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How large an injection can
you make if the injection
solvent is not matched to
the mob%le phase?
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LC TROUBLESHOOTING

How Much Can | Inject?

Part lI: Injecting in Solvents
Other than Mobile Phase

n last month’s “LC Troubleshoot-

ing” discussion (1), we looked at the

effect of the injection volume on the
increase in peak width or reduction in
resolution when the sample was injected
in the mobile phase for a liquid chroma-
tography (LC) separation. We saw that
the allowed injection volume was related
to the volume of the peak generated by
the column in the absence of injection-
related effects. Columns that generated
smaller peak volumes required smaller
injection volumes or the peaks began to
deteriorate. Smaller peak volumes result
from any combination of a reduction of
column length, diameter, or packing par-
ticle diameter. Thus, the move from tra-
ditional 150 mm X 4.6 mm, 5-pum par-
ticle diameter (4 ) columns to 100 mm
X 2.1 mm, 3-um d_columns to 50 mm
X 2.1 mm, 1.7-um 4_ columns resulted
in smaller and smaller peak volumes as
well as smaller recommended injection
volumes. We distilled all this information
into an easy-to-remember rule of thumb,
the 15% Rule, which reminds us that
as long as we keep mobile phase as the
injection solvent and inject no more than
15% of the volume of the first peak of
interest, we should observe no more than
a 1% increase in peak width or a 1%
decrease in resolution. Larger injection
volumes than recommended by the 15%
Rule will result in greater increases in
peak width and subsequent decreases in
resolution. Examples were presented for
all these cases.

This month, we look at what happens
when we deviate from the above recom-
mendations. Specifically, what happens
if we use an injection solvent that is
stronger or weaker than the mobile
phase? After all, many times the sample
comes to us in something other than the

mobile phase, and we’d rather not add
sample preparation steps to transfer the
sample to a new solvent. Or sometimes
the sample is too dilute to see an ade-
quate signal if we stick to the 15% Rule
— is there a way to increase the injec-
tion volume while mitigating unwanted
peak broadening? All the examples so
far have been for isocratic separation —
how does it work for gradients?

The Effect of Retention

Last month (1), we looked at the influ-
ence on allowable injection volume for
a variety of column configurations and
injection volumes for a peak with a
retention factor (£) of 1. This is a logical
approach, because usually the first peak
in the separation is the one most influ-
enced by the injection. This month, I'm
going to restrict the discussion to a sin-
gle column: 100 mm X 4.6 mm, packed
with 3-um d, particles and operated

at 1 mL/min. This column will have a
dead volume, V., of approximately 1
mL, which generates a dead time, 7, of
1 min at a flow rate of 1 mL/min. For a
real sample with a routine method, we
can expect a column plate number, /N,
of approximately 10,000 plates under
these conditions. The examples under
these conditions are easily transposed to
the other columns discussed last month
with similar conclusions related to the
change in column size.

First, let’s look at the allowed injec-
tion volume for a peak of a given reten-
tion. In Table I, I've listed in the left-
hand column £ values of 1, 3.2, and 10
for three peaks and next to them their
corresponding retention times under the
conditions listed above. Our column
will generate peak widths that increase
with retention times, because
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k| tg(min) | Voo (uh) | V(W) | V,=12,k=1| V,=25k=32 | V,=66, k=10
1 2 80 12 81 (1%) 85 (6%) 110 (38%)
el ) 168 25 169 (0%) 171 (1%) 184 (10%)
10 11 440 66 440 (0%) 441 (0%) 447 (1%)

resolution

*For example, if the recommended V, =25 L injection for a k = 3.2 peak is used, it
will broaden a k = 1 peak to 85 pL, which is a 6% increase in peak width or 6% loss in

N= 16(L‘R/w)2 (1]

where #, is the retention time and w is
the peak width at baseline between tan-
gents drawn to the sides of the peak. For
the present discussion, we're interested
in the injection volume of the sample,
V;, so we need to convert equation 1
into volume units by changing retention
time into retention volume, (VR =ty X
F, where Fis the flow rate), and peak
width from time to volume (= w X F).
We'll start with the theoretical peak
volume, Vpo’ in the absence of any injec-
tion or other extra-column peak broad-
ening. Because /V should be constant

for all peaks in an isocratic separation,
as t or Vp is increased, w or V) must
increase to keep equation 1 balanced.
The peak volume is listed in the third
column of Table I.

I won’t repeat all the equations from
last month’s discussion (1), but the cal-
culation of the observed peak volume is
useful (this was equation 4 in the earlier
discussion):

V. = (UBIVZ + V. D0 2]

where V. is the observed, broadened
peak.

Last month we learned, as summa-
rized in the 15% Rule, that we could
inject up to 15% of the volume of a
peak without broadening it more than
1%. Remember that any increase in
peak width is directly related to a corre-
sponding loss in resolution between two
adjacent peaks, so this injection volume,
V., would cause no more than a 1% loss
in resolution. I have shown the allowed
injection volumes using the 15% Rule
for each peak in the fourth column
of Table I. The right-hand portion of
Table I shows the effect of using these
injection volumes. Let’s look first only

at the £ =1 and 4 = 10 peaks. For the 4
= 1 peak, if I inject the recommended
V.= 12 uL, the resulting observed peak
width, VP, is 81 pL, which corresponds
to a loss of 1% in resolution over the
original Vo = 80 uL peak, as shown by
the data in the fifth column of Table I
on the row corresponding to £ = 1. (As
usual, I’ve rounded or truncated num-
bers in the tables for display purposes,
so if you repeat these calculations, your
results will vary slightly.) In the same
way, the £ = 10 peak has a maximum
recommended injection of V, = 66 pL,
which generates a final peak volume, V.
= 447 pL, also an increase of 1% (last
column and row of Table I).

It should be obvious that longer-
retained peaks are allowed larger injec-
tion volumes because of their larger
inherent peak widths, as illustrated
above for V. of 12 or 66 L for the
peaks with £ values of 1 and 10, respec-
tively. This would be a simple applica-
tion if the two peaks were in separate
chromatograms, but what happens if
the two peaks are in the same sample?
If we choose the injection volume for
the # = 1 peak, because it is fivefold
smaller than the £ = 10 recommenda-
tion, we would expect there to be little
or no broadening of the 4 = 10 peak.
This is observed for data in the last row
(k = 10) and fifth column (V. = 12 pL)
of Table I. You can see that the final
peak volume Vo= 440 pL is the same
as the unbroadened peak, Vi for k=
10. On the other hand, if we choose the
injection volume recommended for the
larger-volume peak, the results can be
disastrous. You can see what will hap-
pen if the V. = 66 L is applied to the
k = 1 peak (upper right data point in
Table I) — the peak is broadened by
38%. This is why, when we apply the
15% Rule, we only consider the peak
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volume of the first peak of interest — it
is the most sensitive to injection volume.

The Effect of a

Stronger Injection Solvent
Another way of looking at the data

in Table I will help us understand

the influence of the injection solvent
strength on the chromatogram. Let’s
consider a case where the injection sol-
vent is scronger than the mobile phase.
By stronger, I mean that the percent
organic solvent (%B) is higher in the
injection solvent than the mobile phase.
We can estimate the change in reten-
tion, Ak, for a change in %B (® = 0.01
X %B, so @ = 0.1 = 10% B) with

Ak = 105‘1>_ (3]

where S is a characteristic of each
analyte, estimated as S = 0.25 MW,
where MW is the molecular weight.

If we choose a typical 400 Da small
molecule, S =~ 5 and A% =~ 3.2 for a 10%
change in %B. This means that a 10%
increase or decrease in the mobile phase
%B will result in a corresponding three-
fold reduction or increase, respectively,
in the £ values. The effect on retention
time is approximately the same, because
k= (t - t)/ty. This result is the source
of the Rule of Three often mentioned
in “LC Troubleshooting.” A change in
%B of 20% will result in approximately
a 10-fold change in 4 values; making a
generic estimate of the change in reten-
tion for even larger changes in %B

will likely be less useful because of the
assumptions inherent in equation 3.

If sample is injected in a solvent that
is stronger than the mobile phase, for
the time that the analyte molecules are
in that injection solvent before it gets
diluted by mobile phase, the injection
solvent effectively is the mobile phase.
As the plug of injection solvent moves
through the column, it will move at the
same flow rate as the mobile phase, but
the sample molecules in it will move
more quickly than they would in mobile
phase because the “mobile phase” they
see is the injection solvent. The injec-
tion plug, of course, will get diluted
with mobile phase until it is no longer
distinguishable from the mobile phase.
The mobile phase following the injec-
tion plug will dilute it, so the molecules
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Figure 1: A, B, and C illustrate the con-
cept of a sample plug injected in mobile
phase as the injection solvent as it moves
through the column (right to left). A, B',
and C' illustrate the same process with
the use of the same volume of a stronger
injection solvent. Mobile phase, dot pat-
tern; sample in mobile phase injection
solvent, checkerboard; sample in stron-
ger injection solvent, diagonal pattern.
See text for details.

at the tailing edge of the injection plug
will slow and travel at the normal elu-
tion rate before those on the front edge.
Although all this happens quite quickly,
there can be significant band broaden-
ing in the process if the solvent is strong
enough and the volume is large enough.
I've shown the process conceptually in
Figure 1. Note that this figure is over-
simplified, but it should serve to illustrate
what happens. In each case, I've shown
a portion of the column as a horizontal

rectangle filled with mobile phase (dot
fill). In the top three examples, sample
injected in mobile phase is shown as the
checkerboard pattern. As time passes
from A to B to C, the sample moves
through the column in the normal man-
ner, with some band broadening (not
shown) taking place. In the bottom three
examples, the sample is dissolved in a
stronger solvent (diagonal fill). In A/, right
after injection, the sample takes up the
same amount of space at the top of the
column because it is the same injection
volume as in A. However, in B/, because
the injection plug is a stronger solvent
than the mobile phase, the molecules

in the plug travel more quickly through
the column than normal. At the same
time, the back edge gets diluted with
mobile phase, so those analyte molecules
slow down to the normal migration rate
(checkerboard pattern). Even though the
injection plug is narrower now, because
it is becoming diluted at the front and
back edges, the sample is spread over a
larger portion of the column. In C’, the
injection plug is mostly diluted, but the
spreading continues to take place until
all the sample is in mobile phase (not
shown), at which point the now broad-
ened band travels in the normal manner.
You can get a visual concept of why the
injection band gets broadened when a
stronger solvent is used: The front edge
of the peak gets pushed forward relative
to its expected behavior in mobile phase,
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whereas the back edge of the peak travels
at the same speed as if it were injected in
mobile phase.

One solution to this excessive broaden-
ing during injection would be to use a
less-strong injection solvent. The more
different the injection solvent is from the
mobile phase, the more severe the prob-
lem will be. As we saw above for normal
band migration, a 10% increase in %B
will cause sample to move about three
times faster than normal and a 20%
change will increase that rate to approxi-
mately 10-fold. Another solution would
be to inject less sample. The smaller
the injection plug volume, the faster it
will get diluted into the mobile phase.

I remember one case in our laboratory
where we were able to inject a 1-uL vol-
ume of sample dissolved in toluene into
a reversed-phase mobile phase and get
satisfactory results. Although the toluene
was nominally immiscible, the small
volume allowed it to dissolve or disperse
in the mobile phase instantly before any
noticeable band migration had occurred.

What About a

Weaker Injection Solvent?

When the injection solvent is weaker
than the mobile phase, the sample mol-
ecules initially slow down relative to their
normal mobile-phase migration rates.
This process often is referred to as “band
compression,” or “on-column concentra-
tion.” Using the above examples of a
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10% and 20% change in %B, we would
expect the sample to slow its migration

to approximately 1/3 and 1/10 of the
normal rates, respectively. In the extreme,
such as injecting a 100% aqueous sample
into a 50% or more organic solvent
mobile phase, the sample effectively stops
at the top of the column until a strong
enough solvent (the mobile phase) comes
along to cause it to migrate normally. For
example, if you were trying to analyze
for trace contaminants in river water, you
might be able to inject 10 mL or more of
sample without adverse effects, increasing
the injected sample mass without hay-
ing to go through preconcentration steps
during sample preparation.

And Gradients?

The same processes that we've looked

at above for isocratic separations take
place with gradients. The main differ-
ence is that usually the initial gradient
conditions consist of a very weak mobile
phase, often 5-10% B. This can severely
restrict the allowable organic concentra-
tion of the mobile phase. On the other
hand, because the mobile phase is so
weak, it will be much more effective at
diluting a stronger injection solvent than
an isocratic mobile phase of 50% or
60% B, so the use of a stronger injection
solvent may be mitigated somewhat.

So, How Do | Tell?
You’ll notice that I've done some hand-
waving while trying to explain what
happens when the sample is injected in
a solvent other than the mobile phase.
This is because there are several pro-
cesses going on simultaneously that
are not as easy to model as the case of
mobile phase as the injection solvent.
This situation is complicated by how
much band broadening or loss of resolu-
tion you can tolerate for a given applica-
tion. Further confusing things is the
injection process itself — band broaden-
ing can vary with different autosampler
designs. In any event, I suggest using an
empirical approach to address the selec-
tion of any injection volume, even in
mobile phase. This approach works both
for isocratic and gradient methods.

First, use the 15% Rule or one of the
tables in last month’s discussion (1) to
get an idea of how much you can inject.
Round the suggested volume to some-

thing convenient. For example, rather
than the 12 pL recommendation of
Table I, select 10 pL or 15 L. Second,
inject this volume, then inject half the
volume and twice the volume. Finally,
compare the chromatograms and see
what is acceptable. If the half-size injec-
tion gives much narrower peaks with
better resolution, perhaps you should
reduce the injection volume and test it
with the +2X volume test. If the larger
injection still looks good, maybe you can
inject an even larger volume. Because you
want robust conditions that won’t cause
problems when some unexpected change
happens, it is a good idea to leave a safety
margin in the chosen injection volume.
For example, if 20 uL looks good, but
40 pL shows problems, check 30 uL. If
this still looks acceptable, you'll probably
be safe with 20 pL, bue if 25 uL shows
problems, you probably are working too
close to the edge of reliability.

In summary, I can think of no better
advice than that of .M. Kolthoff, often
referred to as the facher of analytical
chemistry, who said, “Theory guides,
expetiment decides.” We can spend lots
of time with equations, and they are
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helpful at getting a good idea of what
should happen, but there is nothing like
a well-designed experiment to see if the
results are acceptable.
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