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1. Introduction

ABSTRACT

We report on a general theoretical assessment of the potential kinetic advantages of running LC gradient
elution separations in the constant-pressure mode instead of in the customarily used constant-flow
rate mode. Analytical calculations as well as numerical simulation results are presented. It is shown that,
provided both modes are run with the same volume-based gradient program, the constant-pressure mode
can potentially offer an identical separation selectivity (except from some small differences induced by
the difference in pressure and viscous heating trajectory), but in a significantly shorter time. For a gradient
running between 5 and 95% of organic modifier, the decrease in analysis time can be expected to be
of the order of some 20% for both water-methanol and water-acetonitrile gradients, and only weakly
depending on the value of V[V (or equivalently t¢/tp). Obviously, the gain will be smaller when the
start and end composition lie closer to the viscosity maximum of the considered water-organic modifier
system. The assumptions underlying the obtained results (no effects of pressure and temperature on the
viscosity or retention coefficient) are critically reviewed, and can be inferred to only have a small effect
on the general conclusions. It is also shown that, under the adopted assumptions, the kinetic plot theory
also holds for operations where the flow rate varies with the time, as is the case for constant-pressure
operation. Comparing both operation modes in a kinetic plot representing the maximal peak capacity
versus time, it is theoretically predicted here that both modes can be expected to perform equally well
in the fully C-term dominated regime (where H varies linearly with the flow rate), while the constant
pressure mode is advantageous for all lower flow rates. Near the optimal flow rate, and for linear gradients
running from 5 to 95% organic modifier, time gains of the order of some 20% can be expected (or 25-30%
when accounting for the fact that the constant pressure mode can be run without having to leave a
pressure safety margin of 5-10% as is needed in the constant flow rate mode).

© 2010 Elsevier B.V. All rights reserved.

brief instant, i.e. the instant at which the gradually varying mobile
phase mixture that is being pumped through the column reaches

Neglecting any possible adverse effects of viscous heating, a
given chromatographic system will reach its kinetic optimum
(defined as efficiency or peak capacity per unit of time) when it
is operated at the maximal pressure (AP = APmax ). This has already
been clearly demonstrated in the early days of chromatography
[1,2] and also holds in isocratic as well as in gradient elution [3].
The latter has recently been demonstrated in a mathematically rig-
orous way and also allowed to extend the so-called kinetic plot
theory [4-6] from isocratic to gradient elution operations [3]. The
work on the gradient kinetic plot theory presented in [3] focused
exclusively on constant flow rate (cF) operations, because this is the
mode wherein all modern HPLC instruments are being operated. In
this mode, the maximal pressure is however only reached during a
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its viscosity maximum. During the other moments of the run, the
mobile phase is less viscous, so that the inlet pressure automati-
cally drops. This suggests that a cF-gradient elution only makes a
sub-optimal use of the available pressure during most of its run.
As can be deduced from plots of the viscosity n as a function of
the fraction of organic modifier ¢ (see e.g. Refs. [7-10] or Fig. S-1
in the Supporting Material, SM), running a gradient from 5 to 95%
methanol for example leads to an initial pressure that only makes
up about 60% of the maximal pressure (which is reached when the
composition in the column is about 50-50%), while the pressure at
the end of the gradient even only amounts up to about 50% of the
maximal pressure. For water-acetonitrile mixtures, these percent-
ages respectively become 90% at the 5% composition and about 50%
at the 95% composition.

As a consequence, it seems worthwhile to investigate whether
gradient elution separations can be kinetically improved by leaving
the constant flow mode and maintain the maximal pressure during
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Nomenclature

Symbol list

A column cross section (m?)

C concentration (mol/m3)

cF constant flow rate operation

cP constant pressure operation

Dax lumped axial dispersion coefficient (m?2/s)

D molecular diffusion coefficient (m3/s)

dp particle size (m)

fv gradient program imposed at the column inlet as a
function of V'

F mobile phase flow rate (m3/s)

Fr flow rate during a cF-mode run (m3/s)

Fmax maximum experimental flow rate (m3/s)

Fpay volume average flow rate in the cP-mode run (m?3/s)

AFg, % relative increase in average flow rate of cP vs. cF
mode

H (local) plate height (m)

Hef column length averaged effective plate height (m)

ID inner diameter (m)

k retention coefficient

Kioc local retention coefficient

Kioce local retention coefficient at point of elution

Kvo ug-based column permeability (m?2)

KPL kinetic performance limit

L column length (m)

ne number of components in the sample

np peak capacity

Pray volume averaged inlet pressure in the cF-mode run
(Pa)

Ppmax ~ maximum column pressure experienced during a
cF-run (Pa)

AP column pressure drop (Pa)

APpax  maximum allowed column or instrument pressure
drop (Pa)

APppqyy relative increase in average operating pressure of cP
vs. cF mode

t time (s)

tg gradient time (s)

tm time spend by a component in the mobile phase (s)

tr retention time (s)

ts time spend by a component in an adsorbed state (s)

ty volume-based reconstructed time, see Eq. (16) (s)

to column dead time (s)

Aty relative reduction of the retention time of cP vs. cF
mode in real time units

T temperature (K)

Ug retained species velocity (m/s)

Ug unretained species velocity (m/s)

1% volume (m3)

Ve gradient volume (m?3)

Vin volume of mobile phase passing through column
when analytes are in the mobile phase (m?3)

Vr retention volume or the volume pumped through
the column at the instant at which the peak centroid
elutes from the column (m3)

Vs volume of mobile phase passing through column
when analytes are arrested in the stationary phase
(m?)

14 dimensionless volume, defined as V' = V|V

Vo column dead volume, defined as A erL (m3)

X axial position in the column (m)

b’ dimensionless axial position in the column, defined

as x' =x/L.

Greek symbols

erT total porosity

) fraction of organic modifier in mobile phase

be fraction of organic modifier in mobile phase at the
end of the gradient

bo fraction of organic modifier in mobile phase at start
of the gradient

n viscosity (Pas)

n average column viscosity (Pas)

A column length rescaling factor, defined in Eq. (30)

v reduced mobile phase velocity, defined as
v=ugdp/Dm

kg corrected pressure, defined as 7 =Kyo AP/L% (Pa)

oy volumetric standard deviation (m3)

the whole gradient run, so as to operate the system at its kinetic
optimum during the entire gradient run.

Contemplating on a comparison between this constant pressure
mode (cP-mode) and the constant flow rate mode (cF-mode), the
following key questions readily emerge:

(i) can the cP-mode and the cF-mode produce identical selectiv-
ities (i.e. can the cP-mode and the cF-mode lead to the same
relative peak elution patterns)?

(ii) what is the decrease in analysis time that can be realized

(iii) how will the variable flow rate induced by the cP-mode affect
the band broadening process

(iv) what is the overall difference in peak capacity and critical pair
resolution that can be expected?

(v) is the length-extrapolation underlying the kinetic plot method
[4-6] still valid?

Question (i) is raised because a general (i.e. sample-
independent) comparison of the cF- and the cP-mode is only
possible under the condition of an equal selectivity. Namely, if both
modes would lead to a different separation selectivity, it would be
possible to improve one mode with respect to the other by sepa-
rately optimizing the gradient program used in the cP-mode and
that used in the cF-mode. The outcome of this optimization would
then depend on the retention behavior of the sample components,
and the generality of the comparison would be lost.

In the present part I of our study, analytical as well as numeri-
cal calculations are presented that provide a theoretical answer to
questions (i-v). In part II, the presented calculations are verified
experimentally by performing a number of cF-mode and cP-mode
operations.

Before proceeding, it is important to consider that, despite the
fact that the gradient programs in any modern instrument are
defined in time units, the analytes in fact follow the mobile phase
gradient they experience in the volumetric units. This has been
abundantly demonstrated by various authors, of which most of
them started from the seminal work of Freiling [11] and Drake
[12]. A good overview of the different contributions to the theory
of gradient elution can be found in [13-15]. The prevalence of vol-
ume over time can for example be inferred from the fact that all
early gradient elution expressions were established in volumetric
units [16-19]. Physically, the necessity to work in volumetric coor-
dinates can be understood by considering a gradient program as
a succession of very short isocratic elution steps [11-13]. During
each time step, the analytes are displaced isocratically over a vol-
ume dV/(1+k), wherein k is the retention factor corresponding to
the elution strength ¢ prevailing during this step. Since the elu-
tion during this step is isocratic, the retention factor experienced
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during the given elution step will be independent of the rate with
which the given volume dV is fed to the column. As a consequence,
the distance over which the analytes will migrate during this step
will only depend on the elution volume dV and the mobile phase
composition ¢, but not on the duration dt of the step.

To simplify the notation and calculations, the calculations pre-
sented in the following sections (Sections 2-8) are made under the
assumption of an isothermal operation and by assuming that the
viscosity and the local retention factor are pressure-independent.
The consequences of these assumptions are critically reviewed at
the end of the paper in Section 9. Other simplifying assumptions
were that the organic modifier is not-retained, that the peaks are
narrow [20,21] and that the gradient dwell time and dwell volume
is negligibly small.

2. Employed model and numerical solution method

To support and illustrate the presented analytical calculations,
a numerical simulation study has been undertaken to model the
effect of the operation mode on the separation performance. This
has been done by solving the following time-dependent and one-
dimensional axial dispersion model:

acC 92C aC o

ﬁzDax,i'axiz—uR'g (withi=1,nc) (1)
o9 _, B¢ 0

o = Peo G T @

Eq. (1) represents the mass balance of the analytes and is solved
nc times (n, is the number of components in the sample) for each
run, while Eq. (2) represents the mass balance of the mobile phase.
Eq. (2)is solved using an inlet boundary condition wherein ¢ varies
at the column inlet according to a given gradient elution program.
Two types of gradient programs were considered: one wherein ¢ at
x =0 varies as a function of the elapsed time (t-based gradient) and
one wherein ¢ at x=0 varies as a function of the pumped volume
(V-based gradient). For the cF-mode, the velocity uy was fixed. For
the cP-mode, ug was calculated after each time step on the basis
of the governing column-averaged viscosity using Darcy’s law (see
Eq. (5) further on) with a fixed inlet pressure, corresponding to the
maximal pressure found during the cF-mode simulations. Because
the ug-velocity (with ug =ug/(1 + ki, )) considered in Eq. (1) depends
on the local value of the retention coefficient, the simulations auto-
matically incorporate the effect of peak compression [20-23]. The
exact expressions employed for Dgx (which depended on the local k
and Dy,,-values as well as on the value of ug ), as well as the adopted
numerical values for the different constants appearing in the model
are given in SM, part 3.

The independent set of equations determined by Eqs. (1) and (2)
was solved by applying the finite difference method to discretize
the spatial derivatives (4th order for 9C/dx; 3rd order for 02C/0x?)
and using a 4th-order Runge-Kutta algorithm to solve the resulting
set of ordinary differential equations with respect to the time. The
accuracy of this numerical method was demonstrated in previous
work [3].

Practically relevant chromatographic conditions were chosen
(dp=2pm, er=0.7, T=30°C, column ID 2.1 or 4.6 mm) and the
mobile phase properties were based on experimentally measured
values of water-methanol and water-acetonitrile mixtures [7]. As
the numerical results were found to scale with the simulated col-
umn length in agreement with the theoretical expectations, most of
the simulations (except those belonging to a series of control sim-
ulations conducted to investigate the effect of the column length,
see e.g. Fig. S-6 in the SM) were run on a relatively short column
(1.2 cm) to keep the simulation time (&, ) within acceptable limits
(i.e. between 2 and 5 days), since ty, o L?. The simulated column

pressures ranged from the B-term regime of the van Deemter curve
(AP=10bar) to far into the C-term regime (600 bar).

The retention behavior of the test compounds was simulated by
expressing that the logarithm of their local retention factor was a
either alinear or a quadratic function of the local mobile phase com-
position. This allowed to demonstrate that the obtained results also
hold under non-linear solvent strength conditions [18,21,23,24].

3. Relation between time and volume in gradient elution
3.1. General relationship between V and t

Assuming the non-compressibility of the liquid, the relation
between the pumped volume and the elapsed time can generally
be written as:

dv
ar = F@© (3)

3.1.1. Constant F-mode

In the cF-mode, the flow rate is a constant (F(t)=Fr) so that Eq.
(3) readily integrates into:

V=F-t (4)

3.1.2. Constant P-mode

In the cP-mode on the other hand, the flow rate will inevitably
vary with the time during a gradient elution, because of the varying
average column viscosity 7 (t) appearing in Darcy’s law (AP, is a
given constant in the cP-mode):

F(t) _ _ KVO'APCOI
Ao = W=7

In Eq. (5), n(t) is the column-length averaged viscosity of the
mobile phase occupying the column at time t:

(5)

1
fl(f)=/ n(x', t) - dx’ (6)
0

As is described in detail in SM (Section 1.1), by writing 7(t) in
terms of run volume and by introducing a dimensionless volume
V' (V' =V|Vy, with Vy=AerL) and a dimensionless position in the
column X’ (x' =x/L), Eq. (6) can be directly expressed in terms of the
imposed volumetric gradient program fy as:

1
7'7(V’)=/ nfv(V' =x7)) - dx’ (7)
0

Integrating Eq. (3) with the aid of Egs. (5) and (6), and introduc-
ing a corrected pressure 7 (7 = Kyg AP/L2), it is found that:

1 [
r:E./O AV’ - dv’ (8)

The general relation between time and the pumped volume in
the cP-mode is now given by the combination of Egs. (7) and (8),
readily showing that, under the adopted assumptions, the rela-
tion between V and t in the constant cP-mode only depends on
the applied (volume-based) gradient program fy and on the rela-
tion between the mobile phase viscosity and its composition ¢. The
explicit solution of the combination of Egs. (7) and (8) is discussed
in Section 5.

3.2. Equivalence between time-based and volume-based gradient
programs

As already mentioned in Section 1, the selective migration of
the analytes under gradient conditions is exclusively determined
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by how the mobile phase composition ¢ varies with the run vol-
ume. Despite this fact, mobile phase gradients are customarily
programmed in time and not in volume. This is due to the fact that
all modern instruments operate in the cF-mode, for which it makes
no difference whether the gradient is programmed in time or vol-
ume, because both are in this case anyhow linearly related via Eq.
(4).

In the cP-mode, this parallelism no longer holds. Given the
prevalence of volume over time, this implies that gradient pro-
grams that are run in the cP-mode should be directly established in
volumetric units. The latter however poses no fundamental chal-
lenge. Provided the pumped gradient volume can be continuously
metered, changing ¢ as a function of the pumped volume is not fun-
damentally different from changing it as a function of elapsed time.
Also, programming a volume-based gradient such that it produces
the same selectivity as a given time-based gradient program in the
cF-mode is quite straightforward due to the linear relationship that
exists between V and t in the cF-mode. Using Eq. (4), even the most
complex time-based gradient program established for use in the
cF-mode can readily be transformed into an equivalent volume-
based gradient program by transforming the characteristic times
t; appearing in the original time-based program (with t; =tg, tp, tc,
etc.) into the corresponding characteristic volumes V; needed in the
volume-based program (V; =V, V}, V¢, etc.) using:

Vi = FF - ti (9)

To illustrate this, Table 1 shows how a relatively complex
time-based gradient program, involving a non-linear part (see the
gradient trace added to Fig. 1), can be directly turned into an equiv-
alent volume-based program. The actual equivalence between both
programs is further discussed in Section 4.

3.3. Time- versus volume-based chromatograms

Although it was certainly not unusual to see chromatograms
that were plotted as a function of the eluted volume in the early
years of chromatography [16], nearly all chromatograms are nowa-
days plotted in time units. This preference for time units originates
from the early stages of automation of HPLC, wherein the gener-
ation of a constant flow and a constant paper feed was found to
be easier than providing precise real-time value for passed eluent
volume and referencing a detector signal to it.

Nevertheless, it should be kept in mind that time-based chro-
matograms only provide a truthful representation of the separation
state in the column when the separation is run in the cF-mode.
When the flow rate is not a constant, as is the case in the cP-mode,
the time-based chromatogram can be misleading. This can for
example be understood from the following thought-experiment.
Consider an isocratic separation run at a constant flow rate and
that the different compounds of the sample elute from the column
at regular time intervals. Also assume that the band broadening is
independent of the flow rate. If one would subsequently repeat the
same separation but double the flow rate halfway the separation,
while still recording the chromatogram in the time-based mode, it
can be expected that the absolute distance between the peaksin the
second part of the corresponding chromatogram will only be half of
that in the first part of the chromatogram because the peaks would
elute at double speed while the mutual selectivity between the dif-
ferent components is retained (the flow rate has no effect on the
retention factor or the selectivity in the isocratic mode). The smaller
distance between the peaks would however suggest that the selec-
tivity of the column in the second part of the separation would be
smaller than in the first part. This is however in conflict with the
well-established fact that a change in flow rate cannot change the
selectivity in an isocratic run so that one can only conclude that
the time-based chromatogram is indeed misleading. Plotting the

same accelerated separation in volumetric coordinates, the peaks
in the first and the second part of the chromatogram would still
be equally spaced because the double flow rate indeed halves the
elution time but not the elution volume.

Time-based chromatograms can also be misleading in terms of
peak width. In the column, the peaks have a certain spatial width,
characterized by a spatial- or volume-based variance. In case of a
variable flow rate, this volume-based variance can only be truth-
fully measured (apart from a (1+k.)-factor [25]) if the detector
signal is read-out in volumetric units. In time units, the double flow
rate in the second part of the separation in the thought-experiment
would lead to peaks that would appear only half as wide as they are
in the separation where the flow rate was not accelerated halfway.

The misleading effect occurring when a time-axis chro-
matogram would be used under cP-conditionsisillustrated in Fig. 1,
where first a cF-mode separation is considered (running the com-
plex gradient program shown in Table 1). In this mode (see Fig. 1a
and b), volume and time are linearly related so that the time-
and the volume-based chromatograms look identical provided the
same relative scale for Vand t is used. Considering the correspond-
ing cP-mode separation on the other hand, time and volume are no
longer linearly related so that the time- and volume-based chro-
matogram no longer display the same relative elution pattern (cf.
Fig. 1c and d). The difference in apparent selectivity between the
time- and volume-based chromatogram types is largest for the two
last eluting components. This is due to the fact that the represented
example relates to a case wherein the relation between t and V devi-
ates most strongly from linearity at the end of the separation (see
Fig. S-2 of the SM). The latter can also be noted from the fact that,
compared to the first linear part, the second linear part of the gra-
dient is in time units much steeper in the cP-mode (Fig. 1c) than in
the cF-mode (Fig. 1a).

4. Effect of the operation mode on the elution pattern
(separation selectivity)

The relative elution pattern mentioned in the discussion of Fig. 1
here above is customarily quantified by the retention factors of
the different analytes. Depending on the selected x-axis of the
chromatogram (time- or volume-based), either a volume-based
(Section 4.1) or a time-based retention factor (Section 4.2) will be
obtained. Although it has been shown in Section 3.3 that only the
volume-based chromatograms provide a correct representation of
the actual separation selectivity inside the column, we also pro-
vide the equations for the retention times and factors that will be
observed in the real time- chromatogram as these expressions can
be used to calculate the gain in analysis time that can be obtained
by switching from the cF- to the cP-mode.

4.1. Selectivity in the volume-based chromatograms

Inavolume-based chromatogram, the retention factor of a given
analyte is defined as:

Vr - Vo
keﬁ,v = Vo =

V-1 (10)

wherein Vi is the volume pumped through the column at the
instant at which the center of mass (peak centroid) elutes from
the column.

Adopting the classical treatment of Snyder [16,18] and Jandera
[14,19], the value of k,qy can be readily calculated by expressing
that, at the moment at which the peak centroid has been displaced
over a volume dV;, in the mobile phase, a given volume dV; will
have passed “unnoticed” through the peak centroid, i.e. without
having generated any additional displacement of the peak. As such,
the volume dV; corresponds to the volume passing through the
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Example of the equivalence between a gradient program written in time coordinates (a) and in volumetric coordinates (b).

(a) Time-based gradient program

fi)=¢o
ft)=¢o+a-(t—ta)
flt)=o+a-(ty —ta)+b-(t—tp)

fit)=do+a-(ty —ta)+b-(tc —tp)" +c-(t—1c)

fort<ty

. Py =¢o+a-(ty —tq)
andwith: - o+ a-(t, — ta) + b (tc — )"

(b) Volume-based gradient program
fV)=¢o

fi)=¢o+a-(V-Va)

fO)=do+a-(Vo—Va)+b-(V-Vp)

for V<V,

fV)=¢o+a-(Vy—Va)+b- (Ve = Vp)' +c-(V-V)

@y =o+a-(Vy—Va)

d with:
AW o+ a-(Vy—Va)+b-(Ve—Vy)"

for ty<t<t, witha =
n
for t, <t<t. withb = ((”“(’5" )

for t, <t<t. withc =

for Vo <V<V, witha =

for Vj, < V<V, with ¢ = $ea=bc

(T-1)
d;f;%ﬁo (T-2)
= (T-3)
e (4)
(T-5)
(T-6)
o (T-7)
for Vj <V <V, with b = ({5 ) (T-8)
Cm (T-9)
(T-10)

column during the instants at which the analytes are arrested in the
stationary phase. By definition, the sum of both volumes is equal to
the total pumped volume dV during the considered interval:

dV = dVp, + dVs (11)

while the ratio between both volumes is given by ki, the local
retention coefficient:

vy, = Vs

12
kloc ( )

As elaborated in Section 1, the analytes migrating through a
column in general obey a gradient program as a function of the

0.025
- a
0

0.02 4

0.015 1

0.01 4

0.005 4

0 5 10 15 20 25

t(s)
0025

3(1‘) c

0.02

0.015

0.01 4

0.005

o

T + T T u

0 5 10 15 20 t (s) 25

pumped volume and not as a function of the elapsed time. It should
hence be noted that Eq. (12) is a more fundamental definition of the
local retention factor than the more customary employed time-
based definition (dt;, =dts/k;,c [15,21,23,24]), which is only valid
when time and volume are linearly related, i.e. in the cF-mode.

By integrating Eq. (12) over the gradient volume Vg, it can be
shown (see Section 1.2 in the SM) that the volume-based reten-
tion coefficient of any given analyte will be fully determined by the
volume-based gradient program fy. Since the derivation does not
require the assumption of a constant flow rate (see SM), this holds
for constant as well as for variable flow rate operations. This implies
that the cF- and the cP-mode can be expected to yield the same

C
— b
<0
0.02 A
0.015 1
L1
0.01 4
0.005 I
1=
0 =il |
0 010 0.20 0.30 040 v {mL) 0.50
Co.ozs
=01 d
% 00z
0.015 4
L]

0.01 /
L

0.005 | L~
A7
. —1 | L\ _J\ | :
0 010 0.20 0.30

040 V(mL) 0.50

Fig. 1. Example of simulated chromatograms demonstrating equivalence between the cF- and the cP-mode when applying the same volume-based gradient program:
(a) cF-mode, time-chromatogram, (b) cF-mode, volume-chromatogram, (c) cP-mode, time-chromatogram, (d) cP-mode, volume-chromatogram. Applied gradient profile
represented by the red line (see also Egs. (T1)-(T10) in Table 1). Column length = 1.2 cm and ID = 4.6 mm, V = 0.03 mL, cF-mode flow rate = 1.2 mL/min with a methanol-water
gradient running between 10 and 90%. (For interpretation of the references to color in text, the reader is referred to the web version of the article.)
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kegy-value provided the same volume-based gradient program is
run in both modes. This is illustrated in Fig. 1.

The above calculation parallels the recent work presented by
Nikitas and Pappa-Louisi investigating the problem of retention
time prediction of mobile phase gradient elution under variable
flow rate [13,26-28].

4.2. Selectivity in the time-based chromatogram

In a time-based chromatogram, the effective retention factor is
generally defined as:

tr—to
keff,t = [0 (13)
Knowing from the above section that the volume Vi needed
to elute a given component from the column is independent of
the operation mode, we can put V=V in resp. Egs. (4) and (8) to
compare the expected elution time in the cF-mode (cf. Eq. (3)):

VR
tR—FF (14a)
with that in the cP-mode:
1R
rR:—/ Ay (V) - dv (14b)
T Jo

Both expressions only return the same tg provided 7 remains
constant, as is the case in an isocratic run. Since 7 will generally
vary with the pumped volume during a gradient separation, Eqgs.
(14a) and (14b) will generally lead to different tg-values.

The two operation modes in general also lead to a different
breakthrough time for an unretained component (to-time marker).
In the cF-mode, this component will elute after a time ¢y, given by:

_V
=&
whereas an unretained component will elute at a time determined
by Eq. (7) in the cP-mode:

1 1
ra=;/ vy dv’
0

Again both values will generally differ when 7 varies during the
course of the separation. To prevent any misunderstanding with
the generally adopted definition of ty (Eq. (15a)), an asterisk has
been added to the tg-symbol used in Eq. (15b).

to (15a)

(15b)

5. Relation between time-based and volume-based
chromatograms and introduction of reconstructed time axis

The previous sections have emphasized the importance of
switching from time to volumetric units to establish gradient pro-
grams and record chromatograms in cases where the flow rate
varies with the time, as is the case in the presently investigated
cP-mode.

Although there are no fundamental limitations to make this
switch, it might be uncomfortable to analysts who are accustomed
to thinking and reasoning in time units. To circumvent this possi-
ble “mental” objection, the volumetric units can, if desired, readily
be turned into a volume based reconstructed time ty by dividing
the original volume data by the flow rate Fr used in the cF-mode
separation one is comparing with:

tv = (16)

As the reconstructed time ty is based on a simple linear trans-
formation of the volume-coordinate, programming gradients and
recording chromatograms in reconstructed time units is fully

equivalent to using volumetric units. This is illustrated in Fig. 2,
showing the transition between a representation of the gradient
program and its corresponding separation in the volume-based
mode to arepresentation versus the reconstructed time axis. As can
be noted, both chromatograms display exactly the same selectivity
(relative position of the peaks).

Using reconstructed time units has the additional advantage
that it yields chromatograms with identical elution times as in
the time-based chromatogram obtained in the cF-mode, as can be
witnessed from the exact agreement between Fig. 2b with Fig. 1a.
Hence, when comparing a cF- and a cP-mode gradient separation
that runs the same volume-based gradient program, the cP-mode
will, in reconstructed time coordinates, produce exactly the same
elution pattern as the real time chromatogram in the cF-mode. In
real time units however, the cP-mode produces the given selectiv-
ity in a shorter time. This is illustrated in Fig. 1, where the cP-mode
separation only lasts some 17 s in real time units (Fig. 1c) whereas
the same selectivity is only obtained after some 21 s in the cF-mode
(Fig. 1a).

The reconstructed time axis chromatogram (Fig. 2b) that can be
established for the cP-mode separation also directly displays the
correct component selectivity (something which does not hold for
the real time chromatogram). This can be inferred from the fact
that the retention factors that would be read out for the different
eluting compounds in the virtual time chromatogram would all be
equal to the corresponding volume-based retention factors (which
represent the only correct selectivity) via:

tve . _tvr-Fr o Vg

= = 1=k 17
tv,o tv,o - Fr Vo arv an

keff,virtual time =
which is directly based on the use of the reconstructed time defi-
nition given by Eq. (16).

6. Potential gain in analysis time when switching from the
cF- to the cP-mode

To exactly calculate how much faster the cP-mode can produce
a given selectivity than the cF-mode, the retention time of the last
eluting compound predicted by Eq. (14a) should be compared to
that predicted by Eq. (14b). Since the last compound will in both
modes elute with the same k. y(last), this calculation should be
made by putting V}, = keg,v(last) 4+ 1 in both Egs. (14a) and (14b).
A speed comparison based on the last eluting compound of a given
sample is however not very general, as the outcome might depend
on the elution properties of the compound. It has therefore been
preferred to compare the retention time of a component that would
elute simultaneously with the end of a linear gradient (in which
case we assume the separation ends when the end of the gradi-
ent breaks through at the column end). In this case, Egs. (14a) and
(14b) have to be calculated with Vi =V + 1, wherein V(. is the
relative gradient volume equal to Vg/Vy. If preferred, V(. can also
be expressed in time units, so that V}, = tcFr/Vp + 1, wherein t; is
the time corresponding to the end of the gradient program in the
cF-mode

For the cP-mode, Eq. (14b) with V}, = V(. + 1 leads to:

1 V’G+l 1
rR=*'/ U n(@0, V' —x))-dx'| -av’ (18)
T Jo 0
with
POV -X)=f(0)=¢p  —-1=V -x=0 (193)
POV -X)=f(V -x) 0=V -Xx <V, (19b)
POV —X)=fy(Ve) = Vi<V —¥ <V +1 (19¢)
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Fig. 2. Identical elution pattern obtained when plotting a cP-mode separation in (a) volumetric coordinates and in (b) reconstructed time axis coordinates (using ty = V/Fg).

Same separation conditions as in Fig. 1.

wherein Eq. (19a) expresses that the column is filled with a mobile
phase with composition ¢g at the start of the separation, and that
this volume is gradually flushed out during the period wherein
V' <1.Eq.(19c) expresses that once the gradient program is finished
at the inlet, it still takes the elution of one additional void volume
(corresponding to one unity of the reduced volume V') before the
end of the gradient reaches the end of the column.

For the cF-mode, 1 =nmax =constant, so that the integral in Eq.
(18) can simply be replaced by:

1

tRZ*'ﬂmax‘(V(/;+l)

p (20)

Defining the gainin analysis time Aty as the relative reduction of
the retention time in both modes (and calculated in real time units),
it should first be noted that this gain is also equal to the average
increase in flow rate AF, ¢ that can be realized when switching to
the cP-mode. Directly applying Darcy’s law, this relative gain is in
fact also equal to the relative increase in pressure APpp qy% that can
be realized when going from the cF- to the cP-mode, so that:

(tR,cF—mode - tR,cP—mode) _ (FP,av - FF)

At% =
tR,cF—mode FF

= AFpp,av%

Pr.max — P,
_ ( F,max F,au) _ APFP,av%

21
PF,max ( )

wherein Pg, is the volume averaged inlet pressure in the cF-mode
run, Fpgy is the average flow rate in the cP-mode run and wherein
Prmax is the maximum pressure experienced during a cF-run (see

resp. Fig. 4a and c further on for a graphical illustration of Pg gy, Fpqy
and Pgmax ).

Subsequently filling in the cF-mode and the cP-mode analysis
time expression into Eq. (21) yields:

S o mo0.v =x)-ax | -ave

Aty =
* Nmax - (Vg +1)

-1 (22)

Tables 2-5 show the results produced by Eq. (22) for linear
water-methanol (Tables 2 and 3) and water-acetonitrile gradi-
ents (Tables 4 and 5). For each mixture type, the whole space of
possible start and end compositions is covered in steps of 5%. In
addition, also two strongly different degrees of gradient steepness
have been considered for each mixture type: a very steep gradient,
with V}. = V/Vp = 3 (Tables 2 and 4) and a rather shallow gradient
with Vi = Vg /Vg = 15 (Tables 3 and 5).

The tabulated data were calculated using the relation between
the viscosity and the fraction organic modifier obtained in [7] for
a pressure of 500 bars (intermediate pressure between column
inlet and outlet for a separation run at 1000 bar) and a tempera-
ture of 30°C. For methanol, two second order polynomial fittings
were used (for the intervals 0 < ¢ <50 and 50 < ¢ < 100 vol.% MeOH),
whereas for acetonitrile, a second order and third order polyno-
mial were used (for the intervals 0<¢ <20 and 20<¢<100vol.%
ACN respectively). A fitting quality of SSE < 0.5% was obtained. The
expression for the fits, as well as their graphical representation, is
given in SM (see Fig. S-1). The SM also contains tables for other
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Numerical values of Aty (see Eq. (21)) for methanol-water gradients at an average pressure of 500 bar for a gradient steepness of V¢/Vo=3 (with Vj(last) =V +1) for

different values of the initial (¢o) and final (¢.) mobile phase composition.

$0 (%) e (%)
10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 100
5 521 897 1172 13.72 15.16 16.14 16.74 17.01 1697 1548 1426 13.87 1396 1450 1549 1694 1885 21.23 24.08
10 4.32 7.51 987 11,59 1281 13,60 14.03 14.12 1273 11.69 1144 11.65 1232 1344 1502 17.06 19.57 22.56
15 3.60 6.29 8.29 9.73 1071 1130 11.52 10.23 9.39 9.27 9.61 1040 1166 1337 1556 1821 21.33
20 3.00 5.25 6.91 8.07 8.81 9.16 7.97 7.35 7.35 7.82 8.75 10.15 12.01 1434 17.13 20.39
25 2.49 4.35 5.68 6.56 7.03 5.97 5.55 5.69 6.30 7.38 893 1094 1341 1636 19.77
30 2.04 3.53 4.55 5.15 423 4.00 4.29 5.06 6.29 8.00 10.16 1279 1589 19.46
35 1.64 2.79 3.50 2.77 2.72 3.17 411 5.51 7.38 9.71 1250 15.76 19.49
40 1.27 2.09 1.58 1.71 2.36 3.47 5.05 7.10 9.60 1256 1599 19.88
45 0.92 0.67 1.04 1.89 3.21 497 7.19 9.87 13.01 16.64 20.75
50 0.22 0.90 2.03 3.62 5.66 8.14 11.09 1448 1833 22.63
55 0.83 212 3.87 6.07 873 11.84 1540 1943 23.90
60 147 3.40 5.80 8.66 11.98 15.77 20.02 2473
65 2.15 4.78 7.89 1148 1555 20.10 25.12
70 2.92 6.34 10.27 1469 19.62 25.05
75 3.82 8.17 13.06 1848 2443
80 491 1041 1648 23.13
85 6.32 13.28 20.88
90 8.23 17.20
Table 3
Numerical values of Aty (see Eq. (21)) for methanol-water gradients at an average pressure of 500 bar for a gradient steepness of V¢/Vo =15 (with V;(last) =V, + 1) for
different values of the initial (¢o) and final (¢, ) mobile phase composition.
¢ (%) ¢e (%)
10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 100
5 520 892 11.61 1354 1488 1576 1623 1636 16.16 14.65 13.60 1295 12.72 1289 1348 1448 1590 17.73 19.97
10 431 7.46 9.76 1141 1254 1323 1354 1349 12.10 11.17 1066 1057 1089 11.64 1280 1438 1638 18.79
15 3.59 6.25 8.19 9.56 1045 1093 11.04 9.77 8.97 8.60 8.66 9.14 10.05 1138 13.13 1530 17.88
20 2.99 5.21 6.81 7.90 8.55 8.80 7.65 6.99 6.77 6.99 7.65 8.72 10.23 12.15 1450 17.26
25 248 4.30 5.58 6.40 6.79 5.77 5.25 5.19 5.59 6.41 7.67 935 1146 1399 16.94
30 2.03 3.49 4.46 4.99 4.10 3.75 3.87 4.44 5.46 6.90 878 11.08 13.80 16.94
35 1.63 2.75 3.41 2.67 2.50 2.82 3.59 4.81 6.45 853 11.02 1394 17.28
40 1.26 2.05 1.49 1.54 2.08 3.07 4.49 6.35 8.63 1133 1445 17.99
45 0.91 0.60 0.92 1.70 293 4.58 6.65 9.14 12.04 1537 19.11
50 0.21 0.83 1.87 3.32 5.19 747 1016 1328 16.80 20.74
55 0.82 2.05 3.70 5.77 825 11.16 1448 1821 2237
60 1.45 3.32 5.62 835 11,50 15.07 19.07 23.50
65 213 471 7.72 1117 15.06 19.38 24.15
70 2.90 6.26 10.08 1436 19.10 24.30
75 3.80 8.08 1286 18.12 23.87
80 489 1031 16.26 22.74
85 6.29 13.17 20.64
90 8.20 17.08
Table 4

Numerical values of Aty (see Eq. (21)) for acetonitrile-water gradients at an average pressure of 500 bar for a gradient steepness of V¢/Vo =3 (with Vi(last) = V(. + 1) for

different values of the initial (¢o) and final (¢, ) mobile phase composition.

Po (%) Pe (%)
10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 100

5 209 326 364 296 274 287 328 395 485 595 7.22 865 1022 1189 1366 1549 1736 19.26 21.16
10 139 195 150 147 176 232 3.13 416 537 6.76 8.29 9.95 11.71 1355 1546 1740 1937 2133
15 0.74 052 068 113 184 278 392 524 6.72 835 10.11 1198 1396 16.00 18.08 20.19 2229
20 008 042 105 192 3.02 432 581 745 924 1115 13.15 1522 1735 1951 21.68 23.83
25 045 1.17 213 331 470 626 7.99 984 1181 13.88 16.01 18.19 2040 22.61 2480
30 0.81 187 3.14 462 627 807 1001 1206 1420 1640 1864 2091 23.18 2543
35 115 253 410 585 7.75 9.78 1191 1414 1642 1875 21.09 2343 2574
40 148 316 5.01 7.02 9.15 1139 13.72 16.10 1852 2095 2338 25.77
45 1.80 3.77 5.89 8.15 10,51 1294 1544 1797 2051 23.03  25.52
50 211 437 6.75 925 11.82 1444 17.09 1975 2239 2499
55 241 4.95 759 1032 13.09 1589 18.68 2146 24.18
60 2.71 5.53 842 1136 1433 1728 2021 23.08
65 3.01 6.10 923 1239 1553 18.63 21.66
70 3.31 6.66 10.03 1338 16.68 19.90
75 3.60 722 1080 1433 17.77
80 3.89 775 11.54 1523
85 417 825 1222
90 4.42 8.70
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Table 5
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Numerical values of Aty (see Eq. (21)) for acetonitrile-water gradients at an average pressure of 500 bar for a gradient steepness of V¢/Vo =15 (with Vi(last) = V[ + 1) for

different values of the initial (¢0) and final (¢ ) mobile phase composition.

Go(®) e (%)
10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 100

5 207 318 346 270 237 240 271 329 410 512 632 768 9.19 10.81 1255 1436 1624 18.17 20.13
10 137 188 134 123 145 195 269 365 480 613 7.61 922 1095 1278 1469 16.65 18.65 20.68
15 072 043 055 096 1.63 252 361 489 633 792 963 1145 1336 1535 1738 1945 2154
20 0.07 039 096 176 277 398 536 691 859 1039 1230 1429 1634 1845 2058 22.72
25 044 1.12 204 3.16 447 595 759 936 1124 13.22 15.28 17.41 19.57 21.75 2394
30 0.80 1.83 306 448 606 7.80 966 11.64 1371 1585 18.05 20.28 2253 24.78
35 1.14 249 403 572 756 953 1161 13.78 16.01 1830 20.62 2295 2527
40 147 313 495 691 900 11.19 1346 1581 18.19 2061 23.03 2544
45 1.79 374 584 8.06 1037 1278 1524 17.74 2027 2279 2530
50 210 434 671 917 11.71 1431 1694 19.60 2224 24.87
55 241 493 7.56 1026  13.01 15.80 1859 21.38 24.13
60 271 551 8.39 1132 1428 17.24 20.18 23.08
65 3.01 6.09 9.22 1237 1551 1863 21.70
70 3.31 6.66 10.03 1338 16.70 19.96
75 3.61 7.22 10.81 1436 17.83
80 3.89 7.76 11.57 15.28
85 4.17 8.27 12.26
90 4.43 8.73

average column pressures (e.g. for 300 bar and 50 bar, correspond-
ing to a column operating pressure of respectively 600 and 100 bar)
and for gradients where the last component elutes at Vj, = V(. and
not at Vp = V(. +1 (=moment of elution of end of gradient) as is
the case in Tables 2-5. If desired, a simplified version of the inte-
gral given in Eq. (22) can be approximated using a discrete sum
approach wherein the gradient is divided in short segments (as e.g.
described in [13,26-28]).

A first general observation that can be made from Tables 2-5
is that the relative gain is only weakly affected by the gradient
steepness, as the values for the same ¢g- and ¢.-case only vary
relatively weakly between the steep gradient case and the weak
gradient case (compare corresponding data entries in Tables 2 and 3
for water-methanol gradients and compare between Tables 4 and 5
for water-acetonitrile gradients). The gain for methanol gradients
is always larger for the fastest gradient, with a maximum absolute
difference in Aty of 4.1% for a gradient running from 5 to 100%
between the two presented steepnesses. For acetonitrile gradients,
the largest difference in Aty in only 1.1% and in some cases the gain
is even slightly larger in case of the more shallow gradient. For the
cases with Vi = V(, the behavior is more complex as can be seen
from Tables S-3, S-4, S-6 and S-7 in the SM, part 4.

The most important observation that can be made from
Tables 2-5 is the order of magnitude of the gain in analysis time
that can be expected when switching to the cP-mode. For the case
of a typical scouting gradient running between 5 and 95% of organic
modifier, the entries for the 5-95%-case in Tables 2-5 show that this
gain will be very similar for the ACN- and the MeOH-case and can
be expected to lie around 19.5% for methanol-based gradients and
around 18.7% for ACN-based gradients (average of both considered
gradient steepness values). When the start and/or end composition
lie closer to the viscosity maximum, the analysis time gain becomes
smaller as well, thus reflecting that the margin over which the flow
rate can be increased becomes smaller. For a 20-80% MeOH gra-
dient for example, the gain is reduced to some 8.3%. For a 40-60%
gradient, the potential analysis time advantage of the cP-mode even
drops to less than 2%.

The potential gain in analysis time of the cP-mode is further
illustrated in Fig. 3, showing a set of simulated cF-mode and
cP-mode chromatograms for the case of a linear, volume-based
gradient running between 5 and 95% of methanol.

Considering the overlap of the cF- and cP-mode chromatograms
in real time units (Fig. 3a), the gain in analysis time obtained
by switching to the cP-mode (black chromatogram) is indeed of

the order of some 20%, i.e. in agreement with the data shown in
Tables 2-3. Similar to what could already be observed in the first
example (Fig. 1a and c), Fig. 3a shows that the cP-mode not only
accelerates the last eluting compounds but can also accelerate the
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Fig. 3. Overlap of cF-mode (red) and cP-mode (black) chromatogram in (a) real
time and (b) volume for a volume-based gradient running between 5% and 95%
methanol-water (linear gradient, V;/Vo =9 in the volume-program mode or t;/to =9
in the time-program mode). Simulated column lengthis 1.2 cm and column diameter
2.1 mm, the particle size 2 pmand APpax = 101.2 bar, corresponding to up = 3.2 mm/s
for the cF-mode. (For interpretation of the references to color in text, the reader is
referred to the web version of the article.)
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early eluting peaks. This is due to the fact that the mobile phase
composition in the beginning of a 5-95% methanol-water gradient
is still far away from the viscosity maximum, so that the flow rate
can also be significantly increased in the beginning of the gradient
in the cP-mode.

7. Effect of operation mode on separation efficiency

If the efficiency (band broadening) of the separation is not a criti-
calissue (i.e. when the achieved separation resolution is sufficient),
the advantage of switching to the cP-mode canreadily be quantified
from the relative analysis time gains cited in the previous section
and in Tables 2-5. However, when the considered cF-mode separa-
tion is limited by the resolution of a critical pair or when it suffers
from an insufficient peak capacity, also the separation efficiency
needs to be taken into account.

Unlike the selectivity, which can be kept identical, small differ-
ences in separation efficiency cannot be avoided when switching
from the cF-mode to the cP-mode. This can for example be noted
from the small differences in peak height between the correspond-
ing peaks in Fig. 3b (compare height of black and red peaks). A
similar observation can be made from Figs. S-3b and S-4b of the SM.

As shown by Giddings [2], the separation efficiency is deter-
mined by the band broadening, which in turn can be rigorously
quantified via the plate height H, defined as:

2
_ Aoy
X

H (23)
wherein Ao? is the increase in spatial variance of the band in the
column when its centroid has moved from the inlet to a position
located at a distance x from the inlet.

In the literature, there has always been some reluctance towards
the use of the plate height concept under gradient conditions
because H can only be assessed by estimating the spatial vari-
ance from the measured time-based variance which tends to be
(1+kjoce)? times larger than the spatial variance in the column
(ko is the local retention factor at the moment of elution) [25].
To correct for this, the value of ki, needs to be known and this
requires additional measurements or calculations. It is furthermore
an additional source of errors. Nevertheless, as shown by Poppe
et al. [20], Gritti and Guiochon [21] and recently also by our group
[3] and Neue et al. [25], there is no fundamental impediment to
continue using the plate height concept under gradient elution
conditions.

Doing so, and neglecting in a first instance the effect of peak
compression, it can be shown (see SM, Section 1.3 for the detailed
derivation) that the effective gradient plate height Heg of a compo-
nent can be described as a single function of the volumetric gradient
program fy given by [29,30]:

AV OHEWY)
= ety .

Eq. (24) holds without any restriction on the nature of the flow
rate (constant or not), and hence holds for both the cF- and the
cP-mode case.

In case of an appreciable peak compression, the Hgy-values
need to be corrected by a so-called peak compression factor G2
[17,20-22]. As shown in SM (Section 1.5), the conclusion following
from Eq. (24), i.e. that Hgj is fully determined by the relative vol-
umetric gradient fy, and is independent of the column length, still
holds when accounting for peak compression effects. This could
be confirmed via the conducted simulations, since the numerical
code automatically also simulates the peak compression effect [3].
An example of a numerical proof is given in SM (Fig. S-6), showing
how that the calculated values for the diverse peaks in the chro-

matogram of the example considered in Fig. 1 indeed vary in a
perfectly linear way with L.

Since the H-expression that needs to be used in Eq. (24) depend
on Dp, ki, and ug, and it is shown in Section 1.3 of the SM that the
analytes will experience the same k;,.- and Dp;-history provided the
same volume-based gradient program is used, the only difference
between a cF- and a cP-mode separation conducted with the same
volume-based gradient program is the difference in mobile phase
velocity ug. Hence, the expected difference in band broadening
between the cP-mode and the cF-mode should be fully determined
by the relation between the plate height and the velocity. As advo-
cated by Giddings [31], this relation can most conveniently be
represented as a plot of the reduced plate height (h=H/d,) versus
the reduced velocity (v=uq dp/Dp). It is therefore instructive to first
consider how the two variable parameters determining the value
of the reduced velocity (i.e. ug and Dy, ) change during the course of
a cF- and a cP-mode run.

For this purpose, Fig. 4a first shows a typical pressure trace for
a linear gradient in the cF-mode. According to Darcy’s law (see Eq.
(5)), this trace is also linearly proportional to the column-averaged
viscosity 7 (Fig. 4b). Still, according to Darcy’s law, the pressure
trace is also inversely proportional to the flow rate that can be
realized when switching to the cP-mode (see Fig. 4c). Furthermore
making the assumption that the gradient is sufficiently flat, so that
the local viscosity at the peak center (7)pea) remains close to the
column-averaged value 7, and assuming that D, varies inversely
proportional with the change in viscosity (i.e. neglecting for exam-
ple the dependency of the association factors on the mobile phase
composition in the Wilke-Chang expression), the local Dy;-values
(Fig. 4d) experienced by the peak during the course of its elution
are also inversely proportional to the P-trace measured in Fig. 4a.

In the cF-mode, the flow rate and ug remain constant while
D will typically follow a trajectory as depicted in Fig. 4d. It can
hence be inferred that the reduced velocity, which is proportional
to ug dp/Dim, will follow a trajectory that is inversely proportional
to Dy, i.e. proportional to the P-trace depicted in Fig. 4a and the n-
trace depicted in Fig. 4b. An example of the reduced velocity history
experienced by the peaks eluting in the cF-mode can be followed
from the I-II-1II trajectory added to the methanol curve in Fig. 4b.
Starting at point I, the reduced velocity will first increase until the
viscosity maximum is reached (point II) and will then decrease
again to finally reach a new minimum at point III. In the cP-mode
on the other hand, both ug and Dy, vary during the course of the elu-
tion. They however do so in a more or less parallel way (cf. Fig. 4b
and d), at least provided 7peax and 77 do not differ too much. As a con-
sequence, the peak will always experience about the same reduced
velocity at any instant during the elution.

The above can be summarized as:

cP-mode : v = constant (25a)

cF-mode : (25b)

V = Vcp-mode

The reduced velocity trajectories experienced in both modes are
visualized in Fig. 5, for three typical cases of the velocity: a veloc-
ity in the B-term dominated range, a velocity near the minimum of
the van Deemter curve and a C-term dominated velocity. For the cP-
mode, the velocity trajectory reduces to a single dot according to Eq.
(25a). Considering the assumptions underlying Eq. (25a), this single
dot representation only holds to a first approximation and has only
been preferred here for the clarity of the presentation (the single dot
approximation was not used during the simulations) and to empha-
size the fact that the reduced velocity anyhow varies over a much
wider range in the cF-mode. In this mode, the reduced velocity will
generally vary from point I over II to Il when the mobile phase gra-
dient passes through a viscosity maximum somewhere between its
begin and endpoint. If the gradient would incidentally start or end
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version of the article.)

with a mobile phase with a maximal viscosity, only trajectory I to I
(maximal viscosity at start of gradient) or Il to IIl (maximal viscosity
at end of gradient) remain. In any case, the reduced velocity expe-
rienced by a given peak is in the cF-mode always smaller than in
the cP-mode, so that the dot representing the cP-mode operation is
always situated at the highest velocity along the I-II-III trajectory.

0 . .
0 5 10 v 15

Fig. 5. Schematic view of a reduced van Deemter curve and a representation of the
typical reduced velocity trajectory followed in the cP-mode (red dots) and the cF-
mode (I-1I-1II trajectory). (For interpretation of the references to color in text, the
reader is referred to the web version of the article.)

As can be readily noted from Fig. 5, the difference in efficiency
between the cP- and cF-mode depends on the range of veloci-
ties the column is operated in. In the C-term regime (point C),
the cF-mode will provide a better separation efficiency, because
the average h-value along the I-II-III trajectory (cF-mode) is in
this velocity range consistently smaller than the (constant) h-value
experienced in the cP-mode (represented by the red dot). The
inverse of course happens when the column is operated in the B-
term regime (point A). Here the smaller velocities of the cF-mode
operation (I-II-III trajectory) lead to a significant increase of the
local plate heights compared to the plate height at the red dot rep-
resenting the cP-mode operation. Finally, for separations operated
close to the minimum of the van Deemter curve (point B), it can be
expected that the difference in band broadening between the cP-
and the cF-mode will be very small and virtually non-existing.

This is confirmed in the zoom-in chromatograms (showing only
the last two eluting peaks of the separation shown in Fig. 3) shown
inFig. 6. In Fig. 6a, the applied pressure and flow rate were relatively
small so that the peaks continuously experienced a velocity well-
below the optimal velocity, similar to point A in Fig. 5. As can be
noted, the cP-mode peaks (colored in black) are slightly taller and
narrower than in the cF-mode (in red), thus reflecting the smaller
band broadening they have been subjected to. This effect was most
significant for the early (results not shown) and the late eluting
compounds (shown in Fig. 6) in the chromatogram, because here
the difference in average mobile phase velocity between the cF-
and cP-mode is largest (cf. regions I and III in Fig. 4¢). For gradi-
ents running from 5 to 50% MeOH, where the difference in velocity
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Fig. 6. Overlap of cF-mode (red) and cP-mode (black) chromatogram of the
two last eluting compounds (k=8 and 9) for a volume-based gradient running
between 5% and 95% methanol-water (linear gradient, V¢/Vp=9 in the volume-
program mode or t;/tp =9 in the time-program mode) for three different cP-mode
operating pressures (a) APmax = 10 bar, corresponding to up =0.32 mm/s for the cF-
mode; (b) APnax =50Dbar, corresponding to up=1.6 mm/s for the cF-mode and (c)
APpax =600 bar, corresponding to up=19.2 mm/s for the cF-mode. Simulated col-
umn length is 1.2 cm and ID = 2.1 mm. (For interpretation of the references to color
in text, the reader is referred to the web version of the article.)

between the cP- and the cF-mode is only pronounced at the begin-
ning of the gradient, the improved efficiency of the cP-mode was
most pronounced for the early eluting compounds. Similarly, an
improved efficiency is only noted for the late eluting compounds
for gradients of 50-95% methanol (results not shown).
Considering a velocity close to the optimum velocity (Fig. 6b)
the difference in band broadening is clearly much smaller than in
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Fig. 7. (a) Evolution of the volumetric peak standard deviation oy as a function of
the mobile phase flow rate fy (mL/min) for cF- (red) and cP-mode (black) for fixed
length (=1.2 cm) column. (b) Corresponding values of the peak capacity as a function
of flow rate. Other conditions the same as Fig. 3. (For interpretation of the references
to color in text, the reader is referred to the web version of the article.)

Fig. 6a. This is in full agreement with the fact that the difference in
plate heights between a cP- and cF-mode operation is anyhow small
near the optimum velocity (cf. point B of Fig. 5). When the covered
range of velocities is fully situated in the C-term dominated regime
(cf. point C of Fig. 5), as is the case for the separation represented in
Fig. 6¢, the cF-mode yields narrower peaks than the cP-mode. This is
again in full agreement with the observation that can be made from
Fig. 5, showing that the I-II-III trajectory followed in the cF-mode
in the C-term range leads to smaller h-values than the h-value cor-
responding to the single dot velocity of the cP-mode. Once again,
this effect is more pronounced for the late eluting compounds for
gradients running from 50 to 95% methanol (see SM, Fig. S-5a on
the right hand side) on the one hand and for the early eluting com-
pounds for gradients from 5 to 50% (see SM, Fig. S-5b on the left
hand side).

The efficiency of the chromatograms shown in Fig. 6 (and of
some additional cases with a different velocity) are further quanti-
fied in Fig. 7a, showing how oy 4y, the volumetric band standard
deviation averaged over all the individual peaks of the chro-
matogram, varies as a function of the flow rate. Since it is difficult to
define a characteristic flow rate for the cP-mode operation (F is not
a constant), the cP-mode data have simply been plotted versus the
F-value of the corresponding cF-mode case (same A Ppax ). Although
this F-value is only an approximation of the true velocity history in
the cP-mode, it perfectly suits the purpose of visualizing the trend
that was already visible in the chromatograms shown in Fig. 6: the
cP-mode produces narrower bands than the cF-mode in the range
of sub-optimal flow rates, whereas the opposite is true in the range
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of low flow rates above the optimal flow rate. The cP- and cF-mode
curves shown in Fig. 7a also clearly display the typical van Deemter
behavior: oy 4, decreases steeply with F in the low velocity region
(B-term behavior), then goes through a minimum (thus fixing the
value of the optimal flow rate), and subsequently increases again
with F in the high velocity region (C-term behavior).

Approximating the h-curve underlying the observations made
in Figs. 6 and 7 with the basic van Deemter model, for which:

h=A+§+C-v (26)

the above findings can be rationalized in a simplified form by stating
that the relative change in h (Ahy) resulting from the switch from
a cF- to a cP-operation is directly related to the average increase in
flow rate and pressure as:

- in B-term dominated regime:

Ahg~ AFlaM Apau%(since h~%) (27a)
- around velocity optimum:

Ahy = 0(since hisindependent of v) (27b)
- in C-term dominated regime:

Ahgy~AFg9~APg% (since h~v) (27¢)

8. Combined effect: comparison of the peak capacity and
the kinetic performance limit of cF-mode and cP-mode
operations

The obvious measure combining selectivity (discussed in Sec-
tion 4) and efficiency (discussed in Section 7) is the separation
resolution R;. In a volume-based chromatogram, R; is defined as:

VR,i — VR,i-1

4-(oy,i+0v,i_1)/2 28

RS,V =
wherein i and i — 1 are the annotation numbers of two successive
peaks. Since only the volume-based chromatogram provides the
correct separation information in the cP-mode (see Section 3.3), the
resolution that would be measured in a time-based chromatogram
is not considered here. On the other hand, the resolution one would
measure in a time reconstructed-chromatogram as the one rep-
resented in Fig. 2b would correspond exactly to that determined
by Eq. (28), because this chromatogram is obtained by a perfectly
linear rescaling of the volume-based chromatogram.

Typically, the resolution value would be reported for the criti-
cal pair of the chromatogram. When discussing the performance of
different chromatographic systems under gradient elution condi-
tions, it has however become more customary to report the peak
capacity. Although many different definitions exist, the most cor-
rect estimate of the column peak capacity one can read out from a
chromatogram is that based on the sum of the resolution values of
each subsequent peak pair [32,33]

VR: VR11
=1 R =1 2
np +Z SV, +Zz (v Fovi) (29)

Eq. (29) is indeed the closest one can get to the exact integral
definition of peak capacity (see e.g. Eq. (1) in Ref. [33]). A number
of possible variants can be derived from Eq. (29). One could leave
out the peak with i=0 (dead volume marker), in which case n, is
only counted starting from the first sample peak, and/or one could
add an extra term covering the space between the last eluting com-
pound and the point where the end of the gradient elutes from the
column.

In the present study, the question whether the ny-value should
best be based on either t; or on (tg 35t — to) OF 0N (tRjast — tr first) has
been simply circumvented by tuning the retention properties of the
components of the numerical sample such that they would cover
the complete elution window, having retention volumes ranging
between Vj and Vj + V.

Fig. 7b shows the peak capacity calculated using Eq. (29) for the
simulated chromatograms that were also used to establish Fig. 7a.
In agreement with the effects observed in Fig. 7a, Fig. 7b shows that
the cP-mode can be expected to lead to a smaller peak capacity in
the high velocity or flow rate range (C-term dominated regime),
whereas the opposite would occur in the low velocity range (B-term
dominated regime).

A drawback of the peak capacity plot in Fig. 7b is that it pro-
vides no direct information about the speed of the separation or the
kinetic performance limits of the technique. This information is hid-
deninthe flowrate and in the unused pressure potential (all but the
highest flow rate data points relate to conditions where the pres-
sure is sub-maximal). To circumvent this problem, and transform
each different data points of either Fig. 7a or 7b into a data point
lying at the kinetic performance limit (KPL), the so-called kinetic
plot theory can be used [3-5,34-36]. According to this theory,
recently extended gradient elution conditions [3], this transforma-
tion can be done using the so-called column length rescaling factor
A
APcol,max

A = —_cobmax
APcol,exp

(30)

This A is areadily obtainable experimental parameter. The value
of APgyjexp is the maximum column pressure drop experienced
during the gradient run (in the cP-mode this is simply the oper-
ating pressure), whereas AP may is the pressure maximum of the
column or the pump. This A-value (note that each considered exper-
imental velocity leads to a different value) can then be applied in
below transformation expressions to turn the experimentally mea-
sured tgexp and np exp into their corresponding values at the KPL of
the system [3]:

trxpL = A - LR exp (31)

Npxpe =1+ \/X (Np,exp — 1) (32)

As shown in [3], the only condition underlying the validity of
the KPL-transformation is that kegy and Hegy should be indepen-
dent of the column length. The theoretical derivations presented
in Sections 4 and 7 show that the column length only interferes in
the expression for both kg (see Eq. (S-13) in the SM) and Hey (Eq.
(24)) via the reduced volume V' (with V' = pumped volume/Vy and
Vo=erAL). Since Egs. (S-13) and (24) furthermore only depend on
fu(V'), one can hence expect to find the same value for ke and Hegy
provided the same fy(V')-program is run on each different length
columns. Under this condition, even the degree of peak compres-
sion can be expected to be identical (see SM, Section 1.5). Since
running the same fy(V’')-program corresponds to keeping the gra-
dient program identical in reduced volumetric coordinates, the
condition to obtain identical kegy- and Heg-values only requires
that the characteristic volumes V,, V,, etc. appearing in the gradient
program are linearly scaled with the column length so as to main-
tain the same dimensionless values of Vg, V}, etc. (with Vg = Va/Vo,

=V, /Vp, etc.). This condition is in agreement with the condi-
tions proposed for the length-independency of k. by Snyder and
Dolan [37] and Jandera [14].

Since the expressions for ke and Heg established in Sections 4
and 7 did not require to assume that the flow rate is kept constant,
it can be concluded that the KPL-transformation equations given by
Egs. (30)-(32), originally established in [3] for the cF-mode, should
also hold in the cP-mode.
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Fig. 8. Kinetic plot showing the total required analysis time t as a function of the
required peak capacity (n,) for cF (red squares) and cP operation (black triangles) for
a fixed length column (=1.2 cm) (open symbols, dotted lines) and the correspond-
ing kinetic performance limit (KPL, APcomax =600 bar, full symbols, full lines). Same
conditions as Fig. 3. The meaning of the arrows is discussed in the text. (For inter-
pretation of the references to color in text, the reader is referred to the web version
of the article.)

The graphical representation of the establishment of the KPL-
curve for the simulated cF- and cP-mode separations is shown in
Fig. 8. The dashed curves represent the fixed length column data
relating to the simulations already represented in Fig. 7. The full
line curves were obtained via the KPL-transformation using Egs.
(30)—(32), whereas the blue and green dot data were obtained by
redoing the simulations on a column with a different length and
operating at the maximal pressure, but with the same flow rate
and using the same gradient program in reduced volumetric coor-
dinates as the original column. As can be noted, the agreement
between the KPL-prediction and the actual performance measured
on the different length columns is perfect, despite the complex peak
compression and variable flow rate effects. This agreement hence
provides a clear numerical proof for the validity of the KPL-theory
under cP-mode operation conditions, similar to that delivered in
[3] for the cF-mode (see Section 9 for the adopted assumptions).

The two KPL-curves (solid lines) in Fig. 8 provide a comprehen-
sive view of the kinetic advantage of the cP-mode for the case of
a5-95% water-methanol gradient. The cP-mode curve everywhere
lies below the cF-mode curve, indicating a better kinetic perfor-
mance, although the difference vanishes towards the left bottom
corner of the plot, i.e. for separations conducted in the C-term dom-
inated regime [4,36]. Progressively moving upward along the curve,
the flow rate relating to the different data points progressively
decreases until the most rightward data point is reached, usually
situated in the B-term dominated regime. Fig. 8 hence shows that
the largest advantage for the cP-mode would be observed when
operating in the B-term regime. This is however a range that is sel-
dom used in practice, because it is in this case always possible to
reduce the analysis time by switching to a larger particle size.

Investigating the difference between the cF- and the cP-mode
curves in more detail, the effect of the prevailing (average) flow
rate on this difference can readily be understood from the arrows
added to Fig. 8. These arrows indicate how the KPL shifts when
switching from the cF- to the cP-mode for a selected number of dif-
ferent flow rate cases. Since the selectivity does not change when
switching from the cF- to the cP-mode, the observed shifts are
exclusively due to a reduction of the analysis time and/or a dif-
ference in band broadening (represented here in terms of the peak
capacity). The direction of the arrows hence always consists of a
time reduction component (downward shift, directly proportional
to AFqy %, see Eq. (21)) and a component representing the change
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Fig. 9. Kinetic plot showing the KPL of Fig. 8 in linear axis for constant flow (red
squares) and constant pressure (black triangles) for an acetonitrile-water gradient
(open symbols, dotted lines) and a methanol-water gradient (full symbols, full lines)
both running from 5 to 95%. (For interpretation of the references to color in text, the
reader is referred to the web version of the article.)

in peak capacity originating from the difference in band broaden-
ing (horizontal shift). In the B-term dominated regime (arrow 1),
the net result of both changes leads to a double gain (arrow shifts
towards lower right corner): h decreases with AP, % (see Eq.(27a))
and the total analysis time also decreases with AP, %. Near the opti-
mum velocity (arrow 2), the arrow shifts purely downward because
its horizontal component, representing the difference in h, is virtu-
ally zero (see Eq. (27b)). In the C-term dominated regime (arrow 3),
the arrow shifts downward (over a distance that is again propor-
tional to AP, ¢) but also to the left (because now h increases with
APy, 4, see Eq. (27c)). When both effects are equally strong (which
will occur when the flow rate is situated deep enough in C-term
range so that Eq. (27c) holds), they will cancel out, explaining the
fact that the cP-mode and the cF-mode curve slowly tend towards
each other in the C-term dominated part of the KPL-curve.

This implies that the cP-mode is only really beneficial (with net
relative gains in the order of the values cited in Tables 2-5) for sep-
arations conducted in columns that operate near the optimal flow
rate when being subjected to the maximal pressure. This is however
a condition with a high practical relevance because it is the con-
dition for which any type of chromatographic particles achieves
its kinetic optimum, i.e. the so-called Knox and Saleem limit [1].
Using Knox’ optimal performance expressions [38] with ¢ =800,
Vopt =3 and hpin =2, and considering the case of 2 um particles,
a compound with Di; =102 m2/s and a maximal operating pres-
sure of 1200 bar, it is found that the kinetic optimum is achieved in
columns with a length of about 10-15 cm and lasting about 30 min
(assuming the last component elutes around k. =10) when using
methanol-based gradients (assuming 74y =1.2cP) and also about
10-15cm long and lasting about 20 min when using acetonitrile-
based gradients (assuming 14y =0.7cP and assuming Dy, reduces in
proportion to ngqy).

The potential kinetic advantage of the cP-mode operation can be
quantified in more detail from Fig. 9, where the KPL-curves shown
in Fig. 8 are now represented in linear coordinates and where also
a zoom-in of the lower range of the curve is provided. As can be
noted, the kinetic advantage of switching to the cP-mode is very
similar for the acetonitrile-water gradient (dashed line curves)
and the water-methanol gradient (full line curves), at least for
the presently considered 5-95% gradient span. The fact that the
acetonitrile-water data lie to the right of the methanol-water data,
and thus provide a better kinetic performance, is a direct conse-
quence of the lower viscosity of the former.

Another way to compare the kinetic performance of the cF and
cP-mode is given in Fig. S-7 in the SM, which represents the rela-
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tive gain in analysis time as a function of the desired peak capacity.
In other words, this graph gives an indication on how far the KPL
curves in Fig. 8 and 9 lie apart vertically. The curve presented there
show that the gain in analysis time for a given efficiency is lower
than those given in Tables 2-5 for short analysis times (C-term
operation), but becomes larger than expected for higher analysis
times (B-term operation). Once again, this is due to the fact that
the kinetic plot method incorporates the effect of both the analysis
time and the efficiency.

9. Some remarks concerning the adopted assumptions

The results in the preceding sections were all obtained by
assuming isothermal operation conditions and assuming that the
viscosity and the local retention factor are pressure-independent.
These assumptions however clearly do not hold under ultra-high
pressure conditions. In this case, the inevitable viscous heating
automatically leads to a non-isothermal operation, with the devel-
opment of both spatial and temporal (because of the varying mobile
phase composition) temperature gradients. There is furthermore
also abundant experimental evidence and theoretical proof that
the viscosity and the retention factor can no longer be considered
as constant under ultra-high pressure conditions [7,39,40].

In the discussion of the adopted assumptions, we will first con-
sider the two operation modes separately and focus on only one of
the conditions underlying the validity of the kinetic plot method,
i.e. that the viscosity is independent of the column length or the
employed pressure. Doing so, it is first of all important to realize
that the developed viscous friction heat is determined by both the
viscosity and the pressure evolution inside the column [41]. How-
ever, the pressure is a given constant in the cP-mode, whereas its
evolution is fully determined by the viscosity in the cF-mode. As a
consequence, it can be said that the generated viscous heat is exclu-
sively determined by the viscosity. Since it can be inferred that the
pattern with which the viscosity will vary as a function of the rel-
ative time (or the relative run volume) will be independent of the
column length provided the same gradient program is imposed in
dimensionless volumetric units, it can also be expected that the
relative viscous heating history of the separation will be identical
as well. The elevated pressure and viscous heating effects affecting
the mobile phase viscosity during the measurement of the highest
velocity data point on the fixed-length column will hence also occur
in any different length columns that is subjected to the same gradi-
ent program. As a consequence, it can be inferred that the effect of
the elevated pressure and the concomitant viscous heating on the
mobile phase viscosity can be properly taken into account by basing
the entire KPL-transformation on the viscosity observed during the
measurement of the highest velocity data point on the fixed-length
column. Using similar argumentation, it can be inferred that the
same approach (i.e. use the retention factor observed when mea-
suring the highest velocity data point) should be adopted for the
effective retention factor ke

The above considerations for  and k. are identical to those
already formulated for the constant flow rate gradient kinetic plot
in the SM of [3], where it was stated that, in order to account for
ultra-high pressure and viscous heating effects on 7, the A-factor
defined in Eq. (30) should in fact be written as:

MF) = Appay - i “;X (33)
while a factor (1 + Kef oy )/ (1 + ke ) should be added to the right
hand side of Eq. (31) to properly calculate the retention times that
can be expected when the KPL is calculated for the highest possible
operating pressure.

A moderating remark that should be made is that the above only
holds provided the thermal boundary conditions do not change

with the column length. The latter would pose no problem pro-
vided it would be possible to operate the columns in a perfectly
thermostatted or perfectly adiabatic mode. In practice, however,
these idealized conditions are difficult to realize and it might hence
be that the thermal conditions will vary slightly with the col-
umn length because of the changing ratio of column endfittings
to column mantle surface or because of the use of coupled column
systems. Such changes have indeed already been reported [42] and
will introduce a small length dependency on the observed Hey and
Kefr.

ffAnother requirement underlying the validity of the KPL-
transformation is that the effective plate height should be
independent of the applied pressure and the concomitant vis-
cous heating. This is a requirement that obviously cannot be met
exactly, because the plate height depends on the diffusion coeffi-
cient and the retention factor (cf. Section 1.3 of the SM) and these
are in general pressure- and temperature-dependent. However,
both parameters have an opposite effect on both the diffusion coef-
ficient and the retention factor, so that their effect to some extent
compensates for one another, at least when the thermal boundary
conditions of the column are close to adiabatic [41]. This condition
is satisfied for columns hanging in a still-air oven, but not for forced-
air ovens, where it is well-known that viscous heating can lead to
very steeply increasing plate height curves in the C-term regime
[42-44]. Obviously, the compensation of the effect of pressure and
temperature on the plate heights can never be exact, not even under
perfectly adiabatic conditions, and will hold better for one class
of components than for another. Nevertheless, the effect generally
remains limited up to pressures of 1000-2000 bar [41] so that the
KPL-extrapolation can still be done within a reasonable range of
accuracy. The problem that pressure and viscous heating lead to
a non-exact KPL-extrapolation is not unique to cP-operations, but
also shows up to the same extent for isocratic separations as well
as for cF-gradient elution separations. In both cases, the accuracy
of KPL-extrapolation has already been experimentally investigated
up to pressures of 600 bar (gradient elution) [3] and 1000 bar (iso-
cratic elution) [42] on typical commercial instruments (both forced
and still air ovens) and columns. In any case, it was found that the
extrapolation error was always less than 10% (less than 3% for iso-
cratic separations in a still-air oven). This error was mainly due
to differences in thermal conditions (it is difficult to maintain the
same thermal boundary conditions if going form a single short col-
umn to longer and or coupled column systems), as well as to the
fact that the employed different-length columns already intrinsi-
cally had a slightly different efficiency, apart from any pressure or
viscous heating issues [3,42].

Turning now to the effect of ultra-high pressures on the compar-
ison of the cP- and the cF-mode, it should be recognized that both
modes inevitably display a different pressure trajectory (P=Pmnax
in the cP-mode, whereas pressure varies quite strongly with the
time in the cF-mode). As a consequence, differences in the effect
of viscous heating and high pressures on the mobile phase viscos-
ity and the effective retention factor of the analytes are difficult
to avoid. Nevertheless, because viscous heating and elevated pres-
sures have an opposite effect on 7 and ke, it can be expected that
the net effect will remain relatively small. This can be understood
as follows. Typically, the maximal difference in average pressure
between the cP- and the cF-mode will lie around 20% (highest val-
ues in Tables 2-5). Such a difference in pressure can be expected
to gives rise to some 4% increase in viscosity. However, because
of the higher operating pressure, also the viscous heating will be
significant. Given that most columns are relatively close to adia-
batic conditions, and given that the effect of temperature on the
viscosity is larger than that of pressure, the net effect of the higher
operating pressure in the cP-mode can be expected to lead to a net
reduction of the viscosity (only this effect will be very small, below
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1%, as a rough estimate). Nevertheless, this reduction implies that
the cP-mode can be expected to produce even slightly higher flow
rates (and hence shorter analysis times than those predicted on the
basis of the isobaric and isothermal assumptions made in Section
6 and leading up to Tables 2-5). Similar argumentation can be fol-
lowed for the effective retention factor. For most small molecular
weight compounds, the net effect of pressure and viscous heating
also tends towards a reduction of k. with increasing inlet pressure,
so that one can expect that the kes-values in the cP-mode might
be somewhat smaller than in the cF-mode. This would lead to an
additional reduction of the elution time of the last eluting com-
pound. However, this effect is not entirely positive, since it would
also imply a reduction of the sample-based peak capacity (because
of the reduction of the available retention window). The change
would certainly also lead to differences in selectivity, but this can
turn out either positively or negatively depending on the nature of
the compounds.

The above considerations certainly need to be investigated more
in-depth in a follow-up study. The conclusions of this study can be
expected to be highly complex, not only because they will depend
on the nature of the sample compounds, but also because the tem-
perature trajectory in the column inevitably depends highly on the
thermal boundary conditions (which in practice are difficult to con-
trol and describe) as well as on the events preceding the actual
separation, because, due to the thermal inertia, part of the temper-
ature profile in the column is always reminiscent of the heating or
cooling effects occurring during the preceding run or the preceding
column preconditioning run.

10. Conclusions

Provided both modes are run with the same reduced volume-
based gradient program, the constant-pressure (cP) mode can offer
an identical separation selectivity as the constant-flow (cF) rate
mode (except from some small differences induced by the differ-
ence in pressure and viscous heating trajectory). Depending on the
start and end composition of the gradient mixture, the cP-mode
can obtain this given selectivity in a shorter time. The potential
time gain can be expected to depend only weakly on the slope of
the gradient and on the nature of the organic modifier. The gain
can also be expected to be directly proportional to the relative
increase in average operating pressure APg, that can be realized
by switching to the cP-mode. As a consequence, the gain will be
largest for gradients covering the largest span in mobile phase vis-
cosity (this range runs between 50 and 95% for methanol/water and
between 20 and 95% for acetonitrile/water). For a typical scout-
ing gradient running between 5 and 95% of organic modifier, the
relative time gain for the execution of a complete linear gradient
program can be expected to be of the order of some 20% for both
methanol-water and acetonitrile-water systems. Smaller gains can
be expected when the start and end composition lie closer to the
viscosity maximum of the considered water-organic modifier sys-
tem.

Operating under variable flow rate conditions, as is the case in
the cP-mode, the recorder signal should no longer be plotted as
a function of the time but as a function of the pumped volume,
as the former does not correctly represent the actual separation
resolution that is achieved inside the column. If desired, the tran-
sition between time and volume coordinates can be “softened” in
the mind of the practitioner by introducing a reconstructed time
axis (see Section 5). This reconstruction is very straightforward, as
it only requires that the actual run volume is divided by a nominal
flow rate.

Programming gradients as a function of the volume in such a
way that they produce the same selectivity as a time-based gradient

program run in the cF-mode is straightforward and can proceed via
the very simple Eq. (9). The resulting expressions for the effective
retention factor and the retention factor at the moment of elution
in the case of a linear gradient for example remain fully similar to
those obtained for a time-based linear gradient (see Egs. S-34 and
S-35 in the SM).

The condition of an identical reduced volume-based gradient
program is also the only necessary condition to obtain effec-
tive gradient plate heights that are independent of the column
length and to allow for a reliable kinetic performance limit (KPL)
extrapolation. This even holds when taking the effect of peak com-
pression into account (see Section 1.5 in the SM). Although the
length-independency of He and kg, as well as the validity of the
KPL-extrapolation might be might be affected by ultra-high pres-
sure and/or viscous heating effects on the viscosity of the mobile
phase and on the retention coefficients of the compounds, it can be
inferred that these effects remain relatively small for the currently
available operating pressures.

The cF- and cP-operation mode may lead to small differences in
separation efficiency, depending on whether they are compared on
the basis of a flow rate situated in the B-term or the C-term range of
the van Deemter curve. In the B-term range, the cP-mode leads to
an additional decrease of the band broadening, in proportion with
the inverse of APgy. In the C-term dominated regime, the width of
the bands increases in proportion to APg,% so thatin this regime the
cF-mode offers the best efficiency when comparing both systems
for the same pressure. Around the minimum of the van Deemter
curve, both operation modes lead to a similar efficiency.

Combining the effect on the elution time and the efficiency into
a kinetic plot representing the maximal peak capacity versus time,
it turns out that both modes perform as well in the full C-term
dominated regime, while the cP-mode has a clear advantage for
operations that are run around the van Deemter or in the B-term
dominated regime, where the gain is maximal. Near the optimal
flow rate, and for linear gradients running from 5 to 95% organic
modifier, time gains of the order of some 20% can be expected (or
25-30% when accounting for the fact that the cP-mode can be run
without having to leave a pressure safety margin of 5-10% as is
needed in the cF-mode).
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