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Both the volume of the
sample injection and the
solvent in which the sample
is dissolved can affect

the appearance of the
chromatogram.
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How Much Can I Inject?

Part I: Injecting

t first glance, injection of sample

onto a liquid chromatography

(LC) column seems pretty simple
— just put the sample in a vial, select the
desired injection volume in the autosam-
pler settings, and push the start button,
However, before starting an LC method,
we should check a few variables to be sure
that we are not creating a potential problem.
How does the injection volume affect the
chromatogram? What about the injection
solvent? Does the column size or packing
particle diameter make any difference?
‘What symptoms should we watch for that
might indicate we have an injection prob-
lem? In this month’s “LC Troubleshooting”
installment, we’ll look at a few of these
factors so that we can understand what is
going on and how to avoid problems.

It Really Is Quite Simple

Let’s start with a conceptual look at the
effect of injection volume on the appear-
ance of a peak in the chromatogram.
Throughout this discussion I'll assume
ideal, Gaussian shaped peaks, and apply
distortion to them. I will also assume that
the sample concentration is sufficiently
small that neither the column or the detec-
tor experiences overload. The results will
vary a bit with real peaks, which tend to
tail somewhat, and are influenced by some
LC system characteristics external to the
column. Finally, in the present discussion,
I will consider only isocratic separations,
where the mobile-phase composition is
constant; next month we’ll look at what
happens in a gradient.

If we start with a small injection volume
of sample dissolved in the mobile phase,
we might expect a peak such as the purple
one in Figure 1. As we double the injection
volume, then double it again, we would
expect the peak to grow in height and area,

e

in Mobile Phase

as with the green and blue peaks, respec-
tively. As the peak grows under nonover-
load conditions, the column plate number,
NV, will stay constant. Nis defined as

N = 16 (¢/w)? [1

where 7, is the retention time and w is the
baseline width of the peak between tangents
drawn to the sides of the peak. If the peak is
Gaussian in shape, the present assumption,
the width will be 4 standard deviations, 4.
If the plate number stays constant as the
peak grows, and the retention time does not
change, this means that the peak width will
also stay constant. This can be seen as the
peaks of Figure 1 grow from the purple to
green to blue tracings.

With a sufficiently small injection vol-
ume, we can assume that all the sample
molecules arrive at the head of the column
at the same time, and as they migrate down
the column, the peak spreads into the famil-
far Gaussian shape. If the peak is too large,
on the other hand, the sample molecules on
the leading edge of the peak arrive at the
column before those at the trailing edge.
Because we're assuming that the injection
solvent is identical to the mobile-phase com-
position, we can imagine that those first-on
molecules get a head start in the chromato-
graphic process and move down the column
a bit before the last-on molecules get started.
The sample molecules on the leading edge
of the large injection behave exactly as they
would in a smaller injection, so the front
edge of the peak appears unchanged. You
can see this in Figure 1, where the lead-
ing (left-hand) edge of the blue, red, and
black peaks overlap perfectly. With a large
injection, once the peak height reaches its

maximum, the sample concentration is
constant, and will remain so ungi] the tail of
the injection band is reached. Thus, when
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Figure 1: Simulated chromatograms
showing the effect of increased injection
volume on peak shape. Purple, green, and
blue peaks for injection volume ratios of
1, 2, and 4, respectively, when no injec-
tion-related peak broadening is present.
Red and black peaks represent mild and
severe peak broadening because of ex-
cessive injection volume. Arbitrary time
scale. See the text for details.

Time (min)

Figure 2: Simulated chromatograms
showing the effect of increased injec-
tion volume on resolution. Same peak
coding and conditions as in Figure 1. See
the text for details.

too large a sample volume is injected, the
peak rises normally, then is flat-topped,
then drops back to the baseline with the
normal Gaussian tail. T have shown two
different large-volume injections in Figure
1, red and black, where the il (right edge)
looks identical to the blue one, but offset to
a later time. You can think of this as insert-
ing a constant-concentration band in the
middle of the peak, pushing the back edge
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*Estimated for reduced

"From equation 7
*From equation 6 for k = 1
SFrom equation 8

to a later retention time. For the red peak,
the injection volume is just a bit too large
and the peak broadens and appears rounded
on the top, but the black peak is quite a

bit too large and the flat top on the peak is
obvious. You can imagine that if the injec-
tion volume is big enough, the molecules on
the leading edge of the peak could reach the
detector before those on the trailing edge
reach the inlet of the column,

If we have two components in our
sample, each one behaves independently.
In Figure 2, I have shown what happens
under the conditions of Figure 1 when
two peaks are present. At small injection
volumes, the peak sizes grow with injec-
tion volume for the purple, green, and
blue peaks of Figure 2. Because there is
no overload, the separation stays the same,
so the valley between the peaks does not
move. (The slight offset in the valley for
the purple, green, and blue traces is an
aberration in the way I smoothed the
data) In the present example, I have set
the resolution (R) to 1.5, where the valley
just touches the baseline (read more about
resolution in last month’s installment
(1]). When the injection volume is too
large, as we saw above, the front edge of
the peak behaves normally, but the back
edge is shifted to a later time; this hap-
pens for each component of the sample.
So in Figure 2, for the red and black
cases of too large an injection, the front
edges of each peak look just as they did
for the blue peak. The molecules at the
back edge of the first peak of the red and
black examples are still ar a sufficiently
large concentration when the second
peak begins to be eluted so that the valley
between the peaks is raised and shifted to

a later time, thus reducing resolution. This
loss in resolution s small, but noticeable
for the red case, but for the black tracing,

plate height, h ~ 3: N ~ 300 L/dp

the injection volume is much too large,
and the loss of resolution is severe. Note
also that the apparent peak center (reten-
tion time) and valley shift to longer times
as the magnitude of the excess injection
volume increases.

So to recapitulate, as we increase the
injection volume, the peak height and area
grow in proportion to the injection volume
up to the point when the injection volume
is too large. At that point, the peak broad-
ens, and this peak broadening can reduce
resolution between two adjacent peaks.
The questions now are: How much can
we inject before we inject too much? How
much loss in resolution can we tolerate?

And Now the Numbers

Above we saw conceptually what hap-
pens when the injection volume becomes
too large. Now we need to find out what
happens quantitatively. (If you don’t care
about the calculations, skip to the next
section.) You'll recall that resolution (R) is
calculated as:

R = (t, - 1,‘1)/(0.5[u/1 + w,)) [2]
where 7, and t, are the retention times of
the two peaks, respectively, and w, and
w, are the corresponding baseline peak
widths. If the peaks are closely eluted, they
will have approximately the same peak
width, so we can simplify the denominator
of equation 2 to the average peak width, 1,
where w ~ w, = w,. For the present discus-
sion, where we are interested in injection
volume, it is more convenient to consider
resolution in terms of volumes:

R 5 (Vo = VRI)/V};

B

3]

where Vi; and VR2 are the retention vol-

umes of peak 1 and peak 2, respectively
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Y
? & Rl i :
1 0.0 0.0 0.1 0.4 32 99 340 770
2 0.0 0.0 0.2 0.9 347, 21 69 190 590 1300
3 0.2 0.9 5.2 20 65 240 560 1200 3200 6400
4 0.4 17/ 10 36 110 370 830 1800 T 9200
5 0.8 3.0 17 59 170 520 1100 2400 6100 12,000
*See Table | for full description
K . Setion . The retention volume is calculated from 2.1 mm with 3-um particles; and one for
or a specified lo esoltitio the retention factor, 4, and the column ultrahigh-pressure LC (UHPLC, >6000
i R dead volume, Vi psi [400 bar]), a 50 mm X 2.1 mm column
containing 1.7-um particles. These are
iy T i Vo=V + 4 (6]  summarized in Table I. Il refer to these by
! 16 37 33 their identification numbers 1-5 in the left-
2 10 23 ‘ 34 And the dead volume (in milliliters) can be  hand column of Table I. | have included
3 22 | 49 ‘ 7.0 estimated from the column length, Z, and  estimates of realistic plate numbers, column
4 1.5 35 \ 4.9 diameter, d_ (both in millimeters): dead volumes, retention volumes (for £ = 1),
5 ’ 12 | 26 ’ 37 and peak volumes for small peaks, all deter-
25! 2 . . .
Fraction of \ e } 0.4 Vi = 0.5L42/1000 [7]1  mined from the equations referenced in the

*See Table | for complete descriptions
'V, in microliters

*Multiply by V. o to get maximum injec-
tion volume, ﬁ/s

and V, is the average peak volume (VP =
w X F, where F is the flow rate).

The peak volume observed in a chro-
matogram has two primary contribu-
tions, the volume (width) resulting from
normal Gaussian band-broadening pro-
cesses within the column, and the vol-
ume resulting from injecting too large a
sample (as in the red and black samples
of Figures 1 and 2):

V, = @BV + v 205 4
where V. is the volume of sample

injected, and V5o is the volume of the
peak for a very small volume sample
(for example, the purple or green peaks
of Figures 1 and 2). You can see that
the resulting peak volume is simply
the square root of the sum of squares
of each contribution, with a little extra
broadening for the injection volume
because of factors (2) that we don’t need
to go into here.

We can determine V7, from the reten-
tion volume (time) of a peak, V> and the

plate number, V, of the column:

Vpo = 4V, /N0 [5]

e N

We then can combine equations 5, 6, and
7 to allow us to estimate Vpo from the
column dimensions, plate number, and
sample /-value:

Voo = 0.002L42(1 + k)/NO5 (8]
As has been discussed in “LC Trouble-
shooting” many times in the past, it is best
to have £ > 1 to take maximum advantage
of the column and to avoid interferences
with the solvent front. For the present
discussion, we'll assume £ = 1; the effects
generally will be more severe with 4 < 1
and less so with £ > 1.

Now, we have all the tools we need to
determine the effect of the injection vol-
ume on resolution using equations 3, 4,
and 8. We can measure retention volumes,
Vi from the chromatogram and estimate
V5o with equation 8. The observed peak
volume, Vp, can then be estimated for dif:
ferent sample volumes, V., with equation 4.

Some Examples
Next, let’s look at the effect of injection
volume on five popular column sizes,
three commonly used for conventional LC
(<6000 psi [400 bar]) with lengths of 150
or 100 mm, diameters of 4.6 or 2.1 mm,
and packed with 5- or 3-um diameter,
4., particles; one for LC with mass spec-
trometric detection (LC-MS), 50 mm X

footnote to the table. (I'll issue my standard
disclaimer here: The numbers in the vari-
ous tables have been rounded or truncated
for display purposes, so if you repeat these
caleulations, your results may vary slightly
from mine,)

In Table II, I've shown the calculated
percent loss in resolution for injection
volumes of 1-1000 uL for the columns of
Table I. We can see some general trends in
the data. If we pick some arbitrary value
for the acceptable loss in resolution, such as
5%, we can see that the most popular col-
umn for conventional LC, column 1, can
tolerate between 20 and 50 pL of sample
injected in mobile phase. Anything that is
done to reduce the peak volume generated
by the column will also reduce the accept-
able injection volume. For example, column
2 has approximately the same plate number
as column 1, 50 it should give the same sep-
aration, but its smaller volume will require a
reduction in injection volume to something
closer to 20 pL. If we try to conserve sol-
vent and move to column 3, which is just a
smaller diameter version of column 2, the
column will tolerate only 5 pL of sample.
For UHPLC, column 5 will requite that we
reduce the volume even further.

Table IT is useful if we want to know how
much of an impact a given injection volume
will have for a particular column configura-
tion. An alternative Wway to look at the same
data is shown in Table ITT, where [ Ve shown
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the maximum volume of sample (in microliters) that can be injected
in the mobile phase for a given loss in resolution (1%, 5%, or 10%)
with each column configuration. For the example above, where we
considered a 5% loss in resolution, column 1 can tolerate 37 pL of
sample, whereas column 5 needs to be restricted to 2.6 L.

Although it is nice to have tables to use for data lookup, I find
that it is even nicer to have a general rule of thumb that I can
apply. If such rules are simple, they are easy to remember and
apply even when the table jsn’t handy. We can create such rules by
comparing the allowable sample volumes, V., in Table I with the
small-injection peak volumes, Vo for the corresponding condi-
tions in Table I, as summarized at the bottom of Table III. From
this, we can see that for a 1% loss in resolution, V ~ 0.15 Veo:
That is, if we inject using mobile phase as the injection solvent, we
can inject up to ~15% of the volume of the first peak of interest,
which I call the 15% Rule, Similarly, if we can tolerate a 5% loss
in resolution, the factor is ~309% of V3o and for a 109% loss, ~409
of Vo- Llike to work on the conservative side of things, and I've
often used the 15% Rule in “LC Troubleshooting” when recom-
mending injection volumes, By using these rules, you don’t have
to worry about the £-value or retention times — just look at the
volume of the firs peak of interest by converting a small injection
peak width from time to volume (VPO =w X F).

Summary

In this discussion, we've looked in detail at what happens to the
sample peak characteristics as we inject different volumes of sample
dissolved in mobile phase onto an LC column under isocratic
conditions. We've seen that the appearance of the resulting peaks
is dependent on the peak volume (width) of a small-injection
sample, which in turn is dependent on the length and diameter of
the column, as well as the packing particle size and peak retention
(f-value). As a general rule, any system change that reduces the
volume of the peak generated by the column (shorter column, nar-
rower column, smaller packing particles, or shorter retention) will
also reduce the volume of sample we can inject before resolution is
degraded. Based on the data presented here, we were able to gener-
ate some practical rules of thumb, such as the 15% Rule, which
states that for a 1% loss in resolution, we can inject up to 15% of
the volume of the first peak of interest if we inject in mobile phase.

The discussion assumed that we were using the mobile phase

as the injection solvent, If a stronger (higher percent organic in
reversed-phase LC) or weaker (higher percent aqueous) injection
solvent is used, or the method uses gradient conditions, the results
will vary. We'll consider these in next month’s installmenc. We've
also assumed that neither the column nor the detector was over-
loaded, either of which can change the appearance of the peaks.
Finally, we've assumed that the injection volume is the only added
factor contributing to peak broadening, which is rarely the case.
From a practical standpoint, the injection band can broaden by as
much as 50% (3) as it is washed from the sample injection valve,
Additionally, extracolumn band broadening because of the system
plumbing, detector cell design, and other factors can play a role in
the observed peak widths,

When all the above factors are taken into play, the recom.
mended injection volumes in Tables [T and I1I, or the rules of
thumb should be interpreted as guidelines for 4 good place to start.
I recommend doing a simple empirical test to see if the selected
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conditions are acceptable, Pick a target injection volume for the
maximum desired loss in resolution, such as from Table 111, then
inject this volume plus an injection twice as large and half as large.
If the results are acceptable for all three injections, the target vol-
ume should be safe. If you see significant changes in resolution or
peak shape between the injections, you may need to further evaly-
ate if the injection volume is sufficiently robust for your purposes.
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