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Note from the CEO
Mike Hennessy, Jr.  
President & CEO, MJH Life Sciences®

G iven that artificial intelligence (AI) seems to be on every-
one’s mind, it’s worth pausing to look at how AI works, 

and how it can fit into analytical chemistry.
AI and its subfield machine learning (ML) use signal process-

ing and multiple layer artificial neural networks (ANNs) to model 
a single function, or set of functions, that have been ascribed 
historically to the intelligent activity of humans. Creating AI 
programs is a specialized skill and involves complex algorithms 
and data structures. AI programming must follow a rigorous set 
of rules to give valid or useful results, and each program must 
carefully be trained and validated using domain (or expert)  
knowledge to achieve the desired results. 

All complex mathematical modeling activities that attempt 
to provide accurate decisions and predictions, from AI to 
chemometrics, face similar challenges, including limited data,  
noisy data, undefined data limits, imperfect understanding of 
the theoretical basis for changes in the observed data, unex-
pected changes in the underlying data structures, and so forth. 

For modeling activities involving chemometrics, it is para-
mount that a chemist or chemical engineer be involved in 
interpreting a qualitative or quantitative model for any system 
involving known chemical principles or chemical reactions. It is 
important to keep in mind that domain knowledge, or a funda-
mental knowledge of the system one is working with, is essen-
tial to avoid major errors using any computer modeling system. 
That is why, if one is using AI to build a self-driving automobile, 
it would be very handy to have expert drivers involved during 
the modeling process. Without domain knowledge, one will 
undoubtedly see major errors in relying on models generated 
without such knowledge used as input information. 

There are many uses in chemistry for AI and advanced che-
mometric methods for automating activities that are complex, 
but repetitive, as long as experts are involved to prove the 
computerized system is functioning properly. Potential uses for 
AI in analytical chemistry would be automating instrument cali-
bration and diagnostics, optimizing instrument measurement 
conditions and parameters, creating experimental designs,  
completing repetitive signal preprocessing, making decisions 
for quantitative and qualitative calibration, library search-
ing and classification work, and automating imaging and 
image enhancement functions.      

For a more complete discussion of AI concepts 
and chemistry—for yourself, colleagues, or students— 
see the article by Jerome Workman, Jr. and Howard Mark 
in the February issue of our sister publication Spectroscopy,  
at https://doi.org/10.56530/spectroscopy.og4284z8.
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Essentials of LC Troubleshooting, Part II, 
Continued: More Misbehaving Retention Times
Some liquid chromatography (LC) troubleshooting topics never get old, because there are some problems that 
persist in the practice of LC, even as instrument technology improves over time. There are many ways for things to 
go wrong in an LC system that ultimately manifest as deviations from expected retention times. Lot-to-lot variability 
in column chemistry, effects of pressure on selectivity, and stationary phase loss are less frequently encountered 
causes of unexpected retention shifts, but ones that should be included in a comprehensive troubleshooting agenda.

Kathryn Cash, Ezedin Seid, Tina Dahlseid, and Dwight R. Stoll

In December of 2021, I kicked off an “Essen-
tials of LC Troubleshooting” series of arti-

cles that is loosely organized around the well-
known LCGC “Guide to LC Troubleshooting” 
wall chart (1) that hangs in many laborato-
ries. Part II in the series (2) was focused on 
problems that lead to unexpected changes 
in retention times. For that installment,  
I focused on the most common problems, 
including changes in mobile phase flow rate, 
composition, pH, column temperature, and 
phenomena such as mass or volume over-
load and stationary phase dewetting. For this 
month’s installment, I am focusing on three 
problems that can all lead to unexpected 
changes in retention time, but in more com-
plex ways than other simpler relationships, 
such as the effect of flow rate on retention 
time. As always, a wider and deeper under-
standing of factors that can affect retention 
time makes us more effective and efficient in 
the troubleshooting trade.

Topic #1: Lot-to-Lot Variations in 
Stationary Phase Chemistry
Some aspects of liquid chromatography 
(LC) technology have improved dramatically 
over the past few decades. For example,  
I don’t fret too much if I drop a modern col-
umn on the benchtop because I know that 
modern column packing methods make the 
particle bed quite resilient to such abuse.  

This was not the case 40 years ago (at least 
this is what the veterans tell me), when col-
umns were “dry packed,” and even relatively 
modest physical shocks to the column could 
irreparably ruin it. Similarly, whereas major 
fluctuations in column inlet pressure were 
commonplace with the relatively primitive 
pump designs in use 40 years ago, today’s 
modern pumps are remarkably good at deliv-
ering the mobile phase to the column in a way 
that is both accurate and very consistent.

Batch-to-batch or lot-to-lot reproducibility 
of LC stationary phases has also improved 
considerably over the years. However, this is 
—in my opinion—still a significant weakness 
in the LC enterprise where the reproducibility 
of a given method depends on tens, if not 
hundreds, of experimental variables. This is 
yet another example of a two-sided coin in 
LC—that, on one hand, we profit from the 
exquisite selectivity of LC columns and the 
fact that small changes in stationary phase 
chemistry can lead to meaningful improve-
ments in resolution, and, on the other hand, 
this very sensitivity also means that manufac-
turers must have exquisite control over their 
stationary phase production processes if 
they are going to be able to deliver a highly 
reproducible product.

Figure 1 shows the difference in selectiv-
ity for two columns prepared with nominally 
identical stationary phases, but from two dif-

ferent manufacturing lots. Here, selectivity 
is defined as the retention factor of a given 
compound relative to the retention factor of 
toluene. We see that for most compounds, 
including neutrals and acids, the differences 
are small enough to be negligible for most 
practical purposes (<1%). However, for the 
two amines nortriptyline and amitriptyline, 
which are protonated and positively charged 
at pH 3, the differences are significant, on the 
order of 15%. A difference of this size could 
be enough to result in coelution, or even 
an elution order inversion on one column,  
even for two compounds that are completely 
resolved on the other column.

Experienced LC users are well aware that 
there can be significant lot-to-lot stationary 
phase variability, and they carefully evalu-
ate this for any stationary phase that will be 
used in a validated method. Indeed, many 
column manufacturers sell method valida-
tion kits that are specifically assembled with 
columns drawn from different manufacturing 
lots. This makes evaluation of multiple lots 
easier for users.

If unexpected changes in retention time 
are observed after changing to a new column 
of the same stationary phase, one should 
seriously consider that the cause of the shift 
in retention could be because of lot-to-lot 
variability. If this is suspected, it is best to do 
a targeted comparison of retention using the 
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old and new columns under the same conditions (such as same day, 
same instrument, same sample, and same mobile phase), so that 
the only variable in play is the stationary phase manufacturing batch.

Topic #2: Effect of Stationary  
Phase Loss on Separation Selectivity 
In the first installment discussing causes of changing retention times, 
I reviewed the primary mechanisms of stationary phase loss for 
reversed-phase (RP) columns (2). In the case of silica-based materi-
als, hydrolysis of siloxane bonds anchoring stationary phase ligands 
to the silica surface is the major cause of phase loss at low pH, while, 
at high pH, dissolution of the underlying silica (and subsequent loss 
of ligands bonded to that silica) is the major cause of phase loss.  
One symptom of phase loss is a gradual change in retention on the 
timescale of days or months. The rate of change depends on a num-
ber of factors, including the specific chemistry of the stationary phase 

(for example, the hydrophobicity of the phase, steric protection of 
the siloxane bond, temperature, and mobile phase pH). If the rate 
of change is slow, and if the change in retention for all compounds 
in a separation is consistent, then such changes can be dealt with 
relatively easily, at least up to a point (for example, by adjusting peak 
integration windows within a predetermined range). However, the 
degree of change is often not the same for all compounds, and 
sometimes a significant compound dependence is observed. Fig-
ure 2 shows selectivities measured using two columns from the same 
manufacturing lot of a short alkyl chain reversed-phase material,  
one new out of the box, and one that had been used for several 
months under mildly acidic conditions. The selectivities plotted are 
ratios of retention factors for the compounds shown relative to the 
retention factor for toluene. Above each pair of bars the percent 
change in selectivity for each compound is shown. We see that the 
percent changes are all negative, indicating a general loss in retention. 
However, the degree of change is compound dependent. The big-
gest difference in behavior we see with these compounds is between 
ethylbenzene and notriptyline. This difference, which is on the order 
of 5%, could easily result in a significant change in chromatographic 
resolution. In the best case two neighboring peaks would move apart 
and resolution would improve as the column changes. In the worst 
case, two peaks could converge and enough resolution could be lost 
that accurate quantitation would no longer be possible.

In situations where stationary phase aging is a suspected cause 
of unexpected retention time changes, historical data accumulated 
over time are invaluable. Such data can be obtained by routinely 
running system suitability tests (or similar), and used for diagnosing 
the situation and making a short list of potential causes to initiate a  
troubleshooting investigation.

Topic #3: Effect of Pressure  
(and Correlated Variables) on Separation Selectivity
Through my research group’s ongoing involvement in the develop-
ment and use of the Hydrophobic Subtraction Model (HSM) (3), I am 
frequently asked whether or not one should expect columns packed 
with particles of different sizes, but the same stationary phase chemis-
try, to yield the same selectivity. This is clearly a very practically impor-
tant question, especially currently given the diverse array of options 
for different particle sizes and morphologies (that is, fully porous vs. 
superficially porous) available to users. My answer is that, while there 
is no theoretical reason to think that the selectivity of a stationary 
phase should be dependent on particle size per se, what we observe 
in practice may be quite different.

One immediate concern is that two columns of the same diam-
eter and length, and operated at the same flow rate, but packed 
with particles of different size will require different pressures to 
drive the fluid through them at the desired flow rate. In other 
words, the pressure drop across the two columns will be different, 
and thus pressures analytes experience inside the column will be 
different. Since the early work of McGuffin and Chen in this area (4),  
interest has steadily grown, with a recent report even suggest-
ing the use of pressure as a variable to control selectivity during 
method development (5).
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Chromatographic conditions are the same as in Figure 1, except that  
the stationary phase is a short chain alkyl phase.
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Figure 3 shows changes in selectivity for a C18 column 
(defined in this case as the retention factor of a given compound 
relative to the retention factor of ethylbenzene) that result from 
a change in the column midpoint pressure from 245 to 500 
bar. We see that there is practically no effect on relatively small 
nonpolar molecules (that is, toluene, anisole, or benzonitrile,  
among others). However, the changes for larger and more polar 
molecules are significant with an average change of about 10%. 
Retention relative to ethylbenzene usually increases, but not 
always (6). As discussed in the Topic #2 section of this article, 
changes in selectivity on the order of 5–10% can cause the coelu-
tion of two compounds that were separated prior to the change.  
Thus, anything that changes the pressure that analytes experi-
ence inside the column can lead to such changes in selectiv-
ity. For example, in normal operation of a column, the pressure 
could change because of partial occlusion of a capillary or filter 
downstream from the column, though a change on the order of 
several hundred bar would be an extreme case. During method 
development, however, such changes in pressure could easily 
be encountered when changing from a column containing 5 µm 
particles to one containing sub-2-µm particles, particularly if the 
same flow rate is used for the two columns. In this case, one should 
not be surprised if significant selectivity changes are observed, 
even if the stationary phases are nominally identical for the two  
particle sizes.

Summary
In this installment of “LC Troubleshooting,” I have discussed 
situations where the observed analyte retention is somehow dif-
ferent from what is expected or normal. This is a continuation 
of the discussion started on this topic in April of 2022. In this 
installment, we’ve addressed the effects that lot-to-lot station-
ary phase variation, stationary phase loss due to column aging, 
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and pressure can have on separation 
selectivity, and therefore observed reten-
tion times. These effects are often more 
subtle compared to more obvious effects,  
such as pump failures that result in incorrect 
mobile phase composition, for example. 
Nevertheless, these more subtle effects 
are important parts of a comprehensive 
view of problems that can affect retention,  
which is a central metric of the performance 
of any high-performance liquid chroma-
tography (HPLC) method. Understand-
ing these details provides a good place 
to start our troubleshooting experience.  
Readers interested in learning more about 
commonly encountered problems and 
potential solutions are referred to the 
LCGC “Guide to LC Troubleshooting” 
wallchart.
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SAMPLE PREP  
PERSPECTIVES

Practical Understanding of Partition Coefficients
Partition coefficients, log P or Kow, are often used in introducing and describing new extraction techniques. 
They can also be used in developing new separation methods. An understanding of partition coefficients, 
along with diffusion, is necessary to more completely guide separation processes. As with the application of 
any theoretical concepts, several assumptions may be applied. This month, we take a dive into the practical 
applications of partition coefficients as they are commonly applied to chemical extractions.

Douglas E. Raynie

With apologies to Mark Twain and 
other famous orators, one of my 

favorite quotes of all-time (excluding song 
lyrics and quotes from Yogi Berra) comes 
from the 50-year old textbook used in my 
sophomore quantitative analysis class: 

“If two compounds are to be separated, 

we must, somewhere along the line,  

get them into two different and separable 

phases. At the heart of any chemical sepa-

ration are the processes of (1) phase con-

tact and equilibrium; and (2) phase sepa-

ration. These steps occur in all separation 

techniques, and a key to understanding 

a given method is the identification and 

classification of the steps according to 

the nature of the phases involved and the 

mechanism of phase contact and separa-

tion. Similarly, if a particular method of 

separation is to be improved, these are 

the only processes worth adjusting (1).”

This quote so eloquently places the funda-
mentals of chemical separations squarely in 
the understanding of equilibria. Thus, when 
developing new techniques or describing 
the methodology of chromatography and 
extraction, one frequently encounters the 
terms partitioning, distribution ratio, octanol-
water partition coefficient, Log P, Kow, and D. 
What do these terms mean, or are they syn-
onymous? When do we use these concepts? 
Why are they important?

Let’s start by defining these terms,  
at least for the most important versions of  
partition coefficients:

The partition coefficient, designated 
P (or, more commonly, log P), is a ratio 
of the concentration of a compound at 
equilibrium when disbursed between 
two immiscible phases. As an equilib-
rium constant, it is dependent on tem-
perature. Partition coefficients may be 
estimated by the ratio of the solubili-
ties of the solute in each solvent and 
the term generally, but not always,  
refers to liquid mixtures (such as two-
phase solutions). The two immiscible 
phases are undefined by this definition,  
so log P is generally used for more descrip-
tive purposes, and more specific con-
stants are used for individual situations.  
Some of these more important coeffi-
cients are described.

The distribution ratio, typically 
abbreviated as D, is similar to the par-
tition coefficient, with the important 
exception that all forms of the solute 
are taken into account; that is, if the 
compound is known to ionize, associ-
ate or dissociate, volatilize, or decom-
pose, one may replace log P with log D.  
If the species of interest remains in a 
single chemical form, partition coef-
ficients may be used. This is espe-
cially important, for example, when 
the pH of a system, relative to the 

compound’s pKa, may lead to proton-
ation or deprotonation. Note, however,  
that the distribution ratio does not dis-
criminate between the individual forms 
of a compound, but rather adds the con-
centrations of each version in a given 
phase. Distribution ratios are increas-
ingly important when performing mass  
balance calculations.

Octanol-water partition coefficients, 
or Kow, are commonly used versions of 
partition coefficients used to describe 
the lipophilicity (fat solubility) or hydro-
philicity (water solubility) of a compound. 
In this case, the immiscible phases are 
n-octanol and water. Kow values are 
often used by environmental chemists, 
biochemists, or toxicologists to esti-
mate environmental fate (or distribution),  
cellular uptake, or bioaccumulation.  
For example, in the fields of pharmacoki-
netics and toxicokinetics (a compound’s 
adsorption, distribution, metabolism [bio-
transformation], and excretion properties),  
Kow values are used in predicting a com-
pound’s bioavailability according to the 
Lipinski Rule of 5. Since n-octanol is a 
good representation of nonpolar sol-
vents in general, Kow values are good 
predictors of suitable solvents for extrac-
tion from aqueous samples. This value 
is so important and so commonly used 
that Kow tabulations are commonplace in 
electronic or physical databases.
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Henry’s law constants, KH, or air-water 
partition coefficients express the ratio of 
a compound’s partial pressure in air to 
the concentration of the compound in 
water, again dependent on temperature. If 
expressed in terms of atmospheres of pres-
sure and mole per cubic meter of water, and 

if the compound is less than 200 daltons, the 
compound is generally considered volatile.  
KH may, for example, be applied to head-
space extractions. Extraction sensitivity, or 
analyte concentration in the gas phase, is 
related to KH and the phase ratio (β); that is, 
the ratio of water to headspace. Since tem-

perature has minimal effect on phase ratio, 
sensitivity will be directly related to KH.

Adsorption-desorption distribution coef-
ficients, Kd, are used in studies to model 
or predict environmental fate because of 
partitioning of a compound between water, 
soil, sediment, or other compartments. 
More so than other partition coefficients, 
Kd is dependent on a variety of matrix and 
environmental factors. Kd values and their 
measurement often do not account for 
the shape of the adsorption isotherm— 
that is, the nature of the sorptive interac-
tion between the solute and the matrix.  
Consequently, laboratory measurements of 
Kd can be difficult to extrapolate to the field, 
though general trends can be observed.  
To overcome this issue, Kd is often normal-
ized to the organic carbon content of the 
matrix to determine the organic carbon-
water partition coefficient, Koc.
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FIGURE 1: The relationship between extraction efficiency and number of extraction 
steps as a function of partition coefficient and solvent volumes. The upper (black) 
trace indicates the situation where K = 2 and the phase ratio (β) is 1; in the middle  
(blue) curve, K = 2 and β = 0.5; and in the bottom (red) curve, K = 10 and β = 1.

TABLE I: Methods for determining Kow from the Organization of Economic Cooperation and Development (2).

Method – Equipment 
and Key Conditions

Measured 
Endpoint

Reported 
Value

Advantages Disadvantages

OECD 107 – Shake flask
Water and octanol 
solubility. Neutral compounds.
Range –2 < log Kow < 4

Concentration 
of test  

material in 
water and  
n-octanol

log Kow

Reliable.  
Can investigate low 
log Kow values

Slow. 
Not suitable for ionizable compounds. 
Not suitable for high log Kow (>4) substances.

OECD 107 – Shake flask 
at pH 5, 7, and 9
Water and octanol 
solubility. 
Ionizable compounds.
Range  –2 < log Kow < 4

Concentration 
of test 

material in water 
and n-octanol

log Kow
log Dow 
at pH 5, 
7, and 9

Reliable. Can inves-
tigate low log kow 
values. Suitable for 
ionizable compounds.

Slow. 
Not suitable for high log Kow (>4) substances.

OECD 117 – HPLC method
Reversed-phase HPLC. 
Reference substances. 
Neutral compounds. 
Range 0 < log Kow <6

Retention time 
on reversed-

phase column
log Kow

Rapid. Small sample 
size. Several com-
pounds at once

Variable retention times. 
Poor reproducibility.

OECD 122 –  
pH-metric method
Soluble compounds.
Range  –2 < log Kow <7

Acid-base 
aqueous 
titration

pka, log 
Dow  

across pH 
range, 
log Kow

Rapid and convenient. 
log Dow data for entire 
pH range. log Kow

log Kow and log Dow are estimates based on  
pKa titration.
Insoluble or neutral compounds cannot be measured. 
Requires sophisticated analytical technology. 
Limited availability.
OECD 122 has not been finalized.

OECD 123 – Shake flask 
slow stirring method, 
option for pH 5, 7, and 9
Water and octanol solubility.
Hydrophobic substances.
Range log Kow >4

Concentration 
of test 

material in water 
and n-octanol

log Kow

Suitable for hydro-
phobic (log Kow > 
4) compounds

Slow.

OECD 107 – EU A.8, 
option for pH 5, 7, and 9
Insoluble and/or 
multi-protic substance. 
Surface active substance

Solubility in 
water and 
octanol. 
Turbidity 

measurements

log Kow 
estimated

Practical alternative 
for water insoluble, 
surface active and 
multi-protic 
compounds

log Kow is an estimated value. 
Correlation between solubility ratio and log Kow  
is weak.
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Uses of Partition 
Coefficients in Extraction 
We’ve previously suggested that Kow values 
can be used in solvent selection during analyti-
cal extractions. One would generally prefer a 
solvent with a log P value equal to or greater 
than the log Kow. Of course, extractions are 
dependent on more than solute solubility. Dif-
fusivity, compatibility with the analytical method, 
and green considerations are also important. 
We’ve also looked at the relationship between 
Henry’s law constants and headspace concen-
trations, including the role of temperature.

Partition coefficients play an important 
role in understanding the quantitative nature 
of analytical extractions. Consider, for exam-
ple, the situation with batch extractions. If we 
can define a partition coefficient as K = [A]org/
[A]aq, where [A] is the analyte concentration 
in the organic (org) or aqueous (aq) phases, 
we can estimate the extraction efficiency fol-
lowing a certain number of batch extractions:

[A]i = (                    )i [A]0

Vaq

Vorg K + Vaq
[1]

where [A]i is the concentration of analyte in 
the aqueous sample phase after i number 
of batch extractions, [A]0 is the analyte con-
centration in the original aqueous sample, 
and Vaq and Vorg are the volumes of aque-
ous and organic solvent, respectively, in each 
batch. For example, in Figure 1, we can see 
an application of this concept. In Figure 1,  
we can use the green (upper) plot as our base-
line case, where equal amounts of aqueous 
and organic solvents (say, 100 mL of each, for 
example) at a partition coefficient of 2 are 
used. This means that two units of analyte 
would move into the organic phase with one 
unit (or 33% of the original amount) remains in 
the aqueous sample. Upon a second extrac-
tion, one third of the 33% of aqueous analyte 
remaining in the sample, or 11%, remains in 
the sample. If we define quantitative extrac-
tion as great than 95% recovery, then a third 
extraction to yield just over 96% extracted 
with 300 mL of solvent required. If we aim to 
improve the extraction method by doubling 
the amount of organic extracting solvent to 
200 mL, then the first extraction would isolate 
80% of the analyte into the organic phase.  
A second extraction would remove 80% of 
the remaining 20% in the aqueous sample, or 
a cumulative 96% of the analyte is extracted. 

However, in this case, 400 mL of solvent is 
required. However, if a different extract-
ing solvent with a larger partition coefficient  
(K = 10) is used with the same phase ratio as 
our baseline situation, diagrammed in red, 
then in the first extraction, ten units of ana-
lyte extract into the organic phase and one 
unit, or 9%, of analyte remains in the aque-
ous sample. With a second extraction, just 
over 99% extraction yield is achieved with the 
use of only 200 mL of solvent. This example 

shows the importance of favorable partition  
coefficients during solvent selection.

The trend toward microscale extractions 
relies on the knowledge that these separa-
tions are equilibrium based, thus depen-
dent on understanding partition coefficients.  
For example, in solid-phase microextraction 
(SPME), stir-bar sorptive extraction (SBSE), and 
related sorptive extractions, one can use Kow 
to approximate the stationary phase/water 
partition coefficient. Then Kow ≈ [A]stat/[A]aq 

http://www.hilicon.com
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where [A]stat is the analyte concentration in 
the stationary (extracting) phase. Breaking 
down the concentrations to their mass (m) 
and volume components, Kow ≈ (mstat/maq)
(Vaq)(Vstat) or β(mstat/maq). Thus, as long as 
the phase ratio is constant (that is, a constant 
volume is used for all samples and standards), 
the amount of analyte adsorbed directly cor-
relates to the amount of analyte in the sample. 
Of course, one must be sure to extract for a 
long enough time to achieve equilibrium.  
For solvent-based microextractions, like sin-
gle-drop extraction, absolute phase immisci-
bility is required, since the extracting phase is 
not immobilized on a fiber or other support.

The above treatment of partition coeffi-
cients applied to extraction assumes a neu-
tral solute, or one which does not hydrolyze, 
ionize, or otherwise degrade. For these more 
complicated situations, one must use distribu-
tion coefficients. For example, in the case of a 
weak acid, HA, which may dissociate in water, 
the acid dissociation constant, Ka, results from 
the aqueous reaction HA + H2O ↔ H3O

+ + 
A-. Note that di- or tri-protic acids will have 

multiple, stepwise dissociations, each with 
its own Ka. We must also be concerned 
with the partitioning of the neutral spe-
cies, HA, into the nonpolar organic phase.  
Thus, the distribution coefficient is  
D = P[H3Oaq]

[H3Oaq] + Ka

+

+ , keeping in mind that P is the 
generalized partition coefficient for HA. The 
extent of protonation or deprotonation, and 
consequently D, is related to the pH of the 
aqueous sample relative to the pKa or pKb of 
HA. Thus, pH may be manipulated to “push” 
the acid into the neutral form (HA) to extract 
the acid into the organic extracting solvent.

The more complicated example is the case 
of ionic salts, which must account for the aque-
ous-organic partition of both the nondissoci-
ated salt and the chelated ions, as well as the 
dissociation of the salt to its component ions 
and the equilibrium for the chelation of those 
ions. Although this situation may be somewhat 
more complex, its straightforward treatment is 
common in most analytical chemistry textbooks. 
Of course, the most complex situation is the real 
world as these are mixtures containing more 
than one analyte type. Hence, assumptions 

and simplifications are often made in the use of  
partition coefficients.

Measurement of Octanol-
Water Partition Coefficients
For this section, we will focus on the labora-
tory measurement of Kow, perhaps the most 
widely used and applicable partition coef-
ficient in analytical chemistry. The definition 
of octanol-water partition coefficients indi-
cates that these values can be determined 
by calculating a simple ratio of the analyte 
solubility in n-octanol to its solubility in water. 
However, we must keep in mind that this 
value is based on an equilibrium, so we must 
keep in mind the mutual solubility of the two 
solvents in each other. For example, water is 
quite soluble in n-octanol, up to around 20%.

Table I summarizes the laboratory methods 
for the determination of Kow endorsed by 
the Organization of Economic Cooperation 
and Development (OECD) (1). Of these, the 
shake-flask methods are the simplest and 
most reliable, though time consuming. 

● Continued on Page 111
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GC  
CONNECTIONS

How Chemistry Determines Separations: 
Influence of Selectivity on Resolution
Resolution in chromatography is influenced by retention, engineering, and selectivity. Retention relates to how 
long analytes are in the column; generally, longer retention leads to increased resolution. Engineering relates 
to the design and operation of the chromatographic system, as expressed by the number of theoretical plates. 
Generally, more theoretical plates lead to greater resolution. Finally, selectivity is generated by the chemistry 
of the intermolecular interactions between the stationary phase and the analytes. Larger differences in the 
strength of these interactions leads to greater selectivity. In this installment, we examine the relationship 
between selectivity and resolution. 

Nicholas H. Snow

Optimum resolution is one goal of 
any chromatographic separation.  

Figure 1 shows a simulated chromatogram, 
using the ProEZGC chromatogram modeler, 
of two peaks being eluted in a typical gas 
chromatographic separation (1). Resolution 
may be considered a measure of the amount 
of separation between the two peaks, and it 
is classically calculated from the chromato-
gram using equation 1. In short, equation 1 
defines resolution as the difference in reten-
tion times divided by the average of the 
peak widths. A resolution calculated as 1.5 
or greater indicates baseline separation. The 
resolution of the two peaks seen in Figure 1 is 
1.7, indicating slightly better than baseline res-
olution, which is seen on the chromatogram.

Rs = tR (2) – tR (1)
            w1+w2

[1]

Resolution can also be thought of result-
ing from fundamental parameters of the 
chromatographic system and the separa-
tion. These parameters are retention, engi-
neering, and selectivity. For retention, it is 
intuitive that the longer an analyte pair are 
on the column, the more time they have 
to separate, and the better the resolution.  
For engineering, it makes sense that the 
dimensions and construction of the instru-

ment and column impact transport efficiency 
for the analytes and therefore resolution.  
For selectivity, the difference in intermolecu-
lar interaction chemistry between the two 
analytes and the stationary phase impacts 
the separation power of the stationary phase 
and therefore the resolution. 

These three ideas are captured in the mas-
ter resolution equation, seen in equation 2 (2). 

k
1+k(       ) (       )Rs = α–1

α
N
4(       ) [2]

The three ideas, retention, engineering, 
and selectivity are seen in this equation. 
Before diving more deeply into the impact 
of selectivity, we should briefly discuss the 
other two terms, retention and engineering.  
Retention is seen in the first term, k/(1+k). 
This term will vary between 0 and 1, depend-
ing on the size of the retention factor. Look-
ing at the extremes, at very large retention 
factor, k > 10–20, the term approaches 1 and 
diminishing return is seen from longer reten-
tion time. Likewise at low k, k < 1 or 2, a small 
variation in k may have a large impact on res-
olution. This is why many authors suggest as 
a first step in method development, to adjust 
the temperature to give k between about 1 
and 20. This also provides a limit for run 
times: if the gas hold-up time is 1 min, this 

suggests that the total run time should be less 
than about 20 min; additional run time simply 
adds time with little impact on resolution. 

Engineering is seen in the square root 
of theoretical plates (N) divided by 4.  
From our recent discussion of the Golay 
equation, we see that the number of 
theoretical plates derives from numerous 
factors related to the construction of the 
chromatographic system and the con-
ditions of the separation (3). In contrast 
with the retention term, longer retention 
times usually lead to increased N through 
a complex relationship with the retention 
factor. N is more dramatically impacted by 
column dimensions, carrier gas flow rate 
and choice, with smaller inside diameter, 
thinner stationary phase film and lower 
molecular weight carrier gas generally 
favored. In typical capillary gas chromato-
graphic systems, N may vary from about 
10,000–100,000 with the term in Equation 2 
therefore varying from 25–80. Interestingly,  
while the number of theoretical plates is 
roughly proportional to column length, here 
too, there is a diminishing return with longer 
columns; resolution will only increase by a 
factor of 1.4 if the column length is doubled, 
as N is doubled. However, the retention 
time will also be about doubled. 
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Influence of Selectivity on Resolution
The remaining term in equation 2 relates to selectivity and resolu-
tion. Not surprisingly, the higher the value for selectivity, the higher 
the resolution. Since selectivity is calculated as the ratio of adjusted 
retention times for two adjacent peaks, with the numerator having 
the larger time, the minimum value is 1. In capillary gas chromatog-

raphy (GC), selectivity for adjacent, fully resolved peaks can often be 
as low as 1.02. Before diving into the effect of selectivity on resolution,  
it is worthwhile to take a quick look at the selectivity term in equation 2.  
Table I shows calculations of the selectivity term, (α-1/α), versus α. Table 
I shows a roughly linear increase in the selectivity term as the selectiv-
ity increases at low selectivity, but curvature and a diminishing return 
as selectivity increases beyond 1.1. In most situations in capillary gas 
chromatography, selectivity of adjacent and nearly overlapping peaks 
will be less than 1.1, which indicates a roughly 10% difference in the 
two adjusted retention times, or a 1-min difference in adjusted reten-
tion time in an overall 10 min separation. 

We can now use equation 2 and Table I to gain some insight 
in how selectivity relates to retention (k) and engineering or num-
ber of theoretical plates (N) to generate resolution. Table II shows 
calculations of the selectivity required to achieve a resolution of  
1.5 with constant k = 5 and varying N. This shows the effects of 
column dimensions and instrument conditions on resolution.  
Equation 2 was simply rearranged to calculate the selectivity term 
then the approximate selectivity was read from Table I. This is a good 
point to caution against using equation 2 for rigorous calculations;  
it is best used for conceptual discussion and thinking about resolu-
tion. There are too many underlying variables in the terms used in 
equation 2 to make it easily useful for rigorous calculations. 

As seen in Table II, as N increases, often by using a longer 
column or one with a smaller inside diameter or stationary phase 
film thickness, the required selectivity to achieve resolution 
of 1.5 decreases, as expected. Remember that an increase or 
decrease in N, if achieved using column length, will result in a 
similar change in retention time. The two extremes in Table II are 
most interesting. At very low N, as in classical packed columns or 
very short capillary columns, much higher selectivity is required 
to achieve separation. This is one reason why there were hun-
dreds of available stationary phases for packed columns when 
they were in wide use. This is also one reason why we have seen 
much attention in the literature over the past two decades paid 
to stationary phase choice in second dimension columns for 
comprehensive two-dimensional gas chromatography (GC×GC), 
as these columns are very short, so high selectivity is needed to 
achieve any separation at all (4). 

At the high end, the necessary selectivity continues to decrease 
with increasing N, but the return for using a longer or more difficult 
to use column decreases, with selectivity of approximately 1.02 being 
about the practical limit for most capillary column configurations. This 
implies, with an approximate 10 min adjusted retention time, a mini-
mum separation of the peak maxima of about 0.2 min (about 10 sec). 

Looking now at selectivity and retention, Table III shows determi-
nations of the needed selectivity to achieve a resolution of 1.5 with 
constant N = 60,000 (a typical capillary column) and k, the retention 
factor varying from 1–20. As in Table II, the selectivity term on equa-
tion 2 was determined by rearranging equation 2 and the approxi-
mate selectivity needed was then read from Table I. As k increases,  
the necessary selectivity to achieve baseline resolution decreases, 
but not dramatically. In most cases with this typical column of 60,000 
theoretical plates, the necessary selectivity remains in a tight range 
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FIGURE 1: Simulated chromatogram showing separation of 1) 
benzene and 2) ethanol on a 60 m x 0.32 mm x 1.0 µm polyethylene  
glycol column at 70 oC with inlet pressure of 21.6 psig.  

TABLE I: Calculation of selectivity term in the master resolution 
equation

α α – 1
α

1.00 0

1.01 0.01

1.02 0.02

1.03 0.03

1.04 0.04

1.05 0.05

1.06 0.06

1.07 0.07

1.08 0.08

1.09 0.09

1.1 0.09

1.2 0.17

1.5 0.33

TABLE II: Influence of theoretical plates (N) on selectivity needed 
to achieve a resolution of 1.5 at constant retention factor (k) = 5.  

N α – 1
α Approximate α

1,000 0.23 1.3

10,000 0.07 1.07

30,000 0.04 1.04

60,000 0.03 1.03

120,000 0.02 1.02

180,000 0.02 1.02
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of about 1.03–1.05. At k < 1, which is not 
advisable as a small variation on k can lead 
to a large shift in resolution, much higher 
selectivity is needed. At k > 20, which is not 
advisable as the retention times become 
excessively long and band broadening may 
make the peaks too short and more difficult 
to detect, there is not much influence from 
longer retention on selectivity. 

In most of the situations seen in Tables II 
and III, the necessary selectivity to achieve 
baseline resolution varies from approximately  
1.02–1.05. We can think of this as a “sweet 
spot” for selectivity in capillary GC. Estimat-
ing a 10-min separation and k = 5, this means 
a minimum spacing between peak maxima of 
approximately 10–20 sec, which is commonly 
seen in many separations. 

Influence of Temperature on 
Selectivity and Resolution
Figure 2 shows a series of simulated chro-
matograms of a separation of benzene 
and ethanol on a polyethylene glycol 
(PEG) stationary phase using ProEZGC.  
Temperature ranges from 70–110 oC with 
isothermal conditions, and the chromato-
grams are annotated with the resolu-
tion. As discussed in last month’s column 
(5), selectivity derives from differences in 
the standard free energy of the mobile 
phase-stationary phase transition, which is 
in turn determined by the intermolecular 
forces that exist between the analyte and 

the stationary phase. As the tempera-
ture increases, the forces of attraction 
between the analyte and stationary 
phase decrease as the vapor pressure 
increases and more of the analyte mol-
ecules enter the vapor phase. This is 
seen in the reduced retention times.  
Since selectivity is based on differ-
ences in these forces, it follows that the 

strength of each analyte’s forces would 
decrease at a different rate as the tem-
perature is increased. This effect is clearly 
seen in Figure 2, as benzene is eluted 
first at lower temperature, then they are 
co-eluted and then ethanol is eluted first 
at higher temperature. All of these sepa-
rations were simulated with constant col-
umn dimensions and stationary phase.

(a) 70 ˚C
1

2

6.6 6.8 7.0 7.2 7.4 7.6 7.8 8.0

RS=1.7 (b) 80 ˚C RS=0.5

1
2

6.6 6.8 7.05.6 5.8 6.0 6.2 6.4

(c) 90 ˚C RS=0.4

12

5.84.8 5.0 5.2 5.4 5.6

(d) 100 ˚C RS=1.0

1
2

4.8 4.9 5.04.1 4.2 4.3 4.4 4.5 4.6 4.7

e) 110 ˚C RS=1.4

1
2

4.8 5.04.03.8 4.2 4.4 4.6

FIGURE 2: Simulated separations of benzene and ethanol using the conditions de-
scribed in Figure 1 at temperatures from (a to e) 70 oC to 110 oC.  For (a) 70 oC and (b) 
80 oC, 1 = benzene, 2 = ethanol; for (c–e) 90 to 110 oC, 1 = ethanol and 2 = benzene.  
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In equation 2, temperature has effects 
on all three terms. In Figure 2, in addition 
to the effects on selectivity, we see the 
clear effect on retention, lowering retention 
time and retention factor, and lowering the 
retention term in equation 2. The effect of 
temperature on the engineering term and 
N, the number of theoretical plates is com-
plex, but, in short higher temperature gen-
erally leads to smaller N, through reduced 
retention factor, which is an important term 
in the classical van Deemter equation. 

Influence of Stationary Phase Choice 
on Selectivity and Resolution
Stationary phase choice is the major driver 
of selectivity and a change in stationary 
phase can often have dramatic and con-
fusing effects on analyte retention and 
peak spacing. Figure 3 shows the dramatic 
difference in the separation of benzene 
and ethanol on two stationary phases: 
polydimethyl siloxane (PDMS), which is 
generally considered non-polar, and poly-

ethylene glycol (PEG), which is considered 
polar. The separations were simulated at 
70 oC, and all of the other conditions and 
column dimensions were kept identical so 
the chromatograms are directly compa-
rable. More detailed discussion about the 
differences in retention for these two com-
pounds on these two stationary phases can 
be found in last month’s column (5). On the 
PEG stationary phase, both compounds 
are more strongly retained than on PDMS, 
yet the selectivity and, consequently,  
the resolution is much lower. The longer 
retention on PEG also leads to broader 
peak width, showing the effect of engi-
neering. The somewhat higher value of k 
has little influence on the selectivity. 

Conclusions
Selectivity, a measure of the ability of a sta-
tionary phase to perform a given separa-
tion mainly derives from the intermolecular 
interactions that occur between the station-
ary phase and the two analytes that make 

up a closely eluting peak pair and the sep-
aration temperature. Resolution, the goal 
of any separation method, is a function of 
retention, selectivity and engineering of 
the system. Selectivity influences resolu-
tion as seen in the master resolution equa-
tion, which can be used conceptually to 
analyze impact of retention, engineering, 
and selectivity on resolution. Finally, we 
should note that this is conceptual think-
ing based only on isothermal separations.  
The situation with temperature program-
ming is far more complex and will be the 
subject of a future column. 
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TABLE III: Influence of retention factor (k) on selectivity needed to achieve resolution of 
1.5 at constant number of theoretical plates (N) = 60,000.  

k α – 1
α Approximate α

1 0.05 1.05

2 0.04 1.04

3 0.03 1.03

5 0.03 1.03

10 0.03 1.03

20 0.025 1.02–1.03
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FIGURE 3: Simulated separations of benzene and ethanol on (a) PEG and (b) PDMS 
stationary phases. Conditions are the same as in Figure 1.  
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Analyzing Per- and Polyfluoroalkyl  
Substances (PFAS) in Foods
Environmental contaminants can affect human and animal health and are thus an issue of concern. Anthony Provatas 
is a Research Professor and the Organics Laboratory Manager at the University of Connecticut in the Center for 
Environmental Sciences and Engineering (CESE) of the Institute of the Environment; he is also Program Chair and Board 
Member of the Eastern Analytical Symposium (EAS). His research has been focused on the effects of contaminants 
on human health. We recently spoke to him about his work using ultrahigh-pressure liquid chromatography– 
tandem mass spectrometry (UHPLC–MS/MS), and UHPLC–quadrupole–time-of-flight mass spectrometry (UHPLC–
QTOF-MS) to analyze the presence of per- and polyfluoroalkyl substances (PFAS) in the environment, particularly in foods.

Jerome Workman, Jr.

Over your research career, you have 
studied contaminants in the envi-

ronment. Would you tell our readers what 
are some of your published papers that 
would be of most interest related to those 
with environmental concerns?
Human health and contaminants in the envi-
ronment have been my main focus throughout 
my research career. At CESE, analytical labora-
tories, I have collaborated with UConn faculty 
members, graduate students, and other sci-
entists (federal and private). The development 
of new methods for the analysis of persistent 
organic pollutants (per- and polyfluoroalkyl 
substances [PFAS], polychlorinated biphenyls 
[PCBs], pesticides, polycyclic aromatic hydro-
carbons [PAHs], and their metabolites) and bio-
active compounds (environmental estrogens, 
cyanotoxins and their analogs) in challenging 
matrices has resulted in methodology papers 
published in various journals. My best exam-
ples are given in references 1 through 3.

You have carried out research for analyzing 
PFAS in food containers from local sources. 
What is important for most consumers 
to know about both the prevalence and  
precautions of PFAS in food containers?
PFAS are compounds that contain carbon-flu-
orine chains and are known as “forever chemi-

cals” because they are persistent in the envi-
ronment, and there are over 10,000 of these 
compounds listed by the U.S. Environmental 
Protection Agency (U.S. EPA). PFAS are highly 
toxic at low concentrations, causing pregnancy 
complications, cancer, and adverse neurologi-
cal, thyroid, and immune system effects. Addi-
tionally, the various routes of human exposure 
are still under investigation. Food containers 
are widely used, and if PFAS are detected in 
these containers, it should be alarming as we all 
have been using them in our everyday activities.

What has prompted you to work in the field 
of PFAS detection in the environment?
What has prompted me? As I mentioned, my 
research focus on human health and contami-
nants in the environment. Additionally, PFAS 
analysis is very challenging, as one must not 
only have an analytical targeted approach, but 
also an untargeted approach for the identi-
fication and quantification of these contami-
nants. Furthermore, PFAS are widely spread 
contaminants and are used in various applica-
tions which can cause sample contamination.  
One of my students once mentioned in his pre-
sentation that PFAS are the PCBs of the 21st 
century. This, unfortunately, may be a fact that 
we may have to address as we are continuing 
to understand and explore these contaminants.

What are your greatest analytical chal-
lenges for accurate and precise analysis of 
PFAS materials in environmental samples? 
PFAS analysis may be presented as a 
constant moving target! As the list of tar-
geted PFAS continues to grow (EPA 537,  
EPA 537.1, and EPA 533), untargeted meth-
odologies requiring lower detection limits 
in various matrices (drinking water, tissue,  
food and food containers, leachate from 
land fields, and so forth) are becoming nec-
essary. Unknown PFAS identification can be 
very challenging. PFAS compound libraries 
included in instrument software, retention 
times, isotope patterns, and precursor mass 
error (high resolution MS required) may help 
identify unknown PFAS. 

From your research, what has most 
surprised you about the prevalence 
of PFAS in foods? 
Perfluorooctane sulfonate (PFOS) and 
perfluorooctanoic acid (PFOA) are consid-
ered the most commonly detected PFAS. 
This statement can be now challenged as 
other PFAS have been detected, mostly 
short-chain PFAS. PFAS with complex 
alkyl head groups and other groups are 
added by manufacturers and also have  
been detected.
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What would you say is the greatest source of exposure to PFAS 
compounds for the average consumer? 
This is hard to say. PFAS may be present, but not leaching into food 
until certain conditions are met related to type of food (liquid, solid), 
heat introduction, and so forth. I think that PFAS should not be pres-
ent in any food container and other alternatives should be explored. 

For you, what are the most important questions to answer or an 
important problem to solve related to PFAS?
For me, asking if PFAS are present and at what concentrations are 
critical questions. Additionally, the current regulatory limits in parts-
per-trillion (ppt), require the most sensitive methods in parts-per-
quadrillion (ppq). Developing a PFAS method to test drinking water 
and possibly other matrices in such low levels will be an important 
challenge to overcome in my laboratory.
 
Why is the particular technique you are using a good one for the 
analysis of PFAS compounds?
As I mentioned, we have developed and continue to develop PFAS 
methods for various matrices because some “off the shelf” methods 
are not applicable. This challenge becomes an opportunity for inter-
esting research resulting in publications. Our validated methodologies 
include various sample purification techniques (solid-phase extraction 
[SPE], quick, easy, cheap, effective, rugged, safe methods [QuECh-
ERS], and others) and analytical instrumentation involving ultrahigh-
pressure liquid chromatography (UHPLC) and mass spectrometry (MS),  

specifically UHPLC–triple quadrupole MS, and UHPLC–quadrupole 
time-of-flight (QTOF) high-resolution mass spectrometry (HRMS),  
to meet the challenges that we face with PFAS analysis.

What can you share with our readers regarding your next area of 
interest for your research?
I will continue with solving analytical challenges associated with our 
environment to help understand the effects of contaminants to human 
health. This is leading to the expansion of my research which includes 
the identification and quantification of trace level, small bioactive mol-
ecules in complex matrices, including food, hemp, air, water, soil and 
biological fluids (blood, urine, saliva, hair, and other materials).
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Revisiting the Fundamentals of Untargeted Data 
Analysis with Comprehensive Two-Dimensional 
Gas Chromatography (GC×GC): With Great Peak 
Capacity, There Must Also Come Great Responsibility 
This article provides a general overview of untargeted analysis using comprehensive two-dimensional gas 
chromatography (GC×GC), while revisiting some fundamental aspects of method development. The original 
definition of chemometrics is also revised according to the latest developments of the field. We discuss how GC×GC 
has become an important backbone for new strategies in separation science, especially in multivariate data analysis. 
The concept of pixel is also revisited, as an important pixel-based data processing method, namely the Fisher ratio 
proposed by Synovec and coworkers, has been successfully implemented in important software for GC×GC.

Leandro Wang Hantao

Separation science encompasses an 
amazing scope of instrumental tech-

niques used to collect compositional infor-
mation about the analytes of complex mix-
tures. The separation mode and column 
selectivity available today allows for highly 
efficient separations of neutral and ionizable 
species using gas chromatography (GC) (1).  
Advances in column technology have enabled 
faster separations with even higher peak 
capacities compared to the data published in 
the 1990s, where many disruptive techniques 
were being first described in the separation 
community, like comprehensive two-dimen-
sional gas chromatography (GC×GC) by Liu 
and Phillips (2).

The seminal work of Liu and Phillips 
described a composite system that effec-
tively harnessed the potential of GC×GC.  
In essence, two chromatographic columns 
were coupled in a sequential fashion and 
exhibited complementary solvation properties 
(selectivity). An interface called the modulator 
(originally termed on-column thermal desorp-
tion modulation [3]) multiplexed the chromato-
graphic information of the composite system, 
preserving the elution profiles of the first (1D) 
and second dimension (2D), which allowed 
for the use of a single detector (2). This report 
quickly engaged our community and laid the 
foundation for continuous improvements and 
landmarks in GC×GC, which resulted in the 
exciting collection of modulation techniques 
based on thermal gradients (cryogen-based or 

cryogen-free) (4–7) and flow actuation (direct 
and indirect) (8–10). The diffusion and adop-
tion of the technique may be (partially) illus-
trated by the increasing number of published 
articles over time, as shown in Figure 1. The 
interested reader is directed elsewhere to gain 
a better appreciation for the solid background 
upon which the technology was founded (3). 

Today, GC×GC is undoubtedly one of 
the most powerful techniques available for 
mining chemical information from complex 
mixtures, and it has contributed to drive sig-
nificant advances in related techniques like 
sample preparation, column technology, and, 
more specifically, data processing. Indeed, 
GC×GC has become an important backbone 
for new strategies, rather than being simply 
another tool in separation science.

“Multiplexing is a method of sending multiple  

signals or streams of information over a sin-

gle channel simultaneously in the form of a  

complex or modulated signal” (11).

Untargeted analysis using GC×GC is 
an interesting type of application to illus-
trate the fundamental advances of the field.  
The analysis of volatile and semivolatile organic 
compounds by GC×GC has achieved unprec-
edented peak capacities, significantly reduc-
ing the occurrence of overlapped peaks.  
Furthermore, deconvolution tools are now 
integrated into commercial software (like 
ChromaTOF, ChromSpace, and GC Image) to 

recover the pure chromatographic and spec-
tral profiles of the peaks, improving tentative 
(putative) identification (12). Consequently, the 
amount of chemical information available with 
GC×GC analysis can become overwhelming 
and it definitely challenges data processing 
and mining. A “hands-on” or a “one-at-a-time” 
data analysis workflow can still be performed 
(rather inefficiently) on conventional 1D chro-
matograms with ~30 integrated peaks. How-
ever, GC×GC chromatograms can easily result 
in over hundreds of integrated peaks, which 
reveals the need for automated methods and 
chemometrics for data processing. For exam-
ple, Bean and co-authors reported the detec-
tion and characterization of over 500 metabo-
lites from bacterial volatiles using solid-phase 
microextraction (SPME) and GC×GC–MS (13).

While processing time is often associ-
ated with efficient data mining, the recovery 
of chemically meaningful information is also 
important. The number of detectable peaks 
using GC×GC is much greater than in 1D-GC. 
Therefore, the information density in GC×GC 
data is significantly larger, especially when 
considering trace components that would 
be cloaked by peaks with similar first dimen-
sion retention times (1tR) (14), solvent tailing, 
or column bleed. Furthermore, a variety of 
concomitant advances in related fields has 
contributed positively to untargeted GC×GC 
analysis, as exemplified below.

“Sample preparation is often underes-
timated” (11,15). Our community quickly 
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realized that GC×GC could significantly improve the synergy between 
gas chromatography and sorbent-based extractions. In other words, 
the analyst may select extractive phases primarily based on the extrac-
tion performance (such as the peak area of the analyte) without wor-
rying about overpopulating the chromatogram with peaks due to the 
enhanced resolving power of GC×GC. For example, sorbents can 
be selected based on broad analyte coverage (16,17). This trend was 
observed when using conventional thermal desorption (17) and sorbent-
based microextractions (18–21) in important applications at the inter-
face of separation science and disciplines like environmental chemistry,  
food chemistry, and metabolomics.

“Peak distribution in the retention space” (22). The 
poly(dimethyldiphenylsiloxane) coatings with 5% diphenylsiloxane 
monomer incorporation are the most popular stationary phases for 
1D-GC applications. Conversely, the demand for additional column 
chemistries with unique solvation properties and higher values of maxi-

mum allowable operating temperature (MAOT) have increased with 
the increasing popularity of GC×GC. This demand was mainly driven 
to improve the peak occupation of the GC×GC separation space. 
Hence, many column combinations were reported, as shown in Table I, 
exploiting solvation properties like non-specific dispersive interactions 
and cavity formation (l term), dipole-type interactions with permanent 
dipoles or polarizable moieties (s term), hydrogen-bond acidity (b term) 
and basicity (a term) (23,24). An interesting GC×GC column combina-
tion was described by Cochran that combined poly(cyanopropylphe
nyldimethylsiloxane) and poly(ethylene glycol) in the first and second 
dimensions, respectively (25).

“Understanding the fundamentals of the data structure is impor-
tant” (26,27). A pixel is the basic unit of intensity in a chromatogram 
or a mass spectrum. All data generated with GC×GC are com-
posed of pixels. The nature of the pixel is logical rather than physical.  
For instance, a GC–flame ionization detector (FID) operating at 100 Hz in 
a 5 min experiment will generate a raw file with 30,000 individual pixels.  
Each pixel will store an intensity value with a temporal resolution of 0.01 
s. Accordingly, a higher acquisition rate (such as 200 Hz) will improve the 
resolution to 0.005 s. This means that 10 pixels will be registered across 
a 0.1 s width peak at 100 Hz, and 20 pixels at 200 Hz. The chromatogram 
as we usually know it is attained by reconstruction through interpolation 
of the intensity values stored in the pixels. Generally, it was estimated 
that at least 10 pixels per peak are required for proper peak reconstruc-
tion (26,27). Accordingly, about 17 pixels per peak are recommended for 
multi-channel deconvolution. It can be readily seen that a column-wise 
vector (Figure 2, column B of data) contains the intensity information 
of the chromatogram, as shown in Figures 2a and 2b. The retention 
time is related to the index of the pixel (Figure 2, column A of data).  
Highlighted in green are the 15 pixels that contain the information about 
the analyte. The intensity of the pixels can also be visualized by plot-
ting the data without interpolation (Figure 2a), also known as stick view.  
The conventional chromatogram is obtained by visualizing the interpo-
lated data, as shown in Figure 2b. Accordingly, the peak area is calcu-
lated from the interpolated (“reconstructed”) chromatogram.

Similarly, raw GC×GC data also consist of pixels. For example,  
a GC×GC-FID operating at 100 Hz, a modulation period of 6 s, and a 
5 min experiment will generate a raw file with 30,000 individual pixels 
distributed in a 600 by 50 matrix. The value of 600 (100 Hz × 6 s) cor-
responds to the number of pixels used to reconstruct the chromato-
graphic profile of the 2D. The value of 50 (5 min divided by 6 s) is related 
to the total number of slices (or modulations) used to reconstruct the 
chromatographic profile of the 1D. Similarly, an acquisition rate of  
200 Hz will impact only the temporal resolution of the 2D, as the num-
ber of pixels available will be 1200 (200 Hz × 6 s). In order to increase the 

“digitalization rate” in the 1D, the modulation period must be decreased. 
For instance, a 5 min GC×GC run with a modulation period of 4 s will 
increase the total number of modulations to 75 (compared to 50 with a 
modulation period of 6 s). An interesting metric called modulation ratio 
may be used to help in the initial selection of the modulation period 
(28,29). Accordingly, the acquisition rate and modulation ratio will affect 
the reconstruction of the peaks in the 2D and 1D, respectively. A matrix 
contains the intensity information of the GC×GC chromatogram, as 
shown in Figure 3. The retention time is related to the row (2tR) and 
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column (1tR) index of the pixel. Highlighted in red are the pixels that 
contain information about the analyte. The intensity of the pixels can 
also be visualized by plotting the data without interpolation (Figure 3b), 
also known as nearest neighbor view. The conventional chromatogram 
is obtained by visualizing the data using linear (or bicubic) interpolation, 
as shown in Figure 3c. Accordingly, the peak area is calculated from the 

“reconstructed” GC×GC chromatogram. In other words, the pixels are 
used to estimate the peak area.

The conventional parameters extracted from the chromatogram 
(regardless of its the dimensionality) are based on the retention time 
and peak area. A generic overview of untargeted analysis is provided 
in Figure 4. The analyst can select different starting points, but the 
fundamentals required for data processing are essentially the same. 
For instance, traditional data processing strategies available in GC 
Image and ChromSpace software packages are based on a qualita-
tive table using the peak areas of the analytes. Such an approach 
is termed peak table-based data processing. However, comple-
mentary approaches use the pixel as the primary input (instead of 
the peak areas), such as the tile-based Fisher ratio method (30,31),  
available both in ChromSpace and ChromaTOF Tile.

Untargeted data analysis uses chemometric methods for pattern 
recognition, regression, multiclass classification or one-class classifica-
tion. Different algorithms are available depending on the relationship 
between input data (peak area or pixel) and modeled property (includ-
ing, but not limited to, class, concentration, and macroscopic property). 
Linear models can be fitted using component-based algorithms like 

principal component analysis (PCA) (32), partial least squares regres-
sion (PLS) (33), discriminant analysis using partial least squares (PLS-DA) 
(34), and data dependent soft independent modeling of class analogy 
(DD-SIMCA) (35). Non-linear models can be built using neural networks 

TABLE I: Examples of some column chemistries used in GC×GC.

Column Chemistries

“non-polar × mid-polar”
1D poly(dimethylsiloxane)

2D poly(dimethyldiphenylsiloxane) with 50% diphenylsiloxane

“mid-polar × non-polar”
1D poly(dimethyldiphenylsiloxane) with 50% diphenylsiloxane

2D poly(dimethylsiloxane)

“non-polar × polar”
1D poly(dimethylsiloxane)

2D poly(ethylene glycol)

“polar × non-polar”
1D poly(ethylene glycol)

2D poly(dimethylsiloxane)

“more hydrogen-bond basic x less hydrogen-bond basic”
1D poly(cyanopropylphenyldimethylsiloxane)

2D poly(ethylene glycol)
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and machine learning methods, like artificial neural network (ANN) (36), 
support vector machine (SVM) (37), and decision trees (38).

“Chemometrics is the science of relating measurements made on a 

chemical system or process to the state of the system via application of 

mathematical, statistical, or artificial intelligence methods” (adapted from 

Olivieri, A.C. Introduction to Multivariate Calibration (Springer, Switzerland, 

AG, 2018).

For most chromatography users, the peak area is the tool of choice 
for data processing. In conventional untargeted analysis (Figure 4a), 
the workflow consists of processing the pixels of the chromatograms 
to remove artifacts like noise, column bleed, and other contaminants 
by using external background subtraction, smoothing, and baseline 
correction. The external background subtraction generally uses a 
blank run to assign interfering peaks and remove their contribution 
to the individual qualitative table. Next, the analytes (also known as 
features) are detected using integration methods, which may also 
be accompanied by deconvolution techniques if multi-channel data 
is available, such as mass spectrometry (MS), or vacuum ultraviolet 
(VUV) detection (39). The individual peak tables are then combined 
into a global table for multivariate data processing, while addressing 
missing values and split peaks (40). After modeling, the identified 
variable importance in projection (VIP) may be used for interpretation 
of the chemometric results. Conversely, multivariate data analysis may 
also be performed immediately after peak detection, as shown in Fig-
ure 4b, whereas tentative identification is performed after VIP assign-
ment. In this approach, the user can perform identification only on the 
peaks assigned as VIP, depending on the scope of the investigation. 
The interested reader is referred to these reviews on chemometrics 
applied to GC×GC data (41–44).

The pixel-based approach (Figure 4c) is an interesting alternative 
for untargeted analysis, as it bypasses two main concerns with peak 
detection. Low-intensity peaks are more likely to be accounted for 
with pixel-based approaches, as they may be disregarded during 
peak detection. High-intensity peaks that may exhibit non-linear 
chromatography (for example, overloading peaks) may be split 
during peak detection, while pixel-based chemometrics seemed 
to be largely unaffected by such non-ideal chromatography (35).  
However, pixel-based data processing is significantly more computa-
tionally demanding, which requires powerful and dedicated worksta-
tions for chemometrics. Also, it requires basic levels of programming 
to adequately explore all the resources available for multivariate 
data analysis. For example, a popular environment for chemomet-
rics is MATLAB as it offers a vast array of tools that have been used 
with GC×GC data. For instance, the “convex hull” function (45)  
was used to measure the effective separation space occupied by 
peaks in GC×GC experiments (46). Also, many instruments exhibit 
non-integer data acquisition rates, which may pose a challenge for 
pixel-based data handling, as shown in Figure 5, but this can be 
mitigated through careful method development (47) or data prepro-
cessing (48), such as the “resampling” function (49) from MATLAB.  
Lastly, reliable toolboxes, like PLS ToolBox (50), are readily available 
for the interested user, containing algorithms for multiple purposes, 
some of which were described in a recent LCGC North America arti-
cle (51). Interestingly, artificial intelligence and free access platforms 
are available to help with code development for non-expert users (52).

Conclusion
This article’s goal is to demonstrate the importance of understand-
ing the fundamental concepts of untargeted data analysis, and raise 
awareness about the synergy between GC×GC and chemometrics for 
the upcoming generation of analysts in our community.
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FIGURE 4: Examples of workflows for analysis of GC×GC data, including 
(a and b) peak table-based, and (c) pixel-based approaches. Tentative 
identification is also referred to as putative identification, using metrics like 
mass spectrum similarity index, linear temperature programmed retention 
index (van den Dool and Kratz [53]), mass accuracy (measured in ppm), 
and isotope pattern confirmation. *Denotes dependency on the scope of 
the study. For instance, fingerprinting methods do not necessarily require 
tentative identification of the analytes (for example, features).
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FIGURE 3: Illustration of a group of pixels highlighted in red, 
containing the intensity information of (a) the peak of the analyte. 
The corresponding peak is shown in the reconstructed GC×GC 
chromatogram (b) without interpolation and (c) with linear 
interpolation (such as traditional method for data visualization).
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Related to the shake-flask method is 
a derivation called the slow-stir method,  
with the major difference being the glassware 
used and mode of agitation (phase contact 
and equilibrium). Following the shake-flask 
method, solute concentrations may be mea-
sured by any applicable analytical technique, 
commonly chromatography, optical spec-
troscopy, or proton-nuclear magnetic reso-
nance spectroscopy. Reversed-phase liquid 
chromatography (RPLC) is used to determine 
Kow values with the key assumption being 
that the stationary phase, generally octyl-  
or octadecyl-, mimics n-octanol. RPLC is 
mostly applicable to ionic samples.

Conclusions
At its most fundamental level, chemical sepa-
rations, both analytical and industrial scales,  
are based on the concepts of equilibrium and 
diffusion. Regarding equilibria, the equilibrium 
constants describing partitioning and other 
phase distribution processes are vital, including 
consideration of solute dissociation. To simply 
this confusing multitude of terms, simple defi-
nitions, applications of partition coefficients to 
chromatographic sample preparation (such as 
extractions), and a summary of how to measure 
partition coefficients are given in this article.
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Targeted Analysis of Phosphorylated Metabolites 
in Biological Samples by HILIC–LC–MS
Ondrej Hodek1, Wen Jiang2, and Thomas Moritz2,3, 1Department of Forest Genetics and Plant Physiology, 
Swedish University of Agricultural Sciences, Umeå, Sweden, 2HILICON AB,3Novo Nordisk Foundation Center for 
Basic Metabolic Research, Faculty of Health and Medical Sciences, University of Copenhagen, Denmark

Nucleotides, deoxynucleotides, and coenzymes comprise a wide 
range of phosphorylated metabolites with zwitterionic nature and high 
polarity. They constitute a family of compounds that participate in key 
metabolic pathways, such as glycolysis, pentose phosphate pathway, 
tricarboxylic acid cycle, and synthesis of nucleic acids. Due to their 
physicochemical properties, separation and sensitive quantification 
by LC–MS/MS without using ion-pairing reagents is challenging.

Historically, hydrophilic interaction liquid chromatography (HILIC) 
has demanded high concentrations of buffers in mobile phase to 
achieve better retention and separation efficiency for the analysis 
of phosphorylated metabolites, especially for di- or triphosphates 
(1). However, a high concentration of salts in the mobile phase 
suppresses transfer of metabolites to the gaseous phase in 
electrospray ionization-mass spectrometry (ESI-MS), which results in 
poor sensitivity and contamination in the ion source. Previous studies 
have shown that medronic acid binds to the active sites of trace metal 
in stainless steel tubing of LC, which prevents undesired interactions 
of phosphorylated compounds with the active sites (2). As a result, the 
addition of medronic acid in the mobile phase significantly improves 
peak shapes (less tailing), thus boosting the separation efficiency.

In this application, we describe the methodology  applied to 
targeted analysis of various biological samples such as human in 
vitro differentiated adipocytes (3), plant tissue (Arabidopsis thaliana 
leaves) (4), or mouse skeletal muscle using polymer-based iHILIC-(P) 
Classic HILIC columns.

Experimental
Sample Preparation: 
1) Human in vitro differentiated adipocytes were lysed at day  
14 post-induction of differentiation in 1 mL of 90:10 (v/v) 
methanol–H2O solution containing 0.5 μmol/L creatine-D3 as an 
internal standard, shaken with metal beads at 30 kHz for 3 min,  
and centrifuged at 14,000g for 10 min. The supernatant was 
evaporated and reconstituted in 50 µL of 50:50 (v/v) methanol–H2O. 
Targeted metabolites: phosphocreatine, creatine.
2) Rosette leaves (10 mg) of Arabidopsis thaliana were extracted 
with 250 µL of ice-cold extraction medium (chloroform–methanol, 
3:7) and incubated at -20 °C for 2 h. Thereafter, 10 µL 50 µM 
UDP-Glc-13C6 was added to each sample as an internal standard. 
Samples were then extracted twice with 200 µL of ice-cold water 
and the aqueous layers combined and dried in a freeze-dryer.  
The dried samples were dissolved in 50 µL of 50:50 (v/v) methanol–
H2O and diluted 10-fold with the same solvent before the analysis 
by LC–MS/MS. Targeted metabolites: UDP-Glc.
3) Mouse skeletal muscle (20 mg) was extracted with 500 µL of 
90:10 (v/v) methanol–H2O solution containing 1 µM labelled 

standards (creatine-D3, ADP-15N5, ATP-D4) as in Method 1. 
Targeted metabolites: 3-dp-CoA, AMP, ADP, ATP, Ac-CoA, CoA, 
Suc-CoA, Mal-CoA, cyclocreatine, creatine, β-GPA, phosphocreatine.
LC–MS/MS System: An Agilent 1290 UHPLC system with an Agilent 
6490 triple quadrupole. Analytes were ionized in an electrospray 
source operated in both positive and negative mode. The source 
and gas parameters were set as follows: ion spray voltage at -3.5 kV 
(+4.0 kV in positive), gas temperature at 150°C, drying gas flow at 
11 L/min, nebulizer pressure at 20 psi, sheath gas temperature at 
350 °C, sheath gas flow at 12 L/min, and fragmentor at 380 V. 
HILIC Separation: 
Columns: 
1) 150 × 2.1 mm, 5-µm, iHILIC®-(P) Classic (P/N 160.152.0520, 
HILICON); Flow rate: 0.2 mL/min
2) 50 × 2.1 mm, 5-µm, iHILIC-(P) Classic (P/N 160.052.0520, 
HILICON); Flow rate: 0.35 mL/min
Eluents: 
A) 10 mM ammonium acetate in water (pH 6.8) with 5 µM medronic 
acid
B) 10 mM ammonium acetate (pH 6.8) in 90:10 (v/v) acetonitrile–water
Column Temperature:
40 °C
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Figure 1: MRM chromatograms from 1 µM mixture of standards  
in 50% methanol. Column: 50 × 2.1 mm iHILIC-(P) Classic.  
Elution: Gradient 2.
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Results and Discussion
The developed gradient elution methods with iHILIC-(P) Classic 
columns were optimized to fit the needs of the specific sample 
matrix and metabolites of interests. Initially, we have been 
using a 150-mm column and Gradient 1 program (Table 1) for 
quantification of creatine and phosphocreatine (3) and UDP-Glc (4).  
However, we discovered that a 50-mm iHILIC-(P) Classic column 
allows the separation of many phosphorylated metabolites within a 
15-min run (Figure 1) whilst retaining a similar separation efficiency 
as the 15-cm columns. These findings significantly helped us to 
increase the analysis throughput.

Moreover, by fine-tuning the gradient profile, we managed to 
separate creatine analogues and their isomeric compounds-β-
guanidinopropionic acid (β-GPA) and creatine that share the 
MRM transition of 132>90. Thus, baseline separation is needed,  
as shown in Figures 2 and 3.

Conclusion
The HILIC–MS methods described in this application are generic 
for the analysis of polar metabolites in targeted and nontargeted 
metabolomics. It is straightforward and fast in both sample 
preparation and separation, which empowers high-throughput 
analysis.
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Figure 2: MRM chromatograms from 1 µM mixture of standards  
dissolved in 50% methanol. Column: 50 × 2.1 mm iHILIC-(P)  
Classic. Gradient program 3. Phosphocreatine detected in negative ESI.

Table 1: Gradient programs for separation of phosphorylated 
metabolites with iHILIC-(P) Classic
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Gradient 1 Gradient 2 Gradient 3
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Time 
(min)

% B
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Figure 3: MRM chromatograms from a skeletal muscle extract  
(10× diluted with 50% methanol). Column: 50 × 2.1 mm iHILIC-(P) 
Classic. Elution: Gradient 3.
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I recently read a paper in the Journal of 
Chemical Education that cited some statistics 

regarding diversity among chemists. White and 
coworkers reported that “only 6.2% of chem-
ists and materials scientists, chemical engineers, 
and chemical technicians identified as Black or 
African American, and only 7.0% identified as 
Hispanic or Latinx, percentages that are far 
lower than in their total U.S. populations” (1). 
The data is not broken down by subdiscipline, 
but I would imagine the representation in the 
separations community is quite similar.

I have been reading about diversity, equity, 
and inclusion (DEI) in introductory science, 
technology, engineering, and math (STEM) 
courses for several years now. So I guess these 
numbers shouldn’t have been quite as shock-
ing to me as they were. I know that racially 
minoritized students express interest in STEM 
at the same rate as their white peers, yet do not 
persist at the same rate through STEM courses 
and majors. In fact, national trends show that 
only 14.7% of STEM bachelor’s degrees are 
awarded to minoritized students (1). At many 
institutions, the DFW rate (the percentage of 
students that earn a D or F grade or withdraw 
from a course) in introductory STEM courses 
is higher for minoritized students than it is for 
white or Asian populations. First generation 
students also are more likely to feel excluded 
and struggle in introductory courses.

The problem has long been thought to be 
the students—that is, that students who have a 
stronger background or are highly motivated to 
learn can be successful, while those with weaker 
backgrounds may not be able to rise to the rigor 
of STEM courses. As Wilson-Kennedy and coau-
thors stated clearly in their 2020 article (2): 

“We need to move beyond traditional 
arguments of merit and preparedness to 
start to question how these individuals 

experience our institutions in the class-
room, the research laboratory, and the 
scientific culture.”

 The article goes on to propose, like many 
other experts in DEI practices, that we must 
investigate the role of bias, marginalization,  
systematic racism, and microaggressions to 
create an inclusive and welcoming environ-
ment in our classrooms and laboratories.

The problem is not our students. The 
problem is how students are experiencing 
our classrooms. Equitable and inclusive foun-
dational courses are needed for all students, 
regardless of preparation and background,  
to thrive and learn. The aforementioned 
Wilson-Kennedy paper, along with David 
Asai’s informative manuscript (3), are valuable 
resources for scientists wanting to learn more 
about structural inequities in STEM education.

Thankfully, folks in higher education are 
paying attention. I know from attending 
ACS workshops geared toward department 
chairs that many institutions are evaluating 
the inclusivity of their introductory sequences.  
Workshops and conferences devoted to 
discussion of diversity, equity, inclusion, 
and racism in science are now easy to find.  
Many institutions have DEI offices. Some insti-
tutions, like mine, have Deans of Faculty who 
are gently pushing faculty to evaluate their 
instructor mindset, their classroom ecology, 
and their curricular practices. Most academic 
chemists have little formal training in educa-
tion. We learn by our own practice, by read-
ing the literature, and through discussion of 
best practices with other educators. It is now 
time for us to take on the important work of 
increasing the diversity of our field by making 
our classrooms more inclusive and equitable.

Knowing the problem exists and creating a 
solution to it are entirely different. There is no 

magic wand that can be waved to completely 
fix the issues of systematic injustice overnight. 
There are, however, many reports of small 
to medium-scale changes that can begin to 
address equity issues in the classroom. 

Change in academia is slow, and even can 
be quite hard at times. This work is no differ-
ent. Increasing inclusivity and equity in chem-
istry will require a positive instructor mindset, 
one of growth of the discipline. It will require 
invention and trials. It will involve exploration.  
I have begun to think about this work as a 
summative process, that with each paper read, 
each intervention implemented, and each 
student that achieves their goals, we are inch-
ing our way to a more diverse group of chem-
ists, analytical chemists, separation scientists. 
And while that work may be slow and the road 
long, the end goal is too important to not try.
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