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Abstract

Volatile compounds are responsible for the odour of food, characterize their authenticity
or potential health risks. One technique for investigating volatile compounds is gas
chromatography. The method development is often resource-, time-, and cost-intensive
but can be supported by computer simulation. Computational models are necessary,
describing both the interaction of volatile compounds and the representation of the gas
chromatographic system. As the models require corresponding data to describe and
determine retention, the three presented investigations are concerned with determining
and estimating this data.

In the first study, a database of thermodynamic retention parameters was established for
a variety of volatile compounds, including FAMEs, triglycerides, PAHs, and PCBs.
Retention factors from isothermal measurements were determined for 900 substance-
stationary-phases-combinations, and parameters for common retention models (ABC
model, K-centric model, thermodynamic model) were determined. In addition, available
data from the literature was also included. A standardized approach for determining
parameters was presented, and quality criteria for suitable retention parameters were
established. The simulation of gas chromatographic separations using the retention
parameters from the database was compared to real temperature-programmed
measurements.

In the second study, the relationship between measurable elution temperature and
characteristic temperature was investigated. The characteristic temperature is the most
important retention parameter in the "distribution-centric retention model" (K-centric
model) according to Blumberg. Influences of the temperature program due to the starting
temperature and the heating rate were examined. A computational model was established
using the dataset, allowing an estimation of the characteristic temperature from simple
temperature-programmed measurements. This extends the prediction range, especially
for volatile compounds such as benzene derivatives, aldehydes and ketones, compared to
previous estimation models. The prediction of retention times based on the regression
model was demonstrated using the example of alcohols and phenones.

In the third study, the ‘Linear Solvation Energy Relationship’ (LSER) model was used to
estimate retention parameters usable for the simulation by LSER substance data. Two
stationary phases were characterised. K-centric retention parameters were estimated for
ca. 300 compounds, and the data were compared with parameters from isothermal
measurements. Simulations of temperature-programmed GC separations using the
retention parameters determined by LSER were compared with isothermal retention
parameters and real measurements.

The work is an important contribution for the simulation of complex GC systems like
multidimensional GC (MDGC), comprehensive GC (GCXGC) or novel techniques such as
spatial thermal gradient GC and furthermore for the development of auto-optimisation
GC.
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Chapter 1

General Introduction

1.1 Introduction

Volatile organic compounds (VOCs) are ubiquitous in our daily lives [1l. Some of them may
contribute to the recognisable odour of food (aroma)?3], while others play a role in the
chemical communication of living organisms[4. Of technological interest is the
investigation of, for instance, odourants in the form of aroma profiles in food[l. Other non-
odourous volatile compounds are responsible to the authenticity of a food product(®7l.
Additionally, public health concerns include the identification of potential hazardous
volatile compounds, such as environmental pollutants like polychlorinated biphenyls
(PCBs) or polyaromatic hydrocarbons (PAHs). For these reasons, there is a growing need
for investigations and examination methods of volatile compounds(®°. Method
development is, therefore, a distinct focus of research, particularly in food chemistry. An
analytical technique used for separation and determination of volatile compounds is gas
chromatography (GC)[10l. The development of new measurement methods is often cost-,
resource- and time-consuming. Suitable computer simulations can be a powerful tool
optimizing the development for novel measurement methods[!1-13l. For simulation
computer models are necessary, describing the interaction of volatile compounds with
the gas chromatographic system under various conditions!415]. These models need data
describing the interaction of the chemical compounds (called analytes or solutes) and the

gas chromatographic system with its measurement conditions and settings.

The presented thesis, was part of the DFG project “Development of a simulation for one-
dimensional and multidimensional gas chromatography with temperature gradients”
(Grant: 452897652). The studies and results discussed in this thesis form part of the
fundamentals for the simulation of complex multidimensional GC separations such as

GCXGC or spatial thermal gradient GCI1617],




Chapter 1

1.2 Fundamentals
In the following equations and models, temperature T and associated parameters are

given in Kelvin, even if they are expressed in Celsius in examples or figures.

1.2.1 Principle of gas chromatography (GC)

Gas chromatography relies on the principles of partitioning of the sample between a
stationary phase (usually a coated layer in a column) and a mobile phase (a carrier gas)
to achieve separation(!8l. As the sample is vaporized and injected into the column,
compounds interact differently with the stationary phase based on their affinity, leading
to adsorption and partition and therefore to separation as they travel through the column.
The separated compounds then elute from the column at different times, allowing for

their detection and quantification using a detector(10.18.19],

1.2.2 GC-ToF-MS
Figure 1.1 shows a scheme of a gas chromatograph. After injection in the GC the analyte
molecules pass the separation column coated with the stationary phase, which is the

surface the molecules can interact with. Depending of the composition of the stationary

sample
flow o .
. split /splitless injector
TOF-MS
-|-|||||-
carrier gas oven detector

Figure 1.1 Scheme of a gas chromatograph with split/spitless injector coupled with mass spectrometer.
The sample is injected in the injector, the analytes pass with the carrier gas stream through the column
which is heated in the oven. After separation they finally are detected in the MS.
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phase, column length or temperature the interaction with the phase is different for
different analytes. The time required for the analytes to pass through the column

therefore varies and can be measured as retention time tg.

The carrier gas does not interact with the stationary phase usually. Its retention time,
called void time t);, sometimes hold up time, can be determined only by information of
the column geometry, temperature and pressure. For wall coated cylindrical GC columns

with length L, internal diameter d and temperature T, ty can be determined with

128 L2 PP

tu =—— -~ () (1.1)
(2 - p2)’

where p; is the pressure at the inlet of the column, p, at the column outlet and the viscosity

n(T) of the carrier gas(?l. The void time ty; can be measured by detection of a non-

interacting gas e.g. methane or using the oxygen signal with a mass spectrometer(21l,

Aratio to evaluate the separation is given by the retention factor k and can be determined

using the retention time tg from the chromatogram at the known void time ty

tp — t
Ink =In (u) (12)
tm

As we will see k depends on temperature itself and is related to distribution constant K.

The difference between tg — ty is also called the reduced retention time t'g.

As detectors flame ionisation detectors (FID) and mass spectrometers (MS) are most
important in GC. MS is suitable for compound identification. In this thesis all
measurements are performed using a Time-of-Flight (ToF)-MS with electron ionisation
(EI). In ToF-MS the mass of a compound ion can be determined by the time the compound
need to pass a flight tube, which is proportional to the mass to charge ratio m/z. In short,
heavy molecules need more time than light ones. The intensity of the signal is
proportional to amount of substance in the sample, therefore MS is also suitable for

quantification. Figure 1.2 shows a scheme of ToF-MS.
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Figure 1.2 Scheme of a time-of-flight mass spectrometer (ToF-MS) with electron ionisation (EI).

1.2.3 Temperature Programmed GC
GC separations can be performed isothermal or temperature programmed, when the oven

temperature is changing during the separation run. The heating rate Ry is the temporal
change of the oven temperature during a temperature programmed GC separation(22! . For

generalized observations and to compare GC systems with different column geometry, the

heating rate can be transformed to the so-called dimensionless heating rate

Rr-t
rp = T * ‘M,ref (1.3)
eref

with the average thermal constant 6,..s= 30 °C and the reference void time at a defined
temperature usually 150 °C[2023] which eliminates systematic dependencies such as
column diameter, length or flowl[2023], For example, a dimensionless heating rate of
rr = 0.4, is equivalent to a heating rate of R1=0.4x30°C/ty=12 °C per void time at
150 °C. With a reference void time of 4 min the corresponding heating rate is
Rt=3 °C min-l. By reducing the length of the GC column to the half value Eq. (1.1) leads to
void time of % of the original void time (t);= 1 min). Under these conditions the equivalent
heating rate is Ry = 12°C min-l. This shows that a change in the system condition causes

a change in the heating rates, but not the dimensionless heating rate. This is meaningful

for method translation [24], an important concept in method development.

4
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During a temperature program each analyte elutes at its retention time with a
corresponding temperaturel?5. The elution temperature T, of an analyte is defined as
the temperature of the GC oven when the analyte is passing the outlet of the GC column
and arrives at the detector of the separation system. For example, in a given single ramp
temperature program that starts with the initial temperature of the GC oven Tj,;; and with

the heating rate Ry the elution temperature can be calculated via

Telu = Tinit + tRRT (1'4)

where ty is the retention time of the analyte which is passing the column outlet(?3]. The
prediction of the elution temperature of a solute in a temperature program can be
powerful as it is always related to retention time prediction. Even if it seems logical at first
glance, the elution temperature is neither equal to the boiling point nor does it depend on
itl26], and therefore the order of elution is not necessarily equal to the order of the boiling
points. For the separation, the vapour pressure p, is important for the solvent-phase

interaction![18-20],

1.2.4 Retention Index

A chromatographic and instrument-independent value that can be used to identify an
unknown compound is the retention index (RI)[?7]. It is based on the retention times of the
compounds in relation to the retention times of a known, often homologous series such
as alkanes. In this system, the value of the RI for each alkane is equal to one hundred times
the number of carbon atoms c. Under certain chromatographic conditions, the Rl makes
it possible to compare data from one GC system with another. The RI was first introduced
by Kovats[28] for isothermal conditions. Van den Dool and Kratz[29] modified the concept
for temperature programmed GC using the adjusted retention volume. Adapted for the

use of the retention times, for a compound i the retention index RI(i) is defined as

(1.5)

RIC) = 100 - (C OGO )

tr(c+ 1) — tr(c)

with the retention time of the ith compound tg (i), the retention time of the alkan, with
carbon number ¢ before the ith compound tg (¢) and after tg(c + 1) 30l Retention indices
for various compounds can be found in databases such as the database of the National

Institute of Standards and Technology (NIST)[31] or Flavornet[32l.
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1.2.5 Stationary phase and mobile phase

In gas chromatography first columns were columns packed with porous particles as
stationary phases, e.g. granules of diatomaceous earth or silica gel coated with ethylene
glycoll19.33.34], Today usually wall-coated-open-tubular (WCOT) columns are used, where a
liquid organic polymer is acting as liquid stationary phase, called film[35. Therefore, this
kind of GC is also called GLC (Gas-Liquid-Chromatography), whereas no liquid eluents are
involved such as in real liquid chromatography (LC). Figure 1.3 gives a cross section of a

WCOT column and examples for polymers used as stationary phases.

A B C D

mobile phase B ] B 0 ]
,_;;'-‘—T‘:;;\ THs C|:H3

// \ —S‘i—O— —Si—0— —S|i—O— 0 oH

[ - o\

[ d A CH, CHy "

[ ——— S 4-.;]

Nz — —

stationary phase apolar polar

Figure 1.3: Properties of stationary phases: Cross-section of a WCOT GC column with column diameter

d., film thickness d; and internal diameter d (A). Polymer structures of stationary phases: dimethyl-

polysiloxan(B), phenyl-dimethyl-polysiloxan (C), polyethylene-glycol (D).
Stationary phases are often differentiated by polarity, whereas wax-columns are highly
polar (D) and 100 %-methyl-polysiloxan columns are highly apolar (B). An increasing
amount of phenyl groups in methyl-polysiloxan phases has an influence to the polarity:
for example a Rxi-5Sil MS phase has an amount of 5 % phenyl and is nearly apolar and
Rxi-17Sil MS with 25 % phenyl chains is semipolar. Not all column compositions are
publicly known, as they are trade secrets. This applies to phases for special applications,

e.g. certain pollutants (ZB-PAH-CT for PAHs, PCBs) or pesticides.

In capillary columns the amount of the retention applies to the thickness of the film d, as
athick film causes more interaction than a thin film and further increases sample capacity.
The ratio of the volume of the mobile phase 1}, to the volume of the stationary phase 1[36]
is called the phase ratio 5. Because the internal diameter d is approximately equal to the
diameter of the column and d,. >> d;.; therefore, f is approximately equal to the ratio of

d and quadruple of the film thickness d;[36:37],

6
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p=m. (16)

Vo 4dg
Usually inert gases are used as mobile phases in GC. Most common are helium, hydrogen,
argon or nitrogen. As shown in Eq. (1.1) the time the mobile phase requires to pass the
column applies only on the column geometry and the viscosity of the carrier gas. The
viscosity itself depends on temperature [3¢] and is different for Hz, N2, Ar and He and
therefore the separation can be different using different carrier gas. For example changing

from He to Hz can reduce the separation run time by factor twol3839], therefore it is highly

relevant in optimization and for fast-GC applications.

1.2.6 Plate theory

Usually a compound does not elute at a sharp time point but with a variance as a peak
around the time point. In the early days of gas chromatography, first concepts to describe
separation mechanisms and the phenomenon of peak broadening were adopt from
separation concepts known from distillation[2040] such as the ‘height equivalent to a
theoretical plate’ (HETP). The idea associated the peak width of an analyte peak width a
number of imaginary elementary separation stages, called the theoretical platel20l. The
height of a theoretical plate H was introduced as a quantity of the separation efficiency

and depends on the column length L and the number of theoretical plates N.

_ L
A=y (1.7)

The concept was simple: the higher the number of plates, the lower the plate height and
therefore the lower the peak width. It should be mentioned here, however, that neither in
the separation column does anything physically comparable to a plate exist[2%, nor does
N correspond to the number of possible equilibrium states of the analyte between the

mobile and stationary phases[40],

As van Deemter et al.[41] has shown, H depends on the average mobile phase velocity % at

given temperature in packed columns via

+Cu (1.8)
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where A represents the Eddy-diffusion term, B represents the longitudinal diffusion term,
and C represents the mass transfer or resistance to mass transfer term. Since capillary
open-tubular columns are commonly used in GC, where no Eddy-diffusion exists, A
becomes zero. The equation than is called ‘Golay’s equation’35l. As shown elsewherel40],,
B depends on the diffusion coefficient of the mobile phase, whereas C depends on both
the diffussions coefficient of the analyte in the stationary and the mobile phase and

further retention factor k and the column geometry.

Golay’s equation is a useful concept for understanding the influences that cause peak
broadening qualitatively(#2]. The observation of velocity % as an independed quantity is in
temperature programmed GC less relevant than in isothermal GCI[#Z. Golay’s equation is
further only correct under weak gas decompression, which is not the case using a vacuum
outlet e.g. in GC-MSI2%, The idea of an optimal velocity and the search for the Van-Deemter
optimum, often is only the last part of an optimization and there exist even physically
more meaningful concepts for method development to increase resolution and separation
than Golay’s equation!*0, The equation is recommended to interpret the general
influences of longitudinal diffusion, Eddy-diffusion and mass transfer in a qualitative way,

whereby the velocity should be interpreted as part of each term[42].

1.3 Simulation

Several approaches can be found that are suitable for retention time prediction in GC.
Often simulations based on thermodynamic modelling use descriptions of the solute-
phase-interactions via a prediction of partition constant K or related quantities(37.43],
Predictions based on retention indices are common!44, for multidimensional GC such as
GCXGC novel approaches as machine learning (ML) and artificial intelligence (AI)
becomes more important(4>-471, Most common algorithm for data processing in GCXGC are
Support Vector Machines (SVM), Partial Least Square Discriminant Analysis (PLSDA)[48-50]
and Random Forest (RF)[51-53], Hou et al. introduced a thermodynamic approach for
retention time prediction including the column properties such as L and d or instrumental
condition such as temperature and pressurell55455] Leppert et al. presented a
simulationl4l for prediction of retention times and peak width in temperature
programmed GCI59>71 and with a spatial temperature change along the column such as it

is used in flow field thermal gradient GC (FFTGGC)[58>°]. The simulation was released as




Chapter 1

the package ‘GasChromatographySimulatorjl'’>8! for the programming language
Julial586061] To simplify the mathematic for the simulation, approximations as linearized
models are well established![¢2l. For example retention factor k respectively retention
times can be predicted by temperature programmed measurements using a linear elution
strength (LES) approximation and relative resolution maps to find efficient conditions
with acceptable resolution for GC separations[®3l. Such approaches are also common in
retention prediction in high performance liquid chromatography (HPLC)[11l. There already

exist commercial application such as ProEZGCIé4l.

1.00
r compound 1
] e———— compound 2
- 075p [ mTEEmm > . P
-E .
n /N mEmmm— >
C 0.50
(O] C
+ [
c L
= 0.25 F
poo b o 2N e
0.00 0.25 0.50 0.75 1.00
position x/L
de ‘.‘. @
g SRR, - > 0® p
------- >
C
——————— » ... ’.‘ ..
@
oo % e ©0 o
v
o
t = tg t=1t,

Figure 1.4: Separation of two compounds on a column with length L with film thickness d; and internal
diameter d. Position x of the compound destribution at two different times t, and t,. The separation is
better at t; but spatial band width ¢ also increased along the column due to diffusion.

In all thermodynamic based approaches, such as ‘GasChromatographySimulator.jl’, an
equation of motion has to be developed using the knowledge of the presented
fundamentals. For prediction of temperature programmed separations, the column is
divided in discrete steps. After passing a step the analyte is located on position x in the
column with length L. The time an analyte needs to pass the step is the travel time t. When

x reaches L, the sum of all travel times becomes retention time tg (651,

The migration of an analyte along the column steps as a function t(x) is governed by the

ordinary differential equation (ODE)
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a1
dx  u(x,t)

(1.9)

and the analyte velocity u(x, t). As known from Golay’s equation the spatial band width o
in dimensions of length [m] increased along the column caused by diffusion processes.
Measurable is the peak width 7 [min] as standard deviation of an ideal gaussian peak of

the compound given in the chromatogram which is related to the spatial band width o as

o(x,t)
u(x,t)

T(x, t) = (1.10)

The development of the peak variance 72 (x) during the migration is governed by ODE:

+ 27%(x t)%( ! ) (1.11)

with H(x, t) the local plate height. At the end of the column, x = L, the solutions are given

as the retention time tg = t(L) and the peak width tg = \/t2(L) [65],

The system of ODEs, Eq. (1.9) and Eq. (1.11), can be solved numerically [145866],
‘GaschromatographySimulator.jl’ uses a Runga-Kutta algorithm [67] with Owren-Zennaro

optimized interpolation [¢8l and adapted step width. [14]

The analyte velocity depends on the component of the velocity of the mobile phase u,,

and the retention factor k of the analyte, Eq. (1.12).

(1.12)

With d the column diameter, L the column length, n the viscosity of the mobile phase gas,
p; the inlet pressure and p, the outlet pressure, the mobile phase velocity u,, can be

calculated from Eq. (1.1) as

u (xT):i & PP
me 64n(ML [, x,, (1.13)
pi —1 i —ps)

10
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whereby the gas decompression is considered[14206569, As mentioned, the viscosity n(T)
of a carrier gas depends on temperaturel2ll. Corresponding data can be found in the
literaturel3670l. In a temperature programmed measurement, the analyte speed u also
changes with temperature T by retention factor k, see Eq. (1.12). Therefore, knowledge
about the temperature dependence of retention factor as k(T) is required to perfom
simulations. The next section presents several retention models for the description of
k(T).

1.4 Retention models

1.4.1 Thermodynamic retention model (Van’t Hoff model)

In gas chromatography the partition of a solute between the mobile phase (gas) and the
stationary phase (liquid) is measured by the distribution coefficient K (or partition
coefficient), defined as the ratio of the concentration of the solute in the stationary phase
and in the mobile phase. It can be measured by isothermal measurements of the retention

factor k and the phase ratio 8 of the column.
K = Bk (1.14)

The distribution coefficient K depends on the temperature T and the Gibbs free energy

AG of the evaporation of the solute from the stationary phasel20l.
AG
K = (_> 1.15
exp (7 (1.15)

with R the molar gas constant. The Gibbs free energy AG can be expressed by enthalpy AH

and entropy AS change of the solute from the stationary into the mobile phase as

AG = AH — TAS (1.16)

and therefore
k= 1 (AH AS) 117
—’Bexp RT R (1.17)

which is an interpretation of van’t Hoff two-parameter model describing K in relation to

T.

11
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1.4.2 ABC model

Enthalpy AH and entropy AS depend on the temperature T itself. To compensate for this
temperature dependency a third parameter AC, (change of the isobaric molar heat
capacity) can be introduced and the enthalpy AH..s and entropy AS,.r at a reference

temperature T..r are used. Egs. (1.15) and (1.16) lead to

ASref _ AHref + ACp (T - Tref) + ACpl ( T )

InK =
n R RT R \T.

(1.18)

which can be converted in a three-parameter model of Clark and Glewl(3771] for curve

fitting

InK = A+ 2 + Cl (T) 1.19
nn = T I’IT1 ( )

where A, B, C are curve fit parameters and T; =1K.

It was shown [72], that using a three-parameter model results in a better fit of k over a

wider temperature range than using a two-parameter model with constant AH and AS.

The parameters A, B and C can be converted to enthalpy AH,..¢, entropy AS,..¢ for a chosen

reference temperature T and the change of the isobaric molar heat capacity ACp,.

AH, o = R(CToer — B) (1.20)
T
ASye; = R (A +C +Cln (Tr—ef)> (1.21)
1
AC, = RC (1.22)

Trer is often chosen with 90 °Cl73l, It seems reasonable to set up a model that normalises
its reference variables to a certain temperature. In adsorption phenomena, especially in
chromatography, the distribution of an analyte depends to a large extent on the
temperature conditions, but not on the same temperature for each analyte. It is therefore
criticised that the choice of a reference temperature T, for all analytes leads to physically
meaningless conditions for substances with extreme retention, such as highly volatile

compounds or low-volatility substances like triglycerides.

12
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1.4.3 Distribution-centric three-parameter model (K-centric model)
For chromatography, it is more appropriate to normalise the model to the same
distribution of the analyte over the stationary phases, expressed by the distribution
coefficient K371, This approach is realised by the so called ‘Distribution-centric three-
parameter’ model of Blumberg(3743], also known as the ‘K-centric’ model. The retention
factor k of a solute in a GC system is defined by the three parameters:

® Te.har characteristic temperature

O.har characteristic thermal constant
e AC, change of the isobaric molar heat capacity (Eq. (1.22))

and the equation

AC,  Tepar\ (Tehar AC T
lnk=( L ””)(“ —1)+—pln( ) 1.23
R Qchar T ( )

These parameters, especially Ty, and 6.p,,,, have a direct chromatographic meaningful
interpretation. The characteristic temperature Ty, is the temperature, where In k = 0,
respectively k = 10371, At this temperature the amount of the solute is evenly distributed

between stationary and mobile phase. The characteristic thermal constant is the inverse

AC, =-100.0
—_— AC]:' = 0.0
R AC, = 100.0

0 400 500 600
Temperature in K

Figure 1.5: Properties of the ‘Distribution-centric three-parameter model’ which describes In k in
dependence of temperature T.
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declining slope of the function Ink(T) at T = T.,,. Therefore, an increase of the
temperature around Ty, by Ochar reduces In k by an amount of 1.0. The interpretation of
AC, is not straightforward, but it generally defines the deviation of k from a two-
parameter model for temperature significantly lower/higher than T, ,.. As Blumberg
demonstrated, the K-centric parameters can be converted into ABC data and vice versa

using the Lambert W-function(37].

The parameters Tcpar, Ochar and AC, are specific for the phase ratio f, used to determine
these parameters. Using a column with the same stationary phase but different phase

ratio f5; requires a correction factor for the retention factor calculated from Eq. (1.23).

1
As presented in Figure 1.6, linalool and nitrobenzene change the elution order depending

on the temperature respectively heating rate of the temperature program. This

phenomenon can be described by the K-centric or the ABC model but not by retention

index.
10 @ I
? —-A&-linalool
5¢f © - -e-nitrobenzene
> 0:_ ’.“ 2 F
& C e ) @ L
= ' 8
— - % o i
—5:- ~'Q.
i Q.. 1L
_101_....|....|....|....|....|..!._
50 100 150 200 250 300 %
- (0]
L 0_
2500 F &
- ®
C ()
2000 f o°
~ I ..
i -1k
D:1500_— /
1000 F /
;‘gl....|....|....|....|.... —2 bbb e b b b T
50 100 150 200 250 300 75 100 125 150 175 200
Tchar [OC] T[OC]

Figure 1.6: Characteristic temperature in relation to vapor pressure p, and retention index RIB1l(left),
Ink vs T plot of linalool and nitrobenzene which change the elution order at different isothermal
conditions (right).
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The characteristic temperature is a meaningful chromatographic value. It shows strong
correlations to retention index RI and vapour pressure, see Figure 1.6. Furthermore it is
known that there is a relation between the characteristic temperature T, of a substance
and its elution temperature Ty, during temperature programmed GC separation with a
single ramp(37l. For a GC system one heating rate Ry, exists where Tgy, is equal to T¢par
[2337], If Tgpy O Tepar is much higher than the initial temperature Tj,;;, the dependence can

be described as a simple linear function:

Tety = Tehar + T (1.25)

where T is the intercept which determines the shift from the heating rate Rt o where T¢y, 5y
is equal to Tg,. In the case of an initial temperature of e.g. 30 °C, the linear relationship

can be assumed for an elution temperature above 90 °C[371,

1.4.4 Linear solvation energy relationship model (LSER)

The 'Linear Solvation Energy Relationship' model (LSER), also known as the ‘Abraham
model’ or ‘Solvation parameter model’[7475] is an alternative to the above mentioned
thermodynamic retention models. The approach is common e.g. in environmental
chemistry to predict distribution phenomena of a target analyte with any kind of
matrix[7¢l. Typically applications are the prediction of pollutant adsorption in soils,

migration of mobile additives from or into package materials [77] or tissues.

The principle of adsorption phenomena prediction can also be used for the prediction of
retention in chromatography(7879. In this model, the logarithm of the retention factor In k
at a defined temperature is expressed as a multiple linear regression of chemical
properties of the analyte (descriptors E, S, A, B, L) and properties of the stationary phase

(system constants e, s, a, b, L, ¢)[8°],

Ink=¢eE+sS+ aAd + bB + IL +c¢ (1.26)
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In the context of LSER, the solute descriptors and system constants are experimental
values whereby the individual system constants (lower case letters) represent different
types of intermolecular interactions of the stationary phase and the analyte. Table

1.1presents the definitions of the descriptors and the system constants.

Table 1.1: Parameters of the LSER model and its meaning for solute-phase-interaction by Poole [80],

solute properties phase properties
solgte Definition system interaction
descriptor constant

E the excess molar e electron lone pair interactions (the excess dispersion

refraction interactions that result from the presence of polarizable
electrons)

S capability for s interactions of a dipole-type, known as induction and
interactions of a dipole orientation
type (orientation and
induction)

A overall resp. effective a interactions of the hydrogen-bonding in which the
hydrogen-bond acidity stationary phase acts as a hydrogen-bond acceptor

B overall resp. effective b interactions in which the stationary phase acts as
hydrogen-bond hydrogen-bond donor.
basicity

L gas-liquid partition l size dependent interactions, which are cavity formation
constant at 25 °C on in the stationary phase and the setup of dispersion
n-hexadecane as interactions
stationary phase.

c Intercept, contains deviations from the model,
information about the phase ratio

The determination can be found elsewhere[81-831. Only E for liquids can be calculated from

the refractive index of the liquid Iy, at 20 °C for the sodium D-line and the characteristic

volume, 117880

E=10V[(Ir* — 1)/(Ig* + 2)]- 2.832V + 0.526 (1.27)

For the typical stationary phases used in GC, the value of b can be approximated as zero
as there is no significant hydrogen bond activity(84l. In accordance to Poolel80] intercept ¢
is a system property required to estimate retention factors for a specific column and
temperature but is not a characteristic property of the solvation properties of the
stationary phase. The system constants depend on the temperature, while the substance
descriptors have fixed, specific values. For individual temperatures, the system constants
can be determined by a multivariate regression using selected calibration substances

whose descriptors are known.
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Even a small number of 30 to 40 substances (with different functional groups and
structures) is sufficient to determine the system coefficients[8% for a temperature range.

40 compounds recommended by Poolel8>] and used in this thesis are given in Table 1.2.

For any analyte with known substance descriptors (capital letters), the In k values for the
defined temperature can be calculated with the systems coefficients without any other
measurement on the GC column. Descriptors can be found in the literature and are
collected in databases such as the LSER database (LSERD) of the Helmholtz Centre for
Environmental Research (UFZ) [8¢] or the Wayne State University (WSU) databasel78l.

Table 1.2: Chemical structures of 40 compounds recommend by Poolel85 for description of the solute-phase
interaction via LSER.

@/\ @AO ©/\OH
HO” TN o TN TS

hexan-1-ol n-nonanal ethylbenzene benzaldehyde benzyl alcohol
OH OH
o o OH
@]
2,6-dimethyl 3,5-dimethyl
methyl hexanoate nonan-2-one phenol
phenol phenol
OH
OH OH
OH
NN T
0 =
2-methyl 3-methyl 4-methyl
n-heptanal cyclohexanol
phenol phenol phenol
0]
0]
)J\/\/\ OY ©/\
!
heptan-2-one phenyl acetate cyclohexanone o-xylene styrene
(@] Cl
OH cl
Cl
NN
HO
Cl
1,2-dichloro 1,3-dichloro
octan-1-ol 1-phenyl ethanol acetophenone
benzene benzene
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NHo»

NH, NH;
OH Cl
)\/\/\/ OH
F
4-fluoro 2-chloro
octan-2-ol 1-phenyl-2-propanol aniline
aniline aniline
Cl Br OH
N TN TN Cl
O ©A/\
I n-butyl chloro bromo 2-chloro
n-octana
benzene benzene benzene phenol
OH
0 OH
o P NO, NO, |
)J\/\/\/ O
methyl 2-nitro nitro
2-octanone linalool
benzoate phenol benzene

1.5 Objective of the thesis

The aim of the thesis was the validation of the simulation under different GC conditions.
Therefore, the main focus laid on description of the interaction between analytes and
stationary phases using thermodynamic retention parameters of the K-centric model for

various stationary phases and compounds in a wide volatility range:

¢ high volatiles: homologous alcohols, aldehydes ketones and BETXs

e medium volatiles: fatty acid methyl esters (C:4-C:24), halogen-phenols, esters,
alkanes

e lessvolatiles: PAHs, PCBs and triglycerides.

For all columns the column geometry as L/d-ratio was determined via void time
measurements. For all compounds isothermal measurements were performed in a range
between 40°C and 360 °C and retention factors were determined. The retention

parameters were calculated via the K-centric model.

With these data a database was created. Simulations of gas chromatographic separation
were performed using the retention parameters and the results were compared to real

measurements. A summary of the corresponding articlel®’! is given in Chapter 2.
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Another aim of the thesis was the search for easier determination methods or even
estimates for the retention parameters since isothermal measurements for determination
are laborious. In one approach the estimation of the characteristic temperature, the most
important parameter of the K-centric model by temperature programmed measurements
was investigated. Starting from Eq. (1.25) the dependence of elution temperature on Ty, 4,
and vice versa was investigated. Measurements on various initial temperatures in a range
of 40 to 120 °C and heating rates at 5, 10, 15, 20 °C/min were performed. A multivariate
regression model was developed. Estimations of elution temperatures and retention
times were performed and compared to measurements. A summary of the results(8! is

given in Chapter3.

There is just a small number of available thermodynamic data for gas chromatography.
But other retention data are available in databases such as RI data or LSER data. A large
pool of data suitable for LSER approach can be found, e.g. in the WSU database [788°] or
LSERD from UFZ [318¢] and also can be used to describe the solute-stationary-phase
interaction. Furthermore, an aim of this work was to make this data available for the
simulation. For this purpose, LSER models and the K-centric model were combined.
Separation columns were characterised with LSER systems constants at different
temperatures. A model to describe the temperature-dependence of the system constants
was developed. The data were used to estimate the K-centric retention parameters based
on LSER literature data. The data then are used to perform precise temperature
independent predictions of temperature programmed GC separations. The simulations
based on the LSER data were compared to measurements and simulations based on

isothermal parameters. Chapter 4 gives a summary of the corresponding article[°.
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Chapter 2

Retention database for prediction, simulation and

optimization of GC separations

The research summarized in this chapter has been published as
T. Brehmer, B. Duong, M. Marquart, L. Friedemann, P.J. Faust, P. Boeker, M. Wiist, . Leppert, ACS Omega 8
(2023) 19708-19718. https://doi.org/10.1021 /acsomega.3c01348.

A reprint! of this publication is given in Appendix A of this thesis.

2.1 Author’s contributions

My contribution to this research was the determination of most of the retention
parameters, especially for fatty acid methyl esters (FAMEs), polychlorinated biphenyls
(PCBs) and triglycerides, including data evaluation, as well as summarising the results
and writing the resulting publication. I converted all data into ABC and thermodynamic
data, validated them and created the database and did the GC simulations. The Master
student Benny Duong carried out the determination of the K-centric parameters of
polycyclic aromatic hydrocarbons (PAHs) on the Rxi-17Sil MS and ZB-PAH CT under my
supervision. Master student Manuela Marquart determined the K-centric parameters of
various allergenic fragrances on the Rxi-17Sil MS column as part of her master thesis.
Luise Friedemann helped with the analysis of some chromatograms during her Bachelor
thesis. Peter ]. Faust was the supervisor of Luise Friedemann. Peter Boeker acquired the
funding. The supervisor of my doctoral thesis, Prof. Matthias Wiist, provided guidance,
important suggestions and writing assistance. Jan Leppert, helped with the simulation,
provided guidance, made important suggestions, gave writing assistance, did the project
administration and the funding-acquisition.

1Reprinted with permission from ACS Omega 8 19708-19718. Copyright (2023) American Chemical
Society.
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2.2 Summary

The aim of this first study was the creation of an open source database with suitable
retention parameters that can be used for the simulation package
GasChromatographySimulator.jli>8l. For this purpose, the retention factors k of 280
substances were determined isothermally at various temperatures. Retention parameters
for the three common retention models (K-centric modell43], ABC-modell7], van’t Hoff
model) were calculated from the isothermal measurements. This enables the use of the
data for prediction and GC simulation with other programs(154547.5455] A standardized
procedure was developed for the determination and validation of the retention
parameters and the creation of the database, see Figure 2.1. Furthermore, available
literature data were also inserted in the database. Using Egs. (1.20) and (1.21), it was
possible to introduce and calculate the thermodynamic parameters AH.y,,, and AS., at

Trer = Tenar as an interpretation of the K-centric quantities.

Data Processing

vl 1 Validation
K-centric Model 2 In k Values Mag:;etr:r:ia:cal
344 7
ABC 4—‘ > Physical
Model i Plausibility
svt6 . Retention parameter

Model

8

Data output

Figure 2.1: Schematic overview of the main tasks for calculation and converting of the retention
parameters and creation of the database
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The calculated retention parameters have to be validated to be integrated in the database

(Figure 2.1 No. 7). For acceptance of the compound data we defined the following criteria:

a)

b)

d)
e)

g)

The data set includes 3 data points as minimum for non-linear multivariate fit,
ideally four data points or more. As a recommendation, the data should contain
points around In k = 0 to achieve accurate fitting results.

In k values range between -2.0 to 3.5, too high In k values are associated with too
broad peaks, increased signal-to-noise and inaccurate retention times. Since low
In k values often result in analyte peaks merging into the solvent peak, retention
does not only depend on the stationary phase.

0 < B.har < 100, anegative 6.4, cannot be accepted, because it would mean, that
a temperature increase leads to higher retention times than to lower. Based on
available data the parameter 6,, tends to be lower than 100 °C, in most cases
around 30 °C[201,

Tepar > —273.15 °C, a value of T, below the absolute zero is not possible.

C > 0, negative C shows a lower bending of the fit curve, the curve becomes more
linear and cause also to the wrong branch of the Lambert W function (W,)[37].

A < 0, based on available data the parameter A tends to be negative.

W(x) < —1 respectively —1/e < x < 0, data are inacceptable if the value of the
argument x of the Lambert W function gets lower than —1/e or W(x) > —1.
Available data shows a value of W (x) < —1 and is on the W_; branche, therefore
—1/e<x <0.

As example the retention factors for allergenic fragrances, PAHs, FAMEs and triglycerides

over different temperatures are presented in Figure 2.2.
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Figure 2.2: Determined In k values over T with fits of the K-centric model (Eq. (1.23)) for each substance
for a selection of allergenic fragrances (A), PAHs (B), FAMEs (C) and triglycerides (D) on Rxi-17Sil MS
(8=250) as stationary phase.
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The observed deviations of predicted retention times are in most cases less than 1 %. To
illustrate the performance of the simulation, Figure 2.3 shows a measured and a simulated

chromatogram of 16 PAHs on a Rxi-17Sil MS.

——— measurement
simulation

0 10 20 30
time in min

Figure 2.3: Measured and simulated chromatogram of a temperature programmed GC separation of 16

Polycyclic Aromatic Hydrocarbons (EPA PAH) on a Rxi-17Sil Ms. GC conditions: Tj,;; =70 °C; first ramp:

20 °C/min, T; =150 °C, hold time= 5 min; second ramp: 12 °C/min, T, =250 °C, hold time= 2 min ; third

ramp: 15 °C/min, T,,q =360 °C, hold time= 5 min, rmse=0.1425 min..

The standardized procedure of measurements and calculations, presented in the study,
have a useful benefit for all chromatographers, analytical chemists and method
developers, because they can be used in the own laboratories and simplify the method

development.

The database includes at day of publishing[®l] more than 900 entries with a large range of
compounds such as VOCs, PAHs, FAMEs, PCBs or allergenic fragrances for over 20

different GC columns. The full database is available at Github[°2.
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Relation between characteristic temperature and
elution temperature in temperature programmed gas
chromatography - Part I. Influence of initial

temperature and heating rate

The research summarized in this chapter has been published as
T. Brehmer, P. Boeker, M. Wiist, ]. Leppert, ]. Chromatogr. A 1707 (2023) 464301.
https://doi.org/10.1016/j.chroma.2023.464301.

A reprint!? of this publication is given in Appendix B of this thesis.

3.1 Author’s contributions

My contribution to this research includes all steps of retention time measurements,
temperature measurements, data evaluation, Julia programming, the development of the
curve fit model and writing the resulting publication. Peter Boeker acquired the funding,
provided guidance, important suggestions and writing assistance. The supervisor of my
doctoral thesis, Prof. Matthias Wiist, provided guidance and important suggestions. Jan
Leppert supervised the experimental work, helped with programming, provided
guidance, made important suggestions, gave writing assistance, did the project
administration and the funding-acquisition.

1Reprinted from J. Chromatogr. A, 1707, 464301, Copyright (2023), with permission from Elsevier.
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3.2 Summary

Since the determination of retention parameters by isothermal measurements are
laborious and time-consuming, simpler determination methods are required. The main
topic of the study was to investigate the relationship between the measured elution
temperature T, and the characteristic temperature T, to develop an estimation

model.

As shown in the fundamentals, the elution temperature can be estimated by the

characteristic temperature using a simple linear equation with intercept T

(Eq. (1.25))120;

Tety = Tehar + T (3.1)

Blumberg[37l demonstrated, that the relation is almost linear in temperature programmed
GC for Ty, values 60 °C higher than the initial temperature. For high volatile compounds
such as aroma compounds, which elute near the initial temperature, a deviation from the
simple linear relationship could be observed in first experiments, see Figure 3.1. For these

compounds T, converges to an nearly constant temperature T;.

Therefore, it was necessary to get a deeper knowledge about the relationship.

o
7::lu [ C]
300 (]
8 300
® T —100°C e i
— Eq.(3.2) 250 1 2 T
250 & T
9’ oo | Ry="5°C/min
& ' ]
c 200 + o 150
— [ N
B N o N 100 1
U P
B 1so o0
P 1 50
- o il __.______;:’_'_
120
| 100
100 80 150 200 20
L " L L s °
50 100 150 200 250 300 Ti'nit [ C] 60 50 100 T [OC]
Ty in °C char

Figure 3.1: Left: Curve fit model (Eq.(3.2)) with its sub models, the constant part T; and the linear function
Tehar + Ty and comparison to measured data., conditions: initial temperature of 100 °C, heating rate of
15 °C min-! and constant flow of 1 mL min-L. Right: 3D-surface of the curve fit model in the parameter
space at two different heating rates.

For this purpose, the elution temperatures for 37 fatty acid methyl esters, 6 BTEXs and 40
other volatile substances are determined by measurements under 4 different heating

rates, 6 initial temperatures, constant pressure mode and constant flow mode. The oven
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temperature was monitored by external temperature sensors connected to a datalogger,

to get exact values for the elution temperature.

Based on the data, a novel multivariate curve fit model was developed, which describes
accurately the relation between the characteristic temperature T, and elution
temperature T, under variable heating rates Ry, respectively r¢, and initial temperature

Tipi: conditions:

1
Telu(Tchar; R, Tinit) = Vln(eY(TChar—FTO) + QY(Tl)) (3.2)
Wlth TO = mo . RT + no (33)
Ty = Tipit + My - Ry (3.4)

The parameters m,, m;and n, are empirical curve fit parameters

The novel model shows good accordance to earlier estimation models[37] and expands the
prediction range, especially for high volatile compounds. The model is suitable for
determination of T, by estimated Ty, and vice versa. Predictions of retention times of
simple temperature programmed measurements were also possible by using the model

with relative deviations <5% compared to measurements, as shown in Figure 3.2.

Table 3.1 Experimental determined parameters after multivariate fit for constant pressure and constant
flow mode.

modus vy [K1  mg[min] ny[K] my[min] Rpo [Kmin?] Tro R? rmse [K]
const. pressure | 0.0548 3.365 -43.12 1.766 12.81  0.5898 (jg999g 3.10
(pin =83 kPa) | +£0.0015 +0.019 =+0.27 +0.03 +0.11 +0.0049
const. flow 0.03608 3.062 -45.90 1.57 14.99 0.690 0.9999 2.81
(F =1mL/min) | #0.0005 +0.016 +0.23  +0.033 +0.12 +0.0055

It was known, that there exists one heating rate where the elution temperature is equal
to the characteristic temperature 71?3, This dimensionless heating rate could be
estimated as 0.59 for constant pressure and 0.69 for constant flow by the model which is

consistent to earlier estimations found in the literaturel22.23,37],
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Alcohols
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Figure 3.2 Measured chromatograms compared to predicted retention times of alcohols (pentanol,
heptanol, nonanol, decanol, undecanol) and phenones (propiophenone - octanophenone). The retention
times are predicted only by the T, values of the substances by using the novel model; temperature
program: Tj,;.= 40°C, Rr= 10°C min-, p; = 83 kPa.

The publication was the first part of the investigation. In the second part the simulation
of gas chromatography was used to investigate the properties of the column, such as
stationary phase, length and diameter. Using the simulation, the influence of the phase
ratio  was investigated and the results compared to measurement. This publication gave
the fundamentals to an estimation tool for retention parameters by temperature
programmed measurements and was realised in the Julia package

RetentionParameterEstimator.jl.[%3]
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Simulation of gas chromatographic separations and
estimation of distribution-centric retention parameters
using linear solvation energy relationships

The research summarized in this chapter has been published as

T. Brehmer, B. Duong, P. Boeker, M. Wiist, J. Leppert, ]. Chromatogr. A 1717 (2024) 464665.
https://doi.org/10.1016/j.chroma.2024.464665.

A reprint!? of this publication is given in Appendix C of this thesis.

4.1 Author’s contributions:

My contribution to this research was the determination and evaluation of all data,
including retention time measurements, calculation of the retention parameters and the
LSER system constants of all investigated columns. I did the simulations and wrote the
final publication. The master student Benny Duong did the determination of the K-centric
parameters of PAHs on the Rxi-17Sil MS under my supervision. Peter Boeker did funding-
acquisition. Matthias Wiist, the supervisor of my doctoral thesis, gave important
suggestions and writing assistance. Supervisor of the experimentals Jan Leppert provided
guidance, made important suggestions, gave writing and programming assistance, did the
project administration and funding-acquisition.

1Reprinted from J. Chromatogr. A, 1717, 464665, Copyright (2024), with permission from Elsevier.
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Chapter 4

4.2 Summary

In this work a further alternative approach to estimate K-centric retention parameters
was developed. As mentioned in Chapter 1, there are different approaches to describe
interactions between analytes and stationary phases, e.g. thermodynamic models like the
distribution-centric 3-parameter model resp. K-centric model!*3! (Eq. (1.23)) or models
regarding on chemical properties such as the Linear Solvation Energy Relationships!7494],
LSER (Eq. (1.26)). For LSER, there is a high amount of compound data available in
libraries. e.g. the database LSERDI8¢] of Helmholtz Centre for Environmental Research
(UFZ) or the Wayne-State-University database (WSU)[787°1, LSER models are valid for
prediction of retention factor k(89 or retention index RI[%3! under isothermal conditions.
The system describing constants of the model strongly depend on temperature!(8s! and are

not suitable for prediction of retention times in temperature programmed GC directly.

IH”W

-05

System Coefficient

75 100 125 150 175 200
Temperature [°C]

Figure 4.1: Determined system coefficients of the LSER models for a Rxi-5Sil MS phase at different
temperatures (system map) and fits of the ABC model (Eq. (1.19)) which allows a thermodynamic
interpretation of the system constants.

[t was the aim of the study to combine the LSER approach and the K-centric 3-parameter
model to use available LSER substance data from literature databases for the simulation
software and perform precise temperature independent predictions of temperature
programmed GC separations. Thus, a model to describe the temperature-dependence of
the system constants was developed.

The LSER system constants of two stationary phases at different temperatures in a range

from 40 °C to 200 °C were determined. For the determination a mixture recommended by
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Poolel®! was used, containing 40 volatile organic compounds such as alcohols, aldehydes
or phenolic compounds. Since the system constants are related to Gibbs free Energy, the
classic approach was chosen for describing Gibbs related quantities and temperatures:
the ABC model by Clark and Glew!7l], Eq. (1.19). It was possible to describe the
temperature impact on each system constant with the ABC-model, see Figure 4.1. For each
system-constant-descriptor-interaction amounts of enthalpy and entropy could be

calculated using Egs. (1.20) and (1.21) at T.ef = 90 °C.

PCB 101, Rxil17SilMS PCB 153, Rxi5SilMS
NN 15 L
10 10 -
~ ~
= [=
— 5 — [
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0 “h*i* =
A o ‘M*“
300 400 500 600 300 400 500 600
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Methyl palmitate, Rxi17SilMS Methyl butyrate, Rxi5SilMS
12 F 3 1 [
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Figure 4.2: Predicted In k values for each temperature using the LSER models (orange, circle) and
isothermal determined values (blue, triangle) and curve fit of the K-centric model (Eq. (1.23)) for
different compounds.

For any analyte with known substance descriptors, the retention factors k for the defined
temperature was calculated using systems coefficients (Figure 4.2). Based on the
predicted values of In k the three parameters of the K-centric three-parameter retention
model were calculated using the K-centric model. It was shown that the values of the
predicted retention parameters are close to isothermal measured values. For the
estimations of T.p,, the values resulting by the LSER models are close to the values
determined by isothermal measurements for both stationary phases. For the Rxi-17Sil MS
the relative differences are around -3.95 to +7.81 % (median= 1.27 %), for the

Rxi-5Sil MS around -7.91 to 6.31 % (median= -0.91 %). The estimated .p,r and AC,
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show larger deviations. It is mentioned that AC, shows also large variance by data from

isothermal measurements and it is the with the lowest impact of the K-centric model.
Regarding the good prediction performance of the K-centric curve fits it is possible that

the deviation of 6.y, and AC, compensate each other which results in an acceptable

prediction of In k values, see Figure 4.2.

A
——— Simulation, Isothermal
Simulation, LSER
—— measurement
L . MLLL—~
rmse= 0.0292 min
; rmse= 0.4665 min
RN N N I Y (Y T
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Simulation, LSER
—— measurement
rmse= 0.088 min
rmse= 0.4403 min
" " " " 1 " " " " 1 " " " " 1 " n i " 1
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Time in min

Figure 4.3: Measured chromatograms (green) compared simulation using the isothermal determined
retention parameters (blue) and using the retention parameters predicted by the LSER models (orange)
of FAMEs-mix on Rxi-5Sil MS(A) and PBC-mix on Rxi-17Sil MS(B). GC-conditions: A: T;,;;=80 °C,
rp=5 °C/min, F=1 ml/min, B: T;,;,=60 °C, ;=10 °C/min, F=1 ml/min.

LSER models are suitable for the estimation of the characteristic temperature T, and

the elution order of the substances on the column, by literature data only. The predicted
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Tehar can also be used as start value for the determination of K-centric parameters from
temperature programmed measurements(?3]. For the estimation of K-centric parameters

by LSER data, further approaches e.g. using graph neural networks[?7! can be investigated.

Furthermore, simulations of temperature programmed GC separations using the
predicted retention parameters were demonstrated and compared to simulations using
isothermal determined retention parameters. Figure 4.3presents the separation of fatty
acid methyl esters (FAMEs) and polychlorinated biphenyls (PCBs) compared to

simulation using the different parameter sets.

1

|
w
T

relative difference [%]

_g_
1 1 1 9

Rxi5SilMS iso Rxi5SilMS LSER Rxi17SilMS iso Rxi17SilMS LSER

Figure 4.4: Relative differences between the measured retention times of the FAMEs and the simulated
retention times using the isothermal retention parameters (iso) and the retention parameters estimated
by the LSER models for both stationary phases. GC-condition:(range): T;,;;=40-120 °C, rr=5-20 °C/min

Figure 4.4 shows the evaluation results of the simulations using the isothermal retention
parameters (iso) and the LSER estimated parameters (LSER). In conclusion, LSER data
from the literature also are suitable for recommendation of first temperature programs
for a GC separation. The procedure can reduce the workload for the chromatographer
during the optimization process since there is just a small number of substances, which
has to be measured by isothermal measurements to calibrate the system. Regarding on
benefits for other research e.g. environmental science the link between the K-centric
model and the LSER model can help to determine the LSER descriptors by temperature
programmed measurements using the simulation softwarel?3]. The data then can be used
to predict adsorption phenomena e.g. in soils or in food as well. There are still substances,
were no LSER descriptors are available for, e.g. triglycerides, which determination is

possible by simulation.

35



Chapter 4

36



Chapter 5

Concluding remarks and outlook

The benefits of simulating gas chromatographic separations have been sufficiently
demonstrated. With the establishment of the retention database, retention data for a
variety of compounds are now available for simulation. A standardized procedure was
introduced for determining retention parameters, and quality criteria were defined to
include these parameters in the database. This procedure can be applied by all method
developers to optimize their own gas chromatographic systems based on the determined
parameters. Particularly, the analysis of the distribution coefficient K respectively the
retention factor k against the temperature (‘In k over T plots’) and its description through
the distribution-centric three-parameter model (K-centric model) provides valuable

information for solving separation problems.

Relevant data for food analysis has been determined, for example, for polycyclic aromatic
hydrocarbons (PAHs), polychlorinated biphenyls (PCBs), fatty acid methyl esters
(FAMESs), and many other volatile compounds. In addition to public available retention
data from the literature a database was created. It is publicly accessible and can be
expanded successively. Currentlyl®Zl, the database contains 1872 entries with 353
substances on 25 stationary phases. The retention data are documented both as K-centric
data, directly readable in the Julia package ‘GasChromatographySimulator.jl'l>8], and as

ABC model data, making them usable by other GC simulation users[155455],

The simulation based on isothermal-determined retention parameters has proven to be
particularly robust. For most compounds, relative deviations of under 1% were achieved
in the investigated temperature programs. The database now provides enough retention
data to predict multidimensional separations such as comprehensive two dimmensional
GC (GCxGC) with thermal modulation. While retention times can already be predicted
with machine learning[4’], there are still some discrepancies. A simulation of 2D
separations, which considers the instrumental properties of the GC system such as
GasChromatographySimulator.jl, would be advantageous. A modular approach, allowing

the simulation of numerous GC columns and separations in sequence, serves as the basis.
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The results of one separation section are then used as input for the next simulation and
so on. First simulations of comprehensive GCXGC separations with thermal modulation
were presented at the 20 GCXGC Symposium in Canmore, Canada and the 51t
Lebensmittelchemietage in Bonn, Germany. For highly precise simulation of GCXGC the
modulator has to be described accurately. Typical modulation periods are about four
seconds with a hot jet interval of just some hundred milliseconds. An interesting question
is to know more about the intensity of the cooling effects onto the GC column during an
increasing temperature program and the same for the reheating period. For this purpose,
high resolution measurements of the temperature during the modulation period are
recommended to be performed. Furthermore, the simulation can be expanded to other

modulation technics such as flow modulation[96.97],

A more detailed examination of the elution temperature T, and the characteristic
temperature T.,,. led to the development of an estimation formula incorporating
temperature program parameters such as initial temperature and heating rate. The study
emphasizes the significance of the characteristic temperature as a tangible
chromatographic parameter directly related to elution order, elution temperature, and
therefore retention time for simple temperature programs. The calculation of retention
times was demonstrated using alcohols and phenones as samples. Regarding the
estimation of the characteristic temperature, an extended estimation range of up to 50 °C
was observed for volatile compounds (e.g. aroma compounds) compared to simple linear
considerations. In a second part, the estimation model was confirmed for additional
stationary phases, particularly addressing the influence of phase ratio on the model.
Simultaneously, this investigation paves the way to estimate K-centric parameters from
temperature-programmed measurements, potentially eliminating the need for laborious
isothermal measurements. RetentionParameterEstimator.jl®3! was released, utilizing
common optimization algorithms based on the Newton method for such estimation

programs.

Additionally, by linking the K-centric retention model with the Linear Solvent Energy
Relationships model (LSER, Abraham model), another pool of retention data for
simulation purposes was created. Thus, temperature-programmed measurements can
also be calculated based on substance-specific LSER descriptors. The temperature
dependence of the GC system describing LSER constants was examined, leading to an

empirical model describing this relationship and relating it to thermodynamic quantities.
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This provides insights into the contributions of enthalpy AH and entropy AS to different

types of interactions between analytes and the stationary phase.

Conversely, the simulation of gas chromatographic separation can be used to estimate
LSER substance data from simulation results. This information is not only valuable for gas
chromatography or analytical chemistry purposes but can also be useful for
environmental science in describing other adsorption phenomena, such as the
accumulation of a substance in soil, the tissue of an organism or migration from food onto

package materials and vice versal?7.98],

Additional approaches to estimate K-centric parameters could lie in the connection with
retention index data. Methods for retention index (RI) estimation already exist using
LSER datal®%] or graphical neural networks![27.99]. For RI data, there exist further databases
such as the RI data base of the National Institute of Standards and Technology (NIST)[31l
or Flavournet32l, Other chemometrical data, such as structural data like Chi indices, may
also be suitable for retention estimation using machine learning (ML) as shown by Minho
et al. and Mazraedoost et al.[6100], However, such Al-based approaches often do not
consider physico-chemical and instrumental relationships, making it preferable, from the

author's perspective, to always include or prioritize physical computational models.

The combination of determining retention parameters from temperature-programmed
measurements, substance databases, and predicting retention times can form the basis
for optimizing GC measurements in an automated workflow (auto-optimization). A
powerful algorithm could, for example, provide initial parameter estimates and propose
a temperature program suitable for solving the separation problem after injecting a
sample from a few test measurements. The simulation would then be evaluated based on
additional test measurements. The new measurement would provide another data point
for the parameter determination and propose another temperature program.
Standardized optimization approaches could be suitable, such as Design of Experiment

(DOE) [101] neural networks, and machine learning (ML)[102].
For such a system, it would be necessary to developing an

e automated peak detection
e automated optimization of the temperature program based on simulation
e interface between the software and the gas chromatographic system
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Machine learning-based approaches for optimization in liquid chromatography were
shown by Boelrijk et al.[103104], Struk et al.[105] presented a semi-automated approach for
GC. Support Vector Machines (SVM), Partial Least Square Discriminant Analysis (PLSDA)[48-
501 and Random Forest (RF)[51-53] are possible algorithms for the data processingl4>-47], A

first commercial available software for method development in HPLC is ChromSword[10¢],

The retention data and the simulation greatly benefit the development of methods for
complex samples. Complex samples include, for instance, aroma profiles or essential oils
with hundreds of analytes. If the retention data are known respectively determinable,
simulations are suitable to support the method development. This is evidenced by the
excellent results obtained with over 80 allergenic odorants and almost 40 FAMEs and all
the other compounds investigated. The ability to test various column geometries (e.g.
column length) through simulation is a significant advantage, as this cannot be done non-
destructively in the laboratory. The simulation reaches limitations when physico-
chemical behaviour is not considered in the retention models. The thermodynamic
models and thus the K-centric model exclusively consider ideal interactions between
analytes and the stationary phase, assuming the peak width is normal-distributed around
the retention time. Effects such as tailing or fronting are not considered by the simulation
model. Similarly, the temperature-dependent consideration does not include phase
transitions. For example, condensation effects of the analytes may occur due to cold spots
or intentional thermal modulation such as cold jet in two-dimensional gas
chromatography [192]. During the hot jet the analytes then regain mobility only gradually
by reheating. This would not be considered by the simulation model based on the K-
centric retention model and leading to deviations in retention time in the second
dimension(102], Experiments conducted within the project suggest that this could affect
the simulation of heavy volatile compounds such as PAHs in GCXGC. Further investigation
of the precise thermal conditions at the modulation site with suitably sensitive sensors

should be conducted.

However, using accurate simulation as a tool to support the method development process
of chemical analysis will become more import in the future not only in gas

chromatography.
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ABSTRACT: This work presents an open source database with suitable retention parameters for prediction and simulation of GC
separations and gives a short introduction to three common retention models. Useful computer simulations play an important role to
save resources and time in method development in GC. Thermodynamic retention parameters for the ABC model and the K-centric
model are determined by isothermal measurements. This standardized procedure of measurements and calculations, presented in
this work, have a useful benefit for all chromatographers, analytical chemists, and method developers because it can be used in their
own laboratories to simplify the method development. The main benefits as simulations of temperature-programed GC separations
are demonstrated and compared to measurements. The observed deviations of predicted retention times are in most cases less than
1%. The database includes more than 900 entries with a large range of compounds such as VOCs, PAHs, FAMEs, PCBs, or
allergenic fragrances over 20 different GC columns.

1. INTRODUCTION

Method developments in gas (liquid) chromatography can often
require a lot of time and resources. More efficient, less expensive,
and resource-saving perspectives are opened up by the use of
appropriate computer simulations to simplify the optimization
process and solve separation problems. In method development,
even simple retention models and calculations can be very
helpful, for example, to estimate elution orders, retention times,
or resolution. Retention models and simulations need
substance-specific retention parameters, for example, for the
model of Clarke and Glew' or the K-centric model of
Blumberg.>* Because the determination of those substance-
specific and stationary-phase-specific parameters is also
elaborate, it is constructive to collect them in databases and
share them with the scientific community.

There are other retention databases existing, such as the
retention index (RI) database for example of NIST® or the linear
solvation energy relationship (LSER) database of UFZ.° These
retention data are primarily suitable for prediction of retention
phenomena and the distribution in the chromatographic phases.
With K-centric data, the characteristic temperature may also be

© 2023 The Authors. Published by
American Chemical Society

7 ACS Publications

suitable for identification. Via simulation, those retention data
can also be used for prediction of retention indices similar to the
LSER approach.” The retention data presented in this work are
temperature-independent and can therefore be used for
prediction of temperature programs.® Therefore, compared to
the LSER’ approach K-centric retention data can describe the
change of retention factor k with the temperature.

This work presents an available open source retention
database for three common retention models and gives a short
overview for the calculation of the corresponding data. All three
retention models describe the temperature dependence of the
retention factor with different parameter sets and can be
converted into each other. To save the user of the database a
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conversion, the data for each of the three retention models are
presented in the corresponding parameter set, which is very
convenient. The benefit of the data, for example, for simulation
of GC separations is demonstrated. The standardized procedure
of the determination can be useful for every gas chromatogra-
pher or analytical chemist to get predictions for their own
measurements.

1.1. Thermodynamic Retention Model. In gas chroma-
tography, the partition of a solute between the mobile phase
(gas) and the stationary phase (liquid) is measured by the
distribution coefficient K, defined as the ratio of the
concentration of the solute in the stationary phase and in the
mobile phase. It can be measured by isothermal measurements
of the retention factor k and the phase ratio 8 of the column.

K = pk (1)

The distribution coeflicient K depends on the temperature T
and the Gibbs free energy AG of the evaporation of the solute
from the stationary phase.'”

AG )

K = exp( RT

)
with R being the molar gas constant. The Gibbs free energy AG
can be expressed by enthalpy AH and entropy AS changes of the
solute from the stationary into the mobile phase as

AG = AH — TAS 3)
and therefore

1 (AH As]
k= —exp - —
RT R 4)
Both AH and AS depend on the temperature T itself. To
compensate for this temperature dependency, a third parameter
AC, (change of the isobaric molar heat capacity) can be
introduced and the enthalpy AH, and entropy AS. at a
reference temperature T, are used. Equations 2 and 3 lead to
the classic van’t Hoff model and further to

AS AHre + AC (T - ’I;'e) AC
InK=—< _ f P { + —L1 T

n
RT R T

ref

©)
which can be converted in a 3-parameter model of Clarke and
Glew"" for curve fitting

IhK=A+ B +Cln[T)
T T (6)

It was shown'" that using a 3-parameter model results in a
better fit of k over a wider temperature range than using a 2-
parameter model with constant AH and AS.

The parameters A, B, and C can be converted to enthalpy
AH, ¢ and entropy AS . for a chosen reference temperature T,
and the change of the isobaric molar heat capacity AC,.

AHref = R(C’I;ef - B) (7)
’I;ef
AS,; = R|A + C + Cln| =L
g (8)
ACP = RC (9)

It seems reasonable to set up a model that normalizes its
reference variables to a certain temperature. In adsorption

phenomena, especially in chromatography, the distribution of an
analyte depends to a large extent on the temperature conditions
but not on the same temperature for each analyte. Choosing one
reference temperature T for all analytes leads to physically
meaningless conditions for substances with extreme retention,
such as highly volatile compounds or low volatile substances like
triglycerides. For chromatography, it is more appropriate to
normalize the model to the same distribution of the analyte over
the stationary phase, expressed by the distribution coefficient k!

A fully equivalent model to describe the distribution of a
solute between stationary and mobile phases in a 3-parameter
model is the distribution-centric 3-parameter model of
Blumberg,4 the short K-centric model. In this model, the
retention factor k of a solute in a GC system is defined by three
parameters:

® T, characteristic temperature

e 0

| har Characteristic thermal constant

o AC, change of the isobaric molar heat capacity (eq 7)

and the equation

AC, T T AC
Ink = [ P + char )( char 1) + p ln[ T )
R echar T R Tchar ( 10)

These parameters, especially T, and 6y, have a direct
chromatographic meaningful interpretation. The characteristic
temperature Ty, is the temperature, where In k = 0 and k = 1.*
At this temperature, the amount of the solute is evenly
distributed between stationary and mobile phases. The
characteristic thermal constant is the inverse declining slope of
the function In k(T) at T = T, Therefore, an increase of the
temperature around Ty, by O, reduces k by a factor of e &
2.72. The interpretation of AC, is not straightforward, but it
generally defines the deviation of k from a 2-parameter model for
temperature significantly lower/higher than T,

The parameters Ty Ochay and AC, are specific for the phase
ratio f3; used to determine these parameters. Using a column
with the same stationary phase but different phase ratio S,
requires a correction factor for the retention factor calculated
from eq 10.

I
k= 20k
B (11)

The retention factor k can be determined using the retention
time from the chromatogram at the known void time ty; of the
GC column, which is the time the carrier gas or a substance with
no retention requires to pass the column.

th, — t
Ink= ln[u]
tM

(12)
The void time ty; can be measured by detection of a non-
interacting gas, for example, methane or air. For wall-coated
cylindrical GC columns with length L, internal diameter d, and
temperature T, t; can also be determined with
Lo 128 I* o(T) r-r
= i To
3 & ¥ -p) (13)

where p; is the pressure at the inlet of the column, p, at the
column outlet, and 7 is the viscosity of the carrier gas.'’

https://doi.org/10.1021/acsomega.3c01348
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2. MATERIALS AND METHODS

2.1. Chemicals. To create the database, 260 substances were
measured, such as homologous alkanes, alcohols, ketones,
phenones, BTEXs, halogen-phenols, and others. Relevant
substances for the analytic in food and cosmetics were also
measured, for example, 37 FAMEs, 58 allergenic fragrances, 16
EPA-PAHs, 6 PCBs, 6 triglycerides, and other volatile
compounds. All used standard substances were purchased by
Sigma-Aldrich with a purity of higher than 99.9%. Therefore,
dilutions of the compounds were used to determine retention
parameters of these substances and to measure chromatograms
with different temperature programs.

2.2. Columns. Measurements for determination of the
retention parameters were performed on different GC
separation columns: 30 m X 0.25 mm X 0.25 ym Rxil7SilMS
(75% phenyl—25% methylpolysiloxane, Restek. USA), 30 m X
0.25 mm X 0.25 um RxiSSilMS (75% phenyl—25% methyl-
polysiloxane, Restek. USA), 30 m X 025 mm X 0.5 pm
RxiSSiIMS, and 10 m X 0.1 mm X 0.1 ym ZB-PAH-CT
(proprietary stationary phase, Phenomenex, USA). Void times
were measured with injections of air and detection of the oxygen
signal in the TOF-MS. The L/d ratios of the columns were
determined from void time measurements by using eq 13 and
are shown in Table 1.

Table 1. Determined L/d Ratios for the Investigated
Separation Columns

stationary d de
phase [mm]  [pm] L/d L [m]
Rxil7SilMS 0.25 0.28 120,889.6 + 170.4 30.222 + 0.043
RxiSSiIMS 0.25 0.25 121,606.8 + 1475.7 30.40 + 0.37
RxiSSilMS 0.25 0.5 119,084.0 + 1276.0 29.77 + 0.32
ZB-PAH-CT 0.1 0.1 102,300.0 + 4700.0 10.23 + 0.47

2.3. Instrumentals. A HP 6890 series GC system from
Hewlett Packard/Agilent with split/splitless injector (300 °C,
1:100 split ratio) coupled with a BenchTOF-dx time-of-flight
mass spectrometer from Markes, UK, was used. The allergen
fragrances on the Rxi17SilMS were measured using an internal
flame ionization detector of the GC (HP), with void time
measurements using methane. Carrier gas was helium with
purity of 99.9%. A PAL RSI Chronect Robotic autosampler
(CTC Analytics AG, Switzerland) was used for injection of 1 uL
of each sample. Isothermal measurements were made in the
range from 60 to 300 °C with 10 °C increments and a constant
flow of 1 mL/min of the carrier gas.

To validate the parameters, temperature-programed measure-
ments were performed on the HP 6890 GC and a flow field
gradient GC (FE-TG-GC)"* (HyperChrom SA, Luxembourg).
The measured chromatograms were compared to simulated
data.

2.4. Literature Data. 13 data sets with retention parameters
were found in the literature. Table 2 gives an overview about the
size of the data sets, the number of compounds and columns that
are included, and the reference of the literature.

2.5. Software. For calculation of void times and In k values,
MS Office Professional Plus 2019 Excel was used. All other
calculations were performed in a Pluto notebook™ using the
programming language Julia.** The notebook is available in the
project “RetentionData” via GitHub.”> For robust fitting and
outlier detection, the package RAFF.jl was used.”® For linear and
multivariate fits, the package LsqFit.jl was used.””** Simulation

Table 2. Data sets with Retention Data Found in the
Literature That are Included in the Database

data size of data number of number of

set set compounds columns references
1 88 88 1 13
2 47 45 1 14
3 S S 1 3
4 7 1 15
S S1 17 3 11
6 22 22 1 2
7 76 12 3 16
8 6 6 1 17
9 25 11 3 18
10 11 11 1 19
11 25 19 1 20
12 34 16 2 21
13 135 19 8 22

of GC separations and chromatograms were performed with the
open source software GasChromatographySimulator.jl.> De-
tailed information to the simulation can be found elsewhere.”

3. CREATION OF THE DATABASE

3.1. Calculations and Processing Steps. A schematic
overview of the calculation and processing steps is given in
Figure 1.

K-centric parameters of each compound were determined by
fitting the In k values, calculated by eq 12, against the
temperature of the investigated temperature range by using
the K-centric model by Blumberg (eq 10) (see Figure 1 no. 1).

K-centric parameters were converted into the ABC
parameters using eq 14 (see Figure 1 no. 3) with knowledge
of nominal 8.*

T, AC T,
A= ln/)’ _ char P 1+1In char )
achar R Ti
2
B = % h, C= ﬁ
R Hchar R (14)

Enthalpy AH, ¢ and entropy AS,. were determined from the
ABC parameters by using eq 7 and 8, respectively, with a
reference temperature of 90 °C (Figure 1 no. 5). 90 °C for T,
was chosen because other the literature data are determined at
these reference temperatures. With T, = Ty, the K-centric
equivalents AH,,, and ASg,, enthalpy, and entropy at the
solute specific characteristic temperature were determined,
which are more meaningful for chromatography.*

Data from the literature were converted into K-centric
parameters by using the following steps (Figure 1 no. 2).

ABC parameters can be converted to K-centric data by using
eqs 15 and 16* (Figure 1 no. 4).*

—-B B
’I;ha: =N gchar = 2 s
W (x) 0+ W(x)W(x)
C#0 (15)
with
_BeA/C
*= 1/C
CLp (16)
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Data Processing
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Figure 1. Schematic overview of the main tasks for calculation and converting of the retention parameters and creation of the database.

where T; = 1 K and W(x) is the Lambert W function (also
known as product log function). Per definition, the argument x
has to be larger than —1/e. The Lambert W function has two
branches W, and W_,, as shown in Supporting Information,
Figure S1. All data so far, show that only the branch W_, is used;
therefore, the value of x, eq 16, has to be between —1/¢ and 0.

With knowledge of the reference temperature T, thermody-
namic data as AS.; and AH, can be converted into ABC
parameters® (Figure 1 no. 6). As shown above, they can be
converted into K-centric data (Figure 1 no. 4).

3.2. Validation and Quality Control. The calculated
values have to be validated (Figure 1 no. 7). For acceptance of
the compound data the following criteria are defined:

(a) The data set includes three data points as minimum for
non-linear multivariate fit, ideally four data points or
more. As a recommendation, the data should contain
points around In k = 0 to achieve accurate fitting results.

(b) In k values range between —2.0 and 3.5, too high In k
values are associated with too broad peaks, increased
signal-to-noise, and inaccurate retention times. Since low
In k values often result in analyte peaks merging into the
solvent peak, retention does not only depend on the
stationary phase.

(c) 0< 64, <100, a negative 0., cannot be accepted because
it would mean that a temperature increase leads to higher
retention times than to lower. Based on available data, the
parameter O, tends to be lower than 100 °C, in most
cases around 30 °C."°

(d) T > —273.15 °C, a value of Ty, below the absolute
zero is not possible.

(e) C >0, negative C shows a lower bending of the fit curve,
the curve becomes more linear and causes also to the
wrong branch of the Lambert W function (Wj).

(f) A <0,based on available data the parameter A tends to be
negative.

(g) W(x) < —1and —1/e < x < 0, data are inacceptable if the
value of the argument x of the Lambert W function gets
lower than —1/e or W(x) > —1. Available data shows a

value of W(x) lower than —1 and is on the W_, branch,
therefore —1/e < x < 0.

Data that failed one of the criteria will be flagged in the
database. The reason of the failure will be documented.

To create the final database after validation as shown in Figure
1 no. 8, the parameters of each compound related to the
stationary phase are collected in a table. For many substances, a
substance category is added, for example “n-alkanes” for
homologous series of alkanes, “FAMEs” for fatty acid methyl
esters (FAMEs), or “Grob”, if the substance is part of the Grob
mix for evaluation of GC columns. The structure of the final
table is shown in Table 3.

4. RESULTS AND DISCUSSION

4.1. Determined Parameters. The determined retention
factors from isothermal measurements are plotted against the
isothermal temperature. The detailed In k values for each
compound can be found in the GitHub project.”® The internet
link to the data is available in the Supporting Information. The
plots and fits as In k over T for allergenic compounds, 16 EPA-
PAH, FAMEs, and triglycerides on the Rxi17SilMS are shown in
Figure 2. The determined retention parameters for the
thermodynamic model, the ABC model and the K-centric
model are shown in the Supporting Information. A selection is
shown in Table 3. The value of N gives the number of
measurements for the fit of each compound.

Figure 3 shows the relationship between the characteristic
temperature T, and the characteristic thermal constant 8,
and to AC,. The general relationship is consistent with
observations of Blumberg.'” A strong influence of different
phase ratios on the correlation of 84, on T,,,, as described in ref
8 could not be observed in this data. Interactive 3D figures of the
K-centric and the ABC parameters can be found in Supporting
Information, Figures S3 and S4. The ABC data show a nearly
straight line in the parameter space. In the parameter space of all
three K-centric parameters, a general trend can be estimated,
whereas some compounds from comparable substance classes
show characteristic regions in the space, Figure 3. Aliphatic

https://doi.org/10.1021/acsomega.3c01348
ACS Omega 2023, 8,19708-19718

59



09

81/61-80461 '8 '€20C pbawQ SOV

L6l

8r€102gebaW0sde/1Z0101L/BI0"10p//:sdNy

name

cinnamaldehyde

farnesol A

farnesol B

geraniol

glyceryl tridecanoate

glyceryl trihexanoate

glyceryl trilaurate

glyceryl trimyristin

glyceryl trioctanoate

glyceryl tripalmitin

iso E super A

iso E super B

iso E super C

iso E super D

limonene

linalool

PCB 101

PCB 138

PCB 153

PCB 180

PCB 28

PCB 52

benz[a]anthracene

benzo[g,h,i]perylene

dibenzo[a,h]anthracene

indeno(1,2,3-cd]pyrene
name

cinnamaldehyde

farnesol A

farnesol B

geraniol

glyceryl tridecanoate

glyceryl trihexanoate

glyceryl trilaurate

glyceryl trimyristin

glyceryl trioctanoate

glyceryl tripalmitin

iso E super A

iso E super B

iso E super C

iso E super D

limonene

CAS
104-55-2
4602-84-0
4602-84-0
106-24-1
621-71-6
621-70-5
538-24-9
555-45-3
538-23-8
555-44-2
54464-
54464-
54464-
54464-
138-86-3
78-70-6
37680-
35065-
35065-
35065-29-3
7012-37-S
35693-
56-55-3
191-24-2
53-70-3
193-39-§

CAS
104-55-2
4602-84-0
4602-84-0
106-24-1
621-71-6
621-70-5
538-24-9
555-45-3
538-23-8
555-44-2
54464-
54464-
54464-
54464-
138-86-3

phase

Rxil7SilMS
Rxil7SilMS
Rxil7SilMS
Rxil7SilMS
Rxi17SilMS
Rxi17SilMS
Rxi17SilMS
Rxi17SilMS
Rxi17SilMS
Rxi17SilMS
Rxi17SilMS
Rxil7SilMS
Rxil7SilMS
Rxil7SilMS
Rxil7SilMS
Rxil7SilMS
RxiSSiIMS
RxiSSilMS
RxiSSilMS
RxiSSilMS
RxiSSilMS
RxiSSilMS
7B-PAH-CT
ZB-PAH-CT
7ZB-PAH-CT
7ZB-PAH-CT

phase
Rxil7SilMS
Rxil17SilMS
Rxil7SilMS
Rxi17SilMS
Rxil7SilMS
Rxil7SilMS
Rxil7SilMS
Rxil7SilMS
Rxil7SilMS
Rxil7SilMS
Rxi17SilMS
Rxil7SilMS
Rxi17SilMS
Rxi17SilMS
Rxi17SilMS

Po
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.002
0.002
0.002
0.002
0.002
0.002
0.001
0.001
0.001
0.001

Po
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001

A

—82.062
—108.94
—143.29

—88.825
—394.74
—188.84
—543.67
—655.14
—211.38
—493.02

—94.965

—96.736

—96.021
—101.18

—75.098

—83.176
—111.16
—107.39
—106.02

—95.041
—101.55
—108.61

—17.543

—15.308

—93.497

—5§5.231

T,

char

174.33
210.18
218.35
150.5

357.50
279.28
393.69
471.37
318.75
556.97
21341
214.72
217.20
218.27
106.20

error,

0.65699
5.95§
4.9454
2.3832
65.672
20.960
127.33
198.66
27.344
661.79
2.4567
3.5892
5.5070
5.3862
4.3818
2.6778
0.85969
2.4739
3.2438
5.9211
2.2747
2.3285
48.568
13.044
26.461
39.696
errory,

0.012622
0.075096
0.069363
0.032493
1.20
0.36766
3.3938
130.28
0.27448
5727.5
0.043614
0.025811
0.046149
0.047197
0.05929

B

10,505
13,698
15,819
10,625
41,657
22,064
55,893
66,369
25,948
53,703
12,303
12,420
12,334
12,802
83,93.5
95,08.6
14,804
15,187
14,985
14,747
13,300
14,057
9795.2
10,841
16,475
13,583

0,

char
34.497
33.545
35.982
31.082
44.375
35.679
54.435

274.27

35.386

5634.7
37.083
37.385
38.245
37.694
30.903

Table 3. Structure of the Retention Database and Determined Values of the Retention Parameters of a Selection of Allergenic Fragrances, Triglycerides, PCBs, and PAHs

a

errorg C errorc AH, ¢ IO H, AS,¢ CITOTAS ¢ Teet
41.611 10.503 0.092476 —55,627 74.286 —80.181 0.17972 90
402.29 13.933 0.82925 —71,825 876.98 —107.01 2.0583 90
337.2 18.806 0.68763 —74,741 757.59 —113.34 1.7679 90
143.78 11.451 0.33807 —53,770 199.92 —82.087 0.49881 90
5590.7 51.841 8.8180 —189,820 20186 —310.16 41.164 90
1588.2 24.456 2.8654 —109,610 4636.7 —168.13 10.181 90
11394 71.568 16.969 —248,630 44256 —417.58 87.316 90
27435 86.428 25.872 —290,860 181970 —492.57 265.34 90
2197.4 27.112 3.7033 —133,880 7159.8 —203.29 15.197 90
529250 64.545 23.508 —251,620 4398400 —399.00 5293.9 920
167.07 12.154 0.34177 —65,595 375.22 —92.836 0.87513 90
243.95 12.407 0.49917 —65,801 531.2 —93.049 1.2494 90
376.07 12.331 0.7653S —65,315 833.99 —91.485 1.9543 90
368.57 13.014 0.74834 —67,148 823.79 —-95.219 1.9272 90
240.6 9.8499 0.63146 —40,046 205.41 —59.733 0.5424S 90
151.66 10.803 0.38383 —46,441 140.04 —72.290 0.36234 90
66.924 14.179 0.11708 —80,277 209.05 —111.41 0.44911 90
200.61 13.561 0.33499 —85,325 685.92 —115.53 1.4259 90
260.39 13.377 0.43993 —84,199 874.59 —114.60 1.8301 90
489.4 11.783 0.79956 —87,035 1731 —114.72 3.5510 90
169.51 13.001 0.31176 -71,330 474.46 —98.992 1.0547 90
175.54 13.925 0.31859 —74,832 506.49 —104.77 1.1160 90
3816.2 0.92277 6.6114 —78,656 12497 —92.960 26.368 90
1128.3 0.57344 1.7504 —88,404 4257.1 —94.403 8.4867 90
2300.0 11.327 3.5481 —10,2780 8853.9 —128.05 17.501 90
3436.5 6.0911 5.3263 —94,547 13175 —110.03 26.091 90
errory, A CP 2 rrorACP VH,,, oty py, ASg4,, erroryg,
0.025762 87.329 0.76889 —48262 36.144 —61.944 0.0806
0.16568 115.85 6.8948 —57,903 286.56 —73.892 0.59201
0.15936 156.36 5.7173 —55,141 244.72 —66.971 0.50020
0.067725 95.209 2.8109 —48,010 104.87 —67.417 0.24708
2.8054 431.03 73.317 —74,520 4719.7 —72.25S 7.4737
0.53451 203.34 23.824 =71,117 1069.6 —82.828 1.9305
8.6086 595.05 141.09 —67,920 10764 —55.946 16.116
2095.4 718.60 215.11 —16,804 128520 23.337 172.49
0.54949 22542 30.791 —82,318 1280.5 —93.167 2.1606
17350000 536.66 195.45 —10,16.8 3131000 44.683 3771.7
0.092552 101.05 2.8417 —53,123 133.03 —63.273 0.27289
0.084073 103.16 4.1503 —52,935 119.17 —62.594 0.24407
0.14648 102.52 6.3635 —52,274 200.45 —60.696 0.40842
0.14396 108.20 6.222 —53,269 203.7 —62.489 0.41412
0.1486 81.897 5.2502 —38,719 186.58 —56.158 0.49107
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Table 3. continued

name
linalool

PCB 101

PCB 138

PCB 153

PCB 180

PCB 28

PCB 52
benz[a]anthracene
benzo[g,h,i]perylene
dibenzo[a,h]anthracene

indeno[1,2,3-cd]pyrene

name

cinnamaldehyde
farnesol A

farnesol B

geraniol

glyceryl tridecanoate
glyceryl trihexanoate
glyceryl trilaurate
glyceryl trimyristin
glyceryl trioctanoate
glyceryl tripalmitin
iso E super A

iso E super B

iso E super C

iso E super D
limonene

linalool

PCB 101

PCB 138

PCB 153

PCB 180

PCB 28

PCB 52
benz[a]anthracene
benzo[g,h,i]perylene
dibenzo[a,h]anthracene

indeno[1,2,3-cd]pyrene

CAS
78-70-6
37680-
35065-
35065-
35065-
7012-37-S
35693-
56-55-3
191-24-2
53-70-3
193-39-§

CAS
104-55-2
4602-84-0
4602-84-0
106-24-1
621-71-6
621-70-S
538-24-9
555-45-3
538-23-8
555-44-2
54464-57-2
54464-57-2
54464-57-2
54464-57-2
138-86-3
78-70-6
37680-73-2
35065-28-2
35065-27-1
35065-29-3
7012-37-§
35693-99-3
56-55-3
191-24-2
53-70-3
193-39-S

phase

Rxil7SilMS
RxiSSilMS
RxiSSiIMS
RxiSSilMS
RxiSSiIMS
RxiSSilMS
RxiSSiIMS
ZB-PAH-CT
ZB-PAH-CT
ZB-PAH-CT
ZB-PAH-CT

phase

Rxi17SilMS
Rxi17SilMS
Rxi17SilMS
Rxi17SilMS
Rxi17SilMS
Rxi17SilMS
Rxi17SilMS
Rxi17SilMS
Rxil7SilMS
Rxi17SilMS
Rxi17SilMS
Rxi17SilMS
Rxi17SilMS
Rxil7SilMS
Rxi17SilMS
Rxi17SilMS
RxiSSiIMS
RxiSSilMS
RxiSSiIMS
RxiSSiIMS
RxiSSilMS
RxiSSiIMS
ZB-PAH-CT
ZB-PAH-CT
ZB-PAH-CT
ZB-PAH-CT

Po
0.001
0.002
0.002
0.002
0.002
0.002
0.002
0.001
0.001

char

120.72
294.81
318.7

312.08
330.90
269.33
276.10
296.00
359.69

0.001 362.95
0.001 359.73

Po
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.002
0.002
0.002
0.002
0.002
0.002
0.001
0.001
0.001
0.001

z

O O o @«

error,
Tehar

0.029744
0.02345$
0.12712
0.16064
0.3318S
0.052128
0.050548
2.5171
0.82067
2.0216
3.0879
R?

1
0.99999
0.99999
1
0.99636
0.99968
0.99883
0.99916
0.99958
0.99897
1

_ e e e e e

1
0.99999
0.99999
0.99999
0.99975
0.99999
0.99994
0.9996

0,

char

29.529
47.780
48915
47.854
47.826
47.105
47.072
34.944
38222
43.648
41.172

s

6.5340 X
3.6088 X
5.2339 X
2.2404 X
8.3195 X
9.3626 X
3.9493 X
9.1803 X
1.4787 X
3.4491 X
2.7114 X
4.5734 X
1.0752 X
1.0279 X
4.0222 X
1.7043 X
5.0424 x
4.0017 X
4.1581 X
8.5642 X
5.4783 X
6.5045 X
1.5696 X
7.7010 X
3.1643 X
4.1942 X

107°
107¢
1073
1078
107°
107°
1073
1073
1073
107
1073

€Irory, b
‘char

0.067299
0.053172
0.20645
0.25766
0.48932
0.085008
0.10184
2.3759
0.71626

2.0490
2.7876

2

X

1.3068 x
72175 X
8.7231 X
3.7340 X
3.9617 X
8.5115 X
3.9493 X
9.1803 X
8.6984 x
5.7485 X
3.8735 X
1.1434 x
2.6879 X
2.5697 X
2.0111 X
3.4086 X
7.2034 X
5.0021 X
5.9401 X
14274 X
6.8479 X
72273 X
3.1392 X
1.5402 x
6.3287 X
3.4952 X

1077

107¢
1073
107
10°¢
107*
1073
10°°
107*

AC,

89.817
117.89
112.75
111.22

97.972
108.10
115.78

7.6724

4.7678
94.176
50.644

source

this work
this work
this work
this work
this work
this work
this work
this work
this work
this work
this work
this work
this work
this work
this work
this work
this work
this work
this work
this work
this work
this work
this work
this work
this work
this work

erroryc,

3.1914
0.97344
2.7853
3.6578
6.6479
2.5921
2.6489
54.97
14.553
29.501
44.285

6,

char

6,

char

vH,

char
—43,682
—56,132
—59,539
—59,502
—63,433
—51,944
—53,285
—77,075
—87,118
77,076
—80,886

flag

> 100 °C

> 100 °C

“For each entry, N gives the number of measurement points which were used for the fit. ¢, is the dimensionless film thickness with ¢, = 1/4f.

lil'l‘OrAHchar

99.774
62.638
252.59
322.03
652.73
94.272
115.7
5284.5
1648.1

3651.2
5533.2
category 1

aldehyde

allergenic fragrances
allergenic fragrances
terpene

triglyceride
triglyceride
triglyceride
triglyceride
triglyceride
triglyceride
allergenic fragrances
allergenic fragrances
allergenic fragrances
allergenic fragrances
terpene

allergenic fragrances
PCB

PCB

PCB

PCB

PCB

PCB

PAH

PAH

PAH

PAH

AS,. erroryg,
—64.996 0.25290
—58.687 0.11006
—60.45S 0.42514
—61.532 0.54816
—64.868 1.0760
—55.609 0.1730S
—56.871 0.21008
—89.513 9.2267
—91.755 2.5859
—75.261 5,7012
—81.899 8.6760
category 2

allergenic fragrances

allergenic fragrances

allergenic fragrances

terpene
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Figure 2. Determined In k values over T with fits of the K-centric model for each substance for a selection of allergen fragrances (A), EPA-PAHs (B),
FAME:s (C), and triglycerides (D) on Rxil7SilMS (8 = 250) as the stationary phase.
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Figure 3. Relationships between K-centric parameters and influence of substance category. 2D projection from the 3D parameter space for T, against

Ohar (A) and AC, against Ty, (B).
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Figure 4. PCA for all three K-centric parameters of different compound categories. PC1 explains 82.7% of the data and variance explained = 99.6562.

Table 4. Data sets After the Validation Process Including the
Literature Data and Own Determined Data

size of data set  size of data number

data before after number of of

set validation validation ~ compounds columns references
1 88 88 88 1 13
2 47 47 45 1 14
3 S S S 1 3
4 7 7 7 1 15
S 51 S1 17 3 11
6 22 22 22 1 2
7 76 76 12 3 16
8 6 6 6 1 17
9 25 25 11 3 18
10 11 11 11 1 19
11 25 0 0 0 20
12 34 29 15 2 21
13 135 117 19 8 22
14 32 22 16 2 this work
15 85 8§ 70 1 this work
16 358 351 128 3 this work
Total 1031 967 289 20

compounds such as n-alkanes, n-alcohols, or FAMEs lie in other
regions than aromatic compounds such as PAHs, PCBs, or
dioxins but even high volatiles like BETXs. The region of the
triglycerides is close to FAMEs. Glyceryl trimyristin and glyceryl
tripalmitin did not pass the validation because their arguments x
of the Lambert W function are x < —1/e. A problem during the
determination are data measured at high temperature far away
from In k = 0, if the parameters, especially T,,,,, are determined
as extrapolation with high standard errors. This can be observed
for triglycerides but for some PAHs as well.

A principal compound analysis (PCA) provides a model that
can describe the relationships between the K-centric parameters,
Figure 4. PCA of the ABC parameters reduces the data to one
principal compound (variance explained = 99.9985%), which is
close to the approximately linear trend that could be observed.
These PCA models can also be used for further validation of new
data and exclusion of data from the database.
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Figure S. Distribution of different substance categories included in the
database (absolute values, substances).

4.2. Results of the Validation Process. Table 4 shows the
final data sets after the validation process. The total size of the
database was reduced from 1031 to 967 listings. It is notable,
that all of the compounds found by Stevenson et al., did not pass
the validation.”® This data, obtained by temperature-programed
rather than isothermal measurements, show nearly linear In k
over T curves, so that the Lambert W criteria could not be
accepted. A similar trend is observed for some of the PAHs
measured on the ZB-PAH-Column, which also show very linear
curves in the investigated conditions. Figure 5 shows the primary
substance categories and the number of compounds in the final
database. To review the quality of the determined data, in the
next step randomized GC measurements were performed and
compared to simulated chromatograms.

4.3. Benefit of the Data. The data can be used for
prediction and simulation of GC separations. The determined
characteristic temperatures of the substances can be directly

https://doi.org/10.1021/acsomega.3c01348
ACS Omega 2023, 8, 19708-19718
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——— measurement
simulation

20 30

time in min

Figure 6. Measured and simulated chromatogram of a temperature-programed GC separation of 16 polycyclic aromatic hydrocarbons (EPA-PAH) on
aRxi17SilMs. GC conditions: T = 70 °C; first ramp: 20 °C/min, T} = 150 °C, hold time = § min; second ramp: 12 °C/min, T, = 250 °C, hold time =
2 min; third ramp: 15 °C/min, T4 = 360 °C, hold time = 5 min, rmse = 0.1425 min.

—— measurement
simulation
T l"i\llf Il
0 é AIl é EIB 1‘0 1I2 1I4
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Figure 7. Measured and simulated chromatogram of a temperature-programed GC separation of FAMEs on a RxiSSilMs. GC conditions: T;

first ramp: 20 °C/min, T,,q = 300 °C, rmse = 0.03532 min.

=60°C,

init

used to estimate the general elution order of a composition.
Most compounds elute in order of their characteristic
temperatures. For close Ty, values, the values of 6, and
heating rates also have influence on the elution order.*
Simulated chromatograms of PAHs and FAMEs compared to
measurements on the same GC system are shown in Figures 6
and 7. As demonstrated the simulations well accords to
measurements. The average deviation for each compound is
less than 1%. The rmse (root-mean-square error) is 0.1425 min
for the PAHs and 0.03532 min for the FAMEs. Figure 8 shows a
simulation computed by ABC retention parameter from the
literature'* on a RxiS compared to measurements on our own
GC system on a RxiSSiIMS. These two stationary phases are
similar but do not have exactly same composition; however, the
deviations between the retention times for n-alkanes are almost

less than 2%, which are almost equivalent to a shift by one to
three peak widths. In this case, the data are transferable to
different GC systems. To check the transferability of the data
from one GC system to another, the authors are highly
interested in data from the community to compare retention
data for similar compounds and phases. As another example for a
transferability, the simulation is also suitable for prediction of
fast GC measurements such as FE-TG-GC.” Measurements with
PAHs* on a FE-TG-GC system show a good match of elution
order but a systematic shift in retention times, which result by a
lack of knowledge of the exact gradient profile and the different
used GC system. A simulation of FF-TG-GC measurements of
PAHs compared to measurements is shown in Supporting
Information, Figure SS.

https://doi.org/10.1021/acsomega.3c01348
ACS Omega 2023, 8, 19708-19718
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Figure 8. Measured chromatogram of n-alkanes (C8—C20) on a RxiSSilMS compared to simulation by using ABC retention parameters from Gaida et
1.™ on RxiS. GC conditions: T, = 40 °C, first ramp: 10 °C/min, T,q = 300 °C, rmse = 0.2646 min.

5. CONCLUSIONS

The retention parameter for a huge number of compounds, for
example, allergenic fragrances, PAHs, FAMEs, and other volatile
substances were determined and collected in a database. The
presented calculation procedure is even suitable for method
developers on their own GC systems to generate own databases
for simple predictions. The presented database now includes
data for more than 280 substances on up to 20 different
stationary phases. The full database is available at GitHub
https://github.com/JanLeppert/RetentionData.>* The data are
suitable for prediction, simulation, and optimization of GC
separations.

To reduce the elaborate isothermal measurements, further
investigations will focus on development of easier estimation
methods for the retention parameters than via isothermal
measurements. The most important K-centric parameter T,
can be well-estimated from the elution temperature. Similar to
the estimations of RI or boiling points from LSER data’ from the
literature, the other K-centric parameters can also be estimated.
First results are promising. With suitable optimization
algorithms, efficient estimates by simulation will be possible
from temperature-programed measurements .

B ASSOCIATED CONTENT

@ Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsomega.3c01348.

Plot of Lambert W function, In k values of measurements,
3D plots of retention parameters, chromatograms, and
results of PCA (PDF)

Databases described in this work before and after

validation, and new data measured without any literature
data (XLS)

Bl AUTHOR INFORMATION

Corresponding Author
Tillman Brehmer — Institute of Nutritional and Food Sciences,
Food Chemistry, University of Bonn, $311S Bonn, Germany;

orcid.org/0000-0001-7252-3589; Email: brehmer@uni-
bonn.de

Authors

Benny Duong — Institute of Nutritional and Food Sciences,
Food Chemistry, University of Bonn, S3115 Bonn, Germany

Manuela Marquart — Institute of Nutritional and Food Sciences,
Food Chemistry, University of Bonn, 53115 Bonn, Germany

Luise Friedemann — Institute of Nutritional and Food Sciences,
Food Chemistry, University of Bonn, 53115 Bonn, Germany;
Department for Applied Sciences, Hochschule Bonn-Rhein-
Sieg, 53359 Rheinbach, Germany

Peter J. Faust — Institute of Nutritional and Food Sciences, Food
Chemistry, University of Bonn, 53115 Bonn, Germany;
HyperChrom GmbH Germany, 53115 Bonn, Germany

Peter Boeker — Institute of Nutritional and Food Sciences, Food
Chemistry, University of Bonn, S3115 Bonn, Germany;
HyperChrom GmbH Germany, $3115 Bonn, Germany

Matthias Wiist — Institute of Nutritional and Food Sciences,
Food Chemistry, University of Bonn, $311S Bonn, Germany;

orcid.org/0000-0001-6808-5555

Jan Leppert — Institute of Nutritional and Food Sciences, Food

Chemistry, University of Bonn, S311S Bonn, Germany;
orcid.org/0000-0001-8857-8103

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsomega.3c01348

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

This research work was funded by the German Research Agency
(DFG), grant 452897652.

B REFERENCES

(1) Clarke, E. C. W.; Glew, D. N. Evaluation of thermodynamic
functions from equilibrium constants. Trans. Faraday Soc. 1966, 62,
539.

https://doi.org/10.1021/acsomega.3c01348
ACS Omega 2023, 8, 19708-19718

65



Appendix

ACS Omega

http://pubs.acs.org/journal/acsodf

(2) Leppert, J.; Miiller, P. J.; Chopra, M. D.; Blumberg, L. M.; Boeker,
P. Simulation of spatial thermal gradient gas chromatography. J.
Chromatogr. A 2020, 1620, 460985.

(3) Hou, S.; Stevenson, K. A. J. M.; Harynuk, J. J. A simple, fast, and
accurate thermodynamic-based approach for transfer and prediction of
gas chromatography retention times between columns and instruments
Part I: Estimation of reference column geometry and thermodynamic
parameters. J. Sep. Sci. 2018, 41, 2544—2552.

(4) Blumberg, L. M. Distribution-centric 3-parameter thermodynamic
models of partition gas chromatography. J. Chromatogr. A 2017, 1491,
159-170.

(5) Babushok, V. L; Linstrom, P. J.; Reed, J. J.; Zenkevich, L. G;
Brown, R. L.; Mallard, W. G.; Stein, S. E. Development of a database of
gas chromatographic retention properties of organic compounds. J.
Chromatogr. A 2007, 1157, 414—421.

(6) Ulrich, N.; Endo, S.; Brown, T. N.; Watanabe, N.; Bronner, G.;
Abraham, M. H.; Goss, K.-U. UFZ-LSER database v 3.2 [Internet].
http://www.ufz.de/Iserd (accessed Apr 19, 2023).

(7) Ulrich, N.; Schiiiirmann, G.; Brack, W. Prediction of gas
chromatographic retention indices as classifier in non-target analysis
of environmental samples. J. Chromatogr. A 2013, 1285, 139—147.

(8) Blumberg, L. M. Chromatographic parameters: Characteristic
parameters of solute retention - an insightful description of column
properties. J. Chromatogr. A 2022, 1685, 463594.

(9) Poole, C. F. Solvation parameter model: Tutorial on its application
to separation systems for neutral compounds. J. Chromatogr. A 2021,
1645, 462108.

(10) Blumberg, L. M. Temperature-programmed Gas Chromatography;
Wiley-VCH, 2010.

(11) Karolat, B.; Harynuk, J. Prediction of gas chromatographic
retention time via an additive thermodynamic model. ]. Chromatogr. A
2010, 1217, 4862—4867.

(12) Boeker, P.; Leppert, J. Flow field thermal gradient gas
chromatography. Anal. Chem. 2015, 87, 9033—9041.

(13) Boswell, P. G.; Carr, P. W.; Cohen, J. D.; Hegeman, A. D. Easy
and accurate calculation of programmed temperature gas chromato-
graphic retention times by back-calculation of temperature and hold-up
time profiles. J. Chromatogr. A 2012, 1263, 179—188.

(14) Gaida, M.; Franchina, F. A, Stefanuto, P.-H.; Focant, J.-F.
Modeling approaches for temperature-programmed gas chromato-
graphic retention times under vacuum outlet conditions. J. Chromatogr.
A 2021, 1651, 462300.

(15) Hou, S.; Stevenson, K. A. J. M.; Harynuk, J. J. A simple, fast, and
accurate thermodynamic-based approach for transfer and prediction of
gas chromatography retention times between columns and instruments
Part III: Retention time prediction on target column. J. Sep. Sci. 2018,
41,2559-2564.

(16) McGinitie, T. M.; Karolat, B. R;; Whale, C.; Harynuk, ]J. J.
Influence of carrier gas on the prediction of gas chromatographic
retention times based on thermodynamic parameters. J. Chromatogr. A
2011, 1218, 3241—3246.

(17) McGinitie, T. M.; Harynuk, J. J. Considerations for the
automated collection of thermodynamic data in gas chromatography.
J. Sep. Sci. 2012, 35, 2228—2232.

(18) McGinitie, T. M.; Ebrahimi-Najafabadi, H.; Harynuk, J. J. Rapid
determination of thermodynamic parameters from one-dimensional
programmed-temperature gas chromatography for use in retention time
prediction in comprehensive multidimensional chromatography. J.
Chromatogr. A 2014, 1325, 204—212.

(19) McGinitie, T. M.; Ebrahimi-Najafabadi, H.; Harynuk, J. J. A
standardized method for the calibration of thermodynamic data for the
prediction of gas chromatographic retention times. J. Chromatogr. A
2014, 1330, 69—73.

(20) Stevenson, K. A. J. M.; Blumberg, L. M.; Harynuk, J. J.
Thermodynamics-based retention maps to guide column choices for
comprehensive multi-dimensional gas chromatography. Anal. Chim.
Acta 2019, 1086, 133—141.

(21) Stultz, C.; Jaramillo, R;; Teehan, P.; Dorman, F. Comprehensive
two-dimensional gas chromatography thermodynamic modeling and

19718

selectivity evaluation for the separation of polychlorinated dibenzo-p-
dioxins and dibenzofurans in fish tissue matrix. J. Chromatogr. A 2020,
1626, 461311.

(22) Ulrich, N.; Miihlenberg, J.; Retzbach, H.; Schiiirmann, G.;
Brack, W. Linear solvation energy relationships as classifiers in non-
target analysis - a gas chromatographic approach. J. Chromatogr. A
2012, 1264, 95—103.

(23) van der Plas, F.; Dral, M.; Berg, P.; Georgakopoulos, P.; Huijzer,
R.; Bochenski, N.; Mengali, A.; Lungwitz, B.; Burns, C.; Priyashan, H.;
Ling, J.; Zhang, E.; Schneider, F. S. S.; Weaver, I; Rogerluo; Kadowaki,
S.; Wu, Z,; Gerritsen, J.; Novosel, R;; Supanat; Moon, Z.; Luis-mueller;
Abbott, M.; Bauer, N.; Bouffard, P.; Terasaki, S.; Polasa, S.
TheCedarPrince fonsp/Pluto.jl: v0.19.14; Zenodo, 2022.

(24) Bezanson, J.; Edelman, A.; Karpinski, S.; Shah, V. B. Julia: A Fresh
Approach to Numerical Computing. SIAM Rev. 2017, 59, 65—98.

(25) Leppert, J.; Brehmer, T. RetentionData: v0.2.0, 2023. https://
github.com/JanLeppert/RetentionData (accessed Apr 19, 2023).

(26) Castelani, E.; Lopes, R.; Shirabayashi, W.; Sobral, F. RAFF.jl:
Robust Algebraic Fitting Function in Julia. . Open Source Softw. 2019, 4,
138s.

(27) White, J. M; et al. LsgFitjl, 2012. https://github.com/
JuliaNLSolvers/LsqFit.,jl (accessed Apr 19, 2023).

(28) K Mogensen, P.; N Riseth, A. Optim: A mathematical
optimization package for Julia. J. Open Source Softw. 2018, 3, 615.

(29) Leppert, J. GasChromatographySimulator,jl. J. Open Source
Softw. 2022, 7, 4565.

(30) Brehmer, T, Duong, B.; Leppert, J.; Boeker, P.; Wiist, M.
Computersimulation von GC-Trennungen unterstiitzt die Method-
enentwicklung zur Analyse von Polyzyklischen Aromatischen Kohlen-
wasserstoffen. Lebensmittelchemie 2022, 76, S2-149.

https://doi.org/10.1021/acsomega.3c01348
ACS Omega 2023, 8, 19708—19718

66



Appendix

B. Publication 2

Journal of Chromatography A 1707 (2023) 464301

ﬂ\

ELSEVIER

Contents lists available at ScienceDirect

JOURNAL OF CHRO)

Journal of Chromatography A

fll

journal homepage: www.elsevier.com/locate/chroma

Relation between characteristic temperature and elution temperature in

»

Check for
updates

temperature programmed gas chromatography - part I: Influence of initial
temperature and heating rate

Tillman Brehmer® ", Peter Boeker ", Matthias Wiist, Jan Leppert®"

@ University of Bonn, Institute of Nutritional and Food Sciences, Chair of Food Chemistry - Department Fast GC, Endenicher Allee 11 - 13, 53115 Bonn, Germany
b Hyperchrom GmbH Germany, Endenicher Allee 11 -13, 53115, Bonn, Germany

ARTICLE INFO

ABSTRACT
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The development of new analytical methods can save resources, time and costs if there are prediction tools like
computer simulation which support the optimization process. In GC the distribution-centric 3-parameter model
(K-centric model) is well established for prediction of retention factors k and retention times but laborious
isothermal measurements for determination of the characteristic parameters are needed. For the most important
parameter, the characteristic temperature Tcp,r, the search for simpler determination methods or even estimates
is an interesting research topic.

In this work the elution temperatures for 37 fatty acid methyl esters, 6 BTEXs and 40 other volatile substances
are determined by measurements under variable heating rates, initial temperatures, constant pressure mode and
constant flow mode. The relationship between the measured elution temperature and the characteristic tem-
perature was investigated. The novel multivariate curve fit model presented in this study describes accurately the
relation between the characteristic temperature T, and elution temperatures T, under variable heating rates
Ry, respectively, and initial temperature Tin; conditions. The novel model shows good accordance to earlier
estimation models and expands the prediction range, especially for high volatile compounds. The model is
suitable for determination of T, by estimated T, and vice versa. Predictions of retention times of simple
temperature programs were also possible by using the model with relative deviations < 5% compared to
measurements.

1. Introduction

*distribution-centric 3-parameter model’ of Blumberg also known as
K-centric model. Like other thermodynamic based models, data

Method developments in gas chromatography can be time-
consuming. Depending on the amount of substances to be analysed,
many test measurements have to be performed before a method can be
used in an analytical application. Higher requirements, e.g. in food
safety or environmental protection, increase the sample throughput and
increase the need of analytical methods for novel analytes [1]. More
efficient, cost-effective, and resource-saving perspectives are opened up
by the use of suitable computer simulations [2,3] to adequately address
separation problems and simplify the optimisation process.

Important fields for simulations are the description of complex GC-
systems like modular GC Systems such as GC x GC [4,5], higher
dimensional GC or thermal gradient GC [6,7]. This simulation [8],
which describes spatial thermal gradients, uses the so called

* Corresponding authors.

describing the interaction of the analytes and the stationary phase are
needed. To determine this data, many laborious isothermal measure-
ments for each analyte of interest have to be performed. Alternatives to
prediction or methods to more easily obtain the thermodynamic reten-
tion parameters are needed, e.g. by substance data from the literature
[9] or simpler temperature programmed measurements [10].

One known relationship based on the K-centric model is the depen-
dence of elution temperature on the characteristic temperature Tepqr
[11-13]. This relationship permits an estimate of one thermodynamic
parameter from less laborious temperature programmed measurements
[10]. Since simulations are based on models, it is necessary to review
and extend the existing models to ensure the correct prediction of
retention times and thus improve the optimization process. This also
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Fig. 1. Plot of the K-centric model by Blumberg which describes the dependence of temperature to In k under varied AC, values.

applies to the prediction of elution temperatures. Depending on the
measurement conditions e.g. initial temperature, the trend between
Tehor and Ty, deviate from a general linear relationship for low retained
substances like volatile alcohols, aldehydes or short fatty acids and
others [11]. Low retained volatile compounds are interesting for ana-
lytics since they can be found as aroma active compounds in food,
cosmetics or other consumer products and are relevant for assessment of
authenticity or safety e.g. as allergenic fragrances or toxicological
relevant residual solvents [14,15].

A more precise knowledge of the influences of heating rate and initial
temperature on elution temperatures opens the possibility of estimating
thermodynamic parameters in simpler ways especially from tempera-
ture programmed measurements [10]. This can help to propose condi-
tions that allow optimal GC separation of compounds whose
thermodynamic parameters are known. The aim of the study presented
in this paper is to investigate the elution temperature depending on its
influence factors and to develop a model that describes the relationship
for a large set of T4 values, even for low retained volatile compounds.
Therefore, a large amount of measurements is performed for different
heating rates and initial temperatures for FAMEs, BETXs and other
volatiles on the same GC column. In addition simulations of GC sepa-
rations for a larger set up of GC columns and compounds [16] were
performed and presented in a second part. The model will be investi-
gated, and properties will be estimated that are relevant as well for the
usual GC method developers.

2. Theory

It is to be mentioned, that in the following equations and models, the
Temperature T and associated parameters are given in Kelvin, even if
they are expressed in °C in examples or figures.

2.1. Retention model

In gas chromatography the partition of a solute between the mobile
phase and the stationary phase is measured by the distribution coeffi-
cient K, defined as the ratio of the concentration of the solute in the
stationary phase and in the mobile phase. It can be measured by
isothermal measurements of the retention factor k and the phase ratio j
of the column.

K = pk 6})

The phase ratio is defined as the ratio of the volume of the mobile
phase V,, to the volume of the stationary phase V; [17]. Because internal
diameter and the diameter of the column are much higher than the film
thickness, $ is approximately equal to the ratio of column diameter d
and quadruple of the film thickness dy [11,17].

v, d
p= V. ~ 4, 2)

A model to describe the distribution of a solute between stationary
and mobile phase in a 3-parameter model is the distribution-centric 3-
parameter model of Blumberg [11], in short K-centric model. In this
model, the retention factor k of a solute in a GC system is defined as

(AC, | Tuu\ (T AC, (T
1“"‘( R +0(.,,,1,>< T 1) R/ ™7, @

with the characteristic temperature T, the characteristic thermal
constant fnq- and the change of the isobaric molar heat capacity AC, and
the molar gas constant R. The model is an alternative to the ABC model
of Clark and Glew [18] and stays in relationship to enthalpy, entropy
and Gibbs free energy, which is discussed elsewhere [11,13,16]. Unlike
in the ABC-model, the parameters of the K-centric model, especially T xq,
and O.pqr, have a direct chromatographic meaningful interpretation. The
characteristic temperature T, is the temperature at k=1
respectively In k = 0 [11]. At this temperature the amount of the ana-
lyte is evenly distributed between stationary and mobile phase. The
characteristic thermal constant 6., is the inverse decreasing slope of
the function In k(T) at T = Tcpqr. Therefore, an increase of the tem-
perature around Tcper bY Onor reduces In k by 1.0. The interpretation of
AG, is not straightforward, but it generally defines the deviation of k
from a two-parameter model for temperature significantly lower/higher
than T, see Fig. 1 [11].

The parameters Tehqr, Ochar and AC, are specific for the phase ratio f,
used to determine these parameters. Using a column with the same
stationary phase, but different phase ratio 8, requires a correction factor
for the retention factor calculated from Eq. (3)

k= /’é—‘:kn @
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The retention factor k of an analyte can be determined experimen-
tally at isothermal and isobaric conditions by using the retention time of
the analyte from the chromatogram at the known void time ty, of the GC
column, which is the time the carrier gas or a substance with no reten-
tion requires to pass through the column.

Ink =1In (M) (5)

v

For a wall coated cylindrical GC column with length L, internal
diameter d and temperature T, the void time t), required for a gas with
the viscosity 5 can be calculated by

128 12 P —p
t =——p(T)————2_ 6
M 3 dzﬂ ) (p?7p§)2 6)
where p; is the pressure at the inlet of the column and p, at the column

outlet [16].

2.2. Temperature programmed GC

The heating rate Ry is the temporal change of the oven temperature
during a temperature programmed GC separation. To compare heating
rates on different GC systems the heating rate in units of temperature per
time can be defined as a normalised heating rate r in units of tempera-
ture per void time, which eliminates column specific influences such as
column length or diameter or applied pressures/flow [19].

r=Rpty =Ty @)

In accordance to Blumberg r as the product Ryt is a fundamental
value in method translation and can be referred as void temperature Ty
[20]. It is a synonym term for the normalised heating rate r.

Another standardised form to express heating rates is the dimen-
sionless heating rate

Rty rer
rp=—— ®
Ores

with the average thermal constant ¢,,= 30 °C and the reference void
time at a defined temperature usually 150 °C [12,21]. A dimensionless
heating rate of rr = 0.4 e.g., is equivalent to a heating rate of Ry=
0.4e30 °C/tyr = 12 °C per void time at 150 °C. With a reference void time
of 4 min the corresponding heating rate is Rr=3 °C min . By reducing
the length of the GC column to the half value Eq. (6) leads to void time of
Y4 of the original void time (ty= 1 min). Under these conditions the
equivalent heating rate is Ry = 12 °C min " '. This shows that a change in
the system condition causes a change in the heating rates, but not the
dimensionless heating rate. This is meaningful for the method trans-
lation where the methods should be comparable. Note that the void
temperature in the example has a constant value of 12 °C for both
conditions.

2.3. Elution temperature

The elution temperature Ty, of an analyte is defined as the temper-
ature of the GC oven when the analyte is passing the outlet of the GC
column and arrives at the detector of the separation system.

In a given single ramp temperature program that starts with the
initial temperature of the GC oven Ti; and with the heating rate Ry the
elution temperature is defined as [12]

Terw = Tinis + tr°Rr (C)]

where tg is the retention time of the analyte which is passing the column
outlet.

It is known that there is a relation between the characteristic tem-
perature Tcp, Of a substance and its elution temperature T, during
temperature programmed GC separation with a single ramp [11]. For a

Journal of Chromatography A 1707 (2023) 464301

GC system one heating rate Rr exists where Ty, is equal to Tgpe [11,
12]. If Ty Or Tepger is much higher than the initial temperature Ty, the
dependence can be described as a simple linear function:

Tow = Terar +To (10)
where T, is the intercept which determine the shift from the heating rate
Ry, o where T, is equal to Ty, In the case of an initial temperature of e.
g. 30 °C, the linear relationship can be assumed for an elution temper-
ature above 90 °C [11]. However, this relationship does not fit for low
retained volatile compounds that elute at the beginning of the chro-
matogram and whose elution temperatures are close to the initial tem-
perature. The measured elution temperatures are usually much higher
than the linear dependence would predict.

2.4. Describing the dependence of Tey, on Tepgr (Curve fit model)

To approach a description of the phenomenon, basic properties of the
model must be defined: For T, values much larger than the initial
temperature, the function must transform into a simple linear equation,
as it can already be derived from Blumberg’s data [11]. For T, values
tending towards the initial temperature, the function should assume a
constant T, value T;. This constant value is to be expected in the order
of magnitude of the initial temperature. Physically it cannot be lower
than the initial temperature.

A model, that describes the phenomena could be a combination of
constant, linear, exponential or logarithmic functions. At first, we will
define the constant part of the model as g(x) and a linear part as a
function h(x). It is notable that the transition between a constant or
approximately constant part g(x) and the linearly increasing branch h(x)
should be continuous and values lower than the constant g(x) or linear
function h(x) are not possible in reality. In other words, the function
should not have a local respectively global minimum. A possible smooth
differentiable function f(x) which modulates continuously between any
two different functions g(x) and h(x) is described in Eq. (11). This
function has the property, that it approximates values of h(x) or g(x)
above or below the interception of both functions.

flx) = lln(e”f(*) + erh(x)) an

14

The modulation of the transition between the two functions is real-
ised by a modulation factor y. For absolute values of y higher than 1,
transition will be very close to both functions, but with steep transition.
Values of y between zero and 1 generate a smoother transition from the
constant to the linear part which should better fit to reality. The sign of y
has influence if the values above or below the interception will be
approximated.

To investigate the influence of T, on Tey, the function h(x) can be
substituted as the linear relationship between T, and Ty for high
volatile compounds, where Ty is the intercept of the linear function and
m the slope. The function g(x) can be substituted as constant tempera-
ture Ty, Eq. (12), and then f(x) becomes T, as a function of Type,. Fig. 2
shows the fit function and its parts compared to first measured data.

1
Toa(Tow) = In(&" o0 1) et (12)

3. Materials & methods
3.1. Chemicals

A standard solution with 37 fatty acid methyl esters (FAME) from
butyric acid methyl ester (C4:0) to tetracosanoic acid methyl ester
(C24:0) with concentrations between 200 and 600 pg mL ! per
component in dichloromethane was purchased from Sigma-Aldrich. A
standard solution of benzene, toluene, ethylbenzene, o-xylene, m-xylene
and p-xylene (BTEX standard) with concentrations of 2000 pg mL ™! each
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Fig. 2. Presented curve fit model with its sub models, the constant part T; and the linear function Tehar + To and comparison to measured data. Conditions: initial

temperature of 100 °C, heating rate of 15 °C min~! and constant flow of 1 mL min*.

was purchased from Sigma Aldrich. The BTEX standard mixture was
used because the BTEXs are a higher volatile fraction with lower
retention and should have elution temperatures near the investigated
initial temperatures. For these substances a nonlinear dependence of
characteristic temperature and elution temperature would be expectable
in accordance with current models.

A composition of various alcohols, phenols, halogen alkyls and
others were diluted in dichloromethane and contain 10 pg/mL of each
compound. All these substances had a purity of more than 98%. The
substances were selected because they are related to studies on the
determination of linear solvent energy relationship models (LSER) and
are also volatile compounds with expected low to medium elution
temperatures [22]. Detailed information about the substances and its
LSER descriptors are shown in the supplemental part.

For evaluation of the model, mixtures of phenones (including pro-
piophenone, butyrophenone, valerophenone, hexanophenone, hepta-
nophenone, octanophenone) all from Sigma-Aldrich and primary
alcohols (C5 to C11, Sigma-Aldrich) are used.

Dilutions of the described compounds were used to determine
retention parameters of these substances and to measure chromato-
grams with different temperature programs to determine the elution
temperatures of the substances. The BTEX-Mix was diluted in methanol
(99.8%, VWR, Germany), FAME-Mix and LSER-Mix were diluted in
dichloromethane (99.9%, Fischer Chemical, Germany).

3.2. Instrumental

All measurements to determine the retention parameters and to
measure the elution temperature are performed on a 30 m x 0.25 mm x
0.25 pm Rxil7SilMS column (75% Phenyl-25% Methylpolysiloxane,
Restek. USA) in a HP 6890 Series GC System from Hewlett Packard/
Agilent with split/splitless injector (300 °C, 1:100 split ratio) coupled
with a BenchTOF-dx Time-Of-Flight Mass Spectrometer (TOF-MS) from
Markes, UK. Carrier gas was helium with purity of 99.9%. The length of
the column was calculated as 29.125 + 0.253 m and the internal
diameter of the column was calculated as 0.244 + 0.001 mm from flow
measurements and void time measurements at different inlet pressures
and temperatures. Void times are measured with injections of air and
detection of oxygen signal in the TOF-MS.

1

A PAL RSI Chronect Robotic autosampler (CTC Analytics AG,
Switzerland) was used for injection of 1 pL of each sample.

To investigate a relation between the characteristic temperature T¢pq,
of the analytes and their elution temperature Ty, temperature programs
were made, with four different heating rates: 5, 10, 15 and 20 °C min~ L.
The measurements were performed also with varied initial temperatures
at 40, 60, 80, 100, 120 °C under constant pressure (83 kPa) conditions
and at 40, 60, 80, 100, 120 and 140 °C under constant flow (1 mL min~1)
conditions.

To evaluate the curve fit model temperature programmed measure-
ments with standard solutions of phenones and alcohols were
performed.

Measurements of temperature in the GC oven and the ambient
temperature were performed with external temperature thermocouples
from Ahlborn, Germany. The ambient pressure was measured by an
external sensor from Ahlborn whereas the inlet pressure was measured
with an external sensor type PAA-33X/10 bar from Keller, Switzerland,
connected to the split outlet of the injector. All external sensors were
connected to an ALMEMO 8990-6 V5 data logger (Ahlborn, Germany).
The elution temperature was determined by comparing of the data of the
oven temperature with the retention times of each measurement.

3.3. Calculations

The K-centric parameters, especially the data of the characteristic
temperature of the substances, were found in an open source retention
parameter database [23]. The details of the determination of the pa-
rameters can be found in [16].

The measured elution temperatures were analysed separately for
each condition, constant flow respectively constant pressure, initial
temperature and heating rate. The characteristic temperatures and the
elution temperatures were plotted against each other. For linear and
non-linear fits of the data, the Julia package LsqFit.jl [24,25] was used,
which uses the Levenberg-Marquardt algorithm for non-linear fitting
[26,27]. For all heating rates and initial temperatures, the parameters of
the model presented in Eq. (12) T and T; were determined. The influ-
ence of the initial temperature and the heating rate was investigated to
find a systematic relationship between the parameters and the condi-
tions. The correlations were described and inserted into the model. To
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Table 1

Determined Characteristic Temperatures of the BTEX. FAMES and LSER-MIX in accordance to the K-centric model of Blumberg on a Rxi17SilMS.
Compound CAS Tenar [°C] Class
Benzene 71-43-2 32.46 + 2.17 BTEX
Ethylbenzene 100-41-4 81.08 + 0.09 BTEX
Toluene 108-88-3 60.80 + 0.18 BTEX
o-Xylene 95-47-6 89.83 + 0.73 BTEX
m-Xylene 108-38-3 82.06 + 0.08 BTEX
p-Xylene 106-42-3 32.46 + 2.17 BTEX
Methyl butyrate 623-42-7 49.70 + 0.64 FAMES
Methyl hexanoate 106-70-7 89.32 + 0.10 FAMES
Methyl octanoate 111-11-5 122.96 + 0.10 FAMES
Methyl decanoate 110-42-9 152.75 + 0.05 FAMES
Methyl undecanoate 1731-86-8 166.41 + 0.05 FAMES
Methyl laurate 111-82-0 179.40 + 0.05 FAMES
Methyl tridecanoate 1731-88-0 191.67 + 0.04 FAMES
Methyl myristate 124-10-7 203.33 + 0.05 FAMES
Methyl myristoleate 56,219-06-8 205.38 + 0.05 FAMES
Methyl pentadecanoate 7132-64-1 214.28 + 0.06 FAMES
Methyl cis-10-pentadecenoate 90,176-52-6 216.40 + 0.05 FAMES
Methyl palmitate 112-39-0 224.78 + 0.07 FAMES
Methyl palmitoleate 1120-25-8 225.98 + 0.05 FAMES
Methyl heptadecanoate 1731-92-6 234.82 + 0.06 FAMES
cis-10-Heptadecenoic acid methyl ester 75,190-82-8 236.03 + 0.05 FAMES
Methyl stearate 112-61-8 244.82 + 0.35 FAMES
trans-9-Elaidic acid methyl ester 1937-62-8 245.35 + 0.06 FAMES
cis-9-Oleic acid methyl ester 112-62-9 245.31 + 0.07 FAMES
Methyl linolelaidate 2566-97-4 247.19 + 0.05 FAMES
Methyl linoleate 112-63-0 247.54 + 0.25 FAMES
Methyl arachidate 1120-28-1 262.19 + 0.06 FAMES
Methyl gamma linolenate 16,326-32-2 247.93 ES 0.07 FAMES
Methyl cis-11-eicosenoate 2390-09-2 263.07 + 0.12 FAMES
Methyl alpha linolenate 301-00-8 250.18 + 0.07 FAMES
Methyl heneicosanoate 6064-90-0 270.58 + 0.07 FAMES
cis-11,14-Eicosadienoic acid methyl ester 2463-02-7 265.13 + 0.08 FAMES
Methyl behenate 929-77-1 278.61 + 0.08 FAMES
cis-8,11,14-Eicosatrienoic acid methyl ester 21,061-10-9 265.89 + 0.08 FAMES
Methyl erucate 1120-34-9 279.54 + 0.36 FAMES
cis-11,14,17-Eicosatrienoic acid methyl ester 55,682-88-7 268.05 + 0.06 FAMES
cis-5,8,11,14-Eicosatetraenoic acid methyl ester 2566-89-4 266.29 + 0.05 FAMES
Methyl tricosanoate 2433-97-8 286.49 + 0.09 FAMES
cis-13,16-Docosadienoic acid methyl ester - 281.68 + 0.07 FAMES
Methyl lignocerate 2442-49-1 294.06 + 0.06 FAMES
cis-5,8,11,14,17-Eicosapentaenoic acid methyl ester 2734-47-6 268.28 + 0.38 FAMES
Methyl nervonate 2733-88-2 295.09 + 0.07 FAMES
cis-4,7,10,13,16,19-Docosahexaenoic acid methyl ester 301-01-9 286.57 + 0.10 FAMES
n-Octanal 124-13-0 105.34 + 0.12 LSER-MIX
2-Octanone 111-13-7 103.35 + 0.12 LSER-MIX
Octan-2-ol 123-96-6 99.50 + 0.23 LSER-MIX
Benzyl alcohol 100-51-6 128.55 + 0.06 LSER-MIX
4-Fluoroaniline 371-40-4 124.39 + 0.07 LSER-MIX
Phenyl acetate 122-79-2 130.06 + 0.08 LSER-MIX
1-Phenyl ethanol 98-85-1 130.84 + 0.05 LSER-MIX
2,6-Dimethylphenol 576-26-1 138.07 + 0.06 LSER-MIX
2-Chlorophenol 95-57-8 115.88 + 0.09 LSER-MIX
2-Methylphenol 95-48-7 126.96 + 0.04 LSER-MIX
Cyclohexanol 108-93-0 90.04 + 0.11 LSER-MIX
Bromobenzene 108-86-1 104.09 + 0.07 LSER-MIX
n-Heptanal 111-71-7 87.46 + 0.11 LSER-MIX
Benzaldehyde 100-52-7 116.25 + 0.11 LSER-MIX
Acetophenone 98-86-2 135.77 + 0.06 LSER-MIX
Methyl benzoate 93-58-3 136.74 + 0.05 LSER-MIX
Styrene 100-42-5 91.67 + 0.12 LSER-MIX
3-Methylphenol 108-39-4 130.37 + 0.07 LSER-MIX
Octan-1-ol 111-87-5 114.37 + 0.08 LSER-MIX
1,3-Dichlorobenzene 541-73-1 115.80 + 0.11 LSER-MIX
Cyclohexanone 108-94-1 101.20 + 0.08 LSER-MIX
4-Methylphenol 106-44-5 130.58 + 0.07 LSER-MIX
1,2-Dichlorobenzene 95-50-1 124.28 + 0.05 LSER-MIX
Linalool 78-70-6 120.04 + 0.11 LSER-MIX
Aniline 62-53-3 121.66 + 0.09 LSER-MIX
n-Butylbenzene 104-51-8 116.35 + 0.08 LSER-MIX
Heptan-2-one 110-43-0 85.53 + 0.16 LSER-MIX
Nonan-2-one 821-55-6 120.20 + 0.13 LSER-MIX
Nitrobenzene 98-95-3 142.41 + 0.06 LSER-MIX
n-Nonanal 124-19-6 122.12 + 0.07 LSER-MIX
1-Phenyl-2-propanol 698-87-3 142.50 + 0.06 LSER-MIX

(continued on next page)
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Table 1 (continued)
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Compound CAS Tenar [°C] Class
Hexan-1-ol 111-27-3 77.98 + 0.12 LSER-MIX
Chlorobenzene 108-90-7 82.79 + 0.09 LSER-MIX
2-Nitrophenol 88-75-5 147.83 + 0.06 LSER-MIX
3,5-Dimethylphenol 108-68-9 146.21 + 0.07 LSER-MIX
2-Chloroaniline 95-51-2 149.33 + 0.05 LSER-MIX
Phenol 108-95-2 113.06 + 0.10 LSER-MIX
Pentanol 71-41-0 58.93 + 0.13 Alcohols
Heptanol 111-70-6 98.42 + 0.17 Alcohols
Nonanol 143-08-8 133.60 + 0.15 Alcohols
Decanol 112-30-1 149.10 + 0.08 Alcohols
Undecanol 112-42-5 163.77 + 0.17 Alcohols
Dodecanol 112-53-8 177.53 + 0.14 Alcohols
Propiophenone 93-55-0 154,16 + 0.07 Phenones
Butyrophenone 495-40-9 166.13 + 0.12 Phenones
Valerophenone 1009-14-9 180.55 + 0.078 Phenones
Hexanophenone 942-92-7 193.72 + 0.13 Phenones
Heptanophenone 1671-75-6 206.14 + 0.23 Phenones
Octanophenone 1674-37-9 217.92 + 0.35 Phenones

validate the final model, the data was fitted again with multivariate
regression using LsqFit.jl [24].

To analyse the data an interactive notebook is programmed by using
the Julia package Pluto.jl [28,29]. The algorithm is available via the
GitHub project ‘Elutiontemperature’ or can be found in the supple-
mental materials. For multivariate fits the package LsqFit.jl was used
[24,25]. For simulation of GC separations GasChromatographySimula-
tor.jl was used [30].

4. Results & discussion

Detailed results of the determination of the K-centric retention pa-
rameters of the substances are shown in the supplemental material. The
determined characteristic temperatures of the substances are shown in
Table 1. The reference void time at 150 °C at 83 kPa was determined
with tyy150 = 1.3808 min.

4.1. Measurements of elution temperatures and curve fit
4.1.1. Measurements in constant pressure mode

The measured elution temperatures are shown in Fig. 3. A detailed
interactive 3D-Chart of the data is given in the supplementals. As ex-
pected, all conditions show a linear trend at high characteristic tem-

peratures and deviation from the linear trend for low characteristic
temperatures close to the initial temperature. The slope of the linear

550 ]
500 1
Terw inK 450 1
400 1

350 1

120
100

80

Tinit in°C 60

40

Table 2

Experimental determined parameters after multivariate fit for constant pressure
and constant flow mode. The slopes my and m; can be expressed for absolute
heating Rate Ry respectively dimensionless heating rate rr (m) or for void
temperature Ty (m) also known as normalised heating rate.

Parameter Const. pressure (p;,, = 83 kPa) Const. flow (F = 1 mL min™ %)

Y 0.0548 + 0.0015 K * 0.03608 + 0.0005 K *
Ty term

mg 3.365 + 0.019 min 3.062 + 0.016 min

mo 73.11 £ 0.41 K 66.51 + 0.35 K

g 2.437 + 0.014 2.217 £0.012

ng —43.12 £ 0.27 K —45.90 + 0.23 K
T; term

my 1.766 4 0.033 min 1.573 + 0.025 min

my 38.36 £ 0.71 K 34.18 £ 0.54 K

mny 1.279 4+ 0.024 1.139 £+ 0.018

Rro 12.81 + 0.11 Kmin ! 14.99 + 0.12 Kmin~ !

rr0 0.5898 + 0.0049 0.6900 =+ 0.0055

R? 0.999835 0.999933

rmse 3.10K 2.81 K

trend is for all conditions is approximately 1.0. The shift from the
heating rate Rro at which T, is equal to T, is proportional to the
heating rate Ry and nearly equal for all Ti,;; at same heating rate. For a
given heating rate, the elution temperatures span a plane at high values

5 K/min
10 K/min
15 K/min
20 K/min

>ome

350 Tepar in K

Fig. 3. Dependence of Te, on Ten,r at different initial temperatures and different heating rates for the investigated data set.
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of Tepgr for all Tini. The increasing of the initial temperature also in-
creases the deviation from the linear trend for volatile compounds such
as BTEX even for compounds with medium T, values.

For the quantity T;, which determines the constant asymptote of the
model given in Eq. (12), a systematic influence of initial temperature
and heating rate could be found and is shown in Fig. 5C. T; is not equal
to the initial temperature but depends linearly on it. This is plausible
because the lowest measurable elution temperature must be a higher
temperature than the initial temperature of the program, like the tem-
perature reached after the void time. Please note: If the initial temper-
ature is held for specific times, the elution temperature of an analyte
eluting during this holding time, is equal to the initial temperature. But
in this case no correlation between T, and Ty, exists.

A T = 313.15K, 83 kPa
600
550
« 500
£
< 450
3
400
350
300 400 500 500
T g I K
¢ T,.. =353.15 K, 83 kPa
600
550
« 500
£
< 450
S
400
350
300 400 500 500
Ty INK
E T, =393.15 K, 83 kPa
600
550
« 500
£
< 450
&~

400

350

300 400 . 500 600
T in K

char
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Linear regressions examining the influences of the initial tempera-
ture show that T; also depends linearly on the heating rate, Fig. 5D. The
linear function describing the dependence could have an independent
intercept n;. When the initial temperature is given in units of °C, the
value of n; is approximately equal to — 273 °C and changing the units to
K changes the intercept n; to almost zero. For the multivariate regres-
sion described below, the intercept n; was no longer used.

For the intercept Ty which determines the shift from the heating rate
Rro where T is equal to T the influence of the heating rate also
could be described and is shown in Fig. 5B. In the investigated range, Ty
depends approximately linearly to Rr. The data also show that under the
investigated conditions Ty is approximately independent from the initial
temperature (Fig. 5A and B).

B T,.: =333.15 K, 83 kPa
600
550
« 500
£
3 450
400
350
ehar INK
D T = 373.15 K, 83 kPa
600
550
500
£
< 450
&~

400

350

300 400 500 600

Fig. 4. Measured elution temperature depending on characteristic temperature at different initial temperatures (A-G) and heating rates (5 K min~'= blue, 10 K
min~'=green, 15 K min~'= orange, 20 K min~'= red) in constant pressure mode of 83 kPa carrier gas and curve fits.
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For the parameter y which modulates the transition from the con-
stant part to the linear part for each condition, values between 0.04 and
0.1 were found. A systematic dependence on the heating rate or the
initial temperature was not found. To simplify the model for y the
averaged value 0.05967 for all condition is used.

To assess the values and find the best values of the parameters, the
model given in Eq. (12) was modified by adding the influence of heating
rate and initial temperature to the model such as shown in Egs. (14) and
(15).

1
Tete(Terar, R, Toe) = —In (e T 10) - ¢r10)) (13)
14
with
Ty = mo-Ry + ng < mg-rr + no a4
Ty = Tinig +my-Ry < Ty + iy -rp (15)

In the next step the values of the parameters where redetermined by
using a multivariate regression. The final values of the parameters of the
model are shown in Table 2. The coefficient of determination R? of the
determined model has a value of 0.9998. Detailed results and conditions
of the determination via multivariate regression are shown in supple-
mental material. The calculated data correlate well to the measured ones
as shown in the supplemental material, Fig. S1. The final fits of the
determined model in relation to the measured data also are shown in
Fig. 4 and prove the well accordance to the data. For most of the com-
pounds the deviation from the measured data is lower than 2% even for
the early volatile compounds. Fig. 4 also shows, that an average value
for y is acceptable to describe the dependence of elution temperature on

A A A A
20 FA
s PN s
& <
ol
b m m ] m
c
= =
~
—20 F
° °
°
5 °C/min
10 °C/min
—40 1 15 °C/min
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. . . . L
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Ty In °C
140 |
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10 °C/min
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characteristic temperature. The proportionality factors my and m; for
the heating rate can also be expressed for dimensionless heating rate or
heating rate per void time and are also listed in Table 2.

The intercept of the linear term Ty can be described as Tp =
(3.365 + 0.019) min-Rr — (43.12 + 0.27) °C respectively Tp =
(2.437 £ 0.014) min-Ty — (43.12 £ 0.27) °C by using the void temper-
ature. Using the data of Blumberg and calculating the influence of
heating rate to the intercept of the linear part, the shift T, can be
described as To = 2.5 -Ty — 43.5°C [11]. At one heating rate the term
moRr is equal to ng and Ty becomes zero. This defines the heating rate
Ry as the ratio between ny and my (Eq. (16)).

Rpp = —2
T0 — _mio (16)

Ry can be determined as 12.81 4+ 0.11 °C min ! respectively rro =
0.5898 + 0.0049 as dimensionless heating rate. Expressed as void
temperature the value amounts to Ty = 17.69 + 0.15 °C and accords to
early estimations - using a simple linear relationship - with Tyy =17.4 °C
respectively rr = 0.58 [11]. For a heating rate of 10 °C/ty the model
gives a shift from Ry of —18.75 + 0.3 °C which well accords to early
determinations with — 18.5 °C [11]. For Ty = 20 °C the model
determined a intercept of 5.62 + 0.38 °C whereas Blumberg estimated it
as nearly 4.5 °C [11]. Overall, this shows, that the new model agrees
with the current theory and converges in known models for high values.

4.1.2. Measurements in constant flow mode

For most GC chromatographers the use of constant flow is more
common than constant pressure mode [31]. For the conditions at a
constant flow of 1 mL min " the results of the measurements are rather

20
10 |
ol
[S]
S
£ _10k
s
20 [
30 [
—a0 [
. . , \ \
0 5 10 15 20
Ry in °C/min
v
[S)
S
£
s

.10 X 15 20
Ry in °C/min

Fig. 5. Influence of initial temperature and heating rate to fit parameters Ty and T; in constant pressure mode of 83 kPa. The intercept Ty is almost constant for
different values of Tini¢ (A) but depends approximately linear to heating rate (B). Parameter T; depends strong linear on the investigated initial temperatures (C) and

depends also linear on heating rate (D).
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similar to the measurements of constant pressure (Fig. 6). The measured
elution temperatures for the same compounds are between 1 and 5 K
lower than in the constant pressure mode with 83 kPa.

Plotting the elution temperature against the characteristic tempera-
ture also shows a similar profile as in constant pressure mode. It also can
be described with Eq. (12) and the slope of the linear region can
approximate with a value of 1. To fit the data with multiple regression
by using Eq. (13) shows well accordance. The coefficient of determi-
nation is R?> =0.999933. The determined values of the coefficients are
also listed in Table 2.

The determined value for the curvature parameter y=0.03609 +
0.0005 is different and also the other determined parameters have lower
values than in the constant pressure mode. Using Eq. (16) The heating
rate where Tchar is equal to Telu can be predicted as Ry, = 14.99 £ 0.12
respectively ry o = 0.6900+0.0055 and is close to In 2 and accords to
other observations found in the literature [12,21].

One reason of the similar results compared with the constant pres-
sure results, can be the pressure of 83 kPa which is equal to the pressure
in the middle of a temperature program at constant flow, starting at
60 °C and rising up to 200 °C. The Influence of the carrier gas pressure
on the retention factor and thus also on the elution temperature should
be negligible [32]. Simulations of GC separations carried out with
different flows confirm that and show hardly any change in the pa-
rameters at different pressures, as it will be shown in the second part.
However, minor changes were observed between different flows, while
different values were observed between constant flow and constant
pressure modes (see in part II).
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4.2. Prediction of retention times

To predict the retention times only from a T, of a compound, Eq.
(9) can be converted to
Telu - Tim‘r
o 17
® R a7
With knowledge of the found dependence of Ty, on Tehqr, given in Eq.
(12), the retention time can be estimated as

th = L <1 1n(er(’l}m,,+’lb) +ey(7'1)) _ Tinn> (18)
Rr \y

To evaluate this equation, measurements of homologous phenols and
alcohols were performed. The chromatograms were compared to the
predicted retention time using the multivariate estimation, Eq. (18).
Fig. 7 shows the chromatogram and the predictions visualised as sticks.
The relative differences are between 1 and 6%. For the alcohols the root-
mean-square error (rmse) is 0.1522 min and for the measurement of
phenones the rmse is 0.2403 min.

For further comparison the retention times were also predicted using
the simple linear relationship for T, given in Eq. (10). The measured
values and the predicted values are given in Table 3. Compared to the
relative differences of the prediction using the simple linear relation-
ship, the prediction using the multivariate fit is closer to the measure-
ments for high volatiles. Pentanol shows the highest difference between
the two estimation methods, whereas the multivariate estimation is
accurately compared to the measurement. As a high volatile compound,
its elution temperature is close to the initial temperature. For Teper >
Timie + 100 °C the multivariate estimations for the other substance,
especially the phenones, are almost the same as the linear relationship.

10°C/min
300
250
200
O
<
<150
~
100
50
50 100 150 200 250 300
T(hm
20°C/min
300
250 +
G 200 +
<
HN: 150 |

100 |
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Fig. 6. Dependence of measured elution temperature on characteristic temperature at different heating rates (A-D) and initial temperatures in constant flow mode of
1 mL min~! carrier gas. T; depends strongly on Tini Whereas T is depending on Ry. Slope of linear increase is almost close to 1.0 for every condition.
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Alcohols
Me:ésurement
Prediction
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Phenones
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Fig. 7. Measured chromatograms compared to predicted retention times of alcohols (pentanol, heptanol, nonanol, decanol, undecanol) and phenones (propio-
phenone - octanophenone). The retention times are predicted only by the Tar values of the substances by using the novel model; Temperature program: Tinit= 40 °C,

Rr= 10 °C min~}, p; = 83 kPa.

Table 3

Measured and predicted retention times of a various selection of alcohols and
phenones. Measurement conditions: Constant pressure of 83 kPa, Tinit= 40 °C,
Heating Rate = 10 °C min ™.

Measurements Multivariate Prediction Linear Prediction
Compound tg [min] tg [min] relative tg [min] relative
difference difference

Alcohols
Pentanol 2.8014 2.6667 —4.81% 0.9464 —66.22%
Heptanol 5.2747 5.1970 -1.47% 4.8950 —7.20%
Nonanol 8.3196 8.4597 1.68% 8.4125 1.12%
Decanol 9.8104 9.9831 1.76% 9.9628 1.55%
Undecanol 11.2333  11.4387 1.83% 11.4295 1.75%
Va 0.0232 0.7311

min? min?
rmse 0.1522 0.8551

min min
Phenones
Propiophenone 9.8993 10.4842 5.91% 10.4687 5.75%
Butyrophenone 11.0851 11.6737 5.31% 11.6657 5.24%
Valerophenone 12.4996  13.0914 4.73% 13.0878 4.71%
Hexanophenone 13.8505 14.4264 4.16% 14.4246 4.15%
Heptanophenone 15.1295 15.6683 3.56% 15.6674 3.56%
Octanophenone 16.3492  16.8456 3.04% 16.8451 3.03%
7 0.0577 0.0562

min? min?
rmse 0.2403 0.2370

min min

Using the simple linear branch for estimations is only recommended for
high heating rates and low initial temperatures. For Tpqr < Tinie +100

°C this relationship gives physically meaningless results e.g. negative
retention times or retention times lower than the void time. In contrast
the multivariate relationship given in Eq. (18) expands the estimation
range for Tepgr < Tinir + 100 °C to values close to Ty This shows it is
suitable for simple method development especially for estimations of
start values for Ty, as it is needed for the determination of the K-centric
parameters from temperature-programmed measurements [10]. This
opens up the opportunity to obtain an estimation of the thermodynamic
parameters from only one rapid temperature-programmed measurement
for a series of substances compared to the classic ABC or K-centric model

10

where four or more isothermal measurements are recommended per
analyte, typically requiring about one hour for each measurement [16].

5. Conclusion

The dependence of the elution temperatures T, on the characteristic
temperature T.p,r at variable heating rates and initial temperatures are
shown. It was possible to describe the influence of the heating rate and
the initial temperature in a model which accords well to the measured
data and which expands the current relationship shown by Blumberg.
For substances which elute near the start temperature like BTEX the
curve fit model proposed in this report allows one to calculate the
elution temperature more precise than a simple linear model would. The
dimensionless heating rr o, where the elution temperature is equal to the
characteristic temperature, can be estimated as 0.59 for constant pres-
sure and 0.69 for constant flow. The estimation of retention times of
simple temperature programs by the characteristic temperature using
the fit was demonstrated.

In a second part more fits for a larger range of initial temperatures
and heating rates using computer simulation of GC separations of a large
set of analytes and stationary phases will be performed. Further, more
influences of the heating rate will be discussed. It will be shown that the
model is suitable to predict T, values from temperature programmed
measurements, which will reduce the expense of isothermal measure-
ments to determine the characteristic temperature and can be an esti-
mation value for GC method optimization.
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For method development in gas chromatography, suitable computer simulations can be very helpful during the
optimization process. For such computer simulations retention parameters are needed, that describe the inter-
action of the analytes with the stationary phase during the separation process. There are different approaches to
describe such an interaction, e.g. thermodynamic models like Blumberg’s distribution-centric 3-parameter model
(K-centric model) or models using chemical properties like the Linear Solvation Energy Relationships (LSER).

In this work LSER models for a Rxi-17Sil MS and a Rxi-5Sil MS GC column are developed for different tem-
peratures. The influences of the temperature to the LSER system coefficients are shown in a range between 40
and 200 °C and can be described with Clark and Glew’s ABC model as fit function. A thermodynamic inter-
pretation of the system constants is given and its contribution to enthalpy and entropy is calculated. An esti-
mation method for the retention parameters of the K-centric model via LSER models were presented. The
predicted retention parameters for a selection of 172 various compounds, such as FAMEs, PCBs and PAHs are
compared to isothermal determined values. 40 measurements of temperature programmed GC separations are
compared to computer simulations using the differently determined or estimated K-centric retention parameters.
The mean difference (RSME) between the measured and predicted retention time is less than 8 s for both sta-
tionary phases using the isothermal retention parameters. With the LSER predicted parameters the difference is
20 s for the Rxi-5Sil MS and 38 s for the Rxi-17Sil MS. Therefore, the presented estimation method can be
recommended for first method development in gas chromatography.

1. Introduction Blumberg[5,6]. Based on this model a numeric computer simulation was

developed which can be used for prediction of retention times of tem-

Higher requirements, e.g. in environmental protection or food safety,
increase the sample throughput and the need of novel methods for novel
analytes in analytical chemistry at the same time [1,2]. Often, a large
number of preliminary measurements have to be performed before a
method could be used in an analytical application.

For method development in GC, suitable computer simulation can be
a powerful instrument to support the optimization process and to safe
time, costs and chemical resources [3]. For such computer simulations of
GC separations, retention parameters are needed, which describe the
interactions of the analytes and the stationary phase of the column [4]. A
precise retention model for prediction of retention factor k is the ‘dis-
tribution-centric 3-parameter model’ ('K-centric model’) proposed by

* Corresponding author.

perature programmed measurements but even for complex systems such
as GC x GC or spatial thermal gradient GC (FF-TG-GC) [7,8].

Many laborious isothermal measurements for each analyte have to
be performed and there are just a small number of available retention
databases existing [9]. Therefore, it is necessary to find easier and more
efficient alternatives for prediction of the retention parameters.

The characteristic temperature, one of the most important retention
parameters, can be estimated from measurable elution temperatures
[10]. In a novel approach the K-centric parameters can be determined by
faster temperature programmed measurements [9].

As mentioned above, there is just a small number of available ther-
modynamic data for gas chromatography. But there are also other
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substance specific data that can be used for prediction of GC separation,
e.g. data from the Retention Index database of NIST [11], Flavornet [12]
or UFZ database LSERD [11,13].

Another common retention model for prediction of retention factor k
[14] or RI [15] under isothermal conditions is the ‘Linear Solvation
Energy Relationships model’ (LSER) or ‘solvation parameter model’ [16,
17]. For this model there are a lot of literature data available in libraries
[18,19]. Since the system describing constants of the model strongly
depend on temperature [20]. Therefore, they are not suitable for pre-
diction of retention times of temperature programmed measurements.

The aim of this work is to combine LSER models and the K-centric 3-
parameter model to perform precise temperature independent pre-
dictions of temperature programmed GC separations by available LSER
substance data from literature databases. Thus, a model to describe the
temperature-dependence of the system constants will be developed.

2. Theory

In the following equations and models, temperature T and associated
parameters are given in Kelvin, even if they are expressed in Celsius in
examples or figures.

2.1. Thermodynamic retention model

In gas chromatography, the partition of an analyte between the
mobile phase and the stationary phase is described by the distribution
coefficient K [21] (also called partition coefficient [22]), defined as the
ratio of the solute concentration in the stationary phase and in the
mobile phase. It can be measured by isothermal measurements of the
retention factor k and the phase ratio  of the column.

K = pk '6})

The retention factor k is defined as the ratio of the reduced retention
time tg — tyand void time ty of the GC column.

k=& @
In
The void time ty is the required time of the carrier gas for passing
through the column. The distribution coefficient K depends on the
temperature T and the Gibbs free energy AG of the solute evaporation
from the stationary phase [21].

K =exp <%> 3

with the molar gas constant R. Due to the change of the solute from the
stationary into the mobile phase, the Gibbs free energy AG can be
expressed by enthalpy AH and entropy AS and therefore applies

_AH AS

nK=—-=—"
n TR 4

Both AH and AS depend on the temperature T itself and its depen-
dence can be accounted for using a 3-parameter mode [6,23] with the
change of the isobaric molar heat capacity AC, as third parameter.

At a given reference temperature T Clark and Glew proposed a
curve fit model, known as ABC-model. To avoid confusion with the
symbols of the LSER, here A, B, C are written as a, f3, y:

7
InK = a+/?+y]nT (5)
with
AC, =Ry ©
AH =R(¢Ty =) + Ry (T = Ty) @
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2.2. Distribution-centric 3-parameter model (K-centric model)

A precise model resulting from classic van’t Hoff model to describe
the distribution of a compound between the stationary and mobile phase
is the so called ‘Distribution-centric 3-parameter’ model of Blumberg [5,
6], also known as the ‘K-centric’ model. The temperature dependence of
the retention factor k of an analyte in a GC system can be described as

AC,  Tuu\ (T AC, (T
Ink= L =y | 2] 9
" ( R +a(,,,,,>< T >+ R "(Tm.) 2

whereby T is the characteristic temperature and 6, is the charac-
teristic thermal constant.

These parameters, especially Teper and 6cper, have a direct chro-
matographic impact. The characteristic temperature T, is the tem-
perature, where the amount of the analyte is evenly distributed between
stationary and mobile phase (k = 1) [5]. The characteristic thermal
constant is the inverse slope of the function In k(T) at T = Tpe: an in-
crease of the temperature around Teper by Onor reduces In k by 1.0. The
quantity AC, defines the deviation of k from a two-parameter model for
temperature significantly lower/higher than T ;.

2.3. Solvation parameter model

An alternative to the above mentioned thermodynamic retention
models is the 'Linear Solvation Energy Relationship’ model (LSER), also
known as the ‘Abraham model’ [24,25]. LSER models are very common
e.g. in environmental chemistry to predict distribution phenomena of a
target analyte with any kind of matrix [26]. Typically applications are e.
g. prediction of pollutant adsorption in soils or migration of mobile
additives from or into package materials [27]. The principle of adsorp-
tion phenomena prediction can also be used for the prediction of
retention in chromatography [18,19]. In this model, the logarithm of the
retention factor In k at a defined temperature is expressed as a multiple
linear regression of chemical properties of the analyte (descriptors E, S,
A, B, L) and properties of the stationary phase (system constantse, s, a,
b, D [14].

Ink= eE+sS+ aA + bB + IL +c¢ (10)

The individual system constants (lower case letters) represent
different individual intermolecular interactions of the stationary phase
that have an influence on the substance described by its substance
specific descriptors (capital letters).

These are:

e ¢, the electron lone pair interactions (the excess dispersion in-
teractions that result from the presence of polarizable electrons),

e s, interactions of a dipole-type, known as induction and orientation,

e a, the interactions of the hydrogen-bonding in which the stationary
phase acts as a hydrogen-bond acceptor

e b, interactions in which the stationary phase acts as hydrogen-bond
donor. In GC the value of b can be approximated as zero.

e [, the size dependent interactions, which are the cavity formation in

the stationary phase and the setup of dispersion interactions.

¢, the intercept contains deviations from the model, but also infor-

mation about the phase ratio. It is a system property required to

estimate retention factors for a specific column and temperature but

is not a characteristic property of the solvation properties of the

stationary phase. [14]

The substance specific descriptors are experimental values and are
defined as
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e E, the excess molar refraction

o S, the capability for interactions of a dipole-type (orientation and
induction)

e A, overall resp. effective hydrogen-bond acidity

e B, overall resp. effective hydrogen-bond basicity

o L the gas-liquid partition constant at 25 °C on n-hexadecane as sta-
tionary phase. [14]

The system constants depend on the temperature, while the sub-
stance descriptors have fixed, substance-stationary phase-specific
values. For individual temperatures, the system constants can be
determined by a multivariate regression using selected calibration sub-
stances whose descriptors are known. A small number of 30 to 40 sub-
stances (with different functional groups and structures) is sufficient to
determine the system coefficients [20].

For any analyte, for which the substance descriptors (capital letters)
are known, the Ink values for the defined temperature can be calculated
with the systems coefficients without any other measurement on the GC
column. Substance coefficients can be found in the literature and are
collected in databases such as the LSER database (LSERD) of the
Helmholtz Centre for Environmental Research (UFZ) [13] or the Wayne
State University (WSU) database [19]. The determination can be found
elsewhere [28-30].

3. Materials and methods
3.1. Chemicals

A standard solution containing 40 compounds (see Table 2), e.g.
various alcohols, phenols, halogen alkyls and others with a concentra-
tion of 10 pg/mL was prepared in dimethyl chloride (VWR). All the
substances had a purity > 98 % and were purchased from Sigma-Aldrich.

For validation a standard solution, with 37 fatty acid methyl esters
(FAMESs) from butyric acid methyl ester (C4:0) to tetracosanoic acid
methyl ester (C24:0), with concentrations between 200 and 600 pg/mL
per component in n-hexane was purchased from Sigma-Aldrich. A PCB-
Mix from Sigma-Aldrich including 10 ng/uL of PCB 28, PCB 52, PCB 101,
PCB 138, PCB 153, PCB 180 in isooctane was used.

3.2. Instrumentation

Isothermal measurements to determine K-centric retention parame-
ters and to develop the LSER-models were performed on a 30 m x 0.25
mm x 0.25 pm Rxi-17Sil MS column (50 %-Phenyl-50 % Methyl-
polysiloxane) and a 30 m x 0.25 mm x 0.25 pm Rxi-58il MS (5 %-Phenyl-
95 % Methylpolysiloxane), both from Restek, USA.

The measurements were performed on a HP 6890 Series GC System
from Hewlett Packard/Agilent with split/splitless injector (300 °C,
1:100 split ratio) coupled with a BenchTOF-dx Time-Of-Flight Mass
Spectrometer (TOF-MS) from Markes, UK. The carrier gas was helium.
For injection of 1 pL of each sample a PAL RSI Chronect Robotic auto-
sampler (Axel Semrau, Germany) was used.

The lengths of the columns and the internal diameters were calcu-
lated from flow measurements at different inlet pressures and void time
measurements. Void times are measured by injections of air and detec-
tion of oxygen signal in the TOF-MS. The determined values of the
column parameters are shown in Table 1.

Table 1

Determined column properties of the Rxi-17Sil MS and the Rxi-5Sil MS.
Stationary phase  d [mm] df [pm]  L/d L [m]
Rxi-17Sil MS 0.25 0.25 120,889.6 + 170.4 30.222 + 0.043
Rxi-5Sil MS 0.25 0.25 121,606.8 + 1475.7 30.40 + 0.37
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3.3. Software

Calculations were performed using two Pluto notebooks [31] with
the programming language Julia [32] and can be found as html docu-
ment in the supporting information. For linear and multivariate
least-squares fits the package LsqFit.jl was used [33-35]. LSER models
were calculated with the generalized linear models package GLM.jl [36].
Simulation of GC separations and chromatograms were performed with
the open source Julia package GasChromatographySimulator.jl [7].

3.4. Methods

3.4.1. Isothermal measurements

K-centric retention parameters for FAMEs, PAHs and PCBs were
determined from isothermal measurements and using the K-centric
model, eq. (9). Measurements were performed between 40 °C to 300 °C
with incremental steps of 10 °C and a constant carrier gas flow of 1 mL
min . The K-centric data are published in a database. Further details to
the measurements can be found there [3]. In order to clarify that the
data were collected from isothermal measurements, the index ‘iso’ was
introduced, e.g. Tehariso-

3.4.2. LSER prediction

For both separation columns LSER models were calculated in a range
between 60 °C and 200 °C with increment steps of 10 °C. 40 selected
compounds with a wide range of functional groups are used, see Table 2.
Basis was the selection proposed by Poole [20] for a temperature range
of 40-140 °C. The LSER solute descriptors of these substances were

Table 2

Solute descriptors of 40 LSER substances from [18].
Compound E S A B L
n-Octanal 0.148 0.629 0 0.415 4.364
2-Octanone 0.109 0.661 0 0.509 4.277
Octan-2-ol 0.176 0.413 0.275 0.528 4.335
Benzyl alcohol 0.804 0.872 0.409 0.557 4.248
1,2-Dimethylbenzene 0.663 0.547 0 0.178 3.948
4-Fluoroaniline 0.723 0.958 0.331 0.41 4.063
Phenyl acetate 0.661 1.13 0 0.54 4.414
1-Phenyl ethanol 0.782 0.725 0.424 0.66 4.473
2,6-Dimethylphenol 0.752 0.774 0.413 0.406 4.635
2-Chlorophenol 0.879 0.66 0.535 0.342 4.124
2-Methylphenol 0.772 0.748 0.607 0.355 4.281
Cyclohexanol 0.474 0.638 0.246 0.583 3.722
Methyl hexanoate 0.084 0.566 0 0.47 3.967
Bromobenzene 0.882 0.729 0 0.092 4.038
n-Heptanal 0.14 0.643 0 0.435 3.855
Benzaldehyde 0.813 1.027 0 0.395 4.003
Ethylbenzene 0.613 0.509 0 0.147 3.8
Acetophenone 0.806 1.057 0 0.496 4.488
Methyl benzoate 0.738 0.916 0 0.441 4.681
Styrene 0.845 0.671 0 0.166 3.856
3-Methylphenol 0.776 0.771 0.695 0.339 4.327
Octan-1-ol 0.199 0.464 0.327 0.543 4.635
1,3-Dichlorobenzene 0.852 0.692 0 0.004 4.421
Cyclohexanone 0.403 0.887 0 0.531 3.771
4-Methylphenol 0.828 0.791 0.664 0.364 4.314
1,2-Dichlorobenzene 0.872 0.775 0 0.04 4.507
Linalool 0.325 0.524 0.199 0.693 4.783
Aniline 0.955 1.021 0.239 0.424 3.944
n-Butylbenzene 0.595 0.484 0 0.139 4.75
Heptan-2-one 0.123 0.657 0 0.487 3.789
Nonan-2-one 0.113 0.676 0 0.467 4.764
Nitrobenzene 0.846 1.143 0 0.268 4.53
n-Nonanal 0.121 0.635 0 0.399 4.84
1-Phenyl-2-propanol 0.787 0.782 0.316 0.7 4.835
Hexan-1-ol 0.21 0.432 0.35 0.535 3.646
Chlorobenzene 0.718 0.656 0 0.058 3.622
2-Nitrophenol 0.942 1.107 0.033 0.374 4.731
3,5-Dimethylphenol 0.786 0.799 0.662 0.337 4.759
2-Chloroaniline 1.026 0.991 0.243 0.315 4.685
Phenol 0.776 0.772 0.713 0.317 3.83
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found in [18,20] and are shown in Table 2. Temperature-dependent
influences on the system coefficients were investigated. For the other
investigated substances data were found in the UFZ database (LSERD)
[13] and the Wayne State University Experimental Descriptor Database
[19].

Using the determined LSER-models for each temperature, Ink values
of the investigated FAMEs, PAHs and PCBs were calculated via Eq. (10).
After that, the predicted In k values were used to determine the K-centric
retention parameters via curve fit. These retention parameters were
labelled with the index ‘LSER’, as Tchar, LSER> Ochar. LSER and ACP_ LSER-

For validation, measured chromatograms of a FAME standard
mixture were compared to simulations of temperature programmed GC
separations using the K-centric retention parameters determined by
isothermal measurements on the one hand and predicted ones using the
LSER-models on the other hand. The measurements were performed at 5
different initial temperatures (40, 60, 80, 100, 120 °C) and four heating
rates (5, 10, 15, 20 °C/min). The PCB Mix was measured at a heating rate
of 10 °C/min and an initial temperature of 60 °C.

3.4.3. Computer simulation of GC separations

For the computer simulations of the GC separation the package
“GasChromatographySimulation.jl" for the programming language Julia
[7,33,37] was used. Detail information about the simulation can be
found in the literature [4]. In short, the migration of an analyte along the
column as t(x) and the development of the peak variance 72(x) during
the migration is governed by the ordinary differential equations (ODEs):
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with u(x, t) the analyte velocity and H(x, t) the local plate height at the
end of the column, x = L, the solutions are given as the retention time
tr = t(L) and the peak width 7z = \/72(L) (as standard deviation of the
peak).

The system of ODEs, eq. (8) and (9), are solved numerically [7,38,
39]. The analyte velocity depends on the velocity of the mobile phase uy,
and the retention factor k of the analyte, eq. (13).

um
T Trxk a3
Whereby the mobile phase velocity is defined as
2 2 2
unl) = gy & a4

64nl Jpr —x (p2 —p2)

with d the column diameter, L the column length, » the viscosity of the
mobile phase gas, p; the inlet pressure and p, the outlet pressure.

4. Results and Discussion
4.1. LSER model for Rxi-17Sil MS and Rxi-5Sil MS

The determined In k values for the 40 LSER-calibration-substances
can be found in the supplemental materials (Table S2). The deter-

mined system constants of the LSER models at different temperatures are
shown as a system map, Fig. 1.

dt 1 It shows that on both columns b tends to be zero for all temperatures,
e u(x, 1) an which reduces the multivariate model from five to four system co-
efficients. This is in accordance to other LSER models that are described
dr*  Hix,1) 5 9 1 for GC separations [18]. It is often discussed in literature [20,40,41] that
w2 (x,1) +20(x 1) ox <u( X, t)> 12 stationary phases of poly(siloxane) and poly(ethylene glycol), which are
commonly used in GC, do not contain hydrogen-bonding acid groups.
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Fig. 1. Determined system coefficients of the LSER models for the Rxi-17Sil MS and Rxi-5Sil MS at different temperatures (system map).
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Therefore, b is negligible in GC.

A systematic temperature dependence of the coefficients can be
estimated. Similar dependencies are also observed elsewhere [14,18].
Each system constant i can be described as a function f; of Temperature T
e.g. with Clarke and Glew’s thermodynamic 3-parameter model given in
eq. (5), (ABC-model) [23].

fH(T) = +/%+ 7 nT (15)

The ABC model is a common approach to describe temperature de-
pendencies of Gibbs-energy related quantities. It is an extension of the
classic van’t Hoff model [6,23]. The results of the curve fit and the co-
efficient of determination for each system constant is given in Table 3.
Regarding on the data in this case, the ABC model is rather recom-
mended for interpolation than for extrapolation. The function has an
extremum at f; / y;: e.g. the value of s (Rxi-5Sil MS) will decrease until
216 °C and then increase again, but this is not to be expected in a
physico-chemical context. In contrast to polynomial curve fits proposed
elsewhere [18], the ABC model offers an opportunity for a deeper
thermodynamic understanding of the system constants and its contri-
bution to enthalpy AH and entropy AS.

With the temperature model of the system constants the LSER model
eq. (10) becomes

Ink = Z((XHF%JFV:']“T)I!' +e
B. b
= (@ +ZtrT )E + (@t T )s + ... (16)

with system constantsi = e, s, a, b, l and solute descriptors I; =E,S,A,B,L.
In combination with the solute descriptors I, for each interaction

term eE, sS, aA, bB or IL eqs. (7) and (8) can be used to determine the

partition of entropy and enthalpy of the several solute interactions.

AH; = R(VlTr-ef */31) + Ry, (T - wa) an
T, T

AS; = R(a, +7, 47,02 > + Ry/In @1s)
T, Ty

whereby oy = ail, p; =B, v; =il

The sum of all enthalpies AH; and entropies AS; should be equal to
the overall AH and AS of the gas chromatographic distribution of the
solute at a given temperature. For T = Ty the several AH; and AS; were
calculated for 92 compounds, with descriptors from WSU, on both sta-
tionary phases and can be found in the supplemental materials
(Table S3). For T a value of 90 °C was chosen as literature data i are
available for this temperature[3,42]. The sums of the entropies and
enthalpies are in the same order of magnitude as data from isothermal
measurements AH,,c and AS, for of a Rxi-5SilMS and a Rxi-17Sil MS
column found in [3]. The median of the relative differences for AH, is 8
% and for AS, it is —1 % on the Rxi-5Sil MS. On the Rxi-17Sil MS AH,¢
has a relative difference of 2 % and AS,.; of —8 %. Higher deviations can
be observed for less volatile compounds. It should be mentioned, that
the LSER models characterise the two columns only up to 200 °C. This
might be an explanation for the uncertainty, as the range is too low for
the less volatiles. The same applies to the chosen value of T,. For many
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substances, e.g. Anthracene, AH, = 0 because the A descriptor is also
zero. Compared to the other interactions, the values of AHg are positive
for all compounds on both phases. For n-alkanes, n-alcohols and ketones
AH] has the highest impact on AH,.

In the next step the temperature-dependent system coefficients will
be used to predict the In k values for different temperatures.

4.2. Prediction of K-centric retention parameters by LSER models

The LSER models where used to predict the logarithm of the reten-
tion factor at different temperatures.

Fig. 2 shows the In k over T diagrams of Naphthalene, Benzo[a]
pyrene, PCB 101, PCB 153, Methyl palmitate and Methyl butyrate
including the isothermal determined In k values and fit curves of the
K-centric 3-parameter model. More plots can be found in the supple-
mental materials (Figure S1-S418). In most cases the fit curves of the
K-centric model determined by retention factors coming from the LSER
model are very close to the isothermal determined curves. For methyl
butyrate e.g., the curves deviate at temperatures larger than 200 °C.

The K-centric parameters of all substances determined by isothermal
measurement and predicted values by the LSER Models are shown in the
supplemental materials (Table S1). Fig. 3 shows the difference of T,
predicted by LSER to the isothermal determinations. The relative dif-
ference between the predicted values of the retention parameters and
the isothermal determinations are shown in the Boxplots in Fig. 4. For
the prediction of the characteristic temperature T, the values
resulting by the LSER models are close to the values calculated by
isothermal measurements for both investigated GC columns. For the Rxi-
178Sil MS the relative differences are about —3.95 to + 7.81 % (median=
1.27 %), for the Rxi-5SiIMS -7.91 to 6.31 % (median = —0.91 %). Similar
to the deviation of the In k values there is also an increasing difference
observed above 200 °C, especially for the Rxi17-Sil MS and for the data
from LSERD. It is the nature of curve fit models that the fit results are
better for interpolation than for extrapolation (here above 200 °C). For
the determination of the characteristic temperature it is recommended
to choose interpolation around In k = 0 and so temperature T becomes
Tehaer [3]. Estimations for less volatiles such as PCBs or PAHs show
consequently higher deviations than for high volatiles.

The predicted 0 4o and AC, values show a larger deviation compared
to the isothermal determinations. It is mentioned that AC, also shows
large variance by data from isothermal measurements and it is the less
important parameter of the K-centric model [3]. Regarding the good
prediction performance of the K-centric models it is possible that the
deviation of 6cner and AC, compensate each other which results in an
acceptable prediction of In k values.

Because there is a strong correlation between the T, and the
elution temperature [10] this procedure for prediction of the retention
parameter using LSER models is also suitable to estimate the elution
order respectively the elution temperature Ty,. This is important since
the dependence between T, and Ty, is influenced by heating rates. If
there is a composition of different analytes and it is possible to estimate
the Tepqr values it is also possible to estimate a heating rate which is
suitable to solve the separation problem - only by substance specific data
from databases without any test measurement. [10]

Table 3
Temperature dependence of the of the system constants e, s, a, b and [ described by the ABC-model.
Rxi-178il MS Rxi-5Sil MS
System constant a p y R? a p v R?
e 30.1860 —2012.14 —4.14284 0.972171 49.1784 —3278.11 —6.87110 0.972112
s —2.79802 1389.00 0.128983 0.99563 —50.8750 3500.20 7.14962 0.976791
a —10.5530 1281.05 1.33651 0.996609 —69.1351 4608.02 9.68143 0.96762
b —0.104547 98.3015 —0.0187212 0.934622 39.1624 —2387.19 —5.56258 0.757357
1 —2.02266 1055.74 0.0782387 0.999584 —24.6434 2354.67 3.31450 0.999218
5
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Naphthalene, Rxi17SilMS
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Benzo[alpyrene, Rxi5SilMS
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Fig. 2. Predicted In k values for each temperature using the LSER models (orange, circle) and isothermal determined values (blue, triangle) and curve fit of the
K-centric model for different compounds. The orange shadow indicates the prediction uncertainty by using the error bars for the curve fit.

4.3. Simulations of GC chromatograms

Detailed results from the simulations can be found in the supple-
mental materials. Fig. 5 shows the chromatogram of a measurement of
37 fatty acid methyl esters compared to the simulations using the
K-centric parameters of both estimation approaches. Both simulations
demonstrate good accordance to the measurement, whereby the
isothermal parameters offer the best prediction. The root-mean-square-
errors (RMSE), as parameters of the simulation performance have the
value of 0.0345 min (for isothermal parameters) and 0.4753 min (for
LSER parameters). Similar results can be observed for the simulation of a
separation of 6 PCBs, where the RMSE for the simulation with
isothermal parameters is 0.0880 min and with LSER approach it is
0.4403 min, Fig. 6. The chromatograms of the remainly validation
measurements can be found in the supplemental materials (Figure S419-
$460). They show similar simulation performances. The average RMSE
for the simulation with the isothermal retention parameters is 0.1268
min in contrast to the average RMSE for the LSER parameters of RMSE=
0.5136 min. Fig. 7 presents the relative difference between the measured
retention times and predicted values for both stationary phases over all
measurements. The best results are obtained for the isothermal param-
eters. For most measurements the relative differences compared to the
simulation are between +5 % when using the isothermal retention

parameters. For Rxi-5Sil MS the median is —0.3 % and for the Rxi-178il
MS it is —0.6 %. Using the LSER estimations results in a relative dif-
ference of —3.4 to 7.5 % on the Rxi-5Sil MS (median= 0.2 %). On the
Rxi-17Sil MS the simulation underestimates the retention time and
shows a larger range of the difference from -10.9 to + 0.65 %
(median=-5.2). One reason for the better performance of the simula-
tions with isothermal parameters could be that the K-centric parameters
calculated with LSER also show higher deviations. Uncertainties in the
LSER descriptors themselves would exacerbate this problem. For
example, in the LSERD descriptor database [14], there are many values
for the same substances and no indication of which data can be
considered reliable and which cannot.

However, the predicted parameters via LSER can be recommended
for first estimations and simulations during the method development
process. In most cases the final optimization of a GC separation method
has to be performed on the GC system. Start values for the GC method
might be a benefit for the optimisation of complex mixtures e.g. essential
oils. The simulation is valid and reliable for FAMEs with about 40
compounds. Predictions for 80 allergenic fragrances have been shown
previously [3]. Limitations of the simulation are given by the quality of
the input data. e.g. the thermodynamic parameters. Furthermore, the
quality of the GC system is also important: reliability of the diameter,
length and phase ratio. Blumberg [5] has shown that the ageing of the
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Fig. 4. Boxplots of the relative differences for each retention parameter Tehqr, Ochar and AC, between the isothermal determined and the predicted values for both

stationary phases.

column can change the stationary phase and thus the previous ther-
modynamic parameters are no longer correct. However, the procedure
using the LSER models is less elaborated compared to conventional
isothermal measurements as described above.

Some further investigations based on this work can be possible: LSER
descriptors can be used to predict the K-centric parameters directly via
multiple linear regression without the prediction of In k values such as it
can be used for the prediction of the retention index RI [15,43] Other
approaches can link the LSER descriptor data to the K-centric data using
graphical neural networks, similar to approaches for prediction of RI.

A benefit for other research areas than GC separation can be another
approach by inversion of the regression. With the computer simulation
of GC simulations it is even possible to estimate the LSER substance
descriptors of a compound from temperature programmed measure-

ments similar to the estimation of the K-centric parameters by Leppert
[9]. This data then are available for other LSER research such as envi-
ronmental chemistry. There are substance classes whose solute de-
scriptors are unknown, e.g. triacyl glycerides.

5. Conclusion

In this work the LSER system constants of two stationary phases at
different temperatures were determined. The temperature impact on
each system constant can be described with the ABC-model. For each
system-constant-descriptor-interaction enthalpies and entropies could
be calculated. Furthermore, the LSER models were used to predict the
three parameters of the K-centric 3-parameter retention model. Simu-
lations of temperature programmed GC separations using the predicted

84



Appendix

T. Brehmer et al.

Journal of Chromatography A 1717 (2024) 464665

Rxi5SilMS

———— Simulation, Isothermal
Simulation, LSER
——— measurement

rmse= 0.0345 min
rmse= 0.4753 min
[ || IR T
(l) 1|0 2|0 3|0 4I0

Time in min

Fig. 5. Measured Chromatograms (green) of the FAMEs Mix compared to simulation using the isothermal determined retention parameters (blue) and using the
retention parameters predicted by the LSER models (orange). GC settings: Tin¢ = 60 °, Heating Rate= 5 °C/min.
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Fig. 6. Measured Chromatograms (green) of 6 PCBs compared to simulation using the isothermal determined retention parameters (blue) and using the retention
parameters predicted by the LSER model (orange). GC settings: Tin¢ = 60 °, Heating Rate= 10 °C/min.

retention parameters were demonstrated. The procedure can reduce the
workload for the chromatographer during the optimization process
since there is just a small number of substances, which has to be
measured by isothermal measurements to calibrate the system.

The values of the predicted parameters are close to measured values
given by isothermal measurements. LSER models can be used for the
estimation of the characteristic temperature T, and the elution order
of the substances on the column, by literature data only.

Predicted T4, can also be used as start value for the determination of
K-centric parameters from temperature programmed measurements [9].
For estimation of K-centric parameters by LSER data further approaches
e.g. using graph neural networks can be investigated.

Using the simulation, LSER data from the literature also are suitable
to recommend first temperature programs for a GC separation and can
support the method development process. In addition, with machine
learning the approach can be integrated into a workflow for a self-
optimization of GC separations similar to liquid chromatography [44,

45]. Regarding on benefits for other research e.g. environmental
research the link between the K-centric model and the LSER model can
help to determine the LSER descriptors by temperature programmed
measurements using the simulation software [9].
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D. List of abbreviations

1D first dimension, first column in GCXGC

2D second dimension, second column in GCXGC

ABC model thermodynamic three-parameter-model of Clark and Glew

Al artificial intelligent

BETX standard mixture containing benzene, ethylbenzene, toluene, o-xylene, m-xylene,
p-xylene

DFG German Research Foundation

DOE design of experiment

El electron ionisation

FAME fatty acid methyl ester

FFTGGC flow field thermal gradient gas chromatography

FID flame ionisation detectors

GC gas chromatography

GCxGC comprehensive two dimmensionalgas chromatography

GC-ToF-MS gas chromatography coupled with time of flight mass spectrometry

GLC gas-liquid-chromatography

HETP height equivalent to a theoretical plate

HPLC high performance liquid chromatography

K-centric model distributive centric three-parameter model, Blumberg's model

LC liquid chromatography

LES linear elution strength

LSER linear solvation energy relationship, Abraham's model

LSERD LSER database of UFZ

MDGC multidimensional gas chromatography

ML machine learning

MS mass spectrometry

NIST National Institute of Standards and Technology

ODE ordinary differential equation

PAH polyaromatic hydrocarbon

PCA principal compound analysis

PCB polychlorinated biphenyl

PLSDA partial least square discriminant analysis

RF random Forest

RI retention index

rmse root mean square error

SVM support vector machines

ToF-MS time of flight mass spectrometry

UFZ Helmholtz Centre for Environmental Research

vocC volatile organic compound

WCOT wall-coated-open-tubular

WSU Wayne State University
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E. List of symbols

chromatographic quantities

Ry
Tt
Ry, 710

tM,ref
gref
Tinit

retention time

void time

column length

inner diameter

inlet and outlet pressure
viscosity of the carrier gar

volume flow

heating rate

dimensionless heating rate
heating rate where T, =T¢har
reference void time

average thermal constant
initial temperature

elution temperature

volume of the mobile phase
and the stationary phase
film thickness and column
diameter

phase ratio

retention factor
distribution coefficient
retention index

mass-to-charge-ratio

Van Deemter equation

o o =T

Simulation

height of a theoretical plate
number of theoretical plates
Eddy-diffusion term
longitudinal diffusion term
mass transfer term

average mobile phase velocity

Position

spatial band width

peak width
local plate height
velocity of the mobile phase

analyte velocity

thermodynamic quantities

AG
AH
AS

AC

Tref
AHref' ASref

Tchar

echar

AHchar' ASchar

temperature
Gibbs free energy
enthalpy

entropy

molar gas constant

change of the isobaric molar
heat capacity

reference temperature

enthalpy, entropy at T = T,.¢

characteristic temperature

characteristic thermal
constant
enthalpy, entropy at T = T4,

A B C empirical retention
parameters for Clark and
Glew retention model (ABC-
model)

LSER quantities

E,S, A B,L solute descriptors

e,s,ab,lc system constants

Ix refractive index

%4 characteristic volume
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F. Listof figures
Figure 1.1 Scheme of a gas chromatograph with split/spitless injector coupled with mass spectrometer. The
sample is injected in the injector, the analytes pass with the carrier gas stream through the column which
is heated in the oven. After separation they finally are detected in the MS........connnnennnnens 2
Figure 1.2 Scheme of a time-of-flight mass spectrometer (ToF-MS) with electron ionisation (EI)........cc.coceuuu. 4
Figure 1.3: Properties of stationary phases: Cross-section of a WCOT GC column with column diameter dc,
film thickness df and internal diameter d (A). Polymer structures of stationary phases: dimethyl-
polysiloxan(B), phenyl-dimethyl-polysiloxan (C), polyethylene-glycol (D).......cccoummmnennenneserseeens 6
Figure 1.4: Separation of two compounds on a column with length L with film thickness df and internal
diameter d. Position x of the compound destribution at two different times t0 and t1. The separation is
better at t1 but spatial band width ¢ also increased along the column due to diffusion. .......cenieniienninn, 9
Figure 1.5: Properties of the ‘Distribution-centric three-parameter model’ which describes In k in
dependence Of LEIMPETATULE T ......ccvuererresrernersesessesssssses s ssssses s ses e ssse bbb s bR 13
Figure 1.6: Characteristic temperature in relation to vapor pressure pv and retention index RI/B0(left), In k
vs T plot of linalool and nitrobenzene which change the elution order at different isothermal conditions

6374 L) PP TSP 14

Figure 2.1: Schematic overview of the main tasks for calculation and converting of the retention parameters
and creation Of the databaSe ... s 24
Figure 2.2: Determined In k values over T with fits of the K-centric model (Eq. (1.23)) for each substance
for a selection of allergenic fragrances (A), PAHs (B), FAMEs (C) and triglycerides (D) on Rxi-17Sil MS
(5=250) aS StAtIONATY PRASE. ..criruieueererscenreeseesesses s ses s es e ssses s bR 25
Figure 2.3: Measured and simulated chromatogram of a temperature programmed GC separation of 16
Polycyclic Aromatic Hydrocarbons (EPA PAH) on a Rxi-17Sil Ms. GC conditions: Tinit =70 °C ; first ramp:
20 °C/min, T1 =150 °C, hold time= 5 min; second ramp: 12 °C/min, T2 =250 °C, hold time= 2 min ; third
ramp: 15 °C/min, Tend =360 °C, hold time= 5 min, rmse=0.1425 MiN.. ....ccoorrrrrrrnrnnnerenersensnsesessessssens 26
Figure 3.1: Left: Curve fit model (Eq.(3.2)) with its sub models, the constant part T1 and the linear function
Tchar + T0 and comparison to measured data., conditions: initial temperature of 100 °C, heating rate of
15 °C min-! and constant flow of 1 mL min-1. Right: 3D-surface of the curve fit model in the parameter space
At tWO dIffErent NEATINE TALES. ...ttt see et s bbb s s bbb bbb 28
Figure 3.2 Measured chromatograms compared to predicted retention times of alcohols (pentanol,
heptanol, nonanol, decanol, undecanol) and phenones (propiophenone - octanophenone). The retention
times are predicted only by the Tchar values of the substances by using the novel model; temperature
program: Tinit= 40°C, RT= 10°C mMin'L, Ppi = 83 KPa...cecsuriererrrreerereireesetse et seessessesessssssssssssssssssssssssssanees 30
Figure 4.1: Determined system coefficients of the LSER models for a Rxi-5Sil MS phase at different
temperatures (system map) and fits of the ABC model (Eq. (1.19)) which allows a thermodynamic
interpretation Of the SYStEIM CONSTANLS. .....ccviuiireereereeeeese et s bbb bbb 32
Figure 4.2: Predicted In k values for each temperature using the LSER models (orange, circle) and

isothermal determined values (blue, triangle) and curve fit of the K-centric model (Eq. (1.23)) for different
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Figure 4.3: Measured chromatograms (green) compared simulation using the isothermal determined
retention parameters (blue) and using the retention parameters predicted by the LSER models (orange) of
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Figure 4.4: Relative differences between the measured retention times of the FAMEs and the simulated
retention times using the isothermal retention parameters (iso) and the retention parameters estimated by

the LSER models for both stationary phases. GC-condition:(range): Tinit=40-120 °C, rT=5-20 °C/min......35
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Zusammenfassung

Fliichtige chemische Verbindungen sind in unserem Alltag allgegenwertig. Ein Teil von ihnen ist z.B. fiir den
wahrnehmbaren Geruchseindruck der Lebensmittel und deren Authentizitit verantwortlich, andere
spielen bei der Entstehung gesundheitlicher Risken eine Rolle. Eine Technik zur Untersuchung und
Bestimmung fliichtiger Verbindungen ist die Gaschromatographie (GC). Mit steigendem Schutzniveau im
Umwelt-, Gesundheits- und Verbraucherschutz wachst der Bedarf an Untersuchungsmethoden fliichtiger
Verbindungen. Die Entwicklung neuer Messmethoden ist oftmals ressourcen-, zeit- und kostenintensiv.
Eine geeignete Computersimulation kann die Entwicklung neuer Messmethoden optimieren. Fiir eine
solche Simulation sind Rechenmodelle notwendig, die einerseits die Wechselwirkung der fliichtigen
Verbindungen beschreiben sowie das gaschromatographische System abbilden.

Die Vorliegende Arbeit gibt zundchst eine Einfiihrung in das Messprinzip und den Aufbau eines
Gaschromatographen und eine Ubersicht iiber die notwendigen Modelle zur Beschreibung der
Wechselwirkung der Analyten und zur Vorhersage gaschromatographischer Trennungen. Da fiir das
Simulationsmodell entsprechende Daten zur Beschreibung bzw. Bestimmung der Retention bendtigt
werden, beschiftigen sich die drei vorgestellten Untersuchungen mit der Bestimmung und Abschatzung
dieser Retentionsdaten.

Im Rahmen der ersten Studie wurde eine umfangreiche Datenbank mit thermodynamischen
Retentionsparametern fiir eine Vielzahl von fliichtigen Verbindungen aufgebaut (u.a. fiir FAMEs,
Triglyceride, PAHs, PCBs und allergene Duftstoffe). Fiir 900 Kombinationen von rund 320 Subtanzen auf
insgesamt 20 verschiedenen stationdren Phasen wurden Retentionsfaktoren aus isothermen Messungen
bestimmt und die Parameter fiir die bekannten Retentionsmodelle (ABC-Modell, K-zentrisches Modell,
thermodynamisches Modell) bestimmt. Neben eigens bestimmten Daten wurden auch verfiigbare Daten
aus der Literatur eingepflegt. Dabei wurde ein standardisiertes Vorgehen zur Bestimmung der Parameter
prasentiert und Qualitatskriterien fiir geeignete Retentionsparameter festgelegt. Der Simulation
gaschromatographischer Trennungen unter Verwendung der Retentionsparameter der Datenbank wurden
reale temperaturprogrammierte Messungen gegentibergestellt. Die relative Abweichung der Simulation
betrug dabei grofitenteils <1 %.

In der zweiten Studie wurde der Zusammenhang zwischen der messbaren Elutionstemperatur und der
charakteristischen Temperatur untersucht. Die charakteristische Temperatur ist der wichtigste
Retentionsparameter im ,verteilungszentrischen Retentionsmodell“ (K-zentrisches Modell) nach
Blumberg. Einfliisse des Temperaturprogramms durch die Starttemperatur und die Heizrate wurden
untersucht. Mithilfe des Datensatzes konnte ein Rechenmodell aufgestellt werden, welches eine
Abschatzung der charakteristischen Temperatur aus einfachen temperaturprogrammierten Messungen
ermdglicht. Dies erweitert insbesondere fiir leichtfliichtige Verbindungen wie z.B. BETX-Verbindungen
oder Aldehyde und Ketone den Vorhersagebereich verglichen mit bisherigen Schiatzmodellen. Die
Vorhersage von Retentionszeiten basierend auf dem Regressionsmodell konnte am Beispiel von Alkoholen
und Phenonen demonstriert werden.

In der dritten Studie wurde der Ansatz des ,Linear Solvation Energy Relationship“-Modells (LSER) genutzt,
um fiir die Simulationssoftware nutzbare ,K-zentrische“ Retentionsparameter aus LSER-Stoffdaten
abzuschétzen. Zwei stationdre Phasen konnten mittels LSER charakterisiert werden. Fiir ca. 300
Verbindungen konnten K-zentrische Retentionsparameter geschitzt werden und die Daten mit den
Parametern aus isothermen Messungen verglichen werden. Simulationen temperaturprogrammierter GC
Trennungen unter Verwendung der mittels LSER ermittelten Retentionsparameter wurden mit isothermen
Retentionsparametern verglichen und realen Messungen gegeniibergestellt. Die Simulation mit isothermen
Parametern stimmte dabei >95 % mit realen Messungen iiberein. Die Ubereinstimmung der Simulation
basierend auf LSER-Daten betrug >90 %.

Die vorliegende Arbeit ebnet somit den Weg fiir die Entwicklung einer Simulation komplexer GC-Systeme,
insbesondere der umfassenden GC (GCXGC) oder neuartiger Techniken wie der Gaschromatographie mit
raumlichen Temperaturgradienten. Die Bestimmung der Retentionsparameter aus
temperaturprogrammierten Messungen konnen in Verbindung mit dem Simulationspaket fiir die
Entwicklung eines selbstoptimierenden GC Gerates dienlich sein.

94



	Chapter 1
	General Introduction
	1.1  Introduction
	1.2  Fundamentals
	1.2.1  Principle of gas chromatography (GC)
	1.2.2  GC-ToF-MS
	1.2.3  Temperature Programmed GC
	1.2.4  Retention Index
	1.2.5  Stationary phase and mobile phase
	1.2.6  Plate theory

	1.3  Simulation
	1.4  Retention models
	1.4.1  Thermodynamic retention model (Van’t Hoff model)
	1.4.2  𝐴𝐵𝐶 model
	1.4.3  Distribution-centric three-parameter model (𝐾-centric model)
	1.4.4  Linear solvation energy relationship model (LSER)

	1.5  Objective of the thesis

	List of publications

	Chapter 2
	Retention database for prediction, simulation and optimization of GC separations
	2.1  Author’s contributions
	2.2  Summary


	Chapter 3
	Relation between characteristic temperature and elution temperature in temperature programmed gas chromatography – Part I: Influence of initial temperature and heating rate
	3.1  Author’s contributions
	3.2  Summary


	Chapter 4
	Simulation of gas chromatographic separations and estimation of distribution-centric retention parameters using linear solvation energy relationships
	4.1  Author’s contributions:
	4.2  Summary


	Chapter 5
	Concluding remarks and outlook

	Chapter 6
	References

	Appendix
	A. Publication 1
	B. Publication 2
	C. Publication 3
	D. List of abbreviations
	E. List of symbols
	F. List of figures
	G. List of tables
	H. List of equations

	Acknowledgements
	Zusammenfassung



