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LC TROUBLESHOOTING
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But My Peaks Are Not Gaussian!  
Part I: Basic Concepts in Peak Shape, 
and the Effect of Extracolumn Connections
Although symmetric peaks with Gaussian shapes are predicted by models of the chromatographic process,  

“perfect peaks” are not observed very often outside of textbooks. Tailing peaks—the most common type 
of asymmetric peak shape—can negatively affect both the qualitative and quantitative performance of 
liquid chromatography (LC) methods. In this first installment of a multi-part series focused on the causes of  
peak asymmetry, I will discuss basic concepts in peak shape, and the potential for poor fluidic connections to 
cause peak tailing in a separation where the peak shape would otherwise be excellent.

Dwight R. Stoll

I’d like to take a few words here to remind 
readers about the electronic version 

of John Dolan’s “LC Troubleshooting 
Bible,” a website (https://lctsbible.com/) 
with a compilation of all 390 of John’s  

“LC Troubleshooting” articles. I person-
ally find this to be an incredibly rich 
resource for a lot of practical high per-
formance liquid chromatography (HPLC) 
knowledge, and obviously a great 
resource for troubleshooting details. 
Pro Tip: If you click on “Find posts  
by tag,” a word cloud will appear with 
all of the keywords associated with all 
of John’s “LC Troubleshooting” articles, 
and the size of the word is related to 
the frequency with which that keyword 
has appeared over time. This is a great 
way to quickly locate the articles that 
are likely to be relevant to a particular 
troubleshooting task; sometimes key-
words will catch my eye that I had not 
been thinking about. I really encourage 
all readers to bookmark this resource, 
and explore all that it has to offer.

Introduction
Well established models of the chro-
matographic process predict peak 

shapes that can be very closely approxi-
mated by the Gaussian distribution (1). 
There is a long list of reasons why 
the Gaussian peak shape might not  
be observed, but the Gaussian is 
very convenient, particularly for use 
in chromatography simulation tools, 
and development of theory that 
relates important parameters (such as,  
for example, peak width to the reten-
tion characteristics of a given molecule). 
In this context, one important prop-
erty of the Gaussian is that it is a per-
fectly symmetric function. In practice,  
however, perfectly symmetric peaks 
are not observed very often, and the 
degree of deviation from perfect sym-
metry can vary widely, depending on a 
large number of physical and chemical 
factors specific to particular instruments, 
applications, and operating conditions.  
These deviations from symmetric peak 
shapes (that is, asymmetry) are important 
in practice, because the asymmetry can 
negatively impact both the qualitative 
character of a chromatogram and the 
quantitative performance of a method. 
The problems are not unique to liq-
uid chromatography, nor are they new.  

Indeed, these issues have been dis-
cussed many times by many authors 
in LCGC in the past. For example,  
I would point readers interested in 
learning much more about this area to 
an excellent series of articles by John 
Hinshaw (2–4), several articles by John 
Dolan (5), and two recent entries in the  

“LCGC Blog” by Tony Taylor (6,7).  
Nevertheless, given the importance 
and potential impact of peak asym-
metry on the quality of separations 
and chromatographic results in day-
to-day work, I think it is useful to draw 
several relevant ideas together in one 
place and discuss them in some detail, 
all with the aim of providing a robust 
resource to troubleshoot problems with 
peak asymmetry when they do arise.  
In this first installment on the topic,  
I will review some basic concepts in 
peak shape and asymmetry, and then 
go on to start discussing some of the 
root causes of asymmetry, as well as  
potential solutions.

Quantifying Peak Asymmetry
The equation used to model a chro-
matographic peak using the Gauss-
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ian function is shown in equation 1,  
where CA,t is the analyte concentra-
tion at the detector at a particular 
time, mA is the mass of the analyte, 
σt is the standard deviation of the 
Gaussian in time units, t is a particu-
lar timepoint, and tR,A is the retention 
time of the analyte.

    mA       exp
2� • σv

CA,t = –(t–tR,A)2[               ]2σt
2 [1]

Many different models can be used 
to simulate tailed chromatographic 
peaks (1). One of the most com-
monly used models is the exponen-
tially-modified Gaussian (EMG) func-
tion, shown in equation 2, where τ is 
the relaxation time associated with 
the exponential, tailing part of the 
peak, and erf is the mathematical  
error function.

    mA   exp
    2τ

CA,t = 1–erf 
σt

2(                 ) (                  )[                               ]2τ2

σt
 

2τ
t–tR,A– –•
τ

t–tR,A

2σt
 

[2]

Figure 1 shows an overlay of 
four peaks. The black peak is per-
fectly symmetric, simulation using 
the Gaussian function in equation 1.  
The other three peaks were simulated 
using the EMG function in equation 2, 
with increasing τ values.

A number of metrics to quantify the 
extent of peak asymmetry have been 
developed over the years. Two of the 
more commonly used metrics are the 
peak asymmetry factor (AS) and tail-
ing factor (TF). Figure 2 shows the 
measurements needed to calculate 
these values using equations 3 (AS) 
and 4 (TF). Both metrics rely on mea-
sures of parts of the peak width, with 
AS reliant on the widths at 10% of the 
peak height, and TF reliant on widths 
measured at 5% of the peak height. 
Generally speaking, TF values below 
2 are preferred whenever possible. 
I’ll also note here that recent work 
by Wahab and associates provides 
other approaches to quantifying char-
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FIGURE 1: Comparison of simulated peaks with different degrees of tailing. The Gaussian 
component of each peak was simulated assuming a retention time of 5 min, and 5000 
plates (σt = 0.071 min). The Gaussian peak with no tailing was produced using equa-
tion 1. Peaks with tailing were produced using equation 2 and τ values of 0.946, 1.636,  
and 2.786 min, to obtain tailing factors (TF ) of 1.2, 1.5, and 2.0, respectively.
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FIGURE 2: Illustration of the measurements needed to calculate the peak asymmetry 
and tailing factors. Adapted from reference (5).
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FIGURE 3: Illustration of the effect of peak tailing on the ability to detect a small peak in 
the tail of a large peak. Peaks were simulated using equation 2, assuming a plate number 
before tailing of 5000 for each peak. Retention times for the first and second peaks are 
5.00 and 5.44 min, and the height of the second peak is 1/10th of that for the first peak.

Source: Adapted from reference (5).
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acteristics of peak shapes that take 
the entire peak shape into account, 
as opposed to measures of the peak 
width at specific heights (8).

    b10% 

    f10%

AS = [3]

    f5%+ b5%  

      2• f5%

TF = [4]

Why Peak Shape Matters
Asymmetric peaks can negatively impact 
both qualitative and quantitative aspects 
of HPLC results. Figure 3 shows an exam-
ple of how peak tailing can obscure the 
presence of a small peak in the tail of a 
much larger peak. When both peaks are 
symmetric, it is easy to see the small sec-
ond peak on the right side of the larger 
peak. However, as the extent of tailing 
increases, it becomes more and more 
difficult to see the small second peak,  
and eventually it disappears into the tail 
of the large peak altogether. 

Peak asymmetry can also affect both 
the accuracy and the precision of quan-
titative results. Figure 4 shows how 

more resolution is needed to obtain 
accurate estimates of peak area than 
that needed (typically a resolution of 
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FIGURE 4: Illustration of the effect of peak tailing on quantitative accuracy for poorly 
resolved peaks. Adapted from reference (4). Peaks were simulated using equation 2 and 
parameters similar to those used in Figure 3, except that the retention time of peak 2 
was adjusted to obtain the desired resolution. Percent error was calculated using the 
observed peak area (left or right of the drop line for peak 1 or 2, respectively) relative to 
the expected areas of 100 and 10 for peaks 1 and 2, respectively.
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1.5 is sufficient with highly symmetric 
peaks) with symmetric peaks. In the 
example shown here in the left panel, 
the peak area for peak 2 is overesti-
mated because the tail of the larger 
peak 1 runs into the integration area 
for peak 2 when the drop method 
of integration is used. Of course,  
this can be improved in some cases 

using other more sophisticated inte-
gration methods, but other methods 
may not be as robust as the drop 
method. The magnitude of this type 
of error can range from less than 
1% to more than 10%, and generally 
increases as resolution decreases,  
the ratio of peak heights increases, 
and the extent of tailing increases.

Common Causes of Peak  
Asymmetry in Liquid 
Chromatography
The common causes of peak asym-
metry in liquid chromatography can 
be roughly grouped by whether 
they have a primarily physical or  
chemical basis.

Physical Causes
• Poorly packed particle bed at the time  

of manufacture
• Rearrangement of the particle bed 

during use because of physical stress  
(for example, repeated pressure cycles)

• Contamination of the particle bed or 
column inlet/outlet frits with physical 
debris (for example, particles shed from  
valve seals)

• Mismatch between the solvent compo-
sition of the injected sample and the 
mobile phase

• Extracolumn peak broadening and dis-
tortion outside the column because of 
poor connections or inappropriately 
large connecting tubing

Chemical Causes
• Rearrangement of the particle bed 

during use due to chemical stress 
(for example, dissolution of silica 
particles at high pH)

• Overloading of analyte adsorption 
sites on the stationary phase when 
there are multiple types of sites 
with different populations

• Slow kinetics of analyte desorption 
from the stationary phase

This list is obviously too long to talk 
about each case in any detail; these 
will be the focus of future installments 
of “LC Troubleshooting.”

Impact of Poor Fluidic 
Connections Outside the 
Column on Peak Shape
Of all the possible causes of peak tailing 
listed above, I think one of the most com-
mon–but easy to solve–causes is related 
to poor fluidic connections outside 
of the column. Tony Taylor has written 
about this recently in the ”LCGC Blog” 
as it relates to gas chromatography (6).  

FIGURE 6: Chromatograms showing how peak tailing that can result from poor fluidic con-
nections between the sample injector and detector (red trace) and this can be resolved by 
improving the connections (blue trace). Adapted with permission from reference (10).

Source: Adapted with permission from reference (10).

Stem length too long → leak
(a)

(b)

(c)

Stem length too short → dead volume

Properly �tted tubing, no dead volume

FIGURE 5: Anatomy of a compression-style connection of a connecting capillary to a 
valve port, column endfitting, or detector inlet: (a) stem too long, (b) stem too short,  
(c) properly fitted tubing. The situation in (b) is especially likely to produce peak tailing. 
Adapted with permission from reference (10).

Source: Adapted with permission from reference (10).
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In that context, there are multiple ways 
a “bad connection” can arise, includ-
ing improper positioning of a column  
(for example, in a mass spectrome-
ter interface), a poor cut on the end 
of a column (that is, a rough cut, or 
one that is not perpendicular to the 
long axis of the column), or use of 
the wrong ferrules. In HPLC, similar  
pitfalls exist. From the point of view of 
effects on peak shape, the only con-
nections that matter are those between 
the sample injector and the detector.  
Typically, this flow path will involve four 
to eight connections, but could include 
more, depending on the complexity 
of the system (for example, injector -> 
capillary, capillary -> heat exchanger, 
and so on). Many laboratories use 

“pre-cut” connecting capillaries, where 
the ends of the tubing are prepared 
by the tubing manufacturer to give 
clean, square ends. Although I cut my 
own stainless steel tubing in graduate 
school, I am not aware of any labora-
tories that cut their own metal tubing 
these days. However, in my labora-
tory we routinely cut polyetherether-
ketone (PEEK) tubing to length for  
specific purposes. One can cut PEEK 
tubing using something as simple as a 
sharp razor blade, but this is really not 
recommended, because it is very diffi-
cult to obtain a very square end on the 
tube with this approach. Most chroma-
tography suppliers sell cutters for both 
plastic and metal (and even PEEK-clad 
fused silica) tubing that are specifically 
designed to give clean, square cuts on 
the ends of these tubes. Using a tube 
with an end that is not square will lead 
to a significant void space at the bot-
tom of a capillary connection port like 
that shown in Figure 5b, except that 
the shape of the void will look like 
a trapezoid rather than a rectangle.  
This extra void space will, in turn, lead 
to mixing of the analyte band as it 
moves across the gap, which manifests 
in chromatograms as peak tailing like 
that shown in Figure 6. The good news 
is that this particular problem can be 
avoided easily by either using pre-cut 
capillaries, or using the proper tools to 

cut your own tubing and ensure clean, 
square cuts.

The other major problem with con-
nections that can lead to peak tailing 
in HPLC is clearly illustrated in Figure 
5b. Here, the fitting has been tight-
ened (referred to as swaging) when 
the end of the capillary was not seated 
properly at the bottom of the connec-
tion port. With a compression-style 
connection that uses a metal ferrule,  
once the ferrule position is set, it can-
not be moved, and every time this 
capillary is connected to a fitting port, 
there will be a void space like that 
highlighted in green, which again will 
lead to peak tailing like that shown in 
Figure 6. There are multiple potential 
solutions to this problem. If a situation 
like that shown in Figure 5b exists with 
a metal ferrule, then the only solu-
tion is to throw the capillary away and  
start over. When making the new con-
nection for the first time, be careful to 
make sure the tubing end is seated at 
the bottom of the fitting port before 
swaging the ferrule. Alternatively, 
one can use a fitting that does not 
involve a metal ferrule (usually PEEK, 
or a graphite-filled polymer) so that 
the position of the ferrule relative 
to the capillary end can be adjusted 
each time it is connected to a fitting 
port. Several manufacturers now sell 
very high quality fittings of this type.  
Readers interested in learning more 
about these options are referred to a 
previous installment of “LC Trouble-
shooting” focused on this topic (9).

Summary
In this installment of “LC Trouble-
shooting,” we have reviewed some 
basic concepts in peak asymmetry 
and how asymmetric peaks can affect 
the quality of HPLC results. There are 
many physical and chemical causes 
of peak tailing in particular–too many 
to discuss here. In this installment,  
we’ve discussed how poor fluidic con-
nections in the flow path between the 
sample injector and detector can lead 
to peak tailing. The extent of tailing 
resulting from this particular cause can 

be serious, but the good news is that 
it can be addressed quite easily by fix-
ing poor connections with new capil-
laries or fittings. In future installments, 
we will continue discussing some of 
the other causes of peak asymmetry 
in detail, all with the aim of adding 
to your personal knowledge base that 
can help you troubleshoot poor peak 
shapes when they arise.
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