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The contributions of the volume of sample injected, the mobile phase flow rate, the inner diameter of
the needle seat capillary and that of the connector capillary, the heat exchanger, and the detector cell
volume to the widths of bands eluted from the 1290 Infinity HPLC instrument were investigated in
depth. Four sample volumes (0.16, 0.80, 4.0, and 20 p.L), three flow rates (0.04, 0.4, and 4.0 mL/min), two
needle seat capillary .D. (100 mm x 115 and 140 m), three sets of connector capillary .D. (350 mm x 80,
115, and 140 pm placed upstream the column, and 220 mm x 80, 115, and 140 wm downstream the
column), two UV detector cell volumes (0.8 and 2.4 L), and the presence/absence of the heat exchanger
(1.6 wL) between the inlet connector capillary tube and the column were combined to generate up to
4 x 3 x 2 x 3 x2x2=288system configurations for this instrument. For each configuration, 5 consecutive
injections were performed in order to assess the injection-to-injection repeatability, providing 1440
elution band profiles which are analyzed. The results demonstrate that the band broadening contribution
of the instrument depends mostly on the detector cell volume and on the inner diameter of the needle
seat capillary tube. The impact of these two contributions is particularly important at high flow rates
(4 mL/min). Best efficiencies are obtained with a small sample volume, below 1 nL, which avoids volume
overload of the instrument, or with large sample volumes, which maximize the radial concentration
gradients of the sample across the instrument channels, in the vicinity of the anfractuosities of the channel
walls. The injection of large sample volumes reveals the imperfection of current injection systems, the
performance of which is remote from the one expected to provide an ideal rectangular injection (~+4 pL?).
Although the present behavior of the instrument is satisfactory, serious improvements would become
necessary to operate the next generation of more efficient columns that might be commercialized soon.

© 2011 Elsevier B.V. All rights reserved.
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1. Introduction instrumentation does not always permit a full achievement of the

potential of modern column technology for several reasons.

The current trend towards the use of narrower bore (2 or even
1.0mm L.D.) columns packed with sub-2 pm fully porous [1-3] or
sub-3 wm superficially porous particles [4-12] has serious conse-
quences on the design of HPLC instruments because it requires
considerable efforts to limit extra-column band broadening. This
shift is causing considerable, unexpected challenges to manufactur-
ers of HPLC. The recent advent of a new generation of instruments
able to operate under very high pressure [13] brings only partial
answers to the problem by affording the possibility to operate the
low permeability columns packed of sub-2 pm particles in a range
of flow rates within which suitable compromises between column
efficiency and analysis time can be selected. Yet, this progress in
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First, because modern columns are packed with fine particles
they have lower permeabilities than conventional columns but
their efficiencies peak at higher flow rates. So, they must be oper-
ated at high mobile phase velocities. The combination of this high
velocity and of the high pressure gradient along the column results
in the evolvement of an important amount of heat due to the combi-
nation of friction between the mobile phase and the particles and
of the decompression of the mobile phase [14-19]. Radial diffu-
sion of this heat causes a temperature gradient across the column,
resulting in a measurable loss of column efficiency, even when
the column is operated under still-air conditions [3,20-24]. Sec-
ondly, the volume of the bands eluted from these highly efficient
columns is much smaller than that of bands eluted from tradi-
tional columns. Under isocratic conditions, which still represent
a large proportion of the analyses that are made in industrial and
research laboratories, the full performance of the modern, very effi-
cient columns cannot be achieved by analysts due to instrument
limitations [13,25].
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These limitations are caused by the extra-column band broad-
ening contributions that arise everywhere in HPLC instruments,
from the injection needle to the outlet of the detector cell. Ide-
ally, the shape of sample plugs leaving the injector should be
rectangular and the sample zone leaving a column should not
have undergone any additional band broadening during its transit
through the instrument channels. Unfortunately, the extra-column
volumes of any instrument contribute to band broadening, signifi-
cantly increasing the variances of the peaks eluted. With traditional
instruments, these contributions are at least 50 wL? or even more;
they are only of the order of 10 wL? for the most modern instru-
ments [13]. Nevertheless, these variances considerably exceed
the band variance of zones eluted from the most recent, very
efficient 50 mm x 2.1 mm narrow-bore columns (hold-up volume
Vo =100 p.L, efficiency N= 15,000 plates) that are filled with the best
packing materials now available. These bands have variances of
a few wL? for poorly retained peaks (k=1). Actually, the perfor-
mance of the HPLC instruments currently available often does not
permit to do justice to these modern columns. Important efforts,
much ingenuity and resources must be invested to engineer more
efficient instruments.

Different parts of the instruments contribute to broaden solute
zones flowing from the injection needle to the detector outlet.
The sample is drawn and stored inside a long capillary and into
the injection loop. The rear part of this plug then diffuses at the
interface between the sample solution and the eluent. The drawing
speed being smaller than standard mobile phase flow rates, at ca.
20-100 p.L/min may not affect much this contribution. Some sys-
tems are equipped with needle seat capillaries between the needle
seat and the actuation valve, others are not and the loop is directly
connected to the valve. When the needle seat capillary is present,
once the switching valve is actuated, the sample zone if flushed
in the opposite direction, toward the injection valve, a transfer
made through the needle seat capillary. The sample zone is then
transported through the inlet connector capillary, through the heat
exchanger when necessary, through the outlet connector capillary,
and, after elution through the column, through a last connecting
tube into the detector cell. This cell consists in a short capillary tube
(pathlength of 4-10 mm), which contributes to increase the sample
bandwidth. Finally, the chromatogram is recorded by acquiring the
signal at a constant sampling rate. These specific parts of the instru-
ment are inter-connected using appropriate nuts, ferrules, and
openings that generate many anfractuosities. All together, these
connections and transfer parts contribute to broaden the sample
zone, through mechanisms detailed later.

In this work, we quantified the impact of the characteristics
(volume, diameter, eluent flow rate, signal sampling speed,...)
of these different parts of an instrument to the observed extra-
column band broadening, in the hope of pinpointing the critical
parts of the system, the parts which should be improved to fur-
ther minimize its extra-column band broadening contribution. For
this purpose, we systematically measured the extra-column band
profiles of samples of a dilute solution (C<0.1g/L) of naphtha-
lene for 24 different configurations of extra-column channel in
an Agilent 1290 Infinity system. Two needle seat capillaries L.D.
(100 mm x 115 and 140 pm), three 350 mm long connecting tubes
of .D.of 80, 115, and 140 wm placed downstream the column, three
220 mm long connecting tubes of 80, 115, and 140 wm upstream the
column, two UV detection cells of volumes 0.8 and 2.4 L, and the
presence/absence of the heat exchanger (1.6 wL) were combined,
generating 2 x 3 x 2 x 2 =24 combinations. Additionally, each sys-
tem configuration was tested for four volumes of the injected
sample (0.16, 0.80, 4.0, and 20.0 wL) and three eluent flow rates
(0.04, 0.4, and 4.0 mL/min). Each measurement was repeated five
times. A statistical analysis of the 1440 extra-column band profiles
recorded is presented. The results indicate which parts of the 1290

Infinity system need most to be improved to provide the best results
with the forthcoming narrow-bore columns packed with very fine
particles. It is important to note that the quantitative results pre-
sented in this work concern exclusively the performance of the
1290 Infinity system used. However, from a qualitative viewpoint,
the general conclusions are valid for other vHPLC instruments,
which operate similarly.

2. Theory
2.1. First moments of extra-column peaks

The volumes of the injected sample (Vyy;), the needle seat capil-
lary (Vseqe), the injection valve (Vygp, ), the connecting tubes (Vcgp),
the heat exchanger (Vpyeq ), the UV detector cell (V), and the vol-
ume contribution of the sampling rate (7F,) are known. 7 is the
sampling time and F, is the flow rate. These parameters and their
values are listed in Table 1. The extra-column contribution to the
first moment of the bands, 11y, gx, €xpected in the absence of sam-
ple dispersion (no flow heterogeneity in any part) is given by:

Ve | hy

5 + -5 (1)
However, the volume of the anfractuosities present along the
instrument channels and the slow diffusive mass transfer into and
out of them contribute to increase further the hold-up volume of
the instrument and causes a degree of tailing. For these reasons, the
first moments observed are slightly larger than expected.

Vln‘
M1,v,Ex = T] + Vseat + Vvatve + VCap + VHear +

2.2. Second moments of extra-column peaks

The different parts of the instrument that contribute to the dis-
persion of a sample band include the system drawing the sample
from the vial into the injection loop and ejecting it into the needle

seat, af Inj? the volume of the injected sample itself, af v.» the needle
s i
2

seat capillary, o the tubes connect-

. 5
v,Seat’ the injection valve, o,

,Val?

Table 1
First moments including the contributions of the injection volume, needle seat cap-
illary, injection valve, connecting tubes, detection cell volume, and sampling rate.

First moment

(kL]
0.16 0.08
Injection volume [pL] 0.80 0.40
4.00 2.00
20.00 10.00
Injection valve 122
Llcm] LD.[pm]
Needle seat length x L.D. 10 115 1.04
10 140 1.54
Heat exchanger 162
22 80 1.11
22 115 2.29
22 140 3.39
Connecting tubes length x 1.D. 34 80 1.71
34 115 3.53
34 140 523
Detection cell volume [pL] 0.8 0.40
24 1.20
40 0.01
0.04
80 0.04
Sampling rate [Hz]/flow rate [mL/min] 0.4
160 0.21
4.0

2 Data provided by the manufacturer.
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ing the valve to the column and the column to the detector, o2

v,Cap’
the detector cell, oque”, the heat exchanger, ov Hear» the sampling
rate, o2

o Rate’ and the contributions of mass transfer into and out of
all the unavoidable anfractuosities along these parts and at their
connection points, av Nooks®
Therefore, if we assume that the variances of these different

sources of band broadening are additive (which is in practice barely

the case), the total extra-column peak variance, 05 Ex» I Volume
unit is written:
02, =02, +02, +0%. +02, +02. +0>
v,Ex. = “v,Inj v,V; v,Seat v,Val v Cap v,Heat
+ Uv,CelI + av,Rate + Uv,Nooks (2)

Some of these contributions to the total extra-column peak vari-
ance have been quantified formerly; their estimates are well known
[26]. The other contributions can be modeled and algebraic expres-

o2 2 2
sions derived to predict the values of av Vi Oy seat T cap> P cell

and ov Rrate aT€ detailed below. These expressions do not necessarily
account for the true observed band variance but serve as reference
values.

2.2.1. Short cylindrical tubes

The contribution of connecting tubes is based on the coupling
[27] between the asymptotic Aris dispersion theory in open tubu-
lar tubes [28] and a flow dispersion regime assuming a radial,
Hagen-Poiseuille parabolic flow profile [29]. The set of tubes
includes the needle seat capillary (02 Seat) and the several connect-
ing tubes (o oy, Cap) those between the injection needle and the heat
exchanger, the heat exchanger and the column inlet, the column
outlet and the detector.

The asymptotic variance in volume unit predicted by Aris when
the band center has reached the end of a cylindrical tube of length
L and inner radius r¢ is [28]:

4
o2 _ 1 argl
v,Cap,Aris —

24 Dy 3)
where D,, is the bulk molecular diffusion coefficient
(Dm=1.26 x 107> cm?2/s for naphthalene, in a mixture of ace-
tonitrile and water, 80/20, v/v, at 293.15K [30]) and F, is the flow
rate. This expression applies only for infinitely long tubes and/or
infinitely small flow rates. It does not apply to the actual needle
seat capillary tube nor to the connecting tubes.

The variance in volume when the band center has reached the
end of the cylindrical tube of length L, assuming a radial parabolic
flow profile and no radial diffusion is given by [29]:

1
2 2,472
Oy, Cap,Flow = §7T reL (4)

The coupling theory of eddy dispersion of Giddings provides the
variance contribution, 05 Tuper ©Of @an open cylindrical tube of inner
radius r. when the band center has reached the length z=L is given

by [31]:

2,472
> ereL

Oy cap = 3

+ (247LDpm [ Fy) )

2.2.2. Injection volume
The contribution of the injected volume, Vj;;, to the extra-
column band broadening is given by [26]:

VZ
I
opy, = 131 (6)

2.2.3. Detection cell volume
The contribution of the volume of the UV detector cell, V., to
the extra-column band broadening is also given by:

V2
2 Cell
Oy.cell = Ke (7)
In practice, the factor K=12 is not a physically realistic value. Usu-
ally, K lies between 1 (ideal mixer) and 12 (non-dispersive cell).
Values of 5-6 are more generally correct. Note that this variance is
independent of the flow rate applied.

2.24. Sampling rate

The contribution of the detector time constant or, for modern
systems, its sampling rate is proportional to the product of the time
constant, 7, by the flow rate squared [26,27]:

2 2F2
Ou,Rate 12 F (8)
This expression assumes that the signal observed at time ¢, I(t), is
the average of the real signal, s(t), over the time interval t—7 to t
or:

1 t
I(t):?/ s(t')dt’ (9)
t—1

o2 2 o2
Table 2 lists the expected values of crv vir Oy seatr O, cap® O cell’ and

v Rate fOT the four injection volumes used (0.16, 0.80,4.0,and 20 p.L)
and the three flow rates (0.04, 0.4, 4.0 mL/min).

2.2.5. Unknown variance contributions
The contributions 02 of the injection sequence (drawing and

ejection of the sample volume) a va ©f the injection valve, o2

v,Heat
of the zig-zag heat exchanger caplllary, and 05 Nooks Of all the anfrac-
tuosities in the LC system cannot be calculated a priori and are

unknown a priori.

3. Experimental
3.1. Chemicals

The mobile phase used in this work was a mixture of acetonitrile
and water (80/20, v/v). Both solvents were HPLC grade from Fisher
Scientific (Fair Lawn, NJ, USA). The mobile phase was filtered before
use on a surfactant-free cellulose acetate filter membrane, 0.2 pm
pore size (Suwannee, GA, USA). The sample naphthalene was also
purchased from Fisher Scientific.

3.2. Apparatus

The 1290 Infinity HPLC system (Agilent Technologies, Wald-
broon, Germany) was used in this work. This instrument includes
a 1290 Infinity Binary Pump with Solvent Selection Valves and a
programmable auto-sampler. The injection volumes were set at
0.16, 0.80, 4.0, and 20 pL. The flow rates were successively set
at 0.04, 0.4, and 4.0 mL/min. The instrument is equipped with a
two-compartment oven and a multi-diode array UV-vis detection
system. The sampling rates of the detector were fixed at 40 Hz (for a
flow rate of 0.04 mL/min), 80 Hz (for F, = 0.4 mL/min), and 160 Hz
(for F, = 4.0mL/min). The system is controlled by the Chemsta-
tion software. The sample migration throughout the equipment
involves its successive passage through the following series of
channels
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Table 2

4635

Prediction of some system variances in pL? including the contributions of the injection volume, needle seat capillary, connecting tubes, detection cell volume, and sampling

rate.

Vinj [RL] 0.16 0.8 4 20

Flow rate [mL/min] 0.04 0.4 4 0.04 0.4 4 0.04 0.4 4 0.04 0.4 4

Sampling rate [Hz] 40 80 160 40 80 160 40 80 160 40 80 160
L[cm] .D. [pum] Second central moment [jL?]

Needle seats length x I.D. 10 115 0.36 0.36 0.36 0.36 0.36 0.36 0.36 0.36 0.36 0.36 0.36 0.36
10 140 0.79 0.79 0.79 0.79 0.79 0.79 0.79 0.79 0.79 0.79 0.79 0.79

Connecting tubes length x L.D. 22 80 0.41 0.41 0.41 0.41 0.41 0.41 0.41 0.41 0.41 0.41 0.41 0.41
22 115 1.74 1.74 1.74 1.74 1.74 1.74 1.74 1.74 1.74 1.74 1.74 1.74
22 140 3.81 3.82 3.82 3.81 3.82 3.82 3.81 3.82 3.82 3.81 3.82 3.82
34 80 0.97 0.97 0.97 0.97 0.97 0.97 0.97 0.97 0.97 0.97 0.97 0.97
34 115 4.16 4.16 4.16 4.16 4.16 4.16 4.16 4.16 4.16 4.16 4.16 4.16
34 140 9.13 9.13 9.13 9.13 9.13 9.13 9.13 9.13 9.13 9.13 9.13 9.13

Injection volume 0.00 0.00 0.00 0.05 0.05 0.05 1.33 133 1.33 33.33 33.33 33.33

Detection cell volume [pL] 0.8 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05
24 0.48 0.48 0.48 0.48 0.48 0.48 0.48 0.48 0.48 0.48 0.48 0.48

Sampling 0.00 0.00 0.01 0.00 0.00 0.01 0.00 0.00 0.01 0.00 0.00 0.01

e A 20 pLinjection loop attached to the injection needle (note that
the whole 20 L is not flushed with the sample).

e A100 mm long needle seat capillary between the injection needle
and the injection valve.

¢ An injection valve. The total volume of the grooves and connec-
tion ports in the valve is around 1.2 pL.

e Two connector capillaries, the first being 340 mm long (before the
heat exchanger) and the second 220 mm long (after the column
and before the detector cell).

e The heat exchanger capillary, volume 1.6 p.L.

e The column, replaced in this study with a zero-volume connector
(ZDV, actual volume ca. 0.1 p.L, I.D. 1/48 in. or ca. 0.52 mm, length
0.5mm).

¢ A small volume detector cell, path length 10 mm.

Table 1 lists the dimensions of the two needle seat capillar-
ies, the diameters of the six connecting tube capillaries, and the
volumes of the two detector cells used in this work. Note that
the 0.8 L detection cell is not commercially available (prototype
cell).

The flow rate accuracy was determined by directly pumping the
pure mobile phase at 295K and 1 mL/min during 50 min into a vol-
umetric flask of 50 mL in the absence of chromatographic column.
The eluent was collected at the exit of the heat exchanger of the
chromatograph. The relative error was less than 0.2%, so we esti-
mate that the long-term accuracy of the flow-rate at 1 mL/min is
around 2 pL/min. The laboratory temperature was controlled by
an air conditioning system set at 293 K. The daily variation of the
ambient temperature never exceeded +1°C.

3.3. Samples

The sample naphthalene was dissolved in the eluent mixture
(<0.1g/L). A10 mL sample was prepared and stored in a refrigerator
at 277 K. The concentration was set low enough in order to observe
a maximum UV signal of 17700 mAU and a linear response of the
detector when 20 L samples were injected. The wavelength of the
UV detector was set at 254 nm with a bandwidth of 4 nm. Naphtha-
lene dissolved in a mixture of acetonitrile and water (80/20, v/v)
was chosen because its diffusion coefficient is typical of those of
small molecular weight compounds dissolved in the standard elu-
ents (~1-2 x 1073 cm?2/s) used for quality control tests of vVHPLC
columns.

3.4. Experimental plan

The 1290 Infinity system was operated with 24 successive
configurations characterized by the choice made for the inner diam-
eters of the needle seat capillary and the connecting capillary tubes,
for the volume of the detector cell and for the presence/absence of
the heat exchanger. For each configuration of the system, three dif-
ferent flow rates were considered. At each flow rate, four injected
volumes were applied. Thus, a total of 288 different injections were
performed, each being repeated five times. This makes a total of
1440 injections.

3.5. Measurements of the first moment and the second central
moment

The extra-column contributions to the retention volume and
the band broadening of the probe samples were measured by
replacing the chromatographic column with a ZDV union con-
nector. The extra-column retention volumes and variances were
measured using the only accurate method available, the numeri-
cal integration method [32]. Each measurement was repeated five
times. Prior to any measurement, each profile recorded was cut
on its left and right sides and corrected for baseline drift. The
left and right cut-off abscissa were determined when the posi-
tive (left side) and negative (right side) drifts of the signal were
smaller than the noise of the signal. This determination of when
the integration of the signal should begin and end is critical for the
precision of the measurements [33]. The higher the order of the
moment, the larger the contribution of the parts of the peak that are
remote from its center, hence the larger the influence of the signal
noise.

The first moment and the second central moment of the concen-
tration profiles of the sample were calculated by dumping the set of
recorded data into a 2-column (time and signal) MS Excell spread-
sheet and using the following formulae to derive the moments (NB.
The moments provided by the data station were not used):

i=N-1
(G + Cig )& + ti31)

Il
—_

M1 = PV (10)

2 G+ G
i=1
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= =1 : (11)

G+ G
i=1

where N is the number of data points (t;, G;) left after elimination
of the early and late recorded data points (see above). The first and
second moments of the sample peak, j1; and M/z ;» were deter-

mined successively five times (j=1-5). The averages, {1 and ,172,

and their relative sample standard deviations, 041, and o, _, u
2

were calculated as follows, using the same method as for the sample
peak:

Jj=5
1
Hy = gZM],f (12)
j=1
e 1 i=5
W=z M (13)
j=1
j=5
_\2
1/4Z(M1,j—m)
j=1
On-1,uy = o (14)
Jj=5 _
\ 1/4) (1 ; - 113)
j=1
On 1y = - (15)
n-1,u, 1,

4. Results and discussion

The precision of our measurements of the extra-column contri-
butions are first analyzed and discussed. Then, the impact of each of
the experimental parameters studied (injection volume, flow rate,
needle seat capillary, connecting tube capillaries, heat exchanger,
and detection cell) on the overall band broadening is investigated
and discussed. The goal of this section is to elucidate under which
conditions one or several of these parameters together control most
of the band spreading taking place during migration of the analyte
band along the channel of the instrument. Finally, this analysis leads
to suggesting what are the most important and most practical solu-
tions to improve an HPLC system in order to achieve satisfactory
performance with the new, short narrow-bore 2.1 mm L.D. columns.

4.1. Precision of the experimental data

The second and first moments of the extra-column peak, ,u’z
and w1, were measured successively five times each. The rela-
tive standard deviations of these measurements are plotted in
Figs. 1 (first moment)and 3 (peak variance). The sub-divisions of the
x-axis in these figures are organized as follows: in the first position,
the injected volume (0.16, 0.80, 4.0, and 20 p.L from left-to-right);
in the second position, the flow rate (0.04, 0.4, and 4.0 mL/min from
left-to-right); in the third position, the 1.D. of the needle seat cap-
illary (115 and 140 pm from left-to-right); in the fourth position,
the L.D. of the connecting tube capillary tubes (80, 115, and 140 m
from left-to-right); in the fifth position, the volume of the detec-
tion cell (0.8 and 2.4 p.L from left-to-right); and in the sixth and last
position, the presence (left) or absence (right) of the zig-zag heat
exchanger capillary tube.

A V_=0.16 pL Y
inj in

=0.80 L
)

V. =4.00pL Vv |=20.00pl,
inj in

[}
1
4.0 mL/min

First moment p,
w
1

0.40 mL/min

0.04 mL/min

Sample (n=5) standard deviation [%]

50 100 150 200 250
System configuration number

V, =016 uL |V, =080 pL V,,=4.00 uL V,,=20.00 uLL

vy}

4.0 mL/min

E
1
0.40 mL/min

Sample (n=5) standard deviation [%]
First moment

0.04 mL/min

1 2 3 4 5 6 7 8 9 10 11 12
System configuration number

Fig. 1. (A) Injection-to-injection repeatability of the first moments. Plot of the sam-
ple (n=>5)relative standard deviation (RSD) of the first moment of the extra-column
band profiles as a function of the 288 system configurations. The x-axis is succes-
sively divided into 4 injection volumes, 3 flow rates, 2 needle seat capillary I.D., 3
connecting capillary tube L.D., 2 detection cell volumes, and presence/absence of
the heat exchanger). (B) Sequence-to-sequence repeatability after unfastening and
fastening all connections. Note the major impact of the flow rate on the precision of
the data.

We analyze the injection-to-injection and the sequence-to-
sequence repeatabilities of the first and second central moments.
In the sequence-to-sequence repeatability experiments, all the
parts of the 1290 system were removed before being assembled
as required and all the units of the chromatograph (pump, sample
manager, and detection) were completely turned off.

4.1.1. Injection-to-injection precision of the first moment

Fig. 1A demonstrates that the precision of the measurements
of the first moments depends mostly on the flow rate applied
and slightly on the volume injected. At a constant flow rate of
0.04 mL/min, the average RSDs of the w1 ; measurements are 0.28%,
0.23%,0.11%, and 0.07% for injected volumes of 0.16, 0.80, 4.00, and
20.0 pL, respectively. The same RSDs are 0.94%, 0.85%, 0.50%, and
0.38% for the 10-fold larger flow rate of 0.4 mL/min, the relative
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errors becoming 3-5 times larger. Finally, at a constant flow rate
of 4.0 mL/min, the average RSDs are equal to 4.12%, 4.01%, 3.64%,
and 2.95%, between 15 and 20 times larger than those recorded at
the lowest flow rate.

We investigated whether a time offset between the moment
when the injection valve is actuated and the moment when the
detector records the initial time (t=0) could account for this
observation. The plot of the elution volume F, i1 versus the flow
rate F, reveals a slight convex upward shape with an average slope
of 0.055s (£30%) for all the 24 configurations tested in this work.
If we consider the system configuration with the lowest volume,
this offset time accounts for 0.4, 3.8, and 32.0% of the elution time
of a 0.8 uL injection at flow rates of 0.04, 0.4, and 4.0 mL/min,
respectively. Given the 30% random dispersion around the mean
value of 0.055, an increase of the RSDs of the 11 ; measurements
would be consistent with the existence of a variable offset time in
between 0.038 and 0.072s. In addition, the sample injection itself
causes a pressure disturbance, hence a flow disturbance. The larger
the flow rate, the higher the pressure and the larger the erratic
flow disturbance.

Everything else being constant, the RSDs of the first moments
decrease with increasing sample size. Fig. 2A shows the variation of
the average RSDs of 111 as a function of the injected volume. There
is no obvious physical explanation for this effect that is certainly not
related to a variation of the elution times with increasing sample
size (see later). We note that the relative decrease of the RSDs is
particularly rapid with the smallest sample size and much less with
the largest one. This could suggest that the repeatability of elution
times is more robust at high than at low concentrations, i.e., when
the concentration gradients in the system are the largest.

Fig. 2B shows the superimposition of the four chromatograms
recorded at a flow rate of 0.4 mL/min, under the same conditions
(see caption). Clearly, the concentration distributions along the
channels differ significantly from one injection volume to the next,
varying in a 5-fold ratio between 0.16 and 0.80 p.L and only in a
1.6-fold ratio between 4.0 and 20 L. The lowest signal-to-noise
ratios observed for a 0.16 uL injection volume are 600, 500, and
350 at flow rates of 0.04, 0.4, and 4.0 mL/min, respectively. These
observations explain the decreasing trends of the plots in Fig. 2A,
which are most likely related to the intensity of the concentration
gradients inside the tubes. As stated earlier, this trend is not related
to a variation of the elution time, as confirmed by the constancy of
the positional of the peak apex, 1.68 v ersus 1.69 second when the
sample volume is increased from 0.16 to 0.80 L.

4.1.2. Injection-to-injection precision of the second moment

Fig. 3Areports on the RSDs of the second central moment, ,u’z’j, of
the sample peak for all the 288 system configurations used. In con-
trast to the RSDs measured for the first moment /4 j, the precision
of the experimental second moments is mostly controlled by the
sample volume injected. The dependence of the volume variance
on the sample volume was investigated long ago with prototypes of
the 1090 Agilent instrument [34]. Fig. 4 shows plots of the average
RSDs of the second central moments as a function of the sample
volume. The decreasing trend of these RSDs with increasing sam-
ple volume is stronger than the one reported in Fig. 2A for the first
moment. The average RSDs decrease from 3.07% to 1.43%, 1.01% and
0.20% at a flow rate of 0.04 mL/min, from 4.82% to 2.71%, 0.72% and
0.29% at 0.4 mL/min, and from 6.31% to 2.46%, 1.22% and 0.81% at
4.0 mL/min when the volume injected increases from 0.16 to 0.80,
4.00 and 20.0 L, respectively. Clearly, more than on anything else,
the precision of the second central moment depends strongly on
the sample volume, e.g. on the intensity of the concentration gra-
dients migrating along the extra-column volumes. Less obvious but
stillmeasurable, the precision of the second moment increases with
decreasing flow rate.
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Fig. 2. (A) Plot of the average RSDs of the first moment measured at three different
flow rates as a function of the injected sample volume. Note the large sensitivity
of the precision in the range of small injection volumes (0 — 7 nL). (B) Superimpo-
sition of the extra-column band profiles recorded for a series of injection volumes
as indicated in the legend. Conditions: 115 pm L.D. needle seat capillary, 80 m L.D.
connecting tubes, 2.4 WL detector cell, and the heat exchanger present. Note that
the signal height does not increase linearly with increasing sample volume only the
peak area does.

4.1.3. Sequence-to-sequence precision

During the series of experiments performed in this work, some
parts were removed from and others were installed onto the 1290
Infinity system. This requires to fasten/unfasten a significant num-
ber of end-fittings to change the needle seat capillary LD., the
connecting tubes L.D., and/or to replace the heat exchanger with
a union connector. At the same time, at the end of each sequence,
the pump, the sample manager, and the detector modulus were
systematically turned off.

Accordingly, a sequence-to-sequence repeatability test was per-
formed by repeating the measurement of the first and second
central moments after disconnecting each part (needle seat cap-
illary, two connecting tubes, heat exchanger, union connector, and
detection cell), unfastening 6 different screws and turning off the
whole 1290 Infinity system. The results are shown in Fig. 1B (first
moments) and in Fig. 3B (second central moments). They con-
firm that the precision of the first and second central moment
depends mostly on the flow rate (random offset time) and on the
volume injected (e.g. the amplitude of the concentration gradi-
ents), respectively. However, a comparison of Figs. 1 and 3 shows
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Fig.3. Same asin Fig. 1, except the injection-to-injection repeatability of the second
central moments of the extra-column band profiles. Note the major impact of the
sample volume injected.
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Fig. 4. Plot of the average RSDs of the second central moments measured at three
different flow rates as a function of the injected sample volume. Note the very large
sensitivity of the precision in the range of small injection volumes (0 — 4 uL).

a larger sequence-to-sequence RSDs than injection-to-injection
RSDs. Overall, the maximum RSDs were found equal to 8% for the
first moment and 17% for the second central moment (0.16 pL
injected, 4 mL/min). The smallest RSDs were 0.18% and 0.50% at
a flow rate of 0.04 mL/min and an injection volume of 20 p.L.

4.1.4. Conclusion on the precision

On the average over the 24 system configurations, the injection-
to-injection relative errors made on the first moments vary
between 0.1% (low flow rate and high concentration gradients) and
4.0% (high flow rate and small concentration gradients). The same
relative errors for the second central moments range between 0.2%
(high concentration gradients and low flow rate) and 6.5% (small
concentration gradients and high flow rates). The precision of the
integration method depends essentially on the reproducibility of
the beginning and the end of the integration of the signal, i.e., of
the left and right cut-off abscissa. The largest relative errors of 4%
and 6.5% for the first moments and the second central moments,
respectively, may appear large. The largest sequence-to-sequence
errors are somehow larger, at 8% for the first moment and 17% for
the second central moment.

Yet, it is important to underline that these moments were mea-
sured based on a full numerical integration method, as described in
the experimental section and previously analyzed elsewhere [32].
As shown earlier, the results of this method are highly sensitive to
the noise in the regions where the solute concentrations are the
lowest and where the degree of repeatability is the smallest. The
error made depends much on the times when the integration begins
and ends, i.e., on the positions of the far-left and far-right cut-off
points [33]. Thus, this method is less robust than others, such as
the half-height peak width and/or the peak fitting methods. In con-
trast, the numerical integration method has the great advantage of
providing far more accurate measurements of the first and second
central moments, which is why we used it.

Finally, we should emphasize that only the excellent repeatabil-
ity of the performance of the injection system of the 1290 Infinity
system allows the achievement of the high level of injection-to-
injection reproducibility that was consistently obtained in this
work.

4.2. Analysis of the first moment of the extra-column band
profiles

Fig. 5A shows the averages of the first moments of the signals
acquired for all the samples injected on the 288 system con-
figurations outlined earlier. Fig. 5C zooms in to the 24 system
configurations (2 needle seat capillary I.D., 3 connecting tube cap-
illary’s I.D., 2 detection cell volumes, and presence/absence of the
heat exchanger), for a sample volume of 0.16 pL and a flow rate
of 0.04 mL/min. This was the combination of sample size and flow
rate giving the smallest average relative error for the first moment,
at less than 0.3%.

Interestingly, we can identify the repetition of the same pattern
in Fig. 5A for all the combinations (12) of flow rates and sample
volumes. Fig. 5B compares the experimental and predicted first
moments based on the estimates of the geometrical volumes of
the different parts of the 1290 Infinity system described earlier
(Table 1). The detailed pattern observed at constant sample volume
and flow rate shown in Fig. 5C reveals the impact of the different
parts of the chromatographic system on the elution volume. The
effects of the presence/absence of the heat exchanger (1.6 L), of
the detection cell’s volume (0.8 or 2.4 pL), of the L.D. of the con-
necting tube capillaries (80, 115, or 140 wm), and of the L.D. of the
needle seat capillary (115 or 140 pwm) are clearly illustrated in this
figure.
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Fig. 5. (A) Plot of the first moments measured for the 288 system configurations.
The x-axis is successively divided into 4 injection volumes, 3 flow rates, 2 needle
seat capillary LD., 3 connecting capillary tube LD., 2 detection cell volumes,
and the presence/absence of the heat exchanger. (B) Comparison between the
observed and predicted first moments of the extra-column band profiles of the 1290
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Fig. 6. Impact of increasing the L.D. of the needle seat capillary from 115 to 140 wm
for 144 system configurations on the first moment observed. The x-axis is suc-
cessively divided into 4 injection volumes, 3 flow rates, 3 connecting tube LD., 2
detection cell volumes, and the presence/absence of the heat exchanger. The average
increase in the first moment is 0.72 L.

We observe that the elution volume in Fig. 5B is systematically
about 30% larger than the sum of all the geometrical contribu-
tions listed in Table 1. For instance, the smallest elution volume,
8.05+£0.03 L, was measured with a 0.16 pL injection volume, a
0.04 mL/min flow rate, a 115 pwm needle seat capillary I.D., a 80 pwm
connecting tube L.D., a 0.8 pL detection cell, in absence of the heat
exchanger. In contrast the sum of the volumes of all these parts
is equal to 5.55 pL. The largest elution volume, 31.3 £0.9 pL, was
measured with a 20.0 pL injection volume, a 4 mL/min flow rate, a
140 pm needle seat capillary I.D., a 140 wm connecting tube I.D., a
2.4 pLdetection cell, in the presence of the heat exchanger. The sum
of the volumes given in Table 1 gives a value of 24.4 L. This con-
firms that the contributions of the unidentified parts of the injection
system, the complex radial flow distribution and the anfractuosi-
ties along the channels of the extra-column volume is causing a
significant delay in the elution volume of the bands of naphthalene.
This difference is not due to a time off-set between the moments
when the sample is physically injected and the zero time of the
data station (as the off-set time of 0.6 second previously observed
with the Acquity chromatograph [17]) but it is due to a significant
contribution of channel anfractuosities and amount of peak tailing.

Next, we assess the contribution of each specific part of the
instrument (needle seat capillary L.D., connecting tubes capillar-
ies I.D., presence/absence of heat exchanger, detection cell volume,
injection volume, and flow rate) by measuring the difference
between two first moments recorded under the very same exper-
imental conditions, except for one particular characteristic (I.D.,
volume, presence/absence) of one single instrument’s part.

4.2.1. Needle seat capillary I.D. and 41

Fig. 6 shows the differences between the elution volumes of
naphthalene when the instrument is fitted with the 140 or with the
115 pm LD. needle seat capillary tube. 144 pairs of system config-

Infinity system. (C) Zoom in for a constant injection volume (0.16 L) and a flow rate
(0.04 mL/min) showing more clearly the contributions of the needle seat capillary
L.D., the connecting tube capillary I.D., the detection cell volume, and the presence
or absence of the heat exchanger along the extra-column path.
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urations were considered in each case. From left to right, the x-axis
represents the injected volume (4 segments including 36 pairs of
experiment, see the dotted lines in Fig. 6), the flow rate (3 segments
including 12 pairs of experiment, see the dashed segments in the
same figure), the L.D. of the connecting tubes (3 segments includ-
ing 4 pairs of experiment, see the dash-dotted lines in the same
figure), the volume of the detection cell (2 segments including 2
pairs of experiments, see the short dotted line in the same figure),
and the presence/absence of the heat exchanger (last two pairs of
experiment).

As could be expected, most pairs of experiments generate a pos-
itive difference (134 out of a total of 144). Also noticeable is that all
four unexpected negative outcomes (—0.35.L) were observed for
the same system configuration (0.4 mL/min, 115 pm LD. connect-
ing tubes, detection cell volume 0.8 L, heat exchanger present) for
each injected volume. The six other negative values were found to
be random but always at the highest flow rate of 4.0 mL/min, where
the precision of the measurements is largest, between 3% and 4%.
At such a high flow rate, the limited precision of the synchroniza-
tion between the injection valve, the detector, and the Chemstation
have a large impact on the repeatability of the measurements.

Overall, the average difference between the elution volumes is
0.72 pL while the difference in the geometrical volume between
the two needle seat capillaries is 0.50 pL (see Table 1). This could
suggest either that there are wide variations of the inner diameter
of the needle seat capillary tube around the specification or that
increasing the needle seat capillary diameter enhances peak tailing.
The capillary diameter tolerances are in the order of £10% so that
the volume difference could be +20%, slightly more than half the
difference observed.

4.2.2. Connecting tube capillary IL.D. and [u{

Fig. 7A shows the differences between the experimental elution
volume observed with the 115 and the 80 pwm L.D. connecting cap-
illary tubes. Fig. 7B shows a plot similar to the one in Fig. 7A, for the
140 and 115 pm L.D. connecting capillary tubes. 96 different pairs
of system configurations are available (4 samples volumes, 3 flow
rates, 2 needle seat capillaries, 2 detection cells, and the presence
or absence of the heat exchanger). Their differences are illustrated
by using different styles to draw lines in these two figures.

With no exception, the differences in elution volumes are all
positive and the sample relative standard deviation around the
mean is much smaller (n=96, RSD =19 and 16%) than that observed
in the previous section (n=144, RSD=72%), probably because the
total length of the connecting tubes (560 mm) is much longer than
that of the needle seat capillary (100 mm). The average increases of
the first moment are 2.08 and 3.52 pLin Fig. 7A and B, respectively.
Actually, the differences between the geometrical volumes of these
three connecting tubes are (2.29-1.11)+(3.53 -1.71)=3.00pnL
and (3.39-2.29)+(5.23 -3.53)=2.80 uL, according to Table 1.
Clearly, the experimental differences is not the same as the one
expected from the differences of the geometrical volumes of the
connecting tubes provided by the manufacturer. Again, as was
found with needle seat capillary L.D., either there are wide fluctua-
tions of the inner diameter of the connecting tubes or the extent of
peak tailing strongly depends on the inner diameter of these tubes.

4.2.3. Detection cell volume and (11

Fig. 8 shows the 144 differences (4 sample volumes, 3 flow rates,
2 needle seat capillaries I.D., 3 connecting tubes I.D., and presence or
absence of heat exchanger) between the elution volumes recorded
with a 2.4 and a 0.8 pL detection cell. The differences are all posi-
tive except one. It is noteworthy that this difference is larger than
the average difference (1.18 L, RSD=47%) observed at a flow rate
of 4.0 mL/min. The average difference measured by omitting those
recorded at a flow rate of 4 mL/min is equal to 0.95 pL (RSD =23%).
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Fig. 7. (A) Impact of increasing the L.D. of the inlet and outlet connecting capillary
tubes from 80 to 115 pm for 96 system configurations (4 injection volumes, 3 flow
rates, 2 needle seat capillary .D., 2 detection cell volumes, and the presence/absence
of the heat exchanger) on the first moment observed. The average increase in the
first moment is 2.08 pL. The x-axis is successively divided into 4 injection volumes,
3 flow rates, 2 needle seat capillary LD., 2 detection cell volumes, and the pres-
ence/absence of the heat exchanger. (B) Same as in A, except increasing the L.D. of
the connecting tubes from 115 pm to 140 wm The corresponding average increase
in the first moment is 3.52 uL.

In theory, an increase of (2.4—0.8)/2=0.8 nL was expected. The
measurements made at low flow rates (0.04 and 0.4 mL/min) are
consistent with the volumes of the two detection cells provided by
the manufacturer. The larger average values measured at 4 mL/min
suggest that the large detection cell volume induces a severe peak
tailing at high flow rates.

4.2.4. Presence/absence of the heat exchanger and ;

Fig. 9 shows the 144 differences (4 sample volumes, 3 flow rates,
2 needle seat capillaries 1.D., 3 connecting tubes .D., and 2 detection
volumes) between the elution volumes recorded in the presence
and in the absence of the heat exchanger. Similarly to what was
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Fig. 8. Impact of increasing the LD. of the detection cell volume from 0.8 to 2.4 uL
for 144 system configurations on the first moment observed. The x-axis is succes-
sively divided into 4 injection volumes, 3 flow rates, 2 needle seat capillary L.D., 3
connecting tube L.D., and the presence/absence of the heat exchanger. The average
increase in the first moment measured for the two lowest flow rates, only, is equal
to 0.95 pL. Note the large excess in the first moment measured at the highest flow
rate.
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Fig. 9. Impact of the presence of the heat exchanger for 144 system configurations
on the first moment observed. The x-axis is successively divided into 4 injection
volumes, 3 flow rates, 2 needle seat capillary I.D., 3 connecting tube 1.D., 2 detection
cell volumes. The average increase in the first moment measured for the two low-
est flow rates, only, is equal to 2.43 pL. Note the large excess in the first moment
measured at the highest flow rate.

observed in the previous section, the differences observed between
the values measured at the highest flow rate of 4 mL/min are larger
than the average difference (2.59 L, RSD=19%). After omitting
the data measured at 4 mL/min, the average difference is equal to
2.43 pL and the RSD is strongly decreased, to 9%. Surprisingly, the
volume of the heat exchanger is only equal to 1.6 pL, according to
the manufacturer. This could suggest either that the volume of the

heat exchanger provided by the manufacturer is underestimated
or that this exchanger contributes to a significant enhancement
of peak tailing, which will be checked later, when analyzing the
impact of the heat exchanger on the second central moments.

4.2.5. Sample volume and 1;

The impact of the sample volume injected on the elution volume
measured is illustrated in Fig. 10A through Fig. 10C, which show
plots of the differences (72 pairs of experiments, e.g. 3 flow rates,
2 needle seat capillaries, 3 connecting tube capillaries, 2 detection
cells, presence or absence of the heat exchanger, see the different
styles of the solid lines in these figures) for different pairs of sample
volumes, 0.16 and 0.80 L, 0.80 and 4.0 pL, and 4.0 and 20.0 L.

e Fig. 10A (0.16-0.80 pL). We observe that at high flow rates (0.4
and 4.0 mL/min), there are about as many positive as negative
differences. The excessive peak tailing and the decrease in the
precision of the measurements at these high flow rates do not
allow the observation of the effect of a small increase of the
injected volume on the first moment of the band profile. In
contrast, at the lowest applied flow rate, 0.04 mL/min, where
extra-column peak tailing is less pronounced, a positive differ-
ence is systematically observed for the 24 configurations of the
instrument. The average difference is measured at 0.36 L, for
which the RSD is 32%. From the geometrical data, the shift in
elution volume should be (0.80 — 0.16)/2 =0.32 p.L, which is con-
sistent with the value measured.

Fig. 10B (0.8-4.0 pL). In contrast to Fig. 10A, all the differences are
positive because increasing the injected volume from 0.8 to 4.0 L
causes a significant and measurable increase in the first moment,
even at the highest flow rate. Yet, we notice that the disper-
sion around the mean is larger at 4.0 mL/min than at 0.4 mL/min.
The average difference at a flow rate of 0.04 mL/min is 1.70 pL
with a RSD of only 2.4%. In theory, the shift in the elution vol-
ume should be (4.0 —0.8)/2=1.6 uL, again consistent with the
measured data.

Fig. 10C (4.0-20.0 pL). For such a large increase of the injected
volume, the differences are obviously positive at all flow rates
and the values are more dispersed at 4.0 (RSD=6.4%) than at
either 0.04 (RSD =0.9%) or 0.4 mL/min (RSD =0.7%). The average
difference in elution volume is 7.99 p.L while the difference calcu-
lated from the geometrical volumes should be (20 — 4)/2=8.0 p.L,
practically equal.

In all three cases, the agreement between the expected and the
measured shifts in the elution volumes is excellent, which demon-
strates how accurate and reproducible the drawing and the delivery
of the sample volume are with the sampling system of the 1290
Infinity system.

4.2.6. Flow rate and puq

We finally investigate the possible influence of the flow rate on
the first moment, which, in principle should be negligible unless the
tailing of the peak profiles is highly sensitive to the flow velocity.
We assess here the differences between the first moments recorded
at 0.4 and at 0.04 mL/min (Fig. 11A) and between those measured
at 4.0 and at 0.4 mL/min (Fig. 11B). A total of 96 pairs of measure-
ments are available for these comparisons (4 injection volumes, 2
needle seat capillaries, 3 connecting tube capillaries, 2 detection
cell volumes, and the presence or absence of heat exchanger, see
the different styles of the solid lines in these 2 figures).

e Fig. 11A (0.04-0.40 mL/min). The differences measured are all
positive. Therefore, increasing the flow rate obviously impacts
on the degree of peak asymmetry and leads to a measurable
shift of the elution volume. Interestingly, A reveals that this
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Fig. 11. Impact of increasing the flow rate from 0.04 to 0.40 mL/min for 96 system
configurations on the first moment observed. The x-axis is successively divided into
4 injection volumes, 2 needle seat capillary 1.D., 3 connecting tube L.D., 2 detection
cell volumes, and the presence/absence of the heat exchanger. (B) Same as in A,
except increasing the flow rate from 0.4 to 4.0 mL/min. The average increases in the
first moment are equal to 0.89 and 2.83 nL in A and B, respectively.

Fig. 10. (A) Impact of increasing the injected sample volume from 0.16 to 0.8 L for
72 system configurations on the first moment observed. The x-axis is successively
divided into 3 flow rates, 2 needle seat capillary I.D., 3 connecting tube L.D., 2 detec-
tion cell volumes, and the presence/absence of the heat exchanger. (B) Same as in
A, except increasing the injected sample volume from 0.8 to 4.0 p.L. (C) Same as in
C, except increasing the injected sample volume from 4.0 to 20.0 p.L. The average
increases in the first moments recorded for the lowest flow rate, which minimizes
peak tailing, are 0.36, 1.70, and 7.99 pL in A, B, and C, respectively.
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Fig. 12. (A) Plot of the experimental second central moments measured for the 288
system configurations. The x-axis is successively divided into 4 injection volumes, 3
flow rates, 2 needle seat capillary .D., 3 connecting capillary tube I.D., 2 detection cell
volumes, and the presence/absence of the heat exchanger. (B) Comparison between
the observed and predicted variances of the extra-column band profiles of the 1290
Infinity system.

shift decreases from 1.32 (RSD=26%) to 0.88 (RSD=21%), 0.76
(RSD=18%) and 0.58 wL (RSD=30%) when the volume injected
increases from 0.16 to 0.80, 4.0 and 20.0 p.L.

e Fig. 11B (0.4-4.0 mL/min). Again, all the differences are positive.
The tailing of the peak profiles increases further when the flow
rate is increased from 0.4 to 4.0 mL/min. Yet, changing the sample
volume does not affect much the results. The average difference
is 2.83 L with a RSD of 23%.

In conclusion, the flow rate affects the values of the first
moments due to the enhanced tailing of the extra-column band
profiles migrating along the tubings at high flow rates.

4.3. Analysis of the second central moment of the extra-column
band profiles

Fig. 12A shows the averages (for 5 consecutive injections) of the
second central moments expressed in volume squared unit, mea-
sured for the 288 system configurations described earlier. In the
next sections, we assess the contributions to the overall second
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115 pm to 140 um

Ap, [l

Pairs of experiment

Fig. 13. Impact of increasing the I.D. of the needle seat capillary from 115 to 140 um
for 144 system configurations on the second central moment observed. The x-axis
is successively divided into 4 injection volumes, 3 flow rates, 3 connecting tube L.D.,
2 detection cell volumes, and the presence/absence of the heat exchanger. Note the
significant impact at low injection volumes and high flow rates.

central moment due to changes of the characteristics of these con-
figurations. The goal is to reveal from a statistical point of view,
using a large number of system configurations, which are the crit-
ical parts of the 1290 Infinity instruments which provide large
contributions to the extra-column band spreading.

The lowest value found for the second central moment was
1.22 nL2, when using the parts having the smallest volumes, at
the lowest flow rate (0.04 mL/min), and an injected volume of
0.8 nL. For the same injected volume, the largest peak variance
was 27.43 wL? when using the parts with the largest volumes, at
the highest flow rate (4.0 mL/min). According to Table 2, which
provides the individual contributions to the band variance of the
different parts of the instrument, it is possible to compare the val-
ues observed to those calculated, as shown in Fig. 12B. The smallest
and largest predicted values are 1.84 and 14.28 pL?, respectively.
The first one is ca. 50% larger than the experimental value at low
flow rate, suggesting that the variance calculation for connecting
tubes gives overestimated values. In contrast, the second value is
ca. half the observed one, suggesting that the calculations of some
values in Table 2 do not properly account for the role of the flow
rate on the variance and/or that some additional contributions were
neglected (e.g., those of drawing/ejecting the sample, of the injec-
tion valve, the heat exchanger, and the anfractuosities). Strikingly,
Fig. 12B shows that the influence of the inner diameter of the con-
necting tubes is weaker than expected for all injected volumes and
all flow rates while the influence of the detector cell volume was
clearly underestimated in the prediction provided by Eq. (7) for
K=12.

In the next sections, we analyze the impacts of each experimen-
tal parameter on the overall band variance contribution measured
for the 1290 Infinity instrument.

4.3.1. Needle seat capillary I.D. and ,u/z

Fig. 13 shows the differences between the second central
moments calculated for the 144 pairs of bands of naphthalene
eluted through the instrument fitted with the 140 or the 115 wm
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L.D. needle seat capillary tubes and having the same configuration,
much like what was done for the first moment in Fig. 6.

Strikingly, these differences are very sensitive to the volume
injected and to the flow rate applied. The largest differences are
observed for the smallest volume injected and the largest flow rates,
which corresponds to most conventional experimental conditions
under ultra fast HPLC conditions. For instance, the average differ-
ence in the extra-column peak variance decreases from 9.4, 5.9,
1.7, to 0.0 wL? at 4 mL/min when the sample size varies from 0.16,
0.80, 4.0, to 20.0 wL. It decreases from 4.9, 3.0, 1.4, to 0.8 wL? and
from 0.6, 0.4, 0.2, to 0.2 wL? at flow rates of 0.4 and 0.04 mL/min,
respectively. In other words, the larger the sample size, the more
reproducible the second moment of the peak, at all flow rates. This
is not surprising because the larger sample size gives the larger sig-
nal to noise ratio in the regions remote from the band center, which
contribute significantly to the second moment.

In conclusion, the influence of the needle seat capillary tube
diameter on the extra-column peak variance is important when
small sample volumes are injected at very high flow rates. Despite
its short length (100 mm) relatively to that of the connecting
tubes (560 mm), the needle seat capillary significantly affects the
extra-column contribution to band broadening. Solutions aiming
at eliminating the presence of this part from the system could help
to reduce by ca. 4 to 6 wL? the extra-column band broadening con-
tributions of sub-1 L injections at high flow rates. This gain is of
the order of magnitude of the variance expected for narrow-bore
columns packed with sub-2 wm fully porous particles and/or sub-
3 pm shell particles at a retention factor of 2. Alternately, by simple
extrapolation, the use of a 80 wm needle seat capillary could be
helpful in the future.

4.3.2. The inner diameter of the connecting tubes and Mz

Fig. 14A and B shows the impacts of increasing the inner diame-
ter of the connecting tubes from 80 to 115 and from 115 to 140 wm
to the extra-column peak variance contribution. In contrast to the
influence of the diameter of these tubes on the first moment, there
is no obvious systematic influence of this diameter on the second
central moments, although there are significant effects under cer-
tain conditions. This impact depends strongly on the experimental
conditions, making it difficult to propose a general rule. Yet, both
figures reveal that the largest increases are observed when (1) the
flow rate is intermediate (0.4 mL/min) and (2) the needle seat cap-
illary diameter is 140 pm and (3) the sample volume is the smallest
(0.16 p.L). Clearly, increasing the L.D. of the connecting tubes does
not have much impact on the peak variance observed at the highest
flow rate (4 mL/min). In contrast and unexpectedly, we observe in
Fig. 14B that, for all sample volumes, there is a strong, systematic
decrease of the band variance for one particular system configura-
tion, the one with a flow rate set at 4.0 mL/min, the L.D. of the needle
seat capillary equal to 115 pm, with a 0.8 pL detection cell, and in
presence of the heat exchanger.

In conclusion, in contrast to what was observed for the first
moments (see Fig. 7A and B), the influence of the diameters of the
connecting tubes on the overall peak variance is not straightfor-
ward. On the average, over 96 different system configurations, the
second moment increases by only 0.4 and 1.1 wL? when the con-
necting tube diameter is increased from 80 to 115 and from 115 to
140 pm, respectively. In practice, connecting tubes with diameters
smaller than 100 wm will not significantly decrease the variance
contribution of the instrument. Worse, decreasing the diameters of
these tubes at high flow rates can increase the peak variance. The
diameter of the tubes currently used, 115 wm, seems to be the most
reasonable compromise.

Alternative solutions that should be considered are (1) chang-
ing the architecture of the instrument, making it compact, and
reducing the length of the connecting tubes needed between the

A Connecting capillaries I.D.
(80 um to 115 um)
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4
N:' 2
=
"~
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<
-2
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Pairs of experiment
B

Connecting capillaries I.D.
(115 pm to 140 um)

Pairs of experiment

Fig. 14. (A) Impact of increasing the L.D. of the inlet and outlet connecting tube
capillaries from 80 to 115 wm for 96 system configurations on the second central
moment observed. The x-axis is successively divided into 4 injection volumes, 3 flow
rates, 2 needle seat capillary .D., 2 detection cell volumes, and the presence/absence
of the heat exchanger. (B) Same as in A, except increasing the L.D. of the connecting
tubes from 115 to 140 pm. Note the limited impact in most of the configurations.

injection device and the column and between the column and the
detector cell; (2) replacing straight connecting tubes with twisted
ones to enhance secondary circulation and radial dispersion, and
to relax effectively the radial concentration gradients due to the
Hagen-Poiseuille flow; (3) replacing the narrow open tubes cur-
rently used with wider tubes packed with fine, solid particles
because such tubes would have much smaller variance contribu-
tions than open ones.

4.3.3. Detection cell volume and Mz

Fig. 15 shows the effects of increasing the detection cell volume
from 0.8 to 2.4 L for the 144 system configurations studied. In con-
trast to what was observed in the previous section, the differences
between the peak variances observed with pairs of data obtained
with instrument configurations differing only by the detector cell
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Fig. 15. Impact of increasing the I.D. of the detection cell volume from 0.8 to 2.4 p.L
for 144 system configurations on the second central moment observed. The x-axis
is successively divided into 4 injection volumes, 3 flow rates, 2 needle seat capillary
L.D., 3 connecting tube 1.D., and the presence/absence of the heat exchanger. Note
the increasing impact as the flow rate increases.

are nearly all positive. This contrast is worth noting because the dif-
ference between the volumes of the sets of connecting tubes was
as large as 3.0 and 2.8 p.L while the difference between the cell vol-
umes is only 1.6 L. Yet, the impact of changing the cell volume
of the detector on the band variance is much larger than that of
changing the volume of the connecting tubes.

The variance contribution of the instrument due to the detector
cell volume depends considerably on the mobile phase flow rate,
far more than that of the connecting tube volume. A simple model
of the variance contribution due the sole increase of the volume of
this cell is given by

Ao? 2.4%2 - 0.82

2
2l = ——5—— = 043pL (16)

On the average, the measured values for Aafce” are 0.94, 2.01,

and 9.17 w12 at flow rates of 0.04, 0.4, and 4.0 mL/min, respec-
tively. These variances are larger than those calculated from Eq.
(16), which shows that the factor K=12 should be replaced with
a value between 5 and 6 for the lowest flow rates and that some
extra band broadening effects take place at high flow rates in the
detector cell. The lower volume of the detection cell is achieved by
reducing the cell diameter and keeping constant its path length.
Eq. (5) accounts for the variance expected for a short capillary tube
of length L, inner radius r., and flow rate F,. The path length is
equal to L=10 mm, the inner radii are equal to r. =276 pm (2.4 p.L
cell) and 160 pwm (0.8 L cell). The variance increments predicted
by Eq. (5) are 1.15, 1.62, and 1.69 pL%. Whereas these predictions
are consistent with the observations made at low flow rates, they
underestimate the experimental values at high flow rates.

Note also that the dependence of the second moments on the
flow rate observed is not affected by the sampling rate of the detec-
tor signal. Table 2 lists the contributions of this sampling rate at
flow rates of 0.04, 0.40, and 4.0 mL/min. They are all smaller than
0.01 wL2. Thus, it is of major importance to keep the cell volume as
small as possible when fast analyses are performed and high flow
rates used.

Heat exchanger
(presence/absence)

Ap, [l

-5

Pairs of experiment

Fig. 16. Impact of increasing the presence of the heat exchanger for 144 system
configurations on the second central moment observed. The x-axis is successively
divided into 4 injection volumes, 3 flow rates, 2 needle seat capillary L.D., 3 con-
necting tube LD., 2 detection cell volumes. Note the very limited impact for most
configurations.

4.3.4. Presence/absence of the Heat exchanger and /,L/z

Fig. 16 shows the 144 differences between the variance contri-
butions recorded in the presence and in the absence of the heat
exchanger. In contrast to Fig. 15, there is no obvious increase in the
peak variance when the heat exchanger is inserted between the
inlet and the outlet capillary. This might seem surprising because its
volume (1.6 pL) is the same as the difference between the volumes
of the two detector cells (2.4 — 0.8 =1.6 nL). However, a significant
increase of this variance (+6 wL2) was observed for all injected vol-
umes at 4 mL/min and with the 115 pm needle seat capillary. This
isolated case could well be the result of a measurement failure. On
the average, the peak variance increases only by 0.12, 0.35, and
0.68 L2 at flow rates of 0.04, 0.4, and 4.0 mL/min, respectively,
showing an impact nearly one order of magnitude less than that
observed with the change in the UV cell volume.

4.3.5. Sample volume and 1/,

The influence of an increase in the sample volume injected on
the observed peak variance is illustrated in Fig. 17A to C, which
show the differences in the second central moments for 72 pairs of
experiments (3 flow rates, 2 needle seat capillaries, 3 connecting
tube capillaries, 2 detection cells, presence or absence of the heat
exchanger, see the different styles of the solid lines in these figures)
when the sample volumes is increased from 0.16 to 0.80,0.80 to 4.0,
and 4.0 to 20.0 L.

e InFig. 17A (0.16-0.80 L), we observe that increasing the sample
volume from 0.16 to 0.80 p.L at the low flow rate (0.04 mL/min)
has no measurable effect, given the accuracy and the preci-
sion of the measurements of the second moments. In contrast,
at a flow rate of 0.4mL/min, increasing this volume consid-
erably decreases the extra-column variance contribution. This
effect is particularly important with the 140 wm needle seat
capillary, which is apparently inconsistent with the increase
of the injected plug variance, which can be calculated to be
(0.82 —0.16%)/12=+0.05uL2. In contrast, the average decrease
observed is —3.93L2. This observation is probably explained by
the higher concentration gradients associated with larger injec-
tion volumes, which allow faster radial mass transfers and a
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significantdiminution in the extra-column variance contribution.

Finally, at the large flow rate of 4 mL/min, the results are differ-

ent again. The variances increase and decrease when the 115 and

140 pm needle seat capillary tubes are used in the system. This

suggests that concentration gradients control band broadening

to a lesser degree than velocity gradients.

Fig. 17B illustrates the effect of increasing the sample volume

from 0.80 to 4.00 wL. The increase in the extra-column variance

is now measurable at the smallest flow rate of 0.04 mL/min.

On the average, this increase is +2.47 wL? while calculation

would predict (4.02 —0.82)/12=+1.28 wL2. The average increase

is +4.14 L2 at a flow rate of 4 mL/min, with the 115 pwm LD. nee-
dle seat capillary. Thus, the value measured is twice larger the
one expected, suggesting that the profile of the sample volume
injected is far from the ideal rectangular plug. Interestingly, in
agreement with the observation made for Fig. 17A, the increase
in the peak variance is less when the 140 pwm I.D. needle seat cap-
illary is used. The average increases of the peak variance drop to
+1.30 wL? (+2.47 wL? with the 115 wm needle seat capillary) to

—0.18 L2 (+4.14 pL? with the 140 pm LD. needle seat tube). This

correlation between the volume injected and the diameter of the

needle seat capillary was not expected.

e Fig. 17C shows the effect of an increase from 4.0 to 20.0 wL of
the injected volume. For such a large increase, the differences
are nearly independent of the flow rate and the diameter of the
needle seat capillary. Still, one can detect a slight influence of
the needle seat capillary diameter at the highest flow rates of 0.4
and 4.0 mL/min. The average increase in peak variance observed
at a flow rate of 0.04 mL/min is 36.4 L2, Based on geometry, we
would have expected a value of (202 — 42)/12 =32 L2, The excess
of 4 uL? is a measure of the distance that separates the actual
injection system of the 1290 instrument from an ideal injector
that would provide rectangular injection profiles.

This section demonstrates that it should be possible to improve
the performance of the injection systems of chromatographic
instruments by modifying them, if possible, so that they would
provide injection profiles closer to a rectangular plug.

4.3.6. Flow rate and i,

The influence of the flow rate on the values of the second central
moment of the extra-column contribution to band broadening is
due to the influence that the flow rate has on the shapes of the peak
profiles, due to the increase of the radial flow gradient with increas-
ing flow rate. This increase results in an enhanced peak tailing,
which is expected to provide larger peak variances. For each incre-
ment in flow rate, a total of 96 pairs of experiments are available
(4 injection volumes, 2 needle seat capillaries, 3 connecting tube
capillaries, 2 detection cell volumes, and the presence or absence
of heat exchanger, see the different styles of the solid lines in these
2 figures).

e We observe in Fig. 18A (0.04-0.40 mL/min) that the differences
between the variances are positive and are essentially controlled
by the extra-column volume of the system. The larger the diam-
eter of the needle seat capillary, the larger the connecting tube
diameter, and the larger the detector cell volume, the larger the
rate of increase of the peak variance with increasing flow rate.

Fig. 17. (A) Impact of increasing the injected sample volume from 0.16 to 0.8 uL
for 72 system configurations on the second central moment observed. The x-axis is
successively divided into 3 flow rates, 2 needle seat capillary 1.D., 3 connecting tube
L.D., 2 detection cell volumes, and the presence/absence of the heat exchanger. (B)
Same as in A, except increasing the injected sample volume from 0.8 to 4.0 pL. (C)
Same as in A, except increasing the injected sample volume from 4.0 to 20.0 L.
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Fig.18. (A)Impactofincreasing the flow rate from 0.04 to 0.40 mL/min for 96 system
configurations on the second central moment observed. The x-axis is successively
divided into 4 injection volumes, 2 needle seat capillary I.D., 3 connecting tube L.D.,
2 detection cell volumes, and the presence/absence of the heat exchanger. (B) Same
asin A, except increasing the flow rate from 0.4 to 4.0 mL/min. The average increases
in the first moment are equal to 0.89 and 2.83 wL in Fig. 11A and B, respectively.

The same observation is made in the presence or absence of the
heat exchanger. This increase is particularly large with the small-
est injected volume (0.16 pL), meaning when the concentration
gradients are the lowest. The average increases are 10.7, 6.9, 6.5,
and 8.7 wL2 for injected sample volumes of 0.16, 0.80, 4.0, and
20 L, respectively.

Fig. 18B (0.4-4.0 mL/min). When increasing 10-fold further the
flow rate, from 0.4 to 4.0 mL/min, we observe a systematic, signif-
icant increase of the band variance when the 2.4 L detection cell
is used. This result might be explained by turbulence and eddies
taking place at the inlet of the cell, due to the abrupt change in the
channel cross-section area. It shows the importance of choosing a
low detection cell volume when operating at very high flow rates.
The average increase of the band variances are +3.0 and +10.2 L2
for detection cell volumes of 0.8 and 2.4 pL, respectively.

In conclusion, the flow rate essentially affects the values of the
second central moments when the detector cell used has a large
volume, the flow rate is high, and, more generally, when the first
moment of the extra-column volume is large.

5. Conclusion

In summary, we showed that the extra-column volume of
an HPLC instrument induces a significant band broadening con-
tribution for the elution peaks of samples of a dilute solution
of naphthalene (<0.1g/L). We measured this contribution for
288 different system configurations of an Agilent 1290 Infinity
HPLC system, including 4 sample volumes (0.16, 0.80, 4.0, and
20.0 L), 3 flow rates (0.04, 0.40, and 4.0 mL/min), 2 needle seat
capillary LD., 3 connecting tube capillaries 1.D., 2 detector cell
volumes, and in the presence/absence of the heat exchanger. A
detailed analysis of these contributions leads to the following
conclusions.

e The first moments are systematically 30% larger than the sum
of the volume contributions calculated for all the parts of the
instrument, based on their geometrical dimensions. This delay is
most likely caused by imperfections in the delivery of the rear part
of the sample volume and/or by the presence of anfractuosities
in the channel walls, both contributing also to increase the peak
tailing.
The diameter of the needle seat capillary tubes should be kept
small when small sample volumes are injected (<1 wL) and when
the flow rate is large (>1 mL/min). Because the length of the nee-
dle seat tube is short (100 mm), 80 wm needle seat capillary tubes
with the proper injection needle give a small band broadening
contribution, particularly at low flow rates.
Minimizing the diameter of the connecting tubes is advantageous
only at low flow rates (<0.1 mL/min) and when the diameter
of the needle seat capillary is large (140 pm). More generally,
minimizing the diameters of these tubings while keeping small
the diameter of the needle seat capillary does not necessarily
provide significantly smaller variances contributions. Therefore,
sub-100 wm LD. connecting tubes are not more advantageous
than 100-140 pm LD. tubes. It could be possible to reduce the
band broadening contributions of these tubes by filling them with
a highly permeable silica monolith with no secondary poros-
ity (i.e., nonporous “porons”) in order to eliminate the radial
Hagen-Poiseuille flow profile.
The detector cell volume seems to be the part of the instrument
that affects the instrument variance contribution the most. It is
strongly flow rate dependent. Minimizing this volume (e.g., from
2.4 — 0.8 L) is critical at high flow rates (—7uL? at 4 mL/min,
—2pL2 at 0.4 mL/min, and —1wL2 at 0.04 mL/min). Using a 500 nL
detector cell could further improve the performance of instru-
ments.
The presence of the heat exchanger has nearly no impact on the
variance measured for all flow rates. This suggests that this part
was well designed to minimize its extra-column contribution
once inserted in the flow path.
On the one hand, the sample volume should be kept small to avoid
volume overload of the column. On the other hand, it should be
large enough to maximize the concentration gradients across the
extra-column tubes, hence their rate of radial equilibration. It was
observed that the injection system is far from ideal. The excess
variance contribution is at least 4 p.L2. It could be reduced by using
abetter injection system which would shorten the rear part of the
delivered sample band.
e Finally, the flow rate should be kept as small as possible to main-
tain the radial velocity gradients across the capillaries’ diameter
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as small as possible. Admittedly, this is not consistent with the
desire of most analysts to achieve high throughputs.

We are planning to test shortly the performance of our instru-
ment modified by replacement of some of the most critical parts
discussed above with others of an improved design and to assess
the validity of our conclusions based on the measurements reported
here.
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