLC, and investigate the sample retention
effects in combination with sample solvent and volume. On the
other hand, the predicted retention volumes of alkylbenzenes can
be used for the selection of the gradient range in second dimen-
sion. This approach can be applied to other compounds, which can
be attributed certain equivalent to alkylbenzene polarity.

2. Theory

2.1. Retention times and bandwidths in gradient elution, gradient
pre-elution and post-gradient elution

The retention in RP gradient elution can be predicted using the
well-known linear solvent strength equation, if the instrumental
dwell volume can be neglected and the isocratic retention can be
described by simple equation:

log k = a − m · ϕ (1)
where ϕ is the volume fraction of the organic solvent in
aqueous–organic mobile phase. a is the (extrapolated) log k in pure
water as the mobile phase, m is a measure of solvent strength of
the organic solvent for a particular sample (change in log k per the
change of organic solvent from 0 to 100%) [3,20–23,37].
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Linear solvent strength gradients are applied most frequently
o reversed-phase separations. Here, the volume fraction of the
rganic solvent in water, ϕ, increases in direct proportion to the
ime elapsed from the start of the gradient, t [20,21]:

= A + B.Fm.t (2)

= (ϕf − A)/tG is the gradient ramp (steepness), i.e., the change in
he volume fraction of the organic solvent during the gradient run
rom the start, A, to the end, ϕf, of the gradient, which is often from 0
o 100% organic solvent with FIF gradients. tG is gradient time, Fm is
he flow rate of the mobile phase. Hence, the gradient concentration
ange can be optimized more efficiently with SIF or CS gradients.

For linear solvent strength gradients in reversed-phase systems
escribed by Eq. (1), the elution times can be calculated using Eq.
3) [20–23]:

RFm = tGFm

m(ϕf − A)
log

[
2.31m(ϕf − A)Vm10(a−mA)

tGFm
+ 1

]
+ Vm (3)

his equation describes adequately the gradient systems, where
he sample migrates along the column only during the gradient
un, i.e., the instrumental gradient dwell volume, VD, can be either
eglected, or just subtracted from the experimental elution volume.
m is the column hold-up volume.

However, this is usually not the case with short columns and fast
radients, where isocratic gradient pre-elution may occur due to
he inner volume of the high-pressure pump volume and connect-
ng tubing to the sample injector, so-called “gradient dwell volume”
0.4–2 ml with common HPLC instruments). The dwell volume is
lled with mobile phase at the start of the gradient and sample com-
ounds may travel some distance along the column under isocratic
onditions in the mobile phase originally contained in the instru-
ental dwell volume, until the gradient front reaches the actual

nalyte zone position in the column. In such a case, the contribu-
ion of the instrumental dwell volume to the elution time (volume)
s important and some less retained sample compounds may even
lute before the start of the gradient, in the gradient pre-elution
tep (1), especially with columns of a low inner volume. Even the
lution times of analytes eluting in course of the gradient (2) or
fter the end of the gradient step (3) may be more or less affected
y partial migration along the column before the gradient in the
well-volume mobile phase [20,23,39]. According to the position
f the sample zone in the column at the time it comes into con-
act with the front of the gradient, the remaining column volume
vailable for the sample migration during the gradient is smaller
han the total column volume. This situation should be respected
n the calculation algorithm. As illustrated in Fig. 2, the retention
an be described considering the three segments as 3 serially con-
ected columns run under dwell-volume isocratic (1), gradient (2)
nd post-gradient isocratic (3) conditions. It should be noted that
he relative contributions of the three steps to the retention may
ary for individual analytes, depending on their retention on the
olumn.

Some compounds may elute from the column before the gradi-
nt. The elution volumes, VR, of compounds subject to pre-gradient
lution within the dwell volume (possibly including an intentional
nitial isocratic hold-up step), Vinit = VD + Vhold can be calculated as
sual in isocratic elution, using the retention factor in the mobile
hase contained in the dwell volume, kinit:

R = Vm(1 + kinit) (4)
ther analytes move only along a part of the column during the pre-
radient step, corresponding to the proportional part, Vm,init, of the
otal column hold-up volume, Vm, but anyway this migration con-
ributes to the total retention, as it diminishes the column hold-up
olume available in the gradient step, Vm,g = Vm − Vm,init. The contri-
A 1218 (2011) 1995–2006

bution of the gradient step to the retention, tR,g, can be calculated
from Eq. (3) using the diminished “gradient” hold-up volume, Vm,g,
instead of Vm; however the dwell volume, VD, should be included
in calculations of the total gradient volume, VR, affected by partial
pre-gradient contribution. The solution yields Eq. (5) [3,20]:

VR = 1
mB

log{2.31mB[Vm10(a−mA) − VD] + 1} + Vm + VD (5)

The contribution of the gradient step to the elution volume of a
sample subject to post-gradient elution is equal to the total gradient
volume, Vpost, which adds to the contribution of the post-gradient
isocratic elution, VG, at the retention factor kf in the volume fraction
of the organic solvent at the end of the gradient, ϕf,

VR = VG + Vpost = VG + Vm,post (1 + kf ) (6)

The proportional part of the column hold-up volume available for
post-gradient elution can be determined after subtraction of the
contribution of the gradient step and – if necessary – of the pre-
gradient dwell step from the total column hold-up volume, Vm:

Vm,post = Vm − Vm,g − Vm,init (7)

The contribution of the gradient step to the total column hold-up
volume, Vm,g can be calculated from Eq. (5) using the parame-
ters of Eqs. (1) and (2), after setting Vm = Vm,g and VR = VG The
post-gradient elution may often give rise to sample carry over
in second-dimension gradients and should be therefore avoided.
Eq. (6) can be used for this purpose, as it allows predicting post-
gradient elution conditions.

Bandwidths in gradient elution, wg, can be estimated as equal
to isocratic bandwidths in the mobile phase at the elution time of
peak maximum (at ϕ = ϕe), with instantaneous retention factor ke,
[3,20–23],

wg = 4 · Vm,g(1 + ke)√
N

(8)

considering:

ke = 10(a−m·ϕe) (9)

and:

ϕe = A + B · (VR,g − Vm,g − VD) (10)

For calculations of the gradient bandwidths, it is necessary to deter-
mine the column efficiency in terms of the number of theoretical
plates, N. It should be stressed that the plate number cannot be cal-
culated directly from the elution times and bandwidths measured
in a gradient chromatogram. The height equivalent to theoreti-
cal plate (HETP) depends on the concentration of acetonitrile in
the mobile phase, probably due to changing viscosity in two-
component aqueous–organic mobile phases. This means that the
column plate number and the HETP may change significantly dur-
ing gradient elution. To account for changing column efficiency
during a gradient run in calculations of wg, either average plate
number, or isocratic N in the mobile phase at the time of elution
can be used in Eq. (8). In the present work we applied the second
approach, which seems more appropriate, as the gradient sample
zones are subject to compression during migration along the col-
umn at decreasing k and the actual bandwidth is largely controlled
by the conditions at the time of elution. Exact calculations take into
account corrections for additional gradient band compression due
to the fact that the rear part of the sample zone migrates in stronger

mobile phase, i.e. at slightly higher velocity, than the front part
[21,22,40]. However, as the peaks are very narrow at fast gradient
elution on a short efficient column, the additional band compres-
sion due to this effect should be very small, if any, and was neglected
in this work.
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ontributions to the total elution volume (VR = VR,init + VR,G + VR,post) and to the total c

.2. Effects of sample volume and solvent on the bandwidths and
eak shape in gradient elution

When a large sample volume, Vinj (with respect to the column
old-up volume, Vm) is injected onto the column, the sample sol-
ent acts as the mobile phase for some time, depending on the Vinj
nd on the sample retention factor in the solvent, kinj. At the mass
verload, strongly distorted (tailing) peaks may be observed due to
on-linear isotherm distribution [41,42]. In the absence of column
verload by the sample mass, the retention is controlled by lin-
ar isotherm and the minimum variance of a rectangular injection
rofile in isocratic elution, �2

inj
= V2

inj
/12 [41]. In linear chromatog-

aphy, the original sample volume may be either suppressed or
nhanced, depending on the Vinj and kinj.

If a large sample volume is injected in a weak eluting solvent,
he sample molecules stay adsorbed on the top of the column in
narrow zone until they are taken over by the mobile phase with
high enough elution strength, so that the original width of the

ample zone is suppressed and the injection volume has only minor
ffect on the retention times and bandwidths. This “sample focus-
ng” effect is often used for improving the sensitivity by injecting
arge volumes of diluted samples (mainly in aqueous matrices).

However, after injection of a large volume of sample dissolved
n a stronger eluent than the mobile phase, a part of the strong
olvent may be adsorbed on the column, but a larger part of the
olvent migrates along the column at the mobile phase velocity.
his phenomenon affects the distribution of the sample molecules
t different positions in the injected sample plug. The molecules
t the rear edge of the injected pulse are immediately exposed to
weak mobile phase and move more slowly than the molecules

nside the injected sample plug, which migrate along the column
or a longer or a shorter time in the strong injection solvent zone
t the velocity controlled by their retention factor in the sample
olvent, kinj, until they are taken over by the mobile phase. This
ffect is most apparent with sample molecules at the front edge of
he injected pulse and may have significant impact on the width
nd shape of the sample bands at the time of elution.

The contribution of the volume of the injection pulse to the
andwidth at the time of elution, wpulse, can be calculated as the dif-
erence between the migration times of the rear and the front parts
f the injected sample plug at the time of elution [43]. The sample
olecules at the front end of the sample plug migrate along the

olumn in the mobile phase a shorter distance than the molecules
t the rear end of the sample plug, because of their previous migra-
ion in the injection solvent. This means that the part of the column
old-up volume, Vm,mp, available for the migration of the sample

olecules at the front end of the sample plug diminishes pro-

ortionally to the injected sample volume. This investigation was
imed to investigate the limits of sampling volume and solvent
n the second dimension of comprehensive LC × LC, where rela-
ively large effluent fractions in strong solvents may be transferred
dient (3) segments. Calculation of elution data as in serial (2) and isocratic (3)
hold-up volume (Vm = Vm,init + Vm,G + Vm,post).

into the second dimension to provide fast separation and to avoid
undersampling effects:

Vm,mp = Vm − Vm,inj = Vm − Vinj

1 + kinj
(11)

If the sample is not retained at all in the sample solvent, Vm,inj = Vinj.
For compounds eluting under isocratic conditions, such as in the
dwell-volume step before the gradient, wpulse can be calculated
considering the differences between the distances migrated by the
front and the rear sample plug in the injection solvent, kinj, and in
the mobile phase, ki:

wpulse = Vinj(1 + ki)
(1 + kinj)

(12)

From Eq. (12) it follows that for a large kinj, wpulse can be neglected
due to on-column “sample focusing”. For samples injected in the
mobile phase, kinj = ki and the full injected pulse volume con-
tributes to the bandwidth at the time of elution. On the other hand,
for samples injected in strong solvents kinj < ki, which means that
Vpulse > Vinj and the bandwidth at the time of elution is subject to
additional band broadening.

The sample volume and sample solvent effects in gradient elu-
tion are similar to isocratic elution, except for generally less broad
peaks due to increasing elution strength during the gradient run
(gradient band focusing), which affects the contribution of the
injection pulse to the final bandwidth, wpulse. Like in isocratic elu-
tion, the bandwidths of sample compounds injected in a large
volume can be estimated as the difference between the retention
of the rear end of the injection pulse, calculated from Eq. (5) and
the retention of the plug front, calculated also from Eq. (5), but con-
sidering diminished part of the column hold-up volume available
for gradient elution after the end of the sample migration in the
injection solvent plug, Vm,G, that should be used instead of Vm:

Vm,G = Vm − Vm,inj (13)

This approach yields Eq. (14) for the sample plug contribution to
the gradient bandwidth:

wpulse = 1
mB

log
2.31mB[Vm10(a−mA) − VD] + 1

2.31mB
[(

Vm − Vinj

1+kinj

)
· 10(a−mA) − VD

]
+ 1

+ Vinj

1 + kinj
(14)

Like in isocratic LC, the contribution of the injected pulse, Vinj, can be
neglected at large sample kinj and sample focusing is observed. Band

suppression (gradient focusing) due to increasing elution strength
during the gradient run acts against the opposite band broaden-
ing effect of the sample plug volume and Eq. (14) can be used to
estimate the result of the two effects on the eventual gradient band-
widths. Unfortunately, gradient focusing cannot compensate band
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Table 1
Parameters a, m of Eq. (1) determined as the best fit parameters of experimental
log k − ϕ plots of alkylbenzene; column: Ascentis Express C18, 30 × 3.0 mm, 2.7 �m
(Vm = 0.16 mL, εT = 0.74). SD, standard deviation; R2, correlation coefficients.

No. Compound m SD a SD R2

1 Benzene 2.64 0.06 1.62 0.03 0.999
2 Methylbenzene 3.05 0.09 2.05 0.04 0.999
3 Ethylbenzene 3.45 0.13 2.47 0.06 0.999
000 P. Jandera et al. / J. Chrom

roadening due to large sample volumes injected in strong eluting
olvent, in which kinj is very low (such as in 100% acetonitrile).

The total sample bandwidth in gradient elution of large sample
olumes can be roughly estimated as the sum of the contributions
f the sample plug contribution calculated from Eq. (14) and of the
egular 4� band broadening at the injection of a narrow sample
ulse (e.g., 1 �L), wg, calculated from Eq. (8):

est = wg + wpulse (15)

t should be noted that Eq. (15) is not theoretically rigorous and
ay be used to estimate the effect of the injected sample volume

n the band broadening, but it does not provide any information
n the actual band shape, which may be distorted or split due to
hanging conditions during the sample plug migration along the
olumn.

When large sample volumes are injected, wpulse may become
arger than the column hold-up volume for some sample com-
ounds, which may not be retained at all and migrate along the
hole column length in a strong solvent zone, until they appear

n the effluent at the breakthrough volume of the solvent, close to
he column hold-up time. This effect causes significant band dis-
ortion and splitting and should be avoided, as it may destroy the
eparation.

. Experimental

.1. Materials and reagents

The Ascentis Express C18 column, 2.7 �m fused core particles,
.5 �m porous-shell outer layer, 30 × 3.0 mm i.d., was obtained
rom Supelco (Bellafonte, PA, USA). Acetonitrile, LiChrosolv grade,
as purchased from Merck (Darmstadt, Germany). Water was puri-
ed using a SG Ultra Clear UV water purification system (SG,
amburg, Germany). The mobile phases were filtered using a
illipore (Bedford, MA, USA) 0.45-�m filter and degassed by ultra-

onication before use.
n-Alkylbenzene standards (from benzene to n-pentylbenzene)

ere obtained from Sigma–Aldrich (St. Louis, MI, USA). The stock
olutions of standards (20 g/L) were prepared in acetonitrile. The
orking standard solutions were obtained by dilution with the
obile phase or other injection solvents as appropriate. The con-

entrations of the samples injected into the liquid chromatograph
ere 0.16 g/L.

.2. Equipment

A 1100 Liquid Chromatograph (Agilent, Palo Alto, CA, USA)
quipped with a micro-flow binary pump, a degasser, an
uto-sampler, a diode-array UV detector set to 254 nm and a ther-
ostatted column compartment was used in the experiments.

.3. Methods

The isocratic retention data used for the determination of the
arameters a, m of Eq. (1) listed in Table 1 were measured under

socratic conditions in pre-mixed mobile phases at different con-
entrations of acetonitrile in aqueous–organic mobile phases at the
ow-rate of 0.5 mL/min. All gradient experiments were performed
t 4.5 mL/min. The temperature was set to 40 ◦C in all isocratic and

radient experiments. The column hold-up volume (Vm = 0.16 mL)
as measured as the elution volume of uracil as non-retained
arker. The gradient delay volume (VD = 1.15 mL) was measured

y running a linear gradient of 0.1% acetone in acetonitrile in pure
cetonitrile [21].
4 Propylbenzene 3.90 0.15 2.93 0.08 0.998
5 Butylbenzene 4.36 0.19 3.40 0.10 0.998
6 Pentylbenzene 4.79 0.22 3.85 0.11 0.998

4. Results and discussion

4.1. Calculations of the retention data in fast gradient elution

To test the validity of the theory developed with conventional
gradients for the retention behavior with steep gradients run in
1 min, we measured chromatograms of benzene and alkylbenzenes
on a short (3 cm) the porous-shell Ascentis Express C18 column
with various fast (1 min) gradients of acetonitrile in water at a high
flow-rate of the mobile phase (4.5 mL/min) at 40 ◦C. To avoid the
effect of the injection volume on the results, we injected 1 �L sam-
ples in this series of experiments. The gradient range was selected
to represent the full concentration change from 0 to 100% ace-
tonitrile, usual in FIF second-dimension gradients and narrower
concentration ranges (20–100% acetonitrile, 50–100% acetonitrile,
2–50% acetonitrile and 15–50% acetonitrile), representing high and
low mobile phase elution strength segments of SIF second dimen-
sion gradients. The experimental elution times and bandwidths are
compared with the data predicted by calculation in Table 2. The cal-
culations were based on the parameters a, m of Eq. (1) determined
in isocratic experiments (Table 1).

The elution volumes were calculated using Eq. (5), taking into
account possible partial contribution of sample migration along the
column in the dwell-volume pre-gradient isocratic step 1, except
for benzene, methylbenzene and ethylbenzene in the high concen-
tration range gradient from 50 to 100% acetonitrile, which elute
during the dwell-volume isocratic step 1(a). Their elution data were
calculated as usual in isocratic elution, using Eq. (4). In 1-min gra-
dients from 0 to 100% acetonitrile and from 20 to 100% acetonitrile,
all peaks elute in the gradient range (step 2 in Fig. 2). On the other
hand, in low-concentration range gradients, propylbenzene, butyl-
benzene and pentylbenzene elute after the end of the gradient step
with elution times higher than 1.29 min, corresponding to the sum
of the gradient time, column hold-up time and dwell-volume time.
Their elution times were calculated using Eq. (6). The calculated
elution times were 0.01–0.06 min higher than the experimental
values, except for the compounds eluted after the end of gradi-
ent. These minor systematic differences, in addition to common
experimental errors, could be possibly attributed to that the param-
eters a, m, of Eq. (1), used in calculations of the gradient retention
data from Eq. (5), were measured under isocratic conditions in pre-
mixed two-component mobile phases, whereas during the gradient
elution acetonitrile is mixed with water directly in the instru-
ment. Anyway, the results suggest suitability of the calculation
approach for prediction of retention in fast gradients. This approach
should be particularly useful in optimization of second-dimension
LC × LC gradients, as it enables determination of the useful gradi-
ent concentration range for separation of samples within specified
retention range, controlled by sample lipophilicity [18].

A constant flow rate of 2.5 ml/min was used in all experiments,

far above the minimum of the Van Deemter curve, because fast
separation was required. The volume fraction of acetonitrile in
the mobile phase, ϕ, affects the diffusion coefficients and conse-
quently the column efficiency. Hence, we investigated the effect of
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Table 2
Experimental (exp) and calculated (calc) retention data of alkylbenzenes; column: Ascentis Express C18 30 × 3 mm, 2.7 �m; flow rate, 4.5 mL/min; temperature, 45 ◦C; B,
benzene; MB, methylbenzene; EB, ethylbenzene; PrB, propylbenzene; BB, butylbenzene; PnB, pentylbenzene; VR , elution volume; ke , retention factor at the time of elution
of peak maximum; ϕe , concentration of acetonitrile at the time of elution of peak maximum; wt , peak width. Injection: 1 �l sample dissolved in the mobile phase used at the
start of the gradient.

Gradient Comp. tR(exp) (min) tR(calc) (min) (Eq. (5)) k0(calc) (Eq. (1)) ke(calc) (Eq. (9)) ϕe (%.10−2) (Eq. (10)) wt(exp) (min) wt(calc) (min) (Eq. (8))

0–100% ACN in 1 min B 0.61 0.64 41.9 5.03 0.28 0.010 0.014
MB 0.71 0.76 112 4.22 0.42 0.010 0.011
EB 0.78 0.84 293 3.66 0.52 0.010 0.010
PrB 0.86 0.91 850 3.22 0.60 0.012 0.009
BB 0.92 0.96 2509 2.87 0.66 0.012 0.008
PnB 0.98 1.01 7074 2.61 0.71 0.012 0.008

20–100% ACN in 1 min B 0.39 0.42 12.4 6.38 0.28 0.014 0.017
MB 0.53 0.58 27.6 5.52 0.39 0.013 0.014
EB 0.63 0.69 59.7 4.74 0.47 0.012 0.012
PrB 0.72 0.78 141 4.10 0.54 0.014 0.011
BB 0.80 0.86 336 3.62 0.61 0.013 0.010
PnB 0.87 0.91 780 3.28 0.67 0.013 0.009

50–100% ACN in 1 min Ba 0.09 0.10 2.01 2.01 0.50 0.010 0.009
MBa 0.13 0.15 3.36 3.36 0.50 0.011 0.012
EBa 0.20 0.22 5.49 5.49 0.50 0.014 0.015
PrB 0.31 0.36 9.56 6.59 0.51 0.018 0.017
BB 0.43 0.48 16.6 6.19 0.57 0.018 0.016
PnB 0.54 0.58 28.6 5.59 0.63 0.019 0.014

2–50% ACN in 1 min B 0.75 0.77 37.1 9.20 0.24 0.022 0.023
MB 0.99 1.02 97.5 8.44 0.36 0.020 0.020
EB 1.16 1.21 250 7.53 0.44 0.020 0.017
PrBb 1.33 1.28 710 9.56 0.50 0.025 0.022
BBb 1.58 1.55 2053 16.58 0.50 0.040 0.037
PnBb 1.99 1.98 5674 28.59 0.50 0.067 0.065

15–50% ACN in 1 min B 0.52 0.54 16.9 9.73 0.20 0.024 0.024
MB 0.80 0.82 39.2 10.50 0.29 0.026 0.025
EB 1.03 1.08 88.9 9.99 0.38 0.024 0.022
PrBb 1.24 1.22 221 9.56 0.50 0.025 0.021
BBb 1.50 1.49 556 16.58 0.50 0.039 0.036

t
o
u
c
s
f
g
t
i
b
t
m

F
A

PnBb 1.92 1.93 1354

a . . .gradient pre-elution in the isocratic dwell-volume step.
b . . .elution after gradient, tR calculated using Eq. (6).

he concentration of ACN in the mobile phase on band broadening
f alkylbenzenes on the porous-shell Ascentis Express C18 column
nder isocratic conditions, to justify the selection of appropriate
olumn efficiency for calculation of gradient bandwidths. Fig. 3(A)
hows that the assumption of a constant HETP generally adopted
or calculations of gradient bandwidths is not very realistic with fast
radients. We used the plate number, N, in the mobile phase at the

ime of elution of peak maxima (ϕ = ϕe), determined from the plots
n Fig. 3(B), and corresponding values of ke for calculations of the
andwidths in gradient elution from Eq. (8), Using this approach,
he predicted peak widths were in agreement with the experi-

ent, with differences of 0.004 min or less (Table 2). The exact

ig. 3. Effects of the concentration of acetonitrile in the mobile phase (isocratic) on the
scentis Express C18 30 × 3.0 mm 2.7 �m column. T = 40 ◦C; Fm = 4.5 mL/min.
28.59 0.50 0.061 0.064

calculations of bandwidths should allow more realistic estimate
of second-dimension gradient peak capacity.

4.2. Effects of the injection volume and sample solvent on the
chromatographic behavior

The main objective of the present work was to investigate the

effects of two crucial factors of sample transfer in comprehensive
2D LC × LC on possible band broadening, namely the volume of sam-
ple fractions and of the sample solvent, i.e., the mobile phase used
in the first dimension. As the separation in the second dimension
should be fast and efficient, we employed a short fused-core porous

height equivalent to a theoretical plate (HETP) and on the plate number, N, for an
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Fig. 4. Effects of the injection volumes (1–50 �L) and of the sample solvent on the separation of benzene and alkylbenzenes in a simulated SIF gradient (50–100% ACN in
1 min). (A) Sample in 50% acetonitrile; B, sample in 100% acetonitrile. Column Ascentis Express C18 30 × 3.0 mm 2.7 �m, 40 ◦C, 4.5 mL/min. Dashed lines separate pre-gradient,
in-gradient and post-gradient elution segments. Concentrations of acetonitrile at the time of elution are given at the peaks of benzene (B), methylbenzene (MB), ethylbenzene
(EB), propylbenzene (PrB), butylbenzene (BB) and pentylbenzene (PnB).
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ig. 5. Effects of the injection volumes (1–50 �L) and of the sample solvent on the se
A) Sample in 50% acetonitrile; (B) sample in 100% acetonitrile. Column: Ascentis
n-gradient and post-gradient elution segments. Concentrations of acetonitrile at the
EB), propylbenzene (PrB), butylbenzene (BB) and pentylbenzene (PnB).

hell column, fast 1 min gradients at a high flow rate (4.5 ml/min),

hese conditions are much less favorable to accommodate rela-
ively large samples dissolved in strong eluting solvent than less
teep gradients run at lower flow-rates in conventional gradient
C, but correspond to the practice of second-dimension reversed-
hase systems, providing good performance in 2D LC × LC [18]. It

ig. 6. Effects of the sample volume, Vinj , and sample solvent on the bandwidths, w, of alk
B) sample in 100% acetonitrile, gradient 50–100% acetonitrile in 1 min; (C) sample in 100
0 × 3.0 mm 2.7 �m, 40 ◦C, 4.5 mL/min.
on of benzene and alkylbenzenes in a simulated FIF gradient (0–100% ACN in 1 min).
s C18 30 × 3.0 mm 2.7 �m, 40 ◦C, 4.5 mL/min. Dashed lines separate pre-gradient,
of elution are given at the peaks of benzene (B), methylbenzene (MB), ethylbenzene

can be assumed that the sample volume and sample solvent effects

in one-dimensional LC will affect the separation less seriously. The
selection of homologous alkylbenzenes as samples allows investi-
gate the solvent effects with samples of different retention, which
regularly increases with increasing lipophilicity at longer alkyl
lengths.

ylbenzenes, (A) sample in 50% acetonitrile, gradient 50–100% acetonitrile in 1 min;
% acetonitrile, gradient 0–100% acetonitrile in 1 min. Column Ascentis Express C18
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Table 3
Experimental peak widths, wt(exp) , and peak width calculated from the difference between the elution times of the start and end of the injection pulse, wt(pulse) from Eq. (14),
estimated total bandwidths, wt(est) , calculated from Eq. (15). Vinj , volume of injected sample; sample injected in 50% ACN. Column: Ascentis Express C18, 30 × 3.0 mm 2.7 �m,
flow rate 4.5 mL/min, temperature 45 ◦C; B, benzene; MB, methylbenzene; EB, ethylbenzene; PrB, propylbenzene; BB, butylbenzene; PnB, pentylbenzene.

Gradient Comp. Vinj (�L)

20 50

wt(pulse) (min) wt(est) (min) wt(exp) (min) wt(pulse) (min) wt(est) (min) wt(exp) (min)

0–100% ACN in 1 min B 0.009 0.023 0.016 0.024 0.038 0.033
MB 0.005 0.016 0.014 0.014 0.025 0.025
EB 0.003 0.013 0.013 0.008 0.018 0.018
PrB 0.002 0.011 0.012 0.005 0.014 0.013
BB 0.001 0.009 0.012 0.002 0.010 0.012
PnB 0.001 0.009 0.012 0.001 0.009 0.013

20–100% ACN in 1 min B 0.012 0.029 0.030 0.030 0.047 0.056
MB 0.007 0.021 0.016 0.017 0.031 0.034
EB 0.004 0.016 0.014 0.010 0.022 0.021
PrB 0.002 0.013 0.013 0.005 0.016 0.016
BB 0.001 0.011 0.013 0.003 0.013 0.014
PnB 0.001 0.010 0.013 0.002 0.011 0.014

50–100% ACN in 1 min Ba 0.004 0.013 0.013 0.011 0.020 0.025
MBa 0.004 0.016 0.015 0.011 0.023 0.027
EBa 0.004 0.019 0.017 0.011 0.026 0.029
PrB 0.003 0.020 0.020 0.009 0.026 0.027

i
a
o
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p
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BB 0.002 0.018
PnB 0.001 0.015

a Gradient pre-elution in the isocratic dwell-volume step.

We investigated the effect of the volume of samples contain-
ng benzene and methylbenzene to pentylbenzene dissolved in 50%
nd in 100% acetonitrile on the band broadening and peak splitting
n a porous-shell Ascentis Express C18 column, 30 × 3 mm, in fast
min gradients (4.5 ml/min). 50% acetonitrile represents the sam-
le solvent in the fractions from a reversed-phase first-dimension
ystem, whereas 100% acetonitrile is close to the sample solvent in
he fractions transferred from a HILIC first-dimension solvent. We
id not observe any apparent effect of the sample concentration on
andwidths when injecting 1 �L samples containing 0.16–20 g/L of

ach benzene and C1–C5 alkylbenzenes, which rules out mass over-
oad effects on the retention when changing the volumes of samples
ontaining 0.16 g/L of sample compounds from 1 to 50 �L. Chro-
atograms obtained with various injected sample volumes are

hown in Fig. 4 for gradients 50–100% acetonitrile, characteristic for

able 4
xperimental peak widths, wt(exp) , and peak width calculated from the difference betwe
14), estimated total bandwidths, wt(est) , calculated from Eq. (15). Vinj , volume of injected
.7 �m, flow rate, 4.5 mL/min; temperature, 40 ◦C; B, benzene; MB, methylbenzene; EB, e

Gradient Comp. Vinj �L)

20

wt(est) (min) wt(pulse) (min)

0–100% ACN in 1 min B 0.029 0.015
MB 0.025 0.014
EB 0.022 0.012
PrB 0.020 0.011
BB 0.018 0.010
PnB 0.017 0.009

20–100% ACN in 1 min B 0.035 0.018
MB 0.031 0.017
EB 0.027 0.015
PrB 0.024 0.013
BB 0.022 0.012
PnB 0.020 0.011

50–100% ACN in 1 min Ba 0.013a,b 0.004
MBa 0.019a,b 0.007
EBa 0.029a,b 0.014
PrB 0.036 0.019
BB 0.034 0.018
PnB 0.031 0.017

a Gradient pre-elution in the isocratic dwell-volume step.
b Distorted peaks.
0.019 0.005 0.021 0.022
0.017 0.003 0.017 0.019

second-dimension SIF gradients, and in Fig. 5 for gradients 0–100%
acetonitrile, typical for second-dimension FIF gradients in coupled
two-dimensional LC × LC systems. The broken vertical lines sepa-
rate the pre-gradient, the gradient and the post-gradient elution
range. The chromatograms show that the elution times and the
acetonitrile concentrations at the elution of peak maxima, ϕe, – Eq.
(10) – are practically independent of the injected sample volume
and solvent. 1-�L volumes of samples dissolved in 100% acetoni-
trile show very similar bandwidths as the same sample volumes in
50% acetonitrile. However, the bandwidths increase with increas-

ing sample volume, depending on the retention times of analytes
controlled by their alkyl lengths and gradient conditions (Fig. 6).

In 50–100% acetonitrile gradient, the bandwidths of sample
compounds dissolved in 50% acetonitrile (the mobile phase at the
start of the gradient) increase with increasing sample retention, i.e.,

en the elution times of the start and end of the injection pulse, wt(pulse) from Eq.
sample; sample dissolved in 100% ACN. Column Ascentis Express C18, 30 × 3.0 mm
thylbenzene; PrB, propylbenzene; BB, butylbenzene; PnB, pentylbenzene.

50

wt(exp) (min) wt(est) (min) wt(pulse) (min) wt(exp) (min)

b 0.080 0.066 b

0.030 0.068 0.057 b

0.024 0.060 0.050 0.059
0.018 0.054 0.045 0.057
0.021 0.050 0.042 0.056
0.019 0.046 0.038 0.054
b 0.098 0.081 b

b 0.087 0.073 b

0.039 0.075 0.063 0.077
0.030 0.067 0.056 0.067
0.022 0.060 0.050 0.062
0.020 0.055 0.046 0.060
b 0.033 0.024 b

b 0.048 0.036 b

b 0.072 0.057 b

0.055 0.100 0.083 b

0.041 0.096 0.080 b

0.028 0.087 0.073 b
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Fig. 7. Band distortion and splitting of sample injected in solvent with incom-
patible elution strength (100% ACN). Gradient 0–100% acetonitrile in 1 min. (A)
breakthrough peak of acetonitrile and of benzene (alkylbenzenes), Vi = 50 �L; (B)
b
a
C

f
t
v
b
f

good agreement with the experimental bandwidths, wt(exp), espe-
reakthrough of acetonitrile only, Vi = 10 �L; (C) distorted peaks of propyl-, butyl-
nd pentylbenzene at the injection of 20 �L samples dissolved in 100% acetonitrile.
olumn Ascentis Express C18 30 × 3.0 mm 2.7 �m, T = 40 ◦C, 4.5 mL/min.

or higher alkylbenzenes in low-volume samples (1–10 �L). Fur-

her increase in the bandwidths with increasing injected sample
olume from 10 to 50 �L is much less significant for more retained
utylbenzene and pentylbenzene, eluting during the gradient, than
or weakly retained benzene and lower alkylbenzenes, which elute
Fig. 8. Sample volume and solvent effect on gradient peak capacity, nc , calculated
as the gradient time, 1 min, divided by average bandwidth of propylbenzene (top)
and gradient peak capacity related to the maximum peak capacity for Vinj = 1 �L
(bottom). Distorted peaks are not considered.

before the gradient in the isocratic dwell volume step at VR < VD + Vm

(Figs. 4(A) and 6(A)). Increasing the injection volumes of samples
dissolved in 100% acetonitrile from 1 �L to 5 and 10 �L causes sig-
nificant broadening of the bandwidths of all sample compounds in
gradients from 50% to 100% acetonitrile (Figs. 4(B) and 6(B)); fur-
ther increase in the injection volume to 20 and 50 �L causes band
distortion and splitting (Fig. 7). Injection of sample volumes, larger
than 10 �L dissolved in 100% acetonitrile, results in distorted elu-
tion profiles of all alkylbenzenes, strongly fronting and relatively
sharp rear ends at the same elution times as 1 �L samples (Fig. 7(C)).
The peaks of later eluting alkylbenzenes are split and the peaks of
benzene to ethylbenzene co-elute (Fig. 4(B)).

In full-range (0–100% acetonitrile) gradients, all sample com-
pounds elute during the gradient step (Fig. 5). These gradients
show lower contributions of the injected volume to the bandwidths
of alkylbenzenes than the gradients starting at higher acetonitrile
concentrations (Fig. 6(C)), obviously due to more significant gradi-
ent band suppression effects over broad mobile phase composition
range. Peak distortion and splitting were observed only for ben-
zene and methylbenzene in samples dissolved in 50% acetonitrile
at the injection volumes larger than 10 �L (Fig. 5(A)). 10 �L samples
of earlier eluting analytes (benzene to propylbenzene) dissolved in
100% acetonitrile eluted as slightly fronting peaks, but more or less
significant peak splitting was observed for all analytes injected in
20 �L and 50 �L samples (Fig. 5(B)), however the peak distortion
and splitting were less strong than with the gradients starting at
50% acetonitrile (Fig. 4(B)).

Tables 3 and 4 show the experimental gradient bandwidths,
wt,exp, the predicted contributions of the injection volume to the
bandwidths, wt,pulse (calculated from Eq. (14) for compounds elut-
ing in the gradient step and from Eq. (12) for the compounds
eluting before the gradient, in the isocratic dwell-volume step)
and the estimated final bandwidths, wt,est (calculated as the sum
of the band dispersion and the sample volume contribution, Eq.
(15)) for various gradients and sample volumes. The band broad-
ening increases with gradients starting at higher concentrations
of acetonitrile. Taking into account simplifications adopted in the
calculation approach, the estimated bandwidths are in relatively
cially for higher alkylbenzenes eluted in the gradient step. The
data illustrate decreasing contributions of the injection pulse to
the final bandwidths of higher alkylbenzenes injected both in 50%
acetonitrile (Table 3) and in 100% acetonitrile (Table 4) in all gra-
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ients tested. The maximum contributions of the sample volume
njected in 50% acetonitrile to the bandwidths of butylbenzene and
entylbenzene eluting in the gradient step are equal to the injec-
ion pulse time, wt,pulse = ti (0.004 min for Vi = 20 �L and 0.011 min
or Vi = 50 �L). These contributions are larger for less retained ben-
ene, methylbenzene and ethylbenzene, eluting before the gradient
nder isocratic dwell-volume conditions – Table 3.

The estimated final bandwidths for benzene injected in 50 �L
0% acetonitrile in gradients starting at 0% or 20% acetonitrile
xceed the column hold-up time (0.035 min, corresponding to the
olumn hold-up volume, Vm = 160 �L) – Table 3. At these conditions,
he sample breakthrough occurs at the hold-up volume, which
auses band splitting of the benzene peak (Figs. 5(A) and 7(C).

This effect, wt(pulse) > 0.035 min, is predicted for all compounds
issolved in 100% acetonitrile and injected in 50 �L samples eluted

n the gradient step at all gradient conditions studied (Table 4).
hese sample compounds pass through the column in the ace-
onitrile zone without retention and appear close to the column
old-up time, as show the typical aromatic absorption bands with
axima at 254 nm in the UV spectra of non-retained second peak

Fig. 7(A)). At lower sample volumes, the aromatic band was not
bserved in the breakthrough peak, which can be attributed to ace-
onitrile only (Fig. 7(B)), like the first peak in Fig. 7(A). (The UV
bsorption regularly decreasing with increasing wavelength can
e probably attributed to the “viscous fingering” effect, causing

mperfect mixing of the zones of acetonitrile and of more water-rich
obile phases at the early stage of the gradient elution, resulting

n dispersion or refraction of the UV radiation in the detection cell,
xplaining thus the appearance of the first “hold volume peak”).

The hold-up volume breakthrough was observed only for ben-
ene in 50 �L samples dissolved in 50% acetonitrile, in gradients
tarting at 0% and 20% acetonitrile, but for all analytes dissolved in
00% acetonitrile, injected in 50 �L volumes at all gradient condi-
ions; in gradients from 50 to 100% acetonitrile, the hold-up volume
reakthrough occurs for propylbenzene and butylbenzene at 20 �L
r larger injected sample volumes (Fig. 7(C)).

Large sample volume injected in strong eluent may significantly
ecrease the gradient peak capacity, nc, with strong impact on the
umber of peaks actually resolved in the second dimension of 2D
C × LC systems showing poor mobile phase compatibility. The rea-
on is that large sample volumes fill larger proportion of the column
olume (and column length), so that lower plate number is avail-
ble for separation, causing larger band dispersion and broader
eaks. Fig. 8 illustrates the sample volume effect on the peak capac-

ty of samples dissolved in 50% and in 100% acetonitrile in gradients
tarting in pure water and at 50% acetonitrile calculated as the
umber of peaks of propylbenzene (for the simplicity sake) that
an fill the 1 min gradient elution space when stacked side-by-side
Fig. 8(top)) and as the percentual decrease in the maximum peak
apacity (at 1 �L injection, Fig. 8(bottom)). The time necessary for
olumn re-equilibration is not considered. It is clear that increasing
ample volume and increasing concentration of acetonitrile in the
ample solvent strongly decrease the gradient peak capacity, even
hen sample are not strongly distorted or split (such samples are
ot included in the plots in Fig. 8).

. Conclusions

. Conventional theory of gradient elution enables predictive cal-
culations of elution times and bandwidths in fast gradients

necessary for second-dimension operation of comprehensive
LC × LC. The calculations are possible for compounds eluted in
the gradient step, before the gradient at isocratic conditions in
the dwell-volume mobile phase and after the end of the gradient.
Calibration of the retention scale with homologous alkylbenzene
A 1218 (2011) 1995–2006 2005

series with gradually increasing lipophilicity enables select-
ing the upper limit of the concentration of organic solvent for
second-dimension gradients, to suit the sample polarity range
and to avoid pre-gradient and post-gradient elution, which could
decrease the resolution, impair the regularity of the coverage of
the retention plain or even cause undesired sample cross-over
(warp-around) with second-dimension gradients in 2D LC × LC.

2. Short fused-core porous shell columns provide high flow-rate
such as 4.5 mL/min at relatively moderate pressures up to
400 bar, within the limits of conventional HPLC instrumentation
and therefore can be recommended for fast gradient second-
dimension operation in very short separation times at high flow
rates, rather than fully porous columns, which would allow fast
separations only at very high pressures.

3. The limits of sampling volume and fraction solvent in the sec-
ond dimension of comprehensive LC × LC were studied in detail,
as relatively large effluent fractions in strong solvents are often
transferred into the second dimension to provide fast separation
and to avoid undersampling effects. Calculations of the elution
times of the front-end and of the rear end of the injected sam-
ple plugs allow estimating the effects of the sample volume
on the gradient bandwidths, even when using different sam-
ple solvents than the mobile phase at the start of the gradient.
Generally, a weaker sample solvent tends to suppress sample
bandwidths due to the on-column sample focusing effect, but
using a stronger elution mobile phase in the first dimension
than in the second one unfortunately cannot be avoided in some
cases, such as when coupling orthogonal NP × RP or HILIC × RP
2D systems, but even in some combined RP × RP systems with
different elution strengths of the mobile phases. The mismatch
in the mobile phase strengths may cause incompatibility of the
first-dimension and second-dimension separation conditions, as
the first-dimension mobile phase is used as the fraction solvent
to transfer the effluent fractions into the second dimension and
may cause band broadening and even distortion or splitting.

4. The band broadening and the band splitting effects strongly
decrease the column peak capacity and impair with increasing
sample volume and increasing differences in the elution strength
of the sample solvent and the mobile phase at the start of the gra-
dient. With reversed-phase fast gradients, the sample volume
effects are more critical for more polar (less retained) analytes
than for the more retained ones. Even though the simplified cal-
culation approach cannot predict the exact band shapes under
the mobile phase mismatch conditions, it at least allows esti-
mating and avoiding conditions at which sample compounds of
various polarities may penetrate from the column in the break-
through volume close to the column hold-up time.

5. To avoid detrimental band broadening and band distortion
effects, as small as possible sample volumes should be injected,
which means that small-volume fractions should be transferred
from the first to the second dimension. With the shell-pore short
3 cm second-dimension column used in the present work, injec-
tion of sample volumes up to 5 �L, representing approximately
3% of the column void (hold-up) volume did not impair signif-
icantly the band broadening in fast 1 min gradients, but with
more polar compounds, probably even lower fraction volumes
should be used, especially in direct on-line coupling of HILIC and
RP systems.
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