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FROM OUR GUEST EDITOR

David Bell
Director of Research and Development,

Restek Corporation

W elcome to the 2021 edition of Recent Developments in HPLC and UHPLC.  
We were inspired last year to provide a forum for emerging scientists in the 
realm of chromatography to showcase their fine work. The positive response 

to initial requests was so overwhelming that we could not fit all the articles we received 
into the 2020 collection and had to spread them out into feature articles and other 
series during the year. With so many talented “emerging” scientists compelled to share 
their inspiration, why not do it again?

In this issue, Annámaria Sepsey, from the Department of Analytical and Environmen-
tal Chemistry at the University of Pécs, takes us on a “random walk” through the HPLC 
column and helps us further understand chromatography using mathematical tools.

Simona Felletti, from the Department of Chemical, Pharmaceutical, and Agricultural 
Sciences at the University of Ferrara, then discusses the use of excess absorption 
modeling and retention dependencies on mobile-phase composition to home in on 
conditions favorable for the analysis of a therapeutic peptide, glucagon.

Next, Tim Causon, from the Institute of Analytical Chemistry at the University of 
Natural Resources and Life Sciences in Vienna, discusses ion mobility spectrometry 
(IMS) as a key separation technology both on its own as well as coupled with liquid 
chromatography. Is this the future for complex sample analysis?

As with last year, what lies within the following pages is just a sample of the great 
work this next generation of scientists is producing. From what I have observed over 
the past few years, separation sciences, regardless of what it looks like in the future, 
is in good hands.

As an added feature, we also present an interview with Stefan Van Leeuwen and 
Bjorn Berendsen from Wageningen Food Safety Research in The Netherlands, where 
they discuss a novel non-targeted approach using liquid chromatography–high-reso-
lution mass spectrometry (LC–HRMS) to identify and analyze per- and polyfluoroalkyl  
substances (PFAS).

Enjoy.
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B ecause all chromatogra-
phers can operate a chro-
matograph, it is not obliga-

tory to know how it really works 
inside. Nevertheless, I wanted to 
know what happens inside a col-
umn, and how and to what extent 
the analyte molecules interact 
with the stationary-phase surface. 

There are several mathemati-
cal models used in chroma-
tography. One of them is the 
stochastic theor y that helps 
us understand the separation 
process at the molecular level.  
At first, when I was introduced to 
the stochastic theory, I disliked it 
because it seemed rather com-
plex. But now, I am the one who 
wants to convince everyone that 
mathematics gives a great tool 
for us to be an “Ant-Man” and 
see what happens at the single 
molecule level. The stochastic 
theory is a sophisticated micro-
scopic model that works as a 
magnifier; it gives us the number 
of the adsorption-desorption 
steps (n), and the average time 
that a molecule spends bound 
to the stationary phase (τ) from a 
single chromatogram!

The stochastic theor y was 
first described by Giddings and 
Eyring more than 65 years ago 
(1). They realized that the ana-

lyte molecules wander randomly 
along the column. The stochastic 
theory uses probabilistic terms 
to represent the adsorption–
desorption process. However, at 
the time, the computation meth-
ods were laborious, and the sto-
chastic method could not be fur-
ther developed. Afterward came 
the characteristic function (CF) 
method that simplified the rep-
resentation of chromatograms 
(2,3). Shortly following the dis-
covery of the CF method came 
the best realization of the chro-
matographic model—it does not 
depend on the separation pro-
cedure; thus, the CF method can 
be used for any type of chroma-
tography. Regardless of whether 
it is reversed-phase liquid chro-
matography (RPLC), size-exclu-
s ion chromatography (SEC), 
ion-exchange chromatography 
(IEC), chiral chromatography, 
or another type of chromatog-
raphy, we only need to con-
sider the variables accordingly.  
This way, we can get information 
about the number of interactions 
between the stationary phase 
and the analyte molecule (n), and 
about the strength of this inter-
action (τ). Because these terms 
are easy to understand and work 
with, the stochastic theory should 

be preferred to macroscopic mod-
els. For example, band broadening 
phenomena of small molecules in 
high performance liquid chroma-
tography (HPLC) columns are usu-
ally described by the general plate 
height model where a number of 
variables are used simultaneously.

Once we know in detail how a 
given separation process works, 
the characteristic function helps 
in the opposite way as well: The 
chromatogram can be depicted 
by inverse Fourier transform 
of the CF and the moments of 
the peak can be calculated.  
Thus, fundamental chromato-
graphic characteristics can be 
tested. The first absolute moment 
is the retention time (tR), the sec-
ond central moment is the vari-
ance (or the width) of the peak, 
and the third central moment 
holds information about the peak 
symmetry. In the simplest case, 
each moment can be calculated 
by the above-mentioned two 
variables. When a novel model 
is developed, the characteristic 
function may become intricate, 
but the moments can still be cal-
culated, and the chromatogram 
can be represented.

Usually, people are frightened 
because of the complex math-
ematics needed when using the 

An Ant-Man Perspective for Chromatography:  
My Stochastic World

Annamária Sepsey

I like both chromatography and Marvel movies, and an idea came to me as a result: Why not examine a 
chromatographic separation process from an Ant-Man perspective? I used the stochastic theory of 
chromatography to walk through this exercise. I am motivated to connect mathematics to separation science 
in an intelligible form, and convince every other chromatographer that deep down we all love mathematics.  
Please take a “random walk” with me through the column where chromatography is mathematics and 
mathematics is chromatography!
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stochastic theory, but nowadays 
we have powerful software pack-
ages, such as Wolfram Math-
ematica, and one can overcome 
the obstacles of per forming 
Fourier transforms and inverse 
Fourier transforms. Starting now, 
our journey begins, and every 
chromatographic situation can  
be described. 

In this ar ticle, I do not want 
to go into the fine details. This 
ar ticle provides a brief over-
view of our derived models.  
Thus, for details and more refer-
ences, the reader is referred to 
our published studies in the lit-
erature (4–8). People usually dis-
like reading articles where a lot 
of equations are present; there-
fore, to accommodate reader 
preference, I have focused only 
the concepts and ideas of the 
models without using equations. 

Over the years, I have devel-
oped, with my coworkers, three 
models for different chromato-
graphic situations. These con-
cern pore-size distribution in SEC 
(4), polydispersity in SEC (analyte 
molecule size distribution) (5), and 
interconversion during the sepa-
ration process in chiral chroma-
tography (8). Each model contains 
distributions that had to be intro-
duced into the characteristic func-

tion to see what happens at the 
Ant-Man level of the molecules. 

Pore-Size Distribution
Similar to Emmentaler (Swiss) 
cheese, which contains many dif-
ferent holes, stationary phase 
particles also contain a lot of 
pores. However, the actual size 
and shape of these pores are 
unknown. Inverse SEC (ISEC) 
can help to analyze the pore 
structure, but a proper model 
is needed to evaluate the data. 
Thus, we integrated pore-size 
distribution into the stochastic 
theory of SEC to get a universal 
and nondestructive method to 
determine the pore structure of 
any type of stationary phase by a 
single fitting procedure. 

From destructive methods such 
as mercury intrusion or low-tem-
perature nitrogen absorption, it is 
already known that the pore size 
is governed by a lognormal distri-
bution. The lognormal distribution 
has two parameters: the expected 
value (or mean) of the pore size 
and the variance of the pore size. 
Because the characteristic func-
tion is in the Fourier domain, the 
mathematics degrade to multipli-
cation, whereas in time domain we 
would need a convolution of the 
distribution and the inverse Fou-

rier transformed CF, which would 
be cumbersome (convolution is 
a mathematical operation that is 
poorly known for many people). 
The moments of the peaks were 
calculated at several parameter 
combinations, and we realized that 
compared to the moments when 
no pore-size distribution is pres-
ent, the new moments are multi-
plied by a factor that is actually the 
novel partition coefficient (K ). 

Regarding pore shape, we 
dis t inguished four di f ferent 
geometries: slit shaped, conical, 
spherical, and when no geom-
etry is assumed (that actually 
gives the pure par tition coef-
ficient). By plotting K at several 
dif ferent parameter combina-
tions, the model predicts how 
the molecules behave in either 
size-exclusion or when macro-
molecules are separated by any 
other type of chromatography.  
Figure 1 shows the partition coef-
ficient when lognormal distribu-
tions of dif ferent pore sizes are 
assumed. This way, we obtained 
the relative pore accessibility. In 
an ideal case, when SEC is used, 
there are molecules that can 
enter the pores, and the fraction 
that is larger than the pore size is 
excluded. This is illustrated with 
σ = 0, when there is no distribu-
tion present. The other lines, 
where σ is increased, show that 
there is no sharp line between 
the molecules that can visit the 
pores and the ones that are 
excluded. There are pores that 
are big enough for larger mol-
ecules and that will cause wider 
peaks on the chromatogram. 

Our model determined the 
pore structure of different com-
mercially available stationary 
phases, both core–shell particles 
and monoliths (6,7). The novel 
stochastic model was able to 
determine that the pore geom-
etry is rather spherical than coni-
cal for each investigated column. 
This geometric assumption gave 
better results near the exclu-
sion limit than the previously 
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FIGURE 1: Dependence of the partition coefficient on the pore size distribution. ρ is the 
ratio of the gyration radius of the analyte and the pore radius, σ is the variance of the pore 
size distributions (PSD). The broader the PSD, the more blurred the exclusion limit is.
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used Knox model (9). There was 
an interesting discovery when 
the first- and second-generation 
monoliths (Chromolith Per for-
mance and the Chromolith High 
Resolution) were investigated: 
There is no difference in the real 
mean radii of the mesopore size, 
but the pore-size distribution is 

narrower in the latter case, and 
as a result, the pore size distribu-
tion is more homogeneous.

The application of the model is 
quite simple. The derived equa-
tions should be fitted by a proper 
software on the SEC calibration 
curve (the gyration radius against 
the retention volume) of the poly-

mer standard molecules. We used 
a free, command-driven, function 
and data plotting program (Gnu-
plot) for this purpose, but any other 
similar software will do the job.

Polydispersity
The polydispersity of the ana-
lyte is important mainly in ISEC 

Monodisperse “sample” Polydisperse “sample”

(a) (b)

FIGURE 2: The best way to depict what polydispersity means, showing the (a) monodisperse sample, and the (b) polydisperse sample.
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or during the calibration step 
of SEC because it is important 
to know the size of the mol-
ecules injected onto the col-
umn to assess the pore size. If 
the standard molecule does not 
have a narrow molecular weight 
distribution (because of degra-
dation, polymerization or sim-
ply by error in production), the 
size of the molecules can differ.  
The best way to illustrate the 
dif ference between a monodis-
perse and a polydisperse sample 
is to play with coins (Figure 2).  
Will these coins fit identically in the  
same hole? 

The molecule size of the stan-
dards used in SEC and ISEC is 
governed by a normal distri-
bution. The stochastic theory 
of SEC is adequate enough to 
integrate this information as 
well. Thus, the molecular size 
distribution was incorporated 
into the characteristic function, 
and a novel model was derived 
to describe this phenomenon. 
Chromatograms and their statis-
tical moments were calculated 
for several pore geometries to 
investigate the effect of this dis-
tribution on the retention prop-
erties. It was concluded that the 
increase in polydispersity leads 

to a shif t of retention time and 
causes a similar band-broadening 
to that of pore size distribution.  
The application of this model 
is, however, not feasible, since 
i t  would need a s tat ionar y 
phase having uniform pore size.  
Though the insights can be drawn 
by investigating the properties 
of the virtual chromatograms.

Our results verified previous 
observations and experiences: 
Both the pore-size distribution 
and the analyte polydispersity 
have a strong influence on the 
retention properties (retention 
time, peak width, and peak shape) 
of macromolecules. Because the 
wide pore size distribution will 
increase retention and efficiency 
for macromolecules, all modes 
of liquid chromatography that 
result in the efficient separation 
of macromolecules calls for a 
broad pore-size distribution.

Batman Peaks
Although the Batman movies 
are not part of the “Marvel Uni-
verse,” we have to talk about Bat-
man peaks. Everyone knows Bat-
man and his mask, but it is not 
common to know what we should 
think about when talking about 
Batman peaks in chromatogra-

phy. If Batman par tially hides 
below the baseline, one can see 
two ears and a headboard in 
between. The chromatogram of 
two enantiomers that intercon-
vert into each other during the 
separation looks like what we see  
illustrated in Figure 3. 

The pure enantiomers are 
separated, but in the plateau 
region, we observe molecules 
that interconverted a few times 
during the separation. The prob-
abilities for the six different frac-
tions (two fractions for the pure 
enantiomers that do not change 
during the separation, two frac-
tions for the molecules with the 
same initial and eventual form 
and two fractions for molecules 
with different initial and eventual 
form) were already derived by 
Keller and Giddings in 1960 (10). 
The novel stochastic theory uses 
convolution of the proper distri-
bution functions and the charac-
teristic function. I would not say 
that the equations are open-and-
shut, but Wolfram Mathematica 
can handle them. 

Our novel model made it pos-
sible to examine the kinetics of 
the enantiomerization process 
from a series of chromatograms 
since the peak shape depends on 
the rate constant of this dynamic 
reaction. Applying our model is a 
true random walk along the col-
umn, because the different frac-
tions need to be fitted separately. 
At first, the model was tested in 
silico, a number of chromato-
grams were simulated, and clas-
sical chromatographic properties 
were observed. Then, we investi-
gated a commercially available 
drug molecule, quetiapine, that 
features a hindered ring-flip atro-
pisomerism. The rate constant of 
the enantiomerization process 
was determined at a number of 
f low rates and temperatures.  
The interconversion rate constant 
can be determined from the slope 
of the fitted line when plotting 
the number of interconversions 
against time. Simultaneously, the 
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FIGURE 3: Batman-like figure superimposed on batman peaks.
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rate constants were also deter-
mined at a number of tempera-
tures from the optical activity of 
the two respective enantiomer 
fractions, and with the DCXplorer 
software derived by Trapp (11). 
Determined by the three dif fer-
ent methods that were analyzed, 
a good agreement was found 
between the results.

This novel stochastic model is 
thus suitable to estimate the rate 
constant of interconversion from 
experimentally recorded data 
and gives better understanding 
to molecular interactions dur-
ing the chromatographic sepa-
ration. Moderate conditions are 
required because the separation 
circumstances (such as higher 
flow-rate, which causes temper-
ature increase in the column) can 
influence the enantiomerization 
kinetics. Unfortunately, applying 
our model seems to be cumber-
some because it requires the 
understanding of Fourier trans-
form and inverse Fourier trans-
form. To get through this obsta-
cle, a software is in the process 
of being writ ten by us that will 
allow the fitting procedure to be 
done by the computer automati-
cally. This way, we would obtain 
a gentle and convenient method 
to determine rate constants 
from chromatograms if direc t 
chiroptical measurement is dif-
ficult or unavailable. The appli-
cation is, however, restricted to 
lower f low rates and tempera-
tures where the enantiomeriza-
tion process is limited to only 
a few interconversions. In the 
case of fast interconversion, the 
enantiomers cannot be sepa-
rated and only one broad peak 
can be observed.

Although other types of inter-
conversions can also result in 
Batman peaks, it is important 
to note that our model has even 
broader applicability. There is 
only one main restriction, which 
is that the molecule should have 
at most two forms that intercon-
vert to each other. It is also pos-

sible that the transformation is 
limited to one of the directions. 

Conclusion
The stochastic theory helps us to 
become an Ant-Man in the world 
of chromatography and envision 
the separation process at the 
molecular level using variables 
that are easy to understand.  
By considering dif ferent types 
of distributions, we have devel-
oped three indiv idual novel 
models. Using them, the pore 
size distribution can easily be 
ascertained in a nondestructive 
way from a number of chromato-
grams and when Batman peaks 
are present in chiral chromatog-
raphy, the rate constant of the 
interconversion process can also 
be obtained. 

So far, we have determined the 
pore geometry and the pore-size 
distribution of seven commer-
cially available C18 stationary 
phases (both fully porous and 
core–shell) and the mesopore 
structure of monolithic columns 
of the first and second genera-
tion, respectively. ISEC com-
bined with the novel stochastic 
model containing the pore-size 
distribution is a great nonde-
structive alternative to traditional 
methods such as mercury intru-
sion or low-temperature nitrogen 
adsorption. It is also possible to 
use this method to obtain the 
pore structure of any material. 

The rate constant of the enan-
tiomerization of quetiapine was 
determined by our novel sto-
chastic model. Good correla-
tion was found between these 
results and those obtained from 
optical activities and by using 
DCXplorer, respectively. More-
over, our model can help to 
understand the molecular pro-
cesses emerging in chromato-
graphic enantiomer separations.  
This stochastic theory can be 
used for other types of inter-
conversion occurring during the 
separation process (tautomers 
and rotamers). 

However, the stochastic the-
or y gives us an inf inite uni-
verse whose door we have just 
opened. Let’s be Ant-Men (and 
love math)!
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Over the last several decades, 
the use of peptides in the 
pharmaceutical, nutra-

ceutical, and cosmetic f ields 
has increased substant ia l ly.  
The biopharmaceutical impor-
tance of these molecules is that 
they can selectively interact with 
a specific receptor, making them 
potential candidates for use in 
antitumoral, anticoagulant, anti-
hyper tensive, and antioxidant 
production (1,2).

Therapeut ic  pept ides are 
mainly produced by liquid- or 
solid-phase synthesis (3,4). Usu-
ally, these produc tion meth-
ods lead to a wide range of 
impurit ies, and the issue is 
that the chemical structure of 
these impurities can be similar 
to that of the target peptide.  
Therefore, fur ther processing 
and purifications are needed to 
reach purity specifications for 
pharmaceutical purposes (5 ). 
Preparative reversed-phase liq-
uid chromatography (pRPLC) is 
the most widely used technique 
for the purification and isola-
t ion of therapeutic peptides 
(6–10). Operative experimental 
parameters of the purification 

processes are obtained through 
trial-and-error strategies, which 
waste time and product while 
resulting in operating far from 
optimal conditions.

When dealing with complex 
mixtures, a detailed understand-
ing of the fundamentals of the 
separation process is extremely 
impor tant to overcome these 
difficulties. It is well known that 
the retention behavior of a pep-
tide could significantly dif fer 
depending on its concentration, 
mobile phase composition, ion-
pair reagent, and competition for 
adsorption because of the pres-
ence of other molecules (1,2).

In this respect, the investiga-
tion of retention mechanisms 
and thermodynamic equilibrium 
of the target peptide becomes a 
crucial and essential tool for the 
correct design of the separa-
tion process because of its clear 
advantages in regards to time, 
cost, and ecological impact.

In this study, the effect of the 
mobile phase composition and 
the type of ion-pair reagent on 
the retention mechanism of a 
therapeutic peptide, glucagon, 
was investigated and compared 

on two RPLC columns packed with 
C18 and phenyl-hexyl fully porous 
par ticles (FPPs), respectively. 
Both columns were designed 
to handle high-efficiency liquid 
chromatography (LC).

Materials and  
Experimental Conditions
All solvents were purchased 
from Sigma–Aldrich. A 100 × 
3.0 mm Supelco Titan C18 col-
umn (1.9 μm particle size, 300 
m2/g surface area) and a 100 × 
4.6 mm Phenomenex Luna phe-
nyl-hexyl (3.0 μm particle size,  
400 m2/g surface area) column 
were used. Uracil (Sigma–Aldrich) 
was injected for determining the 
void volume of the columns. Glu-
cagon was obtained from Frese-
nius Kabi iPSUM. 

All the measurements were car-
ried out on an Agilent 1290 Infin-
ity LC system, equipped with a 
binary solvent pump (max pres-
sure: 1200 bar), a column thermo-
stat, an autosampler, a photodi-
ode array detector (DAD), and a 
refractive index detector (RID). 
The RID was used for excess 
adsorption isotherms determina-
tion. The detection wavelength 
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was 220 nm, and the column tem-
perature was set to 25 °C.

Two dif ferent mobile phase 
compositions were used: MP-1 
was comprised of water and 
0 .02 % t r i f l uo roac et i c  ac id 
(TFA) and acetonitrile, whereas 
MP-2 comprised of water and 
20 mM ammonium acetate  
and acetonitrile.

The retent ion dependence 
of glucagon on the amount of 
organic modifier of MP-1 and 
MP-2 was per formed under 
isocratic elution conditions in 
the range between 28 and 38% 
(v/v)  with 1% increments of 
acetonitrile for both columns.  
The injection volume was set at 

0.5 µL, and the flow rate was set at  
0.4 mL/min.

Excess adsorption isotherms 
have been calculated with a 
mobile phase made of aceto-
nitrile and water. Temperature 
was set at 25 °C. The columns 
were f irs t ly equil ibrated with 
solut ions of known composi-
tion of acetonitrile in the bulk 
mobile phase ranging from 0 
to 100%. Then, 1 μL of a solu-
t ion with a s l ightly di f ferent 
composit ion with respec t to 
the bulk  MP (±1% acetoni -
tr i le) was injec ted. Retention 
volumes of the per turbat ion 
peaks were correc ted for the  
extra-column contribution.

Results and Discussion
Excess Adsorption
Excess isotherms allow one to 
study the preferential adsorption 
of the components of the mobile 
phase (in this case acetonitrile 
and water) on the surface of the 
stationary phase. This adsorp-
tion leads to changes in the com-
position of the stationary phase 
with respect to the bulk mobile 
phase that profoundly inf lu-
ences retention of analytes (12).  
Moreover, the study of excess 
isotherms allows one to describe 
polar (free silanols) and hydro-
phobic (coverage density) prop-
erties of stationary phases (11–16).

In this study, excess isotherms 
were calculated by means of 
the minor disturbance method 
(12,13). The excess of acetonitrile 
over water [Γ(c)] was determined 
from linear perturbations on a 
series of equilibrium concentra-
tions, when a steady-state equi-
librium between mobile and sta-
tionary phase has been reached, 
through the retention volume of 
perturbation peaks, as follows:

Г(c) =     ∫   [VR(c) - V0]dc  1
S

c
0    [1]

with S the total surface area of 
the adsorbent in the column 
(data obtained from manufac-
turer), VR (c) the retention vol-
ume of perturbation peak when 
the column is equilibrated with a 
mobile phase containing a con-
centration c of acetonitrile and 
V0 the thermodynamic void vol-
ume (14). The results are shown 
in Figure 1 for the two columns.

These profiles show an increase 
of the excess amount adsorbed 
of acetonitrile on the sur face 
of the stationary phase up to 
approximately 40% (v/v) of ace-
tonitrile (ϕACN = 0.4) in the bulk 
mobile phase, where the maxi-
mum value of the excess isotherm 
is observed. Fur ther increases 
of acetonitrile bulk concentra-
tion lead to a gradual and linear 
decrease of the excess amount 
in the region between 50–90% 
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(v/v) (ϕACN = 0.5–0.9). This behav-
ior occurs because of the satura-
tion of all nonpolar sites present 
on the surface of the stationary 
phase with acetonitrile, preclud-
ing additional adsorbate accu-
mulation (14). The negative part 
of the excess isotherms observed 
at high acetonitrile percentages 
reveals the preferential adsorp-
tion of the second component 
of the binary mixture, which in 
this case is water. The amplitude 
of this region is directly con-
nected to the amount of free 
silanols present in the surface of 
the adsorbent accessible by the  
analyte (11,15,16).

The slope of the inflection tan-
gent line drawn in the decreas-
ing branch of the excess iso-
therm represent s the total 
amount of the adsorbed phase 
(Va = b) and the amount of aceto-
nitrile adsorbed (Va

ACN = a) can 
be derived from the y-intercept. 
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The tangent line is given by (16) 
(see Figure 1):

V      = V      +VaФ          ≡ y = a+bФa
ACN ACN ACN

exc
ACN  

[2]

with ϕACN the volume fraction 
of the organic modifier in the 
mobile phase.

It is worth pointing out that 
the range of validity of equa-
tion 2 corresponds to the linear 
decreasing region of excess iso-
therm (that is, when adsorption 
capacity reaches its maximum 
value) (14).

Table I reports data related to 
excess amounts of acetonitrile 
and water adsorbed on the sta-
tionary phase measured on the 
two RPLC columns by means of 
equation 2. From the data, it can 
be evinced that the total amount 
of mobile phase, normalized per 
column surface area, adsorbed 
on the phenyl-hexyl column is 
20% larger compared to the C18 
column. Moreover, the phenyl-
hexyl column shows a higher 
amount of  adsorbed water 
(+25%), suggesting a larger pres-
ence of residual silanols on the 
particle surface. 

Dependence of Retention of  
Glucagon on MP Composition
The retention behavior of gluca-
gon at infinite dilution has been 
studied for MP-1 and MP-2 in the 
range 28–38% (v/v) of acetonitrile 
on the two columns. The results 
are reported in Figure 2 as reten-
tion factors of glucagon (k = (tR 
− t0 )/t0, with tR the retention time 

and t0 the dead time) as a func-
tion of the fraction of acetonitrile 
in the mobile phase. These data 
demonstrate that, as expected, 
under the same MP composition, 
the C18 column shows larger 
retention when compared to the 
phenyl-hexyl column, because of 
its higher hydrophobicity. 

It is well known that retention on 
the C18 column is to the greatest 
extent because of hydrophobic 
interactions between stationary 
phase and analyte. In addition to 
hydrophobic interactions, phe-
nyl-hexyl columns are character-
ized by π-π interactions, because 
of the presence of phenyl groups. 
The nature of the mobile phase 
and the extent of its adsorption 
on the stationary phase has great 
impact on retention (by preclud-
ing the analyte from establishing 
interactions with the functional 
groups of the stationary phase). 
In this regard, it is plausible that 
acetonitr ile as organic modi-
fier makes the phenyl-hexyl col-
umn less retentive for glucagon 
compared to the C18 column 
because of the larger presence 
of acetonitrile on the stationary 
phase (see Figure 1 and Table 
I) and π-π interactions between 
adsorbed acetonitrile molecules 
and phenyl groups in the sta-
tionary phase (17). Surprisingly, 
a dif ferent retention behavior 
has been observed on the two 
columns depending on the ion-
pair reagent used, as shown in 
Figure 2. On the one hand, MP-1 
containing trif luoroacetic acid 
(TFA) has led to larger retention 

on the C18 column (full green 
squares) if compared to MP-2, 
which contains ammonium ace-
tate (full purple points), because 
of the higher hydrophobicity 
of the complex TFA-peptide.  
On the other hand, on the 
phenyl-hexyl column, the most 
retentive mobile phase was MP-2 
(empty purple points) compared 
to MP-1 (empty green squares).

The opposite retention behav-
ior observed on the phenyl-
hexyl column could be because 
of a combination of the greater 
accessibility of residual silanols 
by the analyte and their amount 
compared to C18 column, the 
pH of the mobile phase and the 
strength of the ion-pair reagent. 

From excess adsorption results 
(Table I) it has been evinced that 
the amount of free silanols on 
the phenyl-hexyl column is 25% 
larger with respect to C18 col-
umn. Moreover, residual silanols 
are more analyte accessible on 
the phenyl-hexyl column, thanks 
to the rigidity of the ligand itself. 
Conversely, C18 ligands, having 
a large degree of freedom, limit 
the analyte-silanols interactions. 
These aspects indicate that the 
effect of free silanols on reten-
tion can be more pronounced on 
the phenyl-hexyl column, while it 
can be considered negligible on 
the C18 column.

At a low pH (MP-1), ioniza-
tion of free silanol groups is sup-
pressed and glucagon is positively 
charged (being its theoretical 
pIace is between 7.5 and 8.5 (18)).  
Conversely, when a buffer solu-
tion (pH = 7) is used (MP-2), the net 
charge of glucagon is slightly posi-
tive and silanols are deprotonated. 
In this last case, favorable charge-
charge interactions are introduced 
in the phenyl-hexyl column, leading 
to a larger retention if compared to 
MP-1 (19). These changes in both 
peptide and stationary phase char-
acteristics make interactions more 
or less favored, leading to a differ-
ent retention depending on the 
mobile and stationary phase type.

TABLE I: The excess amounts of mobile phase components adsorbed on the stationary 
phase for the two columns.

Parameter Phenyl-hexyl C18

Va [µmol/m2] 13.6 11.5

V a
ACN [µmol/m2] 11.8 10.1

V
a
H2O [µmol/m2] 1.8 1.4

%H2O/Acetonitrile 13/87 12/88
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Effect of Ion-Pair Reagents on  
Peak Shape and Efficiency
For the sake of comparison, the 
effect of the ion-pair reagent on 
the chromatographic behavior of 
glucagon on the two columns has 
been investigated and reported 
in Figure 3.

From these plots it can be 
evinced that the peak shape is 
highly influenced by the type of 
ion-pair reagent used. For both 
columns, ammonium acetate 
leads to a significant peak tail-
ing (red) compared to TFA (blue). 
Moreover, the tailing factor mea-
sured with MP-2 for the C18 col-
umn (tF = 3) is 3 fold smaller with 
respect to the one measured 
on the phenyl-hexyl column  
(tF = 9), indicating that, as already 
pointed out in the previous sec-
tion, analy te interactions with 
residual silanols are much more 
pronounced on the lat ter sta-
tionary phase. As a result, ef fi-
ciency measured with MP-2 on 
the phenyl-hexyl column (N/m = 
4000) is three times less than C18 
column (N/m = 22000). On the 
other hand, TFA leads to more 
Gaussian peaks, especially with 
phenyl-hexyl stationary phase, 
and, as a consequence, to effi-
ciencies as high as 130,000 N/m. 

These information may be 
helpful for the selection of the 
correct combination of station-
ary and mobile phases for the 
development of highly efficient 
and fast analytical methods for 
the identification and quantifica-
tion of the target peptide. In this 
regard, a phenyl-hexyl column in 
combination with TFA as ion-pair 
reagent may be an ideal candi-
date for ultrafast separations.

Conclusions
In this work, retention behavior of 
a therapeutic peptide, glucagon, 
has been investigated on two 
RPLC columns, C18 and phenyl-
hexyl, using a binary mobile phase 
made of acetonitrile and water 
with two ion-pairing reagents, 
TFA, and ammonium acetate.

Excess adsorption isotherms 
have shown that the total amount 
of mobile phase adsorbed is 
20% higher on the phenyl-hexyl 
column with respect to the C18 
one. Acetonitrile adsorption on 
the phenyl-hexyl column may 
inter fere with π-π interactions 
between analy te and phenyl 
groups in the stationary phase, 
with important consequences on 
retention. Moreover, it has been 
demonstrated that the char-
acteristics of both the ion-pair 
reagent and the ligand type have 
a deep influence on the type of 
interaction established between 
analyte and stationary phase, the 
peak shape and the efficiency of 
the separation. 

This information is of funda-
mental importance for the devel-
opment of reliable, selective, 
and fast analytical methods able 
to separate and identify the tar-
get peptide.
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I on mobility spectrometry (IMS) 
is widely used as both an ana-
ly tical separation approach 

and as a detector across a range 
of applications, including analyz-
ing explosives (1), illicit drugs (2), 
pesticides (3), airborne vapors (4), 
and food ingredients (5). Under-
standing the principles of ion 
mobility as an analytical separa-
tion mechanism from an experi-
mental standpoint requires an 
instrument capable of generat-
ing ions followed by pulsing or 
gating of ion packages into a 
gas-filled mobility cell where 
they are subject to displacement 
that is driven by an electric field.  
Unlike in mass spectrometry, 
where ions are transported and 
separated by various types of 
fields solely according to their 
mass-to-charge (m/z) ratio in a 
vacuum environment, IMS trans-
por t and separation of ions 
reflect the shape and size of the 
molecules, according to colli-
sions of ions with a neutral drift 
gas, such as helium or nitrogen 
(6,7). Similar to other physical 
transpor t principles involving 
the application of electric fields, 
the characteristic proper ty of 
the ions defining their trans-
port behavior is referred to as  
ion mobility.

The transport of ions in this 
situation is summarized as fol-
lows: In the case of a weak 
electric field environment and 
considering only simple “hard 
sphere” collisions between ions 
and static drif t gas molecules, 
a steady-state ion velocity (vd) 
is rapidly reached. The time 
taken for an ion to transient an 
IMS cell (drift time, td) of length 
L reflects this constant velocity. 
Fundamentally, the ratio of ion 
velocity in the drif t cell to the 
applied electric field strength, E 
(ΔV/L), is referred to as the gas 
phase ion mobility, K , (equa-
tion 1a), which may further be 
normalized to the experimental 
temperature (T ) and pressure (p) 
to yield a reduced ion mobility, 
K0 (equation 1b) with respect to 
the National Institute of Stan-
dards and Technology (NIST ) 
normal temperature and pres-
sure (298.15 K, 101325 Pa) (8):

 K = L2

ΔV • td

[1a]

 K0 = K •              •p
760

273.15
T

[1b]

It should be noted that K0 is itself 
temperature-dependent and 
may also be influenced by the 

polarizability and purity of the 
drift gas (9,10). 

Regarding the structural prop-
erties of ions, it is not possible 
to derive a true ion volume or 
sur face area directly from IMS 
measurements, but the possi-
bility of utilizing a momentum 
transfer integral model relat-
ing the apparent momentum 
transfer cross section or ion-
neutral collisional cross section 
(Ω or CCS, m2) for a given ion 
to the gas phase mobility was 
proposed by Revercomb and 
Mason (6). This model (equation 
2a) remains the best estimate 
to correctly derive a meaning-
ful s truc tural proper ty f rom  
experimental measurements:

Ω or CCS =     •                  •3
16

ze
N0K0

2�
µkbT

[2a]

where e is the elementary charge 
(C), z is the integer charge of the 
ion, μ is the reduced mass of the 
ion-neutral pair (kg), kb is the 
Boltzmann constant (m2 kg/s2 K), 
N0 is the Loschmidt constant  
(1/m3). 

In the case of drif t tube ion 
mobil i t y (DTIM), separations 
of small ions are experimen-
tally performed in “drif t” cells 
(or “drif t tubes”) with uniform 

Ion Mobility–Mass Spectrometry (IM–MS): 
Enhancing Performance of Analytical Methods

Tim Causon

Ion mobility–mass spectrometry (IM–MS) is a recently commercialized analytical technology that has great 
potential in addressing the challenges of complex sample analysis and providing an orthogonal separation 
dimension for detailed studies of ion structure. Ion mobility spectrometry and its combination with MS 
are introduced from the fundamental principles of collision theory and gas phase mobility separation.  
Modern IM–MS is a key separation technology for detailed molecular characterization studies and also as 
part of emerging data acquisition strategies for demanding small molecule and several applications.
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field strength applied along the axis of the cell.  
When the reduced field strength (in Townsend [Td] 
units) is experimentally considered “low” (that is, 
<15 Td, where 1 Td = 1 × 10-21 V m2), derivation of 
a new molecular descriptor (that is, the drift tube-
derived CCS in a specified drift gas such as nitro-
gen; DTCCSN2) can be achieved from experimental 
measurements of p, V, T, and td using a version of 
the fundamental zero-field limit equation (equation 
2a), sometimes referred to as the “Mason-Schamp 
equation” presented here in its expanded form 
(equation 2b) (6,11): 

DTCCS =          •                      •  [          +         ]   •                   •                •                         •(18�)2

16
ze

(kbT)

1

2
1

1
mI

1
mg

2
1

td ΔV
L2

760
p

T
273.15

1
N0

[2b]

where mi and mg are the masses of the ion and drift 
gas, respectively (kg).

With this form of the fundamental equation,  
the orthogonality of IMS to MS is clear in that IMS 
measurements of isomeric and isobaric compounds 
can yield different arrival times, ion mobilities and, 
subsequently, derived CCS values to support their 
correct identification. Practically, it is noteworthy 
that determining CCS requires knowledge of the 
mass and charge state of the ion (or ions) of inter-
est (equation 2b). This requirement is fulfilled with 
the combination of IMS with mass spectrometry 
(IM–MS), which is now a valuable analytical tech-
nology for broad applications addressing both 
the analysis of complex samples and as a tool 
for the structural characterization of ions (12,13).  
The addition of ion mobility as a dimension to 
existing analytical approaches including to liquid 
chromatography–mass spectrometry (LC–IM–MS) 
is now an emerging as an attractive platform to 
address both of these objectives (14).

Ion Mobility in Practice
Development of Instrumentation
The earliest descriptions of mobility separations 
of ions were reported in the 19th century with 
experiments describing the movement of ions 
through a gas under the influence of an electric 
field by Zeleny in 1898 (15) almost 15 years before 
the first descriptions of MS by Thomson (16).  
However, the principles of separation via ion 
mobility as an analy tical technique was devel-
oped only in the early 1970s (7,17). In the case 
of a uniform field (drif t tube) IMS measurements 
operating with low field strengths, the relationship 
between the applied field strength and the velocity 
of the ion is observed to be experimentally linear, 
which indicates that conditions of equation 2a are 
effectively satisfied for the application for the fun-

damental zero field equation. Although the range 
and validity of “low-field” conditions remains a 
topic of ongoing discussion within experimental 
and theoretical research (18), this type of mea-
surement is currently agreed upon as the basis 
for a primary method for experimental IMS and 
IM–MS studies (19,20). The principles of ion mobil-
ity can also be experimentally exploited with 
alternative means including the use of high field 
strengths, nonstatic gas environments, and the 
application of nonuniform fields. Although these 
technologies require more complex physical mod-
els to fully elucidate mass transport phenomena, 
they have enriched the range of analy tical ion  
mobility possibilities.

Types of IMS and Combination  
with Mass Spectrometry
Several types of IMS have been transitioned to 
commercial technologies in recent decades, each 
having its own principle of operation and poten-
tial for combination with mass spectrometry.  
May and McLean (12) concisely categorize three 
main separation concepts employed, namely (a) 
time-dispersive methods, which generate an arrival 
time spectrum, with all ions drif ting along the 
same pathway (that is, drift tube ion mobility spec-
trometry [DTIMS], and traveling wave ion mobil-
ity spectrometry [TWIMS]); (b) space-dispersive 
methods, which separate ions along different drift 
paths, based on their mobility dif ferences (that 
is, field asymmetric waveform ion mobility spec-
trometry [FAIMS], dif ferential mobility analyzer 
[DMA]); and (c) ion trapping followed by selective 
release, whereby ions are trapped within a pressur-
ized region using a plateau electric field (Ep) with 
a counter flow of drift gas before being selectively 
ejected based on their mobility differences (that is, 
trapped ion mobility spectrometry [TIMS]). These 
different types of analyzers are schematically rep-
resented in Figure 1.

The combination of IMS and mass spectrometry 
(IM–MS) was first reported by Cohen and Karasek 
(21) and applications first reported by Bowers 
and coworkers (22,23). Following the additional 
introduction of soft ionization methods, such as 
electrospray ionization (ESI) and matrix assisted 
laser desorption ionization (MALDI), using IM–MS 
for bioanalytical applications progressed rapidly 
(24–27). Hybrid IM–MS instrumentation was first 
made commercially available by Waters in 2006 
with TWIM–MS technology (28), followed later by 
DTIM–MS (Agilent, TOFWerk) and TIM–MS (Bruker) 
during the following decade. During this period, 
numerous other standalone IMS devices that could 
be added to MS instruments based on both DMA 
and FAIMS were also commercialized. 
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Opportunities and Challenges
Untargeted Small 
Molecule Analysis
The combination of IM–MS with 
separat ion techniques such 
as LC is now a powerful plat-
form for addressing the identity 
confirmation of unknown com-
pounds within complex samples 
(14,29,30). Such “untargeted” 
workflows provide coverage of 
the broadest possible range of 
compounds by maximizing the 
selec tivit y, whereby transient 
separation properties (retention 
time), IM-derived parameters 
(CCS), accurate mass spectra, 
and high resolution mass frag-
ment data can be used to pro-
vide a maximum number of iden-
tif ication points per putative 
compound (Figure 2). 

In contrast to the character-
ization of large biomolecules by 
IM–MS where multiply charged 
ions are revealed to exhibit 
more complex gas-phase con-
formational distr ibutions, the 
separation of singly charged low 
molecular mass ions reveals that 
narrow uniform CCS distributions 
are observed for the majority of 
ions when using typical IM–MS 
conditions (31–36). This provides 
an opportunity to describe IMS 
or IM–MS in terms of classical 
chromatographic optimization 
parameters. Although the con-
cept of retention is physically 
not of significance for IMS in 
comparison to chromatography, 
it is established that K and CCS 
depend on the relative sizes of the 
drift gas and analyte ion (equa-
tion 2b). Therefore, the selection 
of drift gas has a primary impact 
upon the ion mobility separa-
tion in terms of the observed 
drif t times and potentially the 
selectivity. However, in contrast 
to electrophoresis performed in 
the liquid phase, selectivity can-
not be easily modified for desol-
vated ions as the interactions of 
analytes with the neutral drif t 
gas are weak. In terms of sepa-
ration capacity and ef ficiency, 

it is of note that simplified peak 
capacity (37) and more advanced 
plate height theory models (38) 
may also be satisfactorily applied 
to describe the performance of 
some types of IMS. This type of 
theoretical treatment is particu-
larly relevant for the optimization 
of standalone IMS for complex 
samples, but has a nuanced role 
for IM–MS whereby the separa-

tion of challenging isomeric and 
isobaric ions is of key interest  
for optimization.

Turning to opportunities with 
modern IM–MS, the additional 
IM separation prior to MS detec-
tion also allows for implementa-
tion of advanced data acquisition 
strategies. A key opportunity for 
IM–MS is pre- or post-IM appli-
cation of energy to induce frag-
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mentation of pseudomolecular 
ions (collision induced dissocia-
tion, or CID). Several commercial 
instruments share the possibility 
to perform post-IM CID experi-
ments on the full m/z range 
emerging from the IM cell, rep-
resenting a type of data inde-
pendent acquisition (DIA) work-
f low whereby no duty cycle is 
expended on the successive isola-
tion of individual precursors prior 
to fragmentation. Because of 
the preceding IM separation, an 
advantage is gained in reconcil-
ing fragment and precursor ions 
via drif t (or arrival) time align-
ment per formed during data 
processing (Figure 2). In contrast, 
using pre-IM CID is also pos-
sible on some of the commercial 
TWIM–MS instruments, which 
firstly allows IM information to 
be determined for fragment ions. 
Because this platform also allows 
for mass selection via a quadru-
pole, a narrow m/z range can be 
selectively isolated, fragmented 
and then submitted to the IM 
cell. Armed with these options, 
the potential for generating rich 
amounts of data from a single 
analysis is evident. 

Finally, the utility of IM–MS as 
a routine analytical platform can-
not rely solely on descriptions 
as a separation technology or 

direct comparisons to alternative 
MS data acquisition approaches. 
Instead, analytical validation of 
developed methods in terms 
of the ruggedness and perfor-
mance for specified applications 
is required. Because high resolu-
tion mass spectrometry (HRMS) 
remains the primary technology 
for supporting identity confir-
mation for IM–MS plat forms,  
the value of adding an ion mobil-
ity separation and particularly 
the use of CCS values must also 
be weighed against any prob-
lems that are simultaneously 
introduced for the evaluation of 
final datasets. Furthermore, as 
the complexity of the dataset 
increases with the inclusion of an 
additional separation dimension, 
this can also have drawbacks 
including a reduced working 
range because of the increased 
probability of system saturation, 
and decreased ion utilization 
ef ficiency finally impacting the 
limits of detection and quanti-
fication for analytical methods, 
which are critical parameters for 
the analysis of complex samples.

CCS for Identity Confirmation
One of the major benefits of 
employing IM – MS analy t ical 
methods for small molecules is 
the ability to calculate CCS val-

ues for unknown ions as they can 
be used as an identification point 
to support untargeted, targeted 
or screening workflows (Figure 
2). However, unlike the situa-
tion for MS where monoisotopic 
molecular masses of ions can be 
considered as constants that can 
be directly calculated from tabu-
lated values, calculations of true 
CCS values cannot be achieved 
with comparatively negligible 
uncertainty. This is a problem 
for the purposes of external 
calibration of IMS or IM–MS.  
This challenge can be illustrated 
by comparing the use of refer-
ence ions employed routinely for 
the external calibration of high-
resolution MS, whereby the input 
uncertainties of calibrant m/z val-
ues are essentially zero and are 
complemented by experimental 
measurement uncer tainties in 
the low ppm range. This allows 
routine mass errors of <5 ppm 
(or better) across a wide m/z 
range to be achieved and, sub-
sequently, provides no hindrance 
to the comparison of accurate 
mass values measured on differ-
ent types of HRMS. However, the 
inability to directly predict CCS 
values of calibrant ions via addi-
tive calculations remains a signif-
icant shortcoming with parallels 
to chromatographic retention 
time and retention indices being 
more appropriate. 

Although fundamental IMS 
theory indicates that a perfectly 
characterized IMS cell should 
allow direct determination of td 
and subsequent calculation of 
the CCS of any ion in a given drift 
gas (equation 2b), this approach 
is characterized by large uncer-
tainties associated with experi-
mental parameters (p, T, E, and 
td), which lie in the low percent 
range (0.05–2%). Fur thermore, 
in the case of IM–MS measure-
ments, this “calibration-free” 
measurement is not possible 
when additional contributions to 
the drif t time term are encoun-
tered (instrument dead time or 
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detector rise time). For this rea-
son, a primary method of mea-
surement for low-field DTIM–MS 
provides a solution to equation 
2b, whereby the field strength 
is stepped and arrival times (tA) 
recorded (Figure 3). Using a 
linear regression of the arrival 
times as a function of the inverse 
field strength, a correction term 
(t0 ) representing the time spent 
by the ion in the regions of the 
instrument other than the drif t 
cell  (or representing condi-
tions of infinite field strength)  
is determined. 

The stepped-field approach 
remains essential for IM–MS 
to demonstrate the linearity of 
the relationship between field 
strength and mobility (equation 
1), and is used to provide ref-
erence DTCCS values used for 
subsequent secondary calibra-
tion. Indeed, all commercial IM–
MS instrumentation is routinely 
externally calibrated using a 
measurement of calibrants under 
single set of conditions to allow 
a relationship between experi-
mental arrival time and CCS to 
be defined for measurements 
of unknown ions. Currently, it 
is recommended that CCS val-
ues derived from measurements 
made using dif ferent IM–MS 
instrument types (Figure 1) be 
annotated in databases accord-
ingly (DTCCS , T WCCS , TIMCCS )
(19), but standardized calibrant 
set s and cal ibrat ion proce-
dures are still emerging topics 
despite the plethora of CCS data  
already published.

A l t h o u g h  c o n s e n s u s  o n 
external calibration for IM–MS 
remains critical, there are further 
challenges on the horizon. First, 
the dif ferent nature of transport 
behavior experienced by ions 
in high-field strength environ-
ments, such as TWIMS and TIMS, 
may result in dif ferent gas-phase 
geometries being assumed by 
the ions. Second, the use of dif-
ferent ionization sources, source 
settings, solvents, and additives 

may affect compounds that have 
more than one proton acceptor 
site and, therefore, may yield 
multiple peaks for the same net 
ion formula (protomeric isomers, 
or “protomers”—a charge state 
positional isomers of a proton-
ated molecule). Although these 
ef fects can be studied in care-
ful ly control led exper iments 
with analy tical standards, this 
level of data interpretation is 
not currently feasible for routine 
applications addressing com-
plex samples involving “untar-
geted” analyses. Such work-
flows with full scan IM–MS yield 
molecular information within 
several thousand compounds 
for a single sample. LC with IM–
MS is a powerful approach for 
the discovery of new information 
and hypothesis generation, but 
the generation of huge numbers 
of CCS values for unknown ions 
and comparison of these to ref-
erence values from experimen-
tal or predictive CCS libraries is 
challenging. Furthermore, such 
comparisons are already ham-
pered by the existing biases in 
calibrant CCS values, the bias 
and uncertainty contributions of 
the external calibration proce-
dure employed, the experimen-
tal variability of measurement, 
and the influence of additional 
physicochemical fac tors that 
may arise on the platform used. 
For these reasons, further theo-
retical developments to better 
understand ionization phenom-
ena along with experimental 
ef for ts toward unified calibra-
tion practices are needed. 

Data Processing
Major commercial instruments 
have vendor-specif ic sof tware 
for data visualization, CCS cali-
brat ion, peak pick ing, ser v-
ing identity confirmation and 
export for later statistical anal-
ysis. Many of the current chal-
lenges for improving IM –MS 
data processing follow simi-
lar trends observed for LC–MS 

when used as a true untargeted 
approach. In the case of IM–MS, 
the analysis of complex samples 
can have further negative influ-
ences on ion trapping processes 
as well as the mass detector as 
locally higher concentration in 
ion packages lead to an ear-
lier onset of detec tor satura-
tion. Although these issues can 
be circumvented by the use of 
multiplexing, this adds another 
step of data pre-processing to 
the overall workflow as data files 
must be demultiplexed prior to 
peak picking. Irrespective of the 
exact data acquisition strategy 
employed, application of IM–MS 
can also lead to an overestima-
tion of the number of individual 
compounds because of signal 
artifacts, the additional separa-
tion of dif ferent charge states, 
adduc ts, and in-source f rag-
ments away from the primary 
ions used for confirming molec-
ular formula. Finally, the devel-
opment of advanced data pro-
cessing workf lows suitable for 
re-association of fragments with 
precursors for DIA work f lows 
via a combination of retention 
time and arrival time alignment 
remains challenging, but prog-
ress is being made in this area 
and opportunities for address-
ing isotopic label tracing experi-
ments are also emerging (39).

Conclusion
Overall, data processing of com-
plex IM–MS datasets remains 
c ha l l e ng i ng  fo r  a d v a n c e d 
research questions. Open-source 
software tools capable of pre-
processing data and evaluating 
datasets have aimed to address 
individual issues during recent 
years, which will be an ongoing 
area of collaboration between 
analytical chemistry and infor-
matics focused on molecule-level 
evaluation (“cheminformatics”) 
to deal with challenging research 
questions addressed using IM–
MS technology for research and 
routine applications. Along with 
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improving theoretical under-
standing and measurement stan-
dards for CCS determination, 
such developments can allow the 
full potential of IM–MS in small 
molecule and related fields to  
be unleashed.
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Why are per- and poly-
fluoroalkyl substances 
(PFAS) gaining so 

much attention at the moment, 
and why is the analysis of these 
analytes important?
Stefan Van Leeuwen: PFAS are 
a class of chemicals that are 
extremely stable and resistant 
to degradation. Their surfactant 
properties give these chemicals 
unique characteristics for appli-
cation in a wide array of prod-
ucts and processes. PFAS are 
used as sur factants for water 
and dir t repellency of cloth-
ing and furniture, as surfactants 
in aqueous firefighting foams, 
for grease- and water-proofing 
food contact materials, and in 
many other applications. Unfor-
tunately, their persistency and 
toxicity has become a major con-
cern for society. The European 
Food Safety Authority (EFSA) 
recently evaluated that some 
specif ic PFAS show adverse 
effects on the immune system at  
low levels (1).

Bjorn Berendsen: Several pol-
lution incidents in the United 
States, Europe, and Asia involv-
ing PFAS manufacturing plants 
polluting river water and drinking 
water, among other incidents, 

has brought the PFAS prob-
lem to the surface. Policy mak-
ers are now putting regulatory 
measures in place to regulate 
PFAS in products, the environ-
ment, food, and drinking water, 
and to stimulate the search for  
alternative chemicals.

What techniques have been 
used to analyze these com-
pounds historically, and do they 
have any limitations?
BB: The attention for these com-
pounds started off in the early 
2000s, with the targeted analy-
sis of perfluorooctane sulfonic 
acid (PFOS) and perfluoroocta-
noic acid (PFOA). Labs, includ-
ing Wageningen Food Safety 
Research (WFSR), mainly used 
liquid chromatography (LC) with 
triple quadrupole (QqQ) mass 
spectrometry (MS/MS) to achieve 
the desired selectivity and sensi-
tivity (2,3). Gas chromatography 
(GC)–tandem mass spectrome-
try (MS/MS) methods were used 
for the highly fluorinated vola-
tile PFAS. Over the years, other 
PFAS were added and today 
some 20 to 40 compounds are  
analyzed routinely. 

SVL: In the meantime, it became 
clear that PFAS is a very diverse 

group of chemicals, covering very 
dif ferent chemical families (4). 
Today, more than 4700 PFAS have 
been registered in an Organiza-
tion for Economic Co-operation 
and Development (OECD) data-
base (5), and several of these 
lead to environmental and human 
exposure through food and 
drinking water. Moreover, sev-
eral PFAS can actually degrade 
abiotically and biotically through 
pathways y ielding unknown 
intermediates. With these devel-
opments, the need for identi-
fication of unknowns became  
more apparent.

Your team recently developed 
a method for the non-targeted 
analysis of per- and polyfluo-
roalkyl substances in surface 
water using liquid chromatog-
raphy high-resolution mass 
spectrometry (LC–HRMS) with 
fragment ion flagging (FIF)?
SVL: That ’s r ight .  Together 
wi th a s tudent ,  Thi js  Hen-
sema, we have developed this 
approach, as we felt that current 
approaches for non-target iden-
tification of unknown PFAS had 
some drawbacks that we wanted 
to get around. We called the 
approach fragment ion flagging 
(FIF) (6).

Non-Targeted Analysis of Per- and  
Polyfluoroalkyl Substances in Surface  
Water Using Fragment Ion Flagging

Alasdair Matheson

LCGC spoke to Stefan Van Leeuwen and Bjorn Berendsen from Wageningen Food Safety Research (WFSR), 
in Wageningen, The Netherlands, about their novel research into non-targeted screening of per- and 
polyfluoroalkyl substances (PFAS) in surface water using liquid chromatography high-resolution mass 
spectrometry (LC–HRMS) with fragment ion flagging (FIF).
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Please speak about fragment 
ion flagging, and the benefits it 
offers the analyst for this par-
ticular application.
BB: FIF is a method for the iden-
tification of unknown PFAS, by 
looking at the fragmentation pat-
terns of these substances. Spe-
cific characteristic fragments of 
PFAS will then be used as a lead 
towards structural elucidation of 
the parent PFAS. We have devel-
oped and tested this FIF work-
flow, and the analyst can easily 
follow this stepwise procedure for 
identification of unknown PFAS. 
FIF can be used in any HRMS sys-
tem (coupled to GC or LC) that 
allows the use of all ion fragmen-
tation (AIF) and data indepen-
dent acquisition (DIA).

What sample preparation tech-
nique did you use?
SVL: Most studies so far were 
conducted on samples with rela-

tively high levels of PFAS; for 
example, downstream from a 
manufacturing plant. We wanted 
to investigate the samples with 
background contamination that 
were likely to have lower contami-
nation levels. To do so, we used 
solid-phase extraction (SPE), in 
our case a weak anion exchange 
SPE column, to isolate and con-
centrate anionic PFAS. This pro-
vided us with a thousandfold con-
centration factor. In the future, we 
will expand this further to other 
isolation modes, such as cationic 
and mixed-mode isolation.

What is novel about your 
approach, and what benefits 
does it offer the analyst for this 
application compared to other 
techniques?
SVL: The methods applied so 
far for identification of unknown 
PFAS were based on full scan 
feature selection, such as homo-

logue series detection, mass 
defect filtering, and intensity 
threshold f i l ter ing. Although 
these approaches have proven 
benefits, they come with some 
drawbacks. Homologue series 
detection only works in cases 
where the unknown PFAS are part 
of a homologue series. PFAS that 
do not fit in that definition may 
be missed out from the identi-
fication. Mass defect detection 
works well for highly fluorinated 
PFAS, but the mass defect will be 
counteracted if multiple hydro-
gens are present in a molecule.  
Threshold filtering is a way to 
reduce the number of signals; how-
ever, one may overlook small but  
relevant signals.

BB:  Af ter some brainstorm-
ing, we realized that we should 
make use of the typical frag-
ments that originate from the 
ionization and fragmentation of  
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several PFAS. This overcomes 
some of the drawbacks of the pre-
viously mentioned approaches. 
We have developed the FIF 
workflow, and this includes five 
steps. First, we performed all 
ion fragmentation (AIF) and a full 
scan with the system we used. 
Secondly, we assessed the data 
screening for the typical frag-
ments CnF2n+1, CnF2n-1, CnF2n-3, 
CnF2n-7, CnF2n-11, and CnF2n+1O or 
neutral loss. The third step was to 
select the corresponding precur-
sor ion in the full-scan data, fol-
lowed by step four, recording of 
the product ion mass spectrum 
of the precursor ion, and, finally, 
perform the structure elucidation. 

What were the main obstacles 
you had to overcome and how did 
you overcome them?
BB: We challenged ourselves 
by searching for PFAS in surface 
waters that were suspected to 
contain relatively low levels of 
PFAS. As a result, we observed 
many interfering background sig-
nals, and selection of relevant 
signals for PFAS was hampered. 
By applying selective sample 
preparation to clean and concen-
trate the sample, we were able 
to increase the signal intensity. 
By comparing sample extracts 
with dif ferent dilution factors, 
we were able to eliminate back-
ground signals that originated 
from the instrument and solvents 
used. Altogether, we must also 
acknowledge that FIF does not 
guarantee that all PFAS present in 
a sample will be detected, but we 
were able to detect and identify 
several PFAS in the tested sam-
ples, of which some have never 
been reported before.

What were your main findings?
SVL: With the FIF methodol-
ogy, we detected 40 structures in 
Dutch surface water, and we ten-
tatively identified 4 new structures 
that were not reported before.  
Next to that, we identified frag-
ments of what we believe are the 

larger molecular analogues of GenX 
(hexafluoropropylene oxide-dimer 
acid [HFPO-DA]). These are heavier 
analogues (hexafluoropropylene 
oxide-timer acid [HFPO-TrA], hexa-
fluoropropylene oxide-tetramer 
acid [HFPO-TeA], and so on) that 
we have not previously detected 
in the regular targeted analysis. To 
me, this shows the strength of the 
FIF identification approach.

BB: For some of the PFAS struc-
tures, the final step of unambigu-
ous identification by comparing 
with a reference standard could 
not be achieved, due to the lack 
of such a reference standard. This 
problem is faced more generally by 
non-target identification methods 
for pollutants, metabolites, and so 
on. Ideally, this will be solved by 
the synthesis of many new refer-
ence standards, but that is a very 
resource-demanding task.

Are you planning to develop this 
research further?
SVL: Yes, we want to develop this 
process further, as there are still 
some challenges ahead. The pro-
cess of data handling is quite labor 
intensive, and could benefit from 
automation, which will stimulate a 
broader application. Furthermore, 
for many of the 4700 PFAS com-
pounds, no reference standards are 
available, which hampers quantifi-
cation. This is not a unique situation 
for PFAS, but broadly for non-tar-
get analysis, and we will investi-
gate how to perform approximate 
quantification of these compounds 
where we don’t have access to ref-
erence standards.

BB: Also, we are aiming to apply FIF 
to food samples, which introduces 
an additional challenge, as such 
samples are much more diverse 
and require more intensive sample 
clean-up.

Could FIF be useful for other envi-
ronmental (or food) applications?
SVL: We demonstrated FIF on sur-
face water, and I’m confident that 

FIF will also work on other environ-
mental matrices. Our next step is to 
apply it to foods, particularly those 
where foods were derived from 
animals exposed to PFAS, such as 
fish from Dutch rivers. Moreover, 
one can think of packaged foods 
where they are wrapped in food 
contact materials (FCMs) that have 
been treated with a wide range 
of PFAS in the past to make them 
water- and greaseproof.

Will FIF become an important 
technique in PFAS analysis?
BB: PFAS contaminants will stay 
with us for a long time, and the need 
for identification tools will there-
fore remain. With FIF, a valuable 
identification approach is added to 
the non-target identification tool-
box, which will also be applicable 
to other food and environmental  
contaminant fields.
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Column Information
Packing Material Dimensions Part Number

PRP-C18 (5 µm) 150 x 4.6 mm 79676

Chromatographic Conditions

Gradient

0.00–2.3 min, 50% B 
2.3–6 min, 50–99% B
6–7 min, 99% B
7–10 min, 50% B

Temperature 40ºC

Injection Volume 10 μL

Detection UV at 236 nm

Eluent A Phosphoric Acid 0.2%

Eluent B Acetonitrile

Flow Rate 2 mL/min

Estrogen Receptors (ER) are found in tissues throughout the body 
including but not limited to bone, brain, heart, lung, and breast.(1,2)  
ER binding is primarily activated by the cyclic diol, estradiol.(3) Estrogenic 
molecules derived from plants (phytoestrogens) can also bind to 
ER’s in mammals. Plants produce phytoestrogenic compounds like 
isoflavones and coumestans for varying functions such as serving as 
deterrents against herbivores, attractants for bees or other pollinators, 
or recruitment signals for symbiotic soil bacteria.(4,5)

In humans, as omnivores, effects from the consumption of certain 
plant foods leading to disease is of particular interest. Soy beans for 
example contain important phytoestrogenic isoflavones, Genistein and 
Diadzein, which can beneficially bind to ER’s and have been shown 
to reduce the risk of certain cancers.(6) Soy beans, however, can also 
contain a fungal metabolite and mycotoxin, Zearalenone (ZEA), which 
has been shown to preferentially bind to ER’s and cause an increase 
in the proliferation of certain tumor cells.(7) Both the mycotoxin and the 
isoflavones are observed as strong binders to ER’s.(8)

Analyzing soy beans and other crops for beneficial and harmful 
compounds is an indispensable tool for assessing the viability of 
harvests for consumption. With this in mind, we have developed a 
streamlined and reliable HPLC method to separate some known 
phytoestrogenic and mycotoxic ER binders using the Hamilton 
PRP-C18 column. 
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Compounds:
1: Daidzein  0.017 µg/µL

2: Genistein  0.017 µg/µL

3: beta-Zearalenol  0.087 µg/µL

4: alpha-Zearalenol  0.087 µg/µL

5: Ochratoxin A  0.350 µg/µL

6: Zearalenone  0.008 µg/µL 
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