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Abstract

Fundamental Considerations in One and Two-Dimensional Chromatography
for Improved Chemometric Analysis

David K. Pinkerton

Chair of the Supervisory Committee:
Professor Robert E. Synovec
Department of Chemistry

One and two-dimensional chromatography offer well-established instrumental platforms
that produce separations of chemical compounds in complex samples in a variety of fields and
applications and when coupled with spectral detection, results in powerful instruments capable of
producing informative data that facilitates quantitative results with high chemical selectivity.
However, chemometric data analysis is often required to fully extract useful information from
the data. This dissertation presents several research investigations on the interconnectedness
between the fundamental theoretical, experimental, and instrumental considerations for one and
two-dimensional chromatography, particularly gas chromatography, and the application of

advanced chemometric data analysis methods. First, a new method to predict the probability of



quantitative success for one-dimensional chromatography based on sample complexity,
separation peak capacity, nc, and the algorithm specific limit of chemometric resolution using a
simulation based study of multivariate curve resolution alternating least squares for
demonstration. For comprehensive two dimensional gas chromatography the relationship of
phase ratio, f, between the primary and secondary separation dimensions and the implications of
S on 2D peak capacity, nc2p, were examined. The f ratio, Sr = 14/28, is defined as a quantitative
metric to facilitate this study. Overall, Sr substantially affected nc2p by influencing retention
factors on the 2D column and thereby changing the modulation period necessary for proper 2D
column separations. Modulation period selection is then further investigated as a part of a new
method to determine the true modulation ratio, Mg, from the measurable effective modulation
ratio, Mr*, in comprehensive two-dimensional gas chromatography, GCxGC, which can be
generalized to other comprehensive two-dimensional chromatographic methods. The method was
developed through the investigation of modulator induced band broadening, as a function of *Ws
and the selected modulation period, Pwm. Finally, a new quantitative metric, trilinearity deviation
ratio (TDR), is introduced to describe the trilinearity of two-dimensional chromatography data
with spectral detection for the purpose of predicting the performance of the chemometric method
parallel factor analysis (PARAFAC). It is found that use of a modulation period inthe 1sto 2 s
range simultaneously optimizes n¢, nc2p, and TDR to facilitate low quantitative errors with

PARAFAC.
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Chapter 1. Introduction to Chromatography and Chemometric Data
Analysis?

1.1 INTRODUCTION

One-dimensional (1D) chromatography and two-dimensional (2D) chromatography offer
well-established instrumental platforms that produce separations of chemical compounds in
complex samples in a variety of fields and applications. The most commonly implemented
chromatographic instruments are 1D gas chromatography (GC), 1D liquid chromatography
(LC), comprehensive 2D gas chromatography (GC x GC), and comprehensive 2D liquid
chromatography (LC x LC) [1-4]. Coupling or “hyphenating” chromatographic instruments to
spectroscopic detectors like multi-wavelength absorbance diode array detection (DAD), mass
spectrometry (MS), and time-of-flight mass spectrometry (TOFMS), results in powerful
instruments capable of producing informative data that facilitates quantitative results with high
chemical selectivity [5,6]. While there are other chromatographic instruments and methods
coupled with various detectors, this research presented herein focuses on GC-MS, LC-DAD,
GC x GC-TOFMS and LC x LC-DAD, with a particular focus on gas chromatography, since

the majority of research that employs chemometric resolution is performed with these systems.

Portions of this Chapter have been adapted from D.K. Pinkerton, K.M. Pierce, R.E.Synovec, “Chemometric
Resolution of Complex Higher Order Chromatographic Data with Spectral Detection” from Resolving Spectral
Mixtures: With Applications from Ultrafast Time-Resolved Spectroscopy to Super-Resolution Imaging, Edited by
Cyril Ruckebusch (2016).




Concurrent with these chromatographic instruments producing very large and
information-rich data (typically 50-500 MB per sample injection onto the instrument), there are
significant challenges in working with multiple chromatograms of this size, especially when
analyzing complex samples. Different chemicals that possess similar chemical functional groups
often have similar spectroscopic and chromatographic properties that make it difficult for
analysts to physically resolve, identify, and quantify the chemical analytes in a complex mixture.
It is the accurate and precise identification and quantification of the chemical analytes in

complex mixtures that is paramount to converting the experimental data into useful information.

When physical resolution by chromatography is not fully achieved, analysts often turn to
chemometrics to achieve mathematical resolution, to unmix the signal contributions from
overlapped analytes. To illustrate mathematical resolution, Figure 1.1 (left) shows the observed
signals for a simulated unresolved two-component mixture, LC-DAD (top) and GC x GC—
TOFMS (bottom), wherein each chemical analyte is represented in the chromatographic
domain(s) by a Gaussian elution profile with total signal proportional to concentration. Many
chemometric resolution techniques are available which, when operated under proper conditions
and given proper information, may be able to extract the pure component elution profiles and the
pure component spectral profiles, as shown in Figure 1.1 (right). The mathematically resolved,
pure component profiles for each analyte in the sample can then be individually examined and
quantified. Figure 1.1 (top) is an example of resolving second order data, while Figure 1.1
(bottom) is an example of resolving third order data. A 1D chromatography instrument coupled
with a univariate detector (e.g. GC-FID) would produce first-order data. Even higher dimensions

of data can be achieved when multiple second order or multiple third order chromatographic runs



are simultaneously analyzed, thus adding a sample dimension to the data. The order of the data
determines which chemometrics can be applied to resolve overlapping analyte peaks and
different orders of data provide different advantages, sometimes referred to as the second order
advantage, bilinear data, or third order advantage, trilinear data [7]. In general, when aiming to
achieve mathematical resolution of overlapping analyte peaks, the advantage is that higher order
data requires a user to input less information than lower order data. For example, chemometric
resolution methods for first-order data (e.g. classical least squares analysis (CLS)) require the
user to input a pure reference spectrum for each component in the mixture. An alternative
approach to using CLS for first-order data would be to simultaneously analyze multiple samples
to artificially increase the order of the data so higher order chemometrics can be used. Samples
with second and third order advantages involve freeing the analyst from providing pure reference
spectra (a big advantage for the analysis of unknown samples) and freeing the analyst from
providing more than one chromatogram to analyze any component in the sample (a big
advantage in the midst of analyte peak retention time shifting and other sources of uncontrollable

and chemically-irrelevant variations between chromatograms).

The ability to mathematically resolve analytes within a single sample significantly
relaxes the requirement for sample-to-sample retention time precision, minimizing the need to
implement retention time alignment as a data preprocessing step because replicate sample
injections to the instrument can be analyzed independently. However, we should be clear that
producing higher order data does not necessarily ensure that the data is amenable to analysis by
higher order chemometrics or that the user can make use of the second or third order advantages.

Producing data that can take full advantage of these chemometric methods strongly depends on



the balance between the instrumental design, how the user operates an instrument, and the

specific capabilities of the algorithm(s) implemented within the chemometric methods.

While there are specific advantages and disadvantages to each chemometric method,
mathematical resolution generally requires at least some selectivity exists between analyte
components in each data dimension. The ability of a data set to be decomposed into individual
analyte component vectors also generally requires the data to be bilinear for second order data or
trilinear for third order data, meaning each of the data dimensions are linearly independent from
one another and the pixel-level data are composed of unique, reproducible, and analyte
concentration-dependent signals at consistent retention times from each independent and unique
analyte source that is present. To be more precise, contributions to the signal are also provided
by baseline and indeterminate noise sources. Linear dependence between dimensions or
inconsistencies in retention times can be removed by reducing the order of the data, but this also
means that the user may not be able to fully utilize the advantages of the true dimensionality of
the data. Accordingly, this chapter will first describe the instrumental designs and instrumental
operation techniques that produce good quality high order data. Then the chapter will describe
several chemometric methods that provide mathematical resolution for ND data, where N > 1,
specifically, multivariate curve resolution-alternating least squares (MCR-ALS) for two-way
data, generalized rank annihilation method (GRAM) for two-way data, and parallel factor

analysis methods (PARAFAC and PARAFAC?2) for three-way data [8-16].



1.2 INSTRUMENT DESIGN AND UTILIZATION TO PRODUCE HIGH ORDER

CHEMICAL SEPARATIONS DATA

Producing ND chromatographic data that engenders second order and third order
advantages strongly depends on the quality of the instrument design and utilization. It is
important to note that when discussing and comparing GC-MS, LC-DAD, GC x GC-TOFMS
and LC x LC-DAD, or other related chromatographic instruments coupled with spectral
detection, the instrumentation and experimental challenges are generally different, but the data

analysis challenges for applying chemometric resolution methods are very similar.

GC-MS, LC-DAD, GC x GC-TOFMS or LC x LC-DAD should chromatographically
separate as many analytes as possible with the shortest separation run time possible. However,
sometimes it is not feasible to chromatographically resolve all the analytes, especially if a
complex sample contains hundreds to thousands of chemical compounds and high throughput
applications demand fast chromatographic acquisition rates (high experimental duty cycle).
Therefore, the key goal for the analyst is to strike a balance between too little chromatographic
resolution (time saving) and total chromatographic resolution (time wasting), while collecting
appropriate data that can be readily analyzed and transformed into useful information to answer a

specific analytical question of interest.

1.2.1  Goals for Two-Way Data: GC-MS and LC—-DAD

The instrumental goals for 1D chromatography with spectral detection such as GC-MS
and LC-DAD are to maximize selectivity, provide physical separation of analyte peaks, and

keep the run time fast to improve the experimental duty cycle, so narrow chromatographic peaks



are preferred. Narrower peaks not only improve separation peak capacity, they also focus the
analyte signal, improving sensitivity and signal-to-noise ratio (S/N). However, chemometric
algorithms require some degree of selectivity between overlapped peaks when chromatographic
resolution is not achieved, so each peak should be wide enough and sampled with a data
acquisition rate high enough to produce at least ~ 10 to 20 spectral scans for each peak’s elution
profile, and provide enough chemical selectivity for chemometric algorithms to appropriately
resolve analyte peaks. This requirement for 10 to 20 scans per peak-width-at-base does not mesh
well with simultaneously trying to obtain narrow peaks, especially for quadrupole mass
spectrometers (QMS) which are commonly used in GC-MS. A typical gMS with unit mass
resolution can collect up to 2 to 4 scans/s over a 40 to 600 m/z range per scan. Therefore, analyte
peaks in GC-gMS need to have a width of ~ 4 to 6 s to achieve ~ 10 to 20 scans/peak. In
contrast, TOFMS can collect 500 full spectra/s over the same 40 to 600 m/z range, although most
work with TOFMS is performed at 100 spectra/s. Therefore, at the 100 spectra/s data acquisition
rate, GC-TOFMS provides ~ 10 to 20 spectra/peak for peaks as narrow as ~ 100 to 300 ms wide.
This fast scanning rate is why the TOFMS is ideally suited for detecting the second

chromatographic dimension of peaks in GC x GC-TOFMS.

When gMS is used in GC-MS, then collection of a sufficient number of spectra across
the chromatographic peak width is especially important because of a spectral skew imposed by
this detector. Spectral skew occurs because the gMS detector does not scan all m/z
simultaneously, and within a single observed spectrum, later m/z can be measured at a different
analyte concentration than earlier m/z because the Gaussian-shaped peak rapidly swept through

the detector between observations, exposing each observation to a slightly different analyte



concentration. This causes the collection of spectra in a GC-MS chromatogram to be not only a
function of retention time between spectra (totally expected, since this is chromatography after
all), but also a function of retention time within each spectrum (potentially troubling to a
chromatographer who wanted to collect bilinear data). This skewing effect is most noticeable
when the peak signal is changing rapidly relative to the detector scan rate, such as the case with
narrow chromatographic peaks. The TOFMS does not have this spectral skew because all m/z
within each spectrum are analyzed at the same time, rather than scanned one-by-one while time
passes. When the data are skewed and the analyte spectrum varies across the peak elution profile,
the GC-MS data is not strictly bilinear Fortunately, skewed GC—qMS data can be corrected by
applying an unskewing algorithm that corrects the signal intensity for each mass based on the

measured intensity and the time needed to go from the start of the scan to each mass [17].

Application of mathematical resolution to LC-DAD data has the same peak sampling and
spectral acquisition rate requirements as GC-MS data. A typical diode array detector offers a
scan rate up to ~ 100 scans/s, but is commonly implemented at 40 scans/s over a UV-vis
wavelength range of 200 to 700 nm [6,18]. The fast scan rates for DAD means that peaks only
need to be ~ 0.5 s wide to achieve 10 to 20 spectra/peak, but the performance of 1D LC typically
produces peak widths that range from 5 s to 1 min. A 5 s wide peak detected with a DAD
spectral scan rate of 40 scans/s results in 200 spectra/peak, well beyond the minimum
requirements for mathematical resolution. Indeed, the fast spectral scan rate of the DAD makes it
ideally suited for the second chromatographic dimension of peaks in LC x LC-DAD. Achieving
an adequate number of spectral scans across the chromatographic peaks with LC-DAD is less of

a concern than in GC-MS, but UV-vis DAD is inherently less chemically selective than mass



spectrometry. Decreased detector selectivity generally requires additional chromatographic
selectivity in order to resolve overlapped analyte peaks within a single chromatographic run if
the analyst does not have a priori knowledge of the analyte spectrum or elution profile.
Alternatively, this challenge is often handled by stacking multiple 2D chromatograms and

analyzing the data as a single three-way array [19,20].

Combining replicates of 1D chromatography with spectral detection for simultaneous
analysis can significantly reduce analysis time and has the potential to produce trilinear data that
is amenable for third order chemometric methods, but there are some common non-ideal
features in the data that often need to be addressed. Among these non-ideal features are
differences in baseline signals and misalignment of peaks between samples. When either of these
issues are present in the data, they can cause significant challenges (and shortcomings) in
applying third order chemometrics. Proper tuning of the detector and running samples close
together temporally can reduce these issues. However, even with great care in the instrumental
analysis, these problems can persist. Because of this, replicates of two-way chromatograms can
be fused end-to-end in the time domain into a longer two-way data set (spectral dimension x
concatenated retention time dimension) rather than “stacked” as a three-way array (spectral
dimension x retention time dimension x sample dimension). Figure 1.2 (top) provides a
graphical representation of the rearrangement schemes for replicates of 1D chromatography with
spectral detection. Reducing the data dimensionality in this manner can remove the deviations
from trilinearity that are caused by analyte peak retention time shifts. The analyst also has the
option to use peak alignment software to make the data approximately trilinear and amenable for

third order chemometrics [21-23].



1.2.2  Goals for Three-Way Data: GC x GC-TOFMS and LC x LC-DAD

Comprehensive 2D chromatographic instruments, GC x GC-TOFMS and LC x LC-
DAD, produce a third order chromatogram for each sample that is injected into the instrument.
Before discussing the specific instrumental/experimental considerations required to produce
sufficiently trilinear chromatograms, it is necessary to describe the general design of the
instruments. In comprehensive 2D chromatography, two columns are connected in series with a
modulator between them to move eluate from one column to the next, and a spectral detector is
positioned at the end of the second column [4,18]. The two columns should have stationary
phases that produce separations that are “complementary” and not overly correlated, in order to
more fully utilize the two-dimensional peak capacity offered by comprehensive 2D
chromatography. Peak capacity, at unit chromatographic resolution, is simply the separation run
time in a given separation dimension divided by the average analyte peak width at base. Hence,
the ideal peak capacity of a comprehensive 2D separation is the product of the peak capacities
for the first column (*D) and second column (°D) separation dimensions, far greater than the
peak capacity offered by 1D chromatography. Peak capacity is a figure-of-merit that roughly
indicates to the amount of chemical information that can be gleaned from 1D and 2D
chromatographic separations. The modulator serves as an automated sample injection device that
interfaces the two columns, placed in-series, in the 2D chromatographic instrument. Analytes are
initially separated along the 1D separation dimension, with the modulator periodically injecting
eluate from this *D column onto the 2D separation dimension using a constant duty cycle. The
2D separations occur in real-time while preserving chromatographic resolution that was achieved
on !D. GC x GC-TOFMS commonly uses a thermal modulator which is capable of periodically

focusing the 1D eluate and improving S/N. LC x LC-DAD commonly uses an 8 or 10 port
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switching valve as the modulator. The time length of the 2D separation, is referred to as the
modulation period (Pwm) and it is necessarily short (on the order of one second to several seconds)
relative to the D separation time (on the order of minutes) so that each D peak can be sampled
by the modulator and separated by 2D an appropriate number of times. Since the detector is
positioned at the end of the second column and the second column serially followed the first
column, the number of spectra detected and collected along the 2D chromatographic peak profile
is determined directly from the second column peak width at base (?Wh) relative to the detector
spectral scan rate. In contrast, detector sampling of the D chromatographic peak profile is
dictated by the modulation ratio (Mr). The Mr of a comprehensive 2D chromatographic peak is

defined as the first column peak width at base (*Wp) divided by Pm (Mg = Ws / Pm) [24].

For comprehensive 2D chromatography with spectral detection, generally, a Mr of ~ 2 to
4 is capable of producing a trilinear chromatogram with sufficient chemical selectivity in all
three dimensions, concurrent with sufficient data density to quantitatively define the D and 2D
peaks, and all the while reasonably utilizing the high peak capacity offered by comprehensive 2D
chromatography. Smaller Mg values do result in noticeable broadening of D peaks due to
“undersampling” of the analyte peaks [25-27]. Larger Mr values are better at defining the D
peak and its shape, avoiding broadening, and better at detecting chemically selective signals
among overlapping peaks. However, the trade-off for larger Mr is reduced Pwm, which results in
reduced peak capacity in 2D, which in turn may cause a reduced overall 2D peak capacity. For
these reasons, Mr ~ 2 to 4 is preferred to balance peak capacity utilization, while appropriately
sampling peaks in both dimensions. Analysts should strive to design a comprehensive 2D

separation by optimizing the peak capacity of the D separation first, and then designing the 2D
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separation to have the appropriate Py taking into account *Wj to provide a proper Mg. The
resulting 2D peak capacity at this Py will provide a true improvement to the overall
comprehensive 2D peak capacity. These concepts are discussed in the context of specific GC x

GC-TOFMS and LC x LC-DAD instrumental operation parameters in the following paragraphs.

When a !D separation in GC x GC-TOFMS is sufficiently optimized and W, is kept
small (*Wp ~ 4 to 8 s) a relatively fast modulation period (Pm ~ 1 to 2 s) is required to achieve a
desirable Mg ~ 4. Peak widths of 2W, on the 2D separation range from ~ 40 to 400 ms, so the 500
spectra/s provided by the TOFMS is ideally suited for this instrumental platform, readily
providing the ~ 10 to 20 spectra/peak, and a ?D peak capacity range of ~ 10 to 25. An alternative
GC x GC-TOFMS method is commonly practiced, with the goal of running a longer modulation
period (Pm ~ 5 to 8 s) to improve the selectivity of the D separation (i.e., to increase the 2D peak
capacity). Achieving the same Mg with this longer Pm would then require that the 1D separation
be run sub-optimally in order to produce wide enough peaks (*Wp ~ 20 to 30 s). Ironically, the
overall comprehensive 2D separation peak capacity is compromised by this second approach.
Indeed, for all comprehensive 2D separations, the analyst should strive to initially optimize the
1D separation, so as not to reduce separation performance. If the D separation is basically
optimized, then the use of a long Pw translates into an “undersampling” of the 'D analyte peaks,
resulting in a Mr < 2, which negates the ability to produce chemically selective third order data
for chemometric analysis. To this point, a long Pm has been shown to be problematic for
chemometric analysis, causing significant 2D retention time shifts, defined as A%tr, between
modulations of an analyte, due to the necessary use of temperature programming in GC x GC

[28]. The term trilinearity deviation ratio (TDR) was defined as a metric to study this issue. The
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TDR is the 2D retention time shift normalized relative to the peak width (TDR = Atg / W) and
provides a quantitative metric for the trilinearity of the data that describes the performance of
trilinear chemometrics. When TDR = 0, it indicates that the data is strictly trilinear and no
shifting has occurred along the 2D separations from one peaklet to another for a given analyte
modulated from the 1D separation, as shown in Figure 1.3 (top). Herein, we refer to each peak
detected in the 2D separation dimension as a peaklet, because groups of the peaklets originate
from each D dimension analyte peak. Note that the Mg is not necessarily equal to the number of
peaklets observed for a given D chromatographic peak. While it is still possible to use trilinear
chemometric methods when TDR > 0, large TDR values increase the quantitative errors
associated with those modeling techniques. If third order chemometric models are to be used,
then the data must be sufficiently trilinear (TDR ~ 0 to 0.05 in the initial study); often the use of
along Pm~51to 8s coupled with fast temperature programs in GC x GC results in data that is
not amenable for analysis with third order chemometrics [28]. Under these circumstances, the
data must be rearranged prior to chemometric analysis. Generally this is accomplished by
reducing the order of the data to apply second order chemometrics, unfolding the three-way data
matrix (time 2D dimension x time *D dimension x spectral dimension) by concatenating each of
the n modulations, along the time 2D dimension, to produce a two-way matrix (spectral
dimension x n modulations of time 2D dimension). Figure 1.2 (bottom) is a graphical depiction
of the native three-way data structure with modulations depicted as slabs (spectra x time 2D)
along the time D dimension, and the unfolded two-way data with n modulations connected end-
to-end. Alternatively, localized peak retention time alignment can be applied if third order

chemometrics are to be used. To illustrate localized peak retention time alignment, Figure 1.3
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(bottom) shows a non-trilinear chromatogram, TDR = 0.2, that would require retention time

alignment prior to analysis by third order chemometrics.

The necessary data considerations for applying mathematical resolution to LC x LC-
DAD are generally very similar to those of GC x GC-TOFMS; but unlike GC x GC-TOFMS,
the solutions to these challenges often come from changing how the LC x LC-DAD instrument
functions, rather than varying the separation parameters. Overall, there is significantly less
variability in how analysts operate LC x LC-DAD instruments than compared to GC x GC—
TOFMS. Typical LC x LC experiments have a total *D run time of 30 to 60 min and produce D
peaks with a *W, ~ 30 s to 1 min. Unfortunately, the LC x LC valve modulation system does not
provide analyte focusing to improve the S/N, which is a benefit provided by the GC x GC—
TOFMS thermal modulator. Also, the Pm selection in state-of-the-art LC x LC-DAD is
generally restricted to a relatively narrow range (Pm ~ 15 to 30 s), with 2D peak widths ?W, ~ 0.5
to 2.5 s, resulting in a 2D peak capacity range of ~ 10 to 20. The instrumental constraints of LC x
LC-DAD, particularly the relatively long Pm necessary to produce adequate selectivity on the 2D
separation dimension, coupled with the peak widths on 1D, results in Mg ~ 1 to 3, which in turn
impacts applicability of some chemometric methods, so extra care may be required to ensure that
the data is amenable to third order chemometric analysis for a single sample run. Recent LC x
LC instrumental developments have helped to reduce the need for 2D peak alignment or the use
of lower order chemometric resolution methods, namely the introduction of a synchronized dual
valve modulation system, typically implemented as a single 8 or 10 port valve, and

independently programmable 2D separation gradients [18,21,29,30].
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1.3 CHEMOMETRIC RESOLUTION METHODS

The chemometric resolution methods discussed in this chapter have at least one design
property in common: they all assume the observed signal profile of a sample mixture is a linear
combination of the signal profiles of the pure components in the mixture and chemically-
irrelevant sources of variations in observed signals are minimized. This is often a reasonable
assumption for chromatography detectors, especially for absorbance spectroscopy when the
spectra of unresolved components are additive according to the Beer-Lambert Law, or when ion
counts provided by mass spectrometers are additive. However, chemometric resolution methods
have unique benefits and tradeoffs in terms of the amount of information a user must provide and
the limitations imposed by uncontrollable, chemically-irrelevant variations in the data. For
example, aside from requiring the user to input the one-way observed mixed spectrum of the
original sample mixture (X) as a vector, CLS also requires the user to input the pure spectrum of

each component in the mixture (S) as a matrix. Then CLS uses the model

x=cST+e (1.1)

to compute the concentrations of the components in the mixture (c) vector by applying the
pseudo inverse of S and minimizing the least squares error of fit (€) vector between x and the ¢S”
model. CLS outputs the resolved quantitative spectrum for each component in the mixture, but
the user needs to know the identity of the components in the mixture before CLS can
successfully resolve one-way data. To resolve the overlapping signals of a two-way sample
profile using MCR-ALS, the user needs to only input the number of components in the mixture
(the identity of those components can remain unknown, if necessary); this is an example of a

second order advantage. The second dimension of chemical selectivity provides chemically-
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relevant information to the MCR-ALS algorithm that was unavailable when CLS was given only
one-way data. An analogous additional advantage is provided by third order data for PARAFAC
algorithms wherein fewer user inputs are required to achieve mathematical resolution of
overlapped analyte peaks due to the additional data dimension contributing additional chemically
selective information. Please note that for equations that deal with mathematically manipulating
ND chromatograms in this chapter, lower case letters represent scalars, superscript T means the
former variable is transposed, bold lower case letters represent vectors, bold uppercase letters

represent matrices, and underlined bold uppercase letters represent 3D arrays.

1.3.1 MCR-ALS

In terms of two-way chromatographic data, the chemometric model for MCR-ALS is

D=CST+E (1.2)

where D represents a given observed two-way chromatogram with retention times in the rows
dimension and wavelengths (or ion m/z) in the columns dimension, C contains pure predicted
chromatograms for the components, ST contains pure predicted spectra for the components, and
E is the minimized error of residuals between the predicted and observed two-way
chromatogram. We refer the reader to excellent references that thoroughly describe MCR-ALS
[12,20,31-33]. In brief, while using appropriate constraints, initial estimated pure
chromatograms and pure spectra are multiplied to yield the CST model, tested for convergence,
then C and S values are alternately and repeatedly iterated, multiplied, and again tested for
convergence, until the convergence criterion is finally met. MCR-ALS outputs a pure two-way
chromatogram for each component present in D. To apply MCR-ALS, the user does not have to
know the identity of the components in the mixture. Instead, the user inputs initial values for C
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and S, and the user chooses appropriate constraints (such as unimodality, nonnegativity, or local
rank) and an appropriate convergence criterion (such as threshold number of iterations, minimal
value of E, or an improvement threshold for lack of fit between the predicted model and D).
Initial values for C and S can be provided by evolving factor analysis (EFA), simple-to-use self-
modeling analysis (SIMPLISMA\) orthogonal projection approach (OPA), or Key Set Factor
analysis (KFA), all of which, in general, try to select the purest rows or columns present in the
original data as initial estimates [12].

As mentioned previously, MCR-ALS requires that the two-way input data is bilinear. In
GC-MS and LC-DAD applications, if samples or replicates compose a third dimension, users
can append matrices to remove the effects of retention time variations. Users can unfold the
three-way array along tr dimensions to produce a suitable two-way matrix, as in Figures 1.2 and
1.3, and then the resolved component profiles that are produced can be refolded into the original
three-way form [32]. In GC-MS and LC-DAD applications, if samples or replicates compose a
fourth dimension and tr variations are problematic, then unfolding along the tr dimension and
augmenting samples or replicates into a single dimension can remove the problematic effects of

analyte peak retention time shifts between chromatograms.

132 GRAM

Like MCR-ALS, GRAM is also applicable to resolving overlapping peaks in two-way
chromatographic data. Unlike MCR-ALS, GRAM is not iterative, meaning it does not require
the user to input convergence criteria (or iteration stopping point). GRAM outputs a final unique

set of quantitative chromatograms for the resolved components in a given sample mixture
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chromatogram (M). However, GRAM does require the user to input a standard mixture
chromatogram (N). In brief, GRAM models M and N as

M= XCyYT (1.3)
and

N = XCpYT (1.4)
where X is a matrix containing the pure component profiles in the first chromatographic
dimension, Y is a matrix containing the pure component profiles in the second chromatographic
dimension, and Cy is a diagonal matrix containing the concentration of k known components in
the standard sample. Thus, given N, M, Cn, and k (k can be objectively and algorithmically
estimated when k is initially unknown), it is possible to calculate the resolved pure
chromatographic profiles of the components in the unknown sample mixture (X and Y) as well as
the component’s concentrations relative to the standard (Cwm). We refer the reader to excellent
references that thoroughly describe GRAM [13,14,34-40]. In brief, GRAM mathematically
resolves the components of the sample mixture, given the following requirements: the unknown
sample must contain relative analyte component concentrations that differ from the standard (for
example, if the two analytes of interest that overlap in the unknown sample have concentration
ratio = 2:1, the standard must contain the two analytes at concentration ratio # 2:1), the
overlapped peaks must have some chromatographic and spectral resolution on the respective
dimensions, and the analyte retention times and peak shapes (shapes, not magnitudes) must be
equal between the unknown sample and the standard (the data must be bilinear). The unknown
sample can contain interference peaks that are absent in the standard and vice versa. The key is
that the user augments M and N into a single matrix so that all components that are common to

both M and N are modeled. Thus, GRAM is initiated by either augmenting or summing M and N
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into a single matrix. Then the GRAM algorithm goes on as follows: it performs singular value
decomposition (SVD) on that single matrix, the SVD decomposition matrices are truncated
according to k components, an eigenvalue problem is solved for the truncated matrices yielding
eigenvectors and eigenvalues. The eigenvectors and decomposition matrices from SVD are used
to determine the pure component profiles (X and Y), and the eigenvalues and Cy are used to
determine the concentrations of the unknown sample components (Cwm) relative to the standard

mixture.

1.3.3 PARAFAC

As described earlier, GC x GC-TOFMS and LC x LC-DAD instruments produce
trilinear data wherein the signal from an analyte is essentially the outer product of three fixed
vectors: the first separation dimension profile (:D), the second separation dimension profile (°D),
and the spectrum. PARAFAC can mathematically resolve a given trilinear structure by modeling
each component as the outer product of its three fixed vectors, while simultaneously filtering out
nontrilinear signals such as noise contributions to signals. The trilinear chemometric model for
PARAFAC is

R=%r0ic1t0nXi Yy, 2z, +E (1.5)
wherein R represents a given observed three-way chromatogram, x; is the pure predicted 2D
chromatogram for the i component, yi is the pure predicted 'D chromatogram for the it"
component, zi is the pure predicted spectral profile of the i component, E is the minimized error
of residuals between the predicted and observed chromatograms, and n is the total number of
factors in the chromatographic subregion (factors are the sum of number of analyte components

and number of sources of noise or baseline contributions to the total signal). We refer the reader
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to excellent references that thoroughly describe PARAFAC [6,8,28,41-51] and an enhanced
version called PARAFAC2 [9,15]. In brief, PARAFAC mathematically resolves overlapping
components of a 2D chromatographic subregion while filtering out nontrilinear noise
contributions (as long as there is not an excessive number of factors in the model) by using
alternating least squares to iteratively converge upon the xi, yi, and z; values that minimize E.

In theory, PARAFAC performs well given the following requirements: the unknown
sample array must be sufficiently trilinear (TDR < 0.05), it must contain chemically selective
information for each component on two of the three dimensions, the user must choose
appropriate initialization values (common choices are random values or values provided by
generalized eigenvalue decomposition of the raw data), and the user must choose stopping
criterion (some form of minimizing E such as reaching a small threshold value for relative
change in fit between two successive models). It is beneficial if a small maximum number of
components are known to be present in the three-way data. But in the absence of this a priori
knowledge, convergence of the algorithm and objective determination of the number of
components present can be achieved by building models of increasing number of factors and
automatically detecting the number of factors at which overfitting occurs, that number minus one
factor is the optimal model. Optional constraints such as nonnegative signals and unimodality in
peak shape are often reasonably acceptable assumptions that can be input into a PARAFAC
algorithm to facilitate efficient convergence to a final solution, as well, but these are not
requirements. As mentioned previously, PARAFAC requires trilinear data. But to be clear,
PARAFAC is robust against some 2tr shifting and it is still useful for data with some deviations
from trilinearity (Pinkerton et al., 2015). With GC x GC-TOFMS and LC x LC-DAD data, if tg

variations are problematic, use appropriate alignment techniques before submitting the data to
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PARAFAC. If samples or replicates compose a fourth dimension in the data, then unfold the %tr
dimension to reduce the data from four-way to three-way and align all the chromatograms to a
target before doing PARAFAC. It is rare to apply PARAFAC to two-way GC-MS data (GC-MS
or LC-DAD), but if samples or replicates compose a third dimension, then align all of the
chromatograms to a target chromatogram before submitting the three-way data to PARAFAC.
Another excellent chemometric option to consider is PARAFAC2, which is an advanced version
of PARAFAC that provides as many Xix vectors as there are modulations in the three-way data,
where Xix is the pure predicted 2D chromatogram for the i'" component in the k™ modulation.
PARAFAC?2 is robust against ?tr variations within a comprehensive 2D chromatographic run
because PARAFAC?2 is built to assume the covariance matrix of each second column elution
profile is constant (e.g. the cross product matrix of Xy, specifically X" Xy, is constant for each
component as a function of retention time). This condition is met when A?tg is constant between

pairs of Xx matrices, and there are no changes in the shape of each component peak profile.

1.4 GENERAL OVERVIEW

Skilled researchers have developed and utilized MCR-ALS, GRAM, and PARAFAC
algorithms to mathematically resolve complex samples and quantify interesting analytes from
environmental samples, industrial materials, fuels, and biological samples. The chemometrics
enhances the detection, identification and quantification of the analyte peaks that otherwise
would not be readily analyzed by more conventional data analysis methods. Hence, using
chemometric resolution methods substantially broadens the scope of these instrumental platforms
to provide a more in-depth and confident analysis of ever increasing complex samples. All of
these chemometric methods seem to provide a satisfactory level of accuracy and precision in
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applications if the data input for analysis meets specific standards of quality. Future challenges
involve the general acceptance, more common implementation, and automation of chemometric
software with the relatively large data sets that are produced with GC-MS, LC-DAD, GC x GC—
TOFMS and LC x LC-DAD, and in particular for the comprehensive 2D separation methods.
Currently most applications of chemometric resolution requires the analyst to be an expert in the
chemometrics field, so most software that is commonly applied is provided by the instrument
manufacturer, using algorithms that are not in the public domain and accordingly are not
traditionally labeled as “chemometric” software, although sharing the same goal to convert

chemical data into chemical information.

1.5 OVERVIEW OF FOLLOWING CHAPTERS

The following chapters describe a total of four novel concepts that were studied in depth
for this work. Each of the following chapters relate specifically to either one-dimensional gas
chromatography or comprehensive two-dimensional gas chromatography; but, as indicated by
the above introduction the fundamental chromatographic principles and analytical methods
studied are also generally applicable to both liquid and gas chromatography with minor

additional instrumental consideration. A brief abstract of each chapter is provided below.

1.5.1  Chapter 2: Determining the Probability of Achieving Successful Quantitative Analysis
for Gas Chromatography-Mass Spectrometry

A new method is presented to determine the probability of achieving a successful
quantitative analysis for gas chromatography-mass spectrometry. The proposed theory is based
upon a probabilistic description of peak overlap in GC-MS separations to determine the

probability of obtaining a successful quantitative analysis which has its lower limit of
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chromatographic resolution Rs at some minimum chemometric resolution, Rs*; that is to say,
successful quantitative analysis can be achieved when Rs > Rs*. The value of Rs* must be
experimentally determined and is dependent on the chemometric method to be applied. This
method makes use of the assumption that analyte peaks are independent and randomly
distributed across the separation space, or are at least locally random, namely that each analyte
represents an independent Bernoulli random variable, which is then used to predict the binomial
probability of successful quantitative analysis. The theoretical framework is based on
chromatographic saturation factor and chemometric enhanced peak capacity. For a given
separation, the probability of quantitative success can be improved via two pathways, a
chromatographic efficiency pathway that reduces the saturation of the sample, and a
chemometric pathway that reduces Rs* and improves the chemometric enhanced peak capacity.
This theory is demonstrated through a simulation based study to approximate the resolution limit,
Rs*, of multivariate curve resolution-alternating least squares (MCR-ALS). For this study, the

limit Rs* was found to be between 0.2 and 0.3, depending on the analytical expectations.

1.5.2  Chapter 3: Implications of Phase Ratio for Maximizing Peak Capacity in
Comprehensive Two-Dimensional Gas Chromatography Time-of-Flight Mass

Spectrometry

The relationship between the phase ratio, 4, of the primary (*D) and secondary (°D)
separation dimensions of comprehensive two-dimensional (2D) gas chromatography (GCxGC)
separations, and the implications of $ on realization of maximal 2D peak capacity, nc2p, are
examined. A GCxGC chromatographic system with time-of-flight mass spectrometry, TOFMS,
was otherwise held constant for the separation of a multi-component test mixture spanning a

range of chemical functionalities, while only the $ of the two analytical columns were changed,
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14 for D and 24 for 2D. Six column sets were studied using common, commercially available 5
values. The p ratio, Sr = 18/°8, is defined as a quantitative metric to facilitate this study. It is
demonstrated that gr plays a key role in maximizing nc2p. Overall, Sr substantially affected nc2p
by influencing retention factors on the 2D column, 2k, and thereby changing the modulation
period, Pm, necessary for proper 2D column separations. The necessary changes to Pm modify the
modulation ratio, Mg, which affects the D column peak widths and n¢ due to the impact of
undersampling. Through changes to 14, the range of 2k can be controlled, with subsequent effects
to both 2n¢ and nc. These effects were opposite in direction, such that improvements to 2nc may
result in declines in inc. It is observed that due to the pseudo-isothermal nature of the 2D
separation, there are diminishing returns to extending the 2n at the cost of In. In this particular
study, column set 3 (*D: 20 m length, 250 um i.d., 0.25 um film; 2D: 2 m, 180 um i.d., 0.2 um
film; pr = 1.11) with a Pm of 3 s provided the highest theoretical nc2p of ~8200, though this was
at a relatively low Mg of ~1.8. Column set 2 (*D: 20 m length, 250 um i.d., 0.5 um film; 2D: 2 m,
180 um i.d., 0.2 um film; gr = 0.56) with a Pm of 1.5 s provided a high theoretical nc2p of
~5800, at a much higher Mr of ~3.7. Though column set 2 had a lesser total peak capacity than
column set 3, its higher Mg suggests that by improving the D column efficiency (i.e., narrowing

the *D column peak widths) to improve *nc, can result in an increased theoretical nc 2p.

1.5.3  Chapter 4: Method to Determine the True Modulation Ratio for Comprehensive Two-
Dimensional Gas Chromatography

A new method is presented to determine the true modulation ratio, Mg, from the
measurable effective modulation ratio, Mgr*, in comprehensive two-dimensional gas

chromatography, GC x GC, without the requirement for a detector at the end of the primary
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column. The method was developed through the investigation of modulator induced band
broadening, as a function of *W, and the selected modulation period, Pw, for simulated GC x GC
data, by first defining primary column D peak(s) and simulating the modulation process.
Gaussian curve fitting is used to model each modulated secondary column separation peaklet,
2D, in the unfolded GC x GC data to accurately determine the maxima of the peaklet distribution,
followed by Gaussian curve fitting to the maxima to determine the effective D peak profile and
width, *Wp*. The relationship between W, and *Wy* is studied as a function of the effective
modulation ratio, Mgr*, which is *Wp* divided by P, in order to determine the true modulation
ratio, Mg, which is *Wy divided by Pm. We explore how peak sampling phase (in-phase and out-
of-phase) plays a role in the relationship between Mr and Mr*. Experimental validation of the
simulated results is also provided, to span a range of commonly implemented conditions with
typical Wy, (2-4.5 s) and Pm (0.25-8 s). Use of Mr < 2 significantly broadens the D peak (Mr*
> 1.2 MR) corresponding to a loss in 1D peak capacity, nc>20%. The new method relies upon
mapping from Mgr* to Mg, which is discussed in relation to peak capacity theories for GC x GC.
It is found that optimizing 'nc in GC x GC requires that W, is minimized and must be sampled
with a sufficiently short Pm (1-2 s) to minimize modulator induced band broadening and a

subsequent reduction in the effective !D peak capacity.

1.5.4  Chapter 5: Trilinearity Deviation Ratio: A New Metric for Chemometric Analysis of
Comprehensive Two-Dimensional Gas Chromatography Time-of-Flight Mass

Spectrometry Data

Comprehensive two-dimensional gas chromatography coupled with time-of-flight mass
spectrometry (GC x GC — TOFMS) is a well-established instrumental platform for complex

samples. However, chemometric data analysis is often required to fully extract useful
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information from the data. We demonstrate that retention time shifting from one modulation to
the next, A%tg, is not sufficient alone to quantitatively describe the trilinearity of a single GC x
GC — TOFMS run for the purpose of predicting the performance of the chemometric method
parallel factor analysis (PARAFAC). We hypothesize that analyte peak width on second
dimension separations, ?Wp, also impacts trilinearity, along with A%tg. The term Trilinearity
Deviation Ratio, TDR, which is A%r normalized by W, is introduced as a quantitative metric to
assess accuracy for PARAFAC of a GC x GC — TOFMS data cube. We explore how modulation
ratio, Mr, modulation period, Pwm, temperature programming rate, Tramp, Sampling phase (in-phase
and out-of-phase), and signal-to-noise ratio, S/N, all play a role in PARAFAC performance in the
context of TDR. Use of a Pm in the 1 s to 2 s range provides an optimized peak capacity for the
first dimension separation (500 to 600) for a 30 min run, with an adequate peak capacity for the
second dimension separation (12 to 15), concurrent with an optimized two-dimensional peak
capacity (6000 to 7500), combined with sufficiently low TDR values (0 to 0.05) to facilitate low
quantitative errors with PARAFAC (0 to 0.5 percent). In contrast, use of a Pv in the 5 s or
greater range provides a higher peak capacity on the second dimension (30 to 35), concurrent
with a lower peak capacity on the first dimension (100 to 150) for a 30 min run, and a slightly
reduced two-dimensional peak capacity (3000 to 4500), and furthermore, the data is not
sufficiently trilinear for the more retained second dimension peaks in order to directly use

PARAFAC with confidence.
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Figure 1.1. Observed sample profiles of chromatographically overlapped two component mixture (left)
with LC-DAD (top) and GC x GC-TOFMS (bottom). Mathematically resolved component profiles (right)
after application of 2" order (top) and 3" order (bottom) chemometric resolution. LC-DAD data decomposed
into chromatographic elution profiles, signal versus time, and UV-vis absorbance spectra, absorbance versus
wavelength (). GC x GC-TOFMS data decomposed into column one elution profiles, signal versus time D,

column two elution profiles, signal versus time 2D, and time-of-flight mass spectra, signal versus m/z.
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Figure 1.2 Graphical representation of data structures (left) for replicates of 1D chromatography with

spectral detection (top) and single run of 2D chromatography with spectral detection (bottom), with data

rearrangement schemes (right). Replicates of two-way data (top) are shown fused together end-to-end in the

time dimension to create a single two-way array (spectral dimension x concatenated retention time

dimension) , where Timen is the time dimension of the " sample, and stacked along the sample dimension

to create a three-way array (spectral dimension x retention time dimension x sample dimension). Three-way

data (bottom) can be unfolded along the time D dimension (modulation dimension) such that each of the n

modulations are concatenated, each modulation is as a two-way slab with dimensions spectra x time 2D

from the original three-way array.
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Figure 1.3 2D chromatogram of one analyte for a single m/z or wavelength taken from
GC x GC-TOFMS or LC x LC-DAD sample. Trilinear data (TDR = 0) (top) and non-trilinear
data (TDR = 0.2) (bottom) are shown folded (left) and unfolded (right). Numbered windows in
unfolded data represent individual modulations. Arrows in windows of unfolded data indicate the
2D retention time (%tr) of the first modulated 2D peaklet.
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Chapter 2. Determining the Probability of Achieving Successful
Quantitative Analysis for Gas Chromatography-Mass Spectrometry

2.1 INTRODUCTION

Gas chromatography (GC) is a powerful separation technique used to separate volatile
and semi-volatile compounds in complex mixtures. Often coupled with mass spectrometry (MS)
as a hyphenated technique, GC-MS is a popular analytical platform for a variety of applications,
such as metabolomics,[1,2] forensics,[3,4] food products,[5,6] and more.[7-9] Complex samples
generate complex chromatograms, often with excessive peak overlap due to co-eluting analytes.
Such chromatograms often require advance chemometrics techniques for successful
deconvolution and extraction of useful information about the sample components.

Deconvolution software is often used to mathematically resolve two or more analytes that
are chromatographically overlapped. Compared to simple peak height or peak area integration
techniques that require a pure signal for a given analyte response, deconvolution can provide a
more accurate and precise analyte peak area and a purified analyte mass spectrum, for better
analyte quantification and identification. Many chemometric software algorithms have been
developed to perform deconvolution on chromatographic peaks. Each algorithm functions
slightly differently in its requirements of the data structure and its efficacy for certain
applications. However, all deconvolution algorithms are accuracy- and precision-limited in their
performance by three main factors: (1) chromatographic resolution between the target analyte
and nearby/overlapping interferent(s); (2) signal-to-noise ratio (S/N) of the analytes of interest;

and (3) mass spectral similarity between the target analyte and nearby/overlapping interferent(s).
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Many metrics exist to evaluate and compare the efficacy and power of various GC
separations. One popular metric is peak capacity, which is representative of the amount of
information that can be contained in a given separation, defined as the maximum number of
peaks that can be evenly resolved, most commonly determined at unit chromatographic
resolution (Rs = 1.0), in a certain separation time.[10] However, if one can decrease the
resolution at which peaks can be resolved through chemometric deconvolution, the requirement
for physical separation can be loosened and the peak capacity can be “chemometrically”
enhanced and increased, allowing more peaks per separation time window.

The likelihood of needing to apply chemometrics hinges upon the relative
“crowdedness” of a chromatogram, that is, how many analytes are present in a separation
window, referred to as the saturation factor, a°.[11] The saturation factor is mathematically
defined as the number of components present in a separation divided by the peak capacity.[11]
Therefore, if the peak capacity can be chemometrically enhanced, this effectively reduces the
saturation factor of the separation. Consequently, the metrics chromatographers use to compare
and evaluate separations, especially resolution, peak capacity and saturation factor, are
interrelated by definition and can be chemometrically enhanced through the application of an
effective deconvolution algorithm.

The relation between peak overlap and saturation factor has previously been
reported by Davis and Giddings as part of their statistical overlap theory.[11,12] Their theory
expressly states that with complex samples, the overlap of peaks can be statistically estimated for
a given level of chromatographic saturation a°, specifically that the number of observed peaks
can be statistically approximated. However, their theory does not include a discussion of

chemometrically enhanced resolution and was suggested to fail at a® > 1. We develop and apply
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a similar theory here, which is nominally consistent with that presented by Davis and Giddings,
but aims to describe the effects of chemometrically enhanced resolution on peak capacity and the
probability of successful chemometric deconvolution for analyte identification and
quantification. Operating under the assumption that analyte peaks are randomly distributed
across the separation space, the theory is based upon a probabilistic description of peak overlap
in GC-MS separations to determine the probability of obtaining a successful quantitative
analysis, referred to herein as obtaining “chemometric success,” which has its lower limit of
chromatographic resolution Rs at some minimum chemometric resolution, Rs*.

For practical implementation of the theory, chemometric success for a target analyte
requires that any interfering peaks have Rs > Rs* to the target peak, in order to achieve a user
specified level of quantitative accuracy and precision, and/or level of analyte identification
confidence via a mass spectral library match. Hence, the theory serves as a spring board into a
simulation-based investigation to determine the minimum chemometric resolution, Rs*, at which
a user-selected chemometric algorithm can successfully deconvolute co-eluting GC-MS peaks, to
assess how practical application of the deconvolution algorithm fits with the expected theory.
Simulations include the generation of chromatograms including one target analyte and one
interferent analyte (referred to as a “target-interferent pair”) at several Rs and two S/N levels. A
broad range of target-interferent pairs are evaluated, varied to span the range to include pairs
with similar mass spectral character to pairs with very different mass spectral character. Any
deconvolution algorithm could be applied to the simulated data to determine Rs*. For the purpose
of this study, due to its ubiquitous application, multivariate curve resolution with alternating least
squares (MCR-ALS) was chosen as the deconvolution algorithm.[13-17] However, other

deconvolution algorithms could also be applied to determine their respective Rs*.
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2.2 THEORY

The theory presented here operates under the assumption that chromatographic peaks are
randomly distributed across the separation space, which is an approach with historical
roots.[11,12] While this is not necessarily the case for all separations, depending on sample
composition and column stationary phase, the theory presented can also be applied as local peak
capacities for a particular temporal portion of the total separation time, twindow, by replacing the
total separation time, tsep, Such that twindow < tsep, assuming only local randomness and allowing
for variations in peak distribution across the chromatogram. The assumption that peaks are
randomly distributed across the entire separation is used for the purposes of demonstration, but
all equations presented are readily applied with the assumption of local randomness.

In chromatography, the amount of information contained in a given separation is

inferred from and is directly related to the peak capacity of the separation, defined as

_ tsep _ tsﬁ
ne= 3= W, (2.1)
where tsep is the total separation time and W is taken as the average peak width at base. The peak
capacity, nc, represents the number of evenly resolved peaks at unit resolution, Rs = 1, that can fit

into a given separation. The resolution between two chromatographic peaks is defined by

tr2—tR1 Atg
R.=—~—————=— 2.2
S S(WpatWh) W (2.2)

where Atr is the difference in retention time for peaks one and two, tr 1 and tr,2, and W is the
average of the individual peak widths at base for peaks one and two, Wp 1 and W2 For
temperature programmed separations peak widths tend to vary only slightly, such that the

average width at base terms, Wy, from Equations (2.1) and (2.2) are nominally equivalent.
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The application of chemometrics to chromatographic data allows for
mathematical resolution of peaks that may not have been resolved physically by
chromatography. The ability to mathematically resolve peaks that are physically overlapped,
taken to be Rs < 1, significantly relaxes the requirement for chromatographic resolution across
the separation and increases the number of evenly resolvable peak, resulting in a new

chemometric enhanced peak capacity,

n = = 2 2.3)

where Rs* is defined to be the minimum chemometric resolution, which is the minimum
resolution between two peaks for a particular chemometric method to deconvolute them, that is,
to resolve them mathematically. It should be noted that the minimum chemometric resolution,
Rs*, is distinct from chromatographic resolution defined by Equation (2.2); in particular, Rs*
depends on the chemometric method and must be determined experimentally, while Rs is a
measured chromatographic value between two peaks. In general, Rs* suggests that the
chemometric method can be successfully applied for all values Rs > Rs*. Figures 2.1(A) and (B)
show simulated selective ion chromatograms of a single target analyte (solid line with tr = 4.5)
and the two nearest interferent peak profiles eluting with Rs = Rs* for Rs* = 1.0 and 0.3
respectively. The Rs* = 1.0 in Figure 2.1(A) is representative of an analysis without
chemometrics while Figure 2.1(B), shows a separation analyzed by a chemometric technique
with Rs* = 0.3, illustrating the substantial gain in peak capacity when chemometrics are
considered.

The assumption of randomly distributed peaks generally leads to the Poisson

distribution, a generalized approximation of the binomial distribution. However, the assumption
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of randomly distributed peaks means that the probability of chemometric success can be
determined rigorously with the binomial distribution with each chromatographic peak
representing an independent Bernoulli random variable, since chemometric success requires that
there are no interferent peaks at Rs < Rs* to the target analyte. For a single target analyte, the

probability of chemometric failure, defined as Rs < Rs*, for the target-interferent pair (m = 1) is

defined by
Prait = 7= (2.4)
where nc* is as in Equation (2.3). This leads to the determination that the probability of
chemometric success for a single target target-interferent pair, Rs > Rs*, is
Dsuccess = 1 — Pra = 1 — = (2.5)

ne*
Equation (2.5) can be generalized to samples of any complexity to define the probability

of chemometric success for a target analyte with m > 0 independent interferent peaks

2 m
P(success) = (Dsyccess)™ = (1 — ) m=>0 (2.6)

ne*

In this context, the saturation factor of a chromatographic separation is given by

# components m+1
a® = = 2.7)

ne ne

where m is the number of interferent peaks as in Equation (2.6) so the total number of
components is m interferents + 1 target analyte. Figure 2.2(A) and (B) are examples of simulated
total ion current (TIC) chromatograms with nc = 100 with randomly distributed analytes,
corresponding to a® = 0.5 and 1.0 respectively. An alternative expression for P(success), as a

function of a°, can now be provided by combining Equations (2.3) and (2.7) with Equation (2.6),

w (@°ng.—1)
P(success) = (1 - &) ‘

ne

(2.8)
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Clearly, P(success) depends on the separation peak capacity and the sample complexity
but it also requires determination of the limit of chemometric resolution, Rs*, for the chosen
chemometric method. The most generalized benefit of Equation (2.8) is that it allows for a
quantitative comparison of chemometric method performance and chromatographic separation
parameter selection for samples of varying complexity. Even though the theory appears to be
based on a single target analyte, in a broader sense, the theory is generally applicable to all
components in the separation (m+1), and can be iteratively applied such that each component is
thought to be the target analyte in relation to the other m components.

A plot of P(success), via Equation (2.8), as a function of a° for various Rs* ranging from
0.05 to 1.0 is provided in Figure 2.3(A). Figure 2.3(B) shows a zoomed in view of the plot in
Figure 2.3(A) to illustrate the significant gains realized when chemometrics with lower Rs*
values are applicable. Since Rs* depends on the particular chemometric method to be used and
the conditions under which the method will be applied, Rs* must be determined experimentally
(demonstrated herein). The plot of P(success) at Rs* = 1.0 represents an analysis without
chemometric deconvolution, relying solely on the physical chromatographic resolution of peaks
followed by traditional quantitative measurements such as peak height. If a separation is initially
achieved with o® = 1.0 (Figure 2.2(B)), P(success) is 0.14, thus only about 14% of the analytes
could be successfully analyzed if limited by data analysis tools to follow the curved Rs* = 1.0
path. This challenge for successfully applying chromatography to complex samples was first
noted by David and Giddings,[11,12] and has been an impetus for the development of more
efficient separation methods (higher N), and multi-channel detectors such as MS for GC. If the
chromatographic efficiency N is increased 10-fold, the a° is reduced by 10Y2 to 0.32, resulting in

a P(success) of 0.55, nearly a 4-fold increase in analyzable components following strictly the Rs*
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= 1.0 path via improvements to chromatographic efficiency. However, in order to more closely
approach a P(success) of 1.0, the goal being to be able to analyze 100% of the components,
improvements to chromatographic efficiency should be coupled with chemometric methods so as
to simultaneously decrease a°® while following an analysis path at a reduced Rs*. For example, if
a chemometric method provides an Rs* = 0.3, with a® = 1.0, the P(success) jumps from 0.14 to
0.55, and then if in concert the chromatographic efficiency was increased 10-fold, now a° = 0.32,

the P(success) is 0.83, well on the way to approaching 1.0.

2.3 EXPERIMENTAL

All data were simulated and analyzed using Matlab R2015b (Mathworks, Inc., Natwick,
MA, USA), with the modeling conditions summarized in Table 1. Three-second long GC-
TOFMS chromatograms were simulated consisting of one analyte and one interferent at a mass
spectral collection rate of 100 Hz. Peaks were modeled as Gaussians with the same peak area and
a width at base (+ 20) of 1 s. Random Gaussian-distributed noise was generated independently
for each mass channel, m/z, over the m/z range of 20-360 The parameters for the noise were
determined such that the mean and standard deviation of the noise would provide the desired
signal-to-noise ratio (S/N) in the total ion current (TIC) of the peak. Two S/N values were
studied, the high S/N was defined as S/N of 100 (hereafter, “S/N 100”") and the low S/N was
defined as S/N of 10 (hereafter, “S/N 10”), where the magnitude of the noise, N, was defined as
30, or three times the standard deviation of the noise. With the S/N defined relative to the TIC for
a given analyte, the S/N at a sensitive m/z would be proportionately higher than the S/N of the

TIC, depending upon the total number of unique mass fragments and the relative distribution of
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mass fragments in the analyte spectrum. These concepts are illustrated for 2,3,4 trimethylpentane
and 3,4 diethylhexane in Figure S2.1 in Supplemental.

In order to create a large enough sample of simulations for study, a total of 45 analytes
were chosen to serve as the targets and interferents with their mass spectra taken from the NIST
database. Here, a “target” is taken to be an analyte of interest and “interferent” an analyte that is
chromatographically overlapped with the desired target. A list of the 45 analytes can be found in
Table S1 in the Supplemental. Since two of the 45 analytes were used for each simulation (one
target, one interferent), a total of 990 simulations were created at each S/N (s5Cz, or 45 choose 2).
These 45 analytes were chosen such that there was a relatively diverse distribution of target-
interferent pairs, ranging from pairs with very similar mass spectra to pairs with very dissimilar
mass spectra. A mass spectral match value (MV) was calculated between each target and
interferent to determine whether there was a “High” MV (that is, the mass spectra were very
similar) “Mid” MV, or “Low” MV (that is, the mass spectra are very dissimilar). MV was
calculated based on the equation outlined by Stein.[18] “High” MV target-interferent pairs were
those with 600 <MV < 1000; “Mid” MV pairs were those with 300 < MV < 600; and “Low”
MV pairs were those with MV < 300. The calculated match values for all 990 target-interferent
pairs are provided in a histogram in Figure S2.2 in Supplemental, with the distribution indicative
of the broad range of MV target-interferent pairs studied.

In addition to varying the target-interferent pair and the S/N, the resolution, Rs, between
the target and interferent peaks was varied in order to determine the minimum resolution for the
deconvolution algorithm, Rs*, to successfully deconvolute the target from the interferent. Sixteen
resolution values (Rs = 0.02, 0.04, 0.06, 0.08, 0.10, 0.12, 0.14, 0.16, 0.18, 0.20, 0.25, 0.30, 0.35,

0.40, 0.45, and 0.5) were chosen. A Rs = 0.2 is illustrated in Figure S2.3 Supplemental, pointing
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out that by definition the peak height ratio of target-interferent in the TIC was held constant at
1:1. For each target-interferent pair (990 options), a chromatogram of each Rs (16 options) at
each S/N (2 options) was generated, resulting in a total of 31,680 total chromatograms generated.
All simulation parameters are provided in Table 1.

Next, an MCR-ALS model was created for each simulation. One component, two
component and three component models were generated, and it was determined that the two-
component models effectively modeled both target and interferent while pulling out the noise in
the residuals. All chemometric models shown and discussed hereafter will refer to the two-
component models. Models were generated without any constraints. All chromatograms and
models were generated over the course of 36 hours on a personal computer with an Intel®
Core™ i7-4770 processor (3.4 GHz), 24 GB of random access memory (RAM), a 250 GB
Samsung 840 solid state hard drive, and with Windows 7 SP1 as the operating system.

Two parameters were calculated to evaluate each deconvolution model. First, the peak
area of the chromatographic component from the MCR-ALS model was compared to the

simulated peak area via a percent error calculation defined as

Yperror = Model=Asim o 10 (2.9)

Sim
where the Amodel IS the area of the peak resulting from the chemometric deconvolution model and
Asim is the true area of the peak generated during the simulation. Percent error was calculated for
the target in each of the 31,680 models. For clarity, the absolute value of all errors positive is
determined, for use in subsequent figures and discussion. Secondly, the match value (MV, with

possible values ranging from 0 to 1000) was calculated between the mass spectrum of the target
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generated from the loadings of the model and the original library mass spectrum for the target

from the NIST library based on the equation outlined by Stein. [18]

2.4 RESULTS AND DISCUSSION

We now consider the simulation-based study to determine an approximate Rs* for the
chemometric deconvolution algorithm. Figure 2.4 summarizes (A) the average MV and (B) the
average percent error (%error, Equation (2.9)) results for the 31,680 chemometric models. The
“Low” MV results are shown in green, the “Mid” MV in blue and the “High” MV in red, with
S/N 100 results as solid lines and S/N 10 results in dashed lines. Deconvolution examples at Rs =
0.2 and 0.3, each at S/N 10 and S/N 100, with the loadings provided in the Figure S2.4 in
Supplemental for a representative “Low” MV target-interferent pair: 1-chloro-5-methyl hexane
(target), and decane (interferent). Figure 2.4(A) shows the average target loading-to-library MV
results, where an increase in Rs results in an increase in the MV, as expected, due to a more facile
and accurate extraction of the pure analyte mass spectra by the model. The S/N 100 results
obviously have higher target loading-to-library MV at all Rs simulated, starting at an average MV
of approximately 950 at the lowest Rs and capping out at a maximum average MV at 990 at the
larger Rs values, while the S/N 10 simulations start at much lower average MV (as low as 648 for
the “Low” MV at Rs = 0.02) and converge on a maximum average MV of about 915. This pattern
is likely due to noisy m/z contributing spurious signals that are extracted with the true signal in
the models. The extent of this inclusion of noisy m/z increases as Rs decreases and the summed
signal of these noisy m/z increases due to excessive peak overlap between the target and

interferent.
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Contrary to initial expectation, the “Low” MV target-interferent pairs have chemometric
models that generally result in a lower target loading-to-library MV to the library spectrum than
the “High” MV pairs. One might assume that target-interferent pairs that are very alike (“High”
MYV pairs) would be more difficult to correctly deconvolute and result in lower MV between the
extracted and library spectrum. However, because the target and interferent share so many m/z
for those “High” MV pairs, any m/z signal attributed to the target that actually came from the
interferent in the model will not appreciably affect the target loading-to-library MV because so
many of the m/z are shared. On the other hand, those “Low” MV target-interferent pairs have
many m/z that are not shared whatsoever, so any signal from an interferent mistakenly attributed
to the target will automatically decrease the target loading-to-library MV.

It is always important when looking at the results of a chemometric model that the mass
spectral loadings are not the only model loadings regarded to determine the efficacy of the
model, even though it might be the easiest to “match” to a library spectrum to assess the model
accuracy used to deconvolute an unknown. Again, relying solely on the mass spectral loadings
may prevent the analyst from discovering signal falsely attributed to the target of interest when
the interferent has very similar mass spectral features. Fortunately, the chromatographic peak
profile loadings which provide the quantitative information regarding the chemometric models
are provided in conjunction with the mass spectral loadings. Looking at either the mass spectral
loadings or the peak profile loadings alone, examples of which are provided in Figure S2.4 in
Supplemental, will not provide a full and accurate picture of the quality of model generated; but
rather, both should be viewed and utilized simultaneously.

From the peak profile loadings determined in this study, the average peak area %error

(Equation (2.9)) results are readily determined, and are provided in Figure 2.4(B). The S/N 10
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results show a sharp increase in the %error between Rs of 0.3 and 0.2, especially for the “High”
MV case, where mass spectral signals are easily misattributed to the target peak resulting in a
large %error. While the S/N 100 cases have much lower average %error, there is an obvious
increase in the %error for the “Low” and “Mid” MV subsets below a Rs of 0.3. The cause of the
slight peak in %error for the “Low” MV, S/N 100 subset between Rs =0.3 and Rs = 0.1 is
unknown, although this feature did not impact the findings in this study

Based upon Figure 2.4(A) and (B), a conservative value for the “experimentally”
determined (via simulation) chemometric resolution is a Rs* of 0.3. This estimate of Rs* is
defined herein where there is a “significant” increase from an average %error of 20%, which was
arbitrarily selected as a maximum allowable %error, and/or observation of a “significant”
decrease in target loading-to-library MV in relation to the maximum MV at Rs = 0.5. This
conservative estimate of Rs* of 0.3 is principally limited by the S/N 10 results for the “High” MV
subset (significant %error increase), and the S/N 10 results for the “Low” and “Mid” MV subsets
(significant target loading-to-library MV decrease). Depending upon the analytical requirements
a higher %error and/or lower MV may be tolerated. Indeed, since real samples are comprised of
a wide range of target-interferent S/N and MV conditions, the results in Figure 2.4(A) and (B)
suggest that a more appropriate Rs* of 0.2 is may be reasonable since the average target loading-
to-library MV curves are all above 800 (a useful threshold), and the %errors are all comfortably
below 20%, except for the S/N 10 results for the “High” MV subset, which for real samples these
chromatographic overlap situations are comprised of chemically and mass spectrally similar
compounds, eg. isomers, and a large %error may be acceptable. While the target-to-interferent

peak height ratio was 1:1 in this study, for real samples any ratio that favors the target will
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improve (decrease) Rs* while a ratio that favors the interferent will increase Rs*. The aspect of
peak height ratio has not been considered in this study for brevity, and further study is warranted.
We now return to the theoretically derived P(success) as a function of o for various Rs*,

Equation (2.8) in Figure 2.3(A), to put into context the analytical benefit of the “experimentally”
determined Rs* via simulation with MCR-ALS. The conservative “experimentally” determined
Rs* of 0.3 provides the same analytical benefit as increasing the chromatographic efficiency, N,
by a factor of ~ 10 (while staying on the Rs* = 1.0 path). The benefit to increasing the P(success)
depends highly on the chromatogram saturation factor o°. If a® = 1.0, the P(success) jumps from
0.14 to 0.55 following either a chemometric enhancement path by jumping vertically from the

s* = 1.0 to 0.3 curve, or by the strictly increasing N 10-fold on the curved Rs* = 1.0 path. Both
outcomes are the same, and a P(success) of 0.55 is not generally acceptable. For this reason,
often the analyst seeks to provide separations with a reduced a°, such as 0.5. At a Rs* of 0.3, with
an o of 0.5, the P(success) jumps from 0.37 (with Rs* = 1.0) to 0 .75. Using the reasonable
“experimentally” determined Rs* of 0.2, equivalent to a 25-fold increase in N, larger gains in
P(success) are anticipated. At a o of 1.0, P(success) now jumps from 0.14 to 0.67, for Rs* of
1.0 to 0.2. Now for a° of 0.5, P(success) jumps from 0.35 to 0.82, for Rs* of 1.0 to 0.2, much

closer to the desired >0.90 range.

2.5 CONCLUSIONS

The theory is presented that allows the analyst to estimate the probability of obtaining
successful chemometric deconvolution of target analyte peaks in GC-MS. The theory takes into
account the separation peak capacity, n¢, the sample complexity via the saturation factor, a°, and
also the limit of chemometric resolution, Rs*, for the chosen chemometric method. The results
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highlight the challenges associated with obtaining an acceptable analysis, defined as achieving a
satisfactory quantitative %error and confident analyte identification. While the chemometric
method studied herein performed admirably, with an Rs* in the range of 0.2 to 0.3 depending
upon analytical expectations, in general, more improvements to chemometric deconvolution
methods to reduce Rs* are warranted. Since the MCR-ALS models were generated without
constraints in this study, improvement to Rs* may be achieved if suitable constraints can be
readily implemented, such as initial peak profile estimates for the more challenging overlap
situations. For example, the previously reported mass cluster method[1,19,20] shows promise for
extracting peak profiles with an Rs* of ~ 0.05, but further development is warranted. Indeed, if
an Rs* of ~ 0.05 can be routinely achieved with chemometric deconvolution, then for a
separation with an a° of 0.5 the P(success) would be 0.95, and with an a° of 1.0 the P(success)

would be 0.91, essentially reaching the desired goal of a >0.90% P(success).
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2.8 TABLES

Table 2.1 Chromatographic conditions used in GC-MS data simulations for chemometric

analysis.
Conditions studied
R; 0.02; 0.04; 0.06; 0.08; 0.10; 0.12; 0.14; 0.16;
0.18; 0.2; 0.25; 0.30; 0.35; 0.40; 0.45; 0.50
S/N 10; 100
Number of analytes 45

Number of analyte-interferent | 990
combinations

Total number of Chemometric | 31,680
Models
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2.9 FIGURES
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Figure 2.1 Simulated selective ion chromatograms of a single target analyte (solid line

with tr = 4.5) with two nearest interferent peaks (dashed lines) at Rs = Rs*, all peaks wp = 1
with constant concentration, twindow = 5 and nc = 5. Signal and time in arbitrary units. (A)
Interferent peaks at Rs = 1, consistent with the illustrated Rs* = 1 and nc* = nc = 5. (B)
Interferent peaks at Rs = 0.3 consistent with the illustrated Rs* = 0.3 and nc* = 16.7
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Figure 2.2 Representative simulated total ion current (TIC) chromatograms with nc = 100 at (A)
a® = 0.5, or 50 randomly distributed analytes; (B) o°® = 1.0, or 100 randomly distributed analytes.
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Figure 2.3 Plot of the probability of chemometric success, as a function of the saturation
factor, o Equation (2.8), for several chemometric resolutions, Rs* = 0.05, 0.1, 0.15, 0.2, 0.3, 0.5,
and 1.0. Saturation factor, a°, is varied by fixing nc and varying the number of interferent peaks,
m. (B) is a zoom in of (A) for a°=0.0t0 0.7.
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Figure 2.4 Summary of the model results versus resolution, Rs, where the solid lines
correspond to the simulations at S/N 100 and the dashed lines to the simulations at S/N 10; the
line colors correspond to the similarity between the target and interferent, with “Low” MV
target-interferent pairs (very different mass spectra) in green, “Mid” MV pairs in blue and
“High” MV (very similar mass spectra) pairs in red. (A) The average target loading-to-library
MV results between the mass spectrum extracted by the model and the library spectrum used to
generate the simulated data. (B) The average peak area percent error results (%error, Equation

(2.9)) between the target analyte peak area extracted by the model and the peak area originally
simulated.



2.10 SUPPORTING INFORMATION

2000 A 2000 1 B
1500 1500 1
O 1000 O 1000 1
= 500 = 500 1
0 01
-500 -500
0 1 2 3 0 1 2 3
Time, seconds Time, seconds
300 1 300 1
C 2,3,4-trimethylpentane D 3,4-diethylhexane
=200 >200
= =
C c
2 2
< 100 <100
0 - r . 0- — J- ! -
50 100 150 50 100 150
Time, seconds Time, seconds
500 E m/z 43 500 F m/z 70
400 400
g 300 gsoo -
D 200 @ 200
100 100}
0 . 0 . .
0 1 2 3 0 1 2 3
Time, seconds Time, seconds

Figure S2.1 Simulated total ion current (TIC) chromatograms of a target and interferent at
Rs = 0.2 with (A) S/N 10; and (B) S/N 100. The library mass spectra of (C) the target and (D) the
interferent. The selective ion chromatogram (SIC) of (E) the target (m/z 43) and (F) the
interferent (m/z 70), showing that there are slightly different S/N values at each m/z depending on
the signal designated by the mass spectrum, but the S/N designation is based off the TIC.
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Table S2.1 Table of 45 analytes used for the target-interferent pairs.

Number| Compound
1 Hexane
2 Heptane
3 Octane
4 Nonane
5 Decane
6 Undecane
7 Dodecane
8 Tridecane
9 Tetradecane
10 Pentadecane
11 Hexadecane
12 Pristane
13 1-Chlorohexane
14 1-chlorobutane
15 carbon tetrachloride
16 cyclooctane
17 cis-1,2-dimethylcyclohexane
18 2,3,4-trimethylpentane
19 2-methylpentane
20 1-octanol
21 1-nonanol
22 1-decanol
23 1-dodecanol
24 1-tetradecanol
25 1-hexadecanol
26 1-heptene
27 dodecene
28 1-undecene
29 propylbenzene
30 p-xylene
31 0-xylene
32 m-Xxylene
33 1-bromo-2-ethylhexane
34 1-chloro-5-methylhexane
35 2,3,6,7-tetramethyloctane
36 3,4-diethylhexane
37 butanoic acid
38 docosane
39 heneicosane
40 heptanoic acid
41 hexanoic acid
42 pentacosane
43 pentanoic acid
44 tetracosane
45 tricosane
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Figure S2.2 Histogram of the frequency of the match values (MV) occurring between
the target-interferent pairs where Low MV (green) are defined as MV < 300 between the
target and interferent, Mid MV (blue) are defined as 300 < MV < 600, and High MV (red)
are defined as 600 < MV < 1000.
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Figure S2.3 Elution profiles of a pure target (blue) and pure interferent (red) that, when

coeluting at a Rs = 0.2, would sum to create the TIC (black).
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Figure S2.4 Deconvolution examples of representative “Low” MV target-interferent pair, 1-
chloro-5-methyl hexane (target), and decane (interferent), at RS = 0.2 and 0.3 at S/N 100 and S/N
10. (A) Rs = 0.3 and S/N 100. The loadings corresponding to the chromatographic dimensions of
target, 1-chloro-5-methyl hexane (red), and interferent, decane (blue). (B) Rs = 0.3 and S/N 100.
The loadings corresponding to the mass spectral dimensions with the match values (MV) shown
compared to the library used for the simulation. (C) Rs = 0.2 and S/N 100. Loadings as in (A).
(D) Rs=0.2 and S/N 100. Loadings as in (B). (E) Rs = 0.3 and S/N 10. Loadings as in (A). (F) Rs
= 0.3 and S/N 10. Loadings as in (B). (G) Rs = 0.2 and S/N 10. Loadings as in (A). (H) Rs=0.2
and S/N 10. Loadings as in (B).



Chapter 3. Implications of Phase Ratio for Maximizing Peak Capacity in
Comprehensive Two-Dimensional Gas Chromatography Time-of-Flight

Mass Spectrometry?

3.1 INTRODUCTION

Comprehensive two-dimensional (2D) gas chromatography coupled with time-of-flight
mass spectrometry (GCxGC-TOFMS) is a powerful instrumental platform for the qualitative
and quantitative analysis of complex samples [1-9]. By providing additional separation
efficiency with similar run times to that of one-dimensional gas chromatography (1D-GC),
GCxGC provides superior capability for resolving critical analyte peaks in complex samples
[1,2,5,8]. An important figure-of-merit for chromatographic separations is peak capacity, nc,
which is generally defined as the time of the separation window divided by the average peak
width-at-base (4o width) [10]. Broadly, nc describes the number of peaks that will fit into a given
separation, generally defined at unit chromatographic resolution. Thus, nc provides a
performance-oriented metric to facilitate comparisons of chromatographic systems [11].

As a rule, analysts strive to maximize nc, or to maintain adequate nc while reducing
separation run time. Compared to 1D-GC, the 2D peak capacity n¢.2p with GCxGC can in
principle provide approximately an order of magnitude increase in peak capacity while keeping

the run time constant [5]. Recent work in GCxGC has focused on improving nc2p by means of

2This Chapter has been reproduced from B.A. Parsons, D.K.Pinkerton, R.E. Synovec, Implications of Phase Ratio
for Maximizing Peak Capacity in Comprehensive Two-Dimensional Gas Chromatography Time-of-Flight Mass
Spectrometry, J. Chromatogr. A. Manuscript JCA-16-2350, currently submitted.
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theoretical modeling [5,12,13] which provides better understanding to facilitate instrumental
improvements and better experimental outcomes [14,15]. Indeed, there are many factors to be
considered in the selection of parameters for GCxGC [16]. Recently, it has been recognized that
high nc2p separations for GCxGC may be achieved through careful selection of the dimensions
of the primary, D, and secondary, 2D, capillary columns [5,14,15,17]. Column dimensions have
also been considered recently for control of the pressures and flows of the D and 2D columns in
the context of impacting n¢2p [18,19]. However, another critical parameter for column selection,
phase ratio, f, has received comparatively little attention in GCxGC method development.
Phase ratio g, for a wall-coated open tubular (WCOT) capillary column, is the ratio of the
volume of mobile phase, Vm, to the volume of stationary phase, Vs, and is determined by 8 =
d./4d;, where dc is the inside diameter (i.d.) of the capillary and ds is the thickness of the
stationary phase film. Phase ratio is an important quantity for the practice of GC, as it allows for
manipulation of k through selection of column film thickness relative to the capillary diameter.
In practice, S allows for method considerations such as phase ratio focusing [20] and control of
elution temperatures [21], while holding the chemical selectivity of the stationary phase constant.
Further, by influencing k, in certain situations # may affect Rs [22]. Notably, compared to
parameters such as column length or oven temperature, the variety of # values available for
method development using commercial columns is much more limited. Arguably, the most
common f is 250; an example of which for the !D column of GCxGC is a column of 250 pm
inner i.d. with a 0.25 pm film thickness. Columns are generally available with smaller g (having
a relatively thicker film) for analysis of highly volatile compounds, where phase ratio focusing
helps to provide narrow peaks even at ambient or near-ambient GC oven temperatures [20].

Columns with larger g (having a relatively thin film) are also available for applications having
61



higher molecular mass analytes, such as in polyaromatic hydrocarbon (PAH) analyses, in which
the larger p facilitates separation of very high boiling point analytes [21].

In temperature programmed separations, the rule of thumb is that for every factor of two
change in p, the elution temperature, Te, changes by ~ 10 °C. For example, suppose a given
analyte elutes in a temperature programmed separation at 100 °C on a column with a f of 250,
holding all other parameters constant, if a thicker film column of the same stationary phase with
a fp of 125 were substituted, one would expect Te to increase to approximately 110 °C, so in 1D-
GC, the change in Te with g has a relatively modest impact. However, in GCxGC the effect of S
on the temperature-programmed 1D separation has a much greater significance, since the
temperatures of the 'D and 2D columns are closely linked by the temperature programming,
commonly with the same temperature programming rate, combined with a constant temperature
offset. While some GCxGC instrumental designs allow for independent control of the
temperature programming rate, this is not common. Hence, since the 2D separation is pseudo-
isothermal, the elution temperature, 1Te, of an analyte from the 1D separation determines the
temperature of the 2D separation [5,12,13]. This relationship is a key focus of this study.

Herein, the relationship between f for the D and 2D dimensions of GCxGC separations,
and the implications of 5 on realization of maximal nc2p is experimentally examined. A complex
sample mixture comprised of 115 analytes of various molecular masses and functional groups
was used, while adjusting only the modulation period, Pwm, as required by the degree of analyte
retention on the 2D separation, in order to assess and maximize the use of the 2D separation
space. In this study an “appropriate” Pm was defined as when the full 2D separation space was
filled with peaks just up to the point of observing wraparound of the longer retained peaks into

the lesser retained peaks. To the best extent possible, all other chromatographic conditions were
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held constant such as the carrier gas flow rate, oven temperature program, and inlet and detector
settings. Holding all other variables constant in this way allows for an analysis of the effects of
without convoluting the analysis with contributions from other chromatographic variables. Aside
from application-specific columns, commercially-available columns are relatively limited in
choice of £ for a given column dimension and stationary phase composition. A non-polar x polar
column configuration was utilized, based upon two commonly available column types: 250 um
i.d. D columns with -5MS (diphenyl dimethyl polysiloxane) films and 180 um i.d. 2D columns
with -200 (trifluoropropylmethyl polysiloxane) films. From the selected vendor for the chosen
column dimensions, -5MS columns are available in 0.1, 0.25, 0.5, and 1.0 um film thicknesses
(with g of 625, 250, 125, and 62.5, respectively), while the -200 columns are limited to 0.2 and
0.4 um films (with g of 225 and 112.5, respectively). The findings of this study are independent
of the stationary phase selection and the column configuration. Taking into account the S
commercially available, this study aims to examine the implications of a series of six GCxGC
configurations chosen from the aforementioned columns. In this performance comparison, the
focus was on the effects of $ on n¢ for both the D and ?D columns, and subsequently the 2D
peak capacity nc2p that was realized for each configuration.

Since changes in 1 alter 1Te, the choice of 18 substantially impacts the temperature of the
2D separation for each analyte, and thus alters 2k. This effect is particularly significant if the D
and 2D temperatures are equal. Accordingly, for this study the 2D oven was set to a temperature
offset of +5 °C versus the 'D oven. Due to the relationship of 2k with $, both directly via 28 and
indirectly via 8, we propose that the £ ratio, Sr, defined as 14 divided by 2 for the D and 2D

separations, conveniently describes the relative 2k on each column set, as increases in fr will
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increase 2k. It will be demonstrated that Sr coupled with an appropriate, and not excessive P,

plays a key role in maximizing the n¢p obtained.

3.2 THEORY

For an isothermal separation, an analyte retention factor, k, may be determined from the

retention time, tg, and dead time, to as

k=%t (3.1)

to
and p may be calculated for a WCOT column from the column inner diameter, dc, and film

thickness, dy, as [22]

dc

B=ri (32)

For isothermal separations, modifications to , manifested as changes in k while holding other
chromatographic parameters constant, are provided through the van’t Hoff equation

Ink=-""+2—Ing (3.3)
where AH® is the enthalpy of vaporization of the analyte, R is the ideal gas constant, T is the
temperature of the 2D separation for a specific modulation, and AS® is the entropy of the analyte.
The analyte peak width-at-base, wy, depends upon k according to [13,23,24],

Wp = Wpi + Wpo (3.4)
where Wy« is the k dependent contribution to the peak width for k > 0 due to on-column band
broadening, dominated by mass transfer in the mobile phase, and wy o is the minimum peak width
of the analyte, at k = 0, often dominated by “extra-column” band broadening due to injection.

Changes in wy, from altering £ are principally of concern for their impact on peak
capacity, nc, herein defined at unit chromatographic resolution,
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n, = 2R (3.5)

Wp
where Atr is the difference in retention time between the first and last eluting peak. For
isothermal separations, or pseudo-isothermal such as those involving the 2D column in GCxGC,
W IS not constant and increases linearly with k according to Eq. (3.4) when wy is sufficiently
less than Wk [13,23,24]. Thus, the peak capacity on 2D, 2nc, must be determined iteratively to
obtain an accurate result. The Giddings definition of ideal 2D peak capacity is applied, nc2p, with
comparisons only made between one set of GCxGC conditions to another [10],
Neap = Me X 20 (3.6)

Several authors have discussed improvements to Eq. (3.6) to account for considerations
of statistical peak overlap theory and/or the geometry inherent to multidimensional separations
[15,25,26]. These considerations are highly useful for comparisons of GCxGC to 1D-GC, or for
comparisons of substantially different GCxGC systems. However, for the purpose of
understanding the impact of £ in terms of n¢2p, Eq. (3.6) is sufficient. Indeed, it is the effect of S
on the relative retention (via k) and on n for both the D and 2D separations, and subsequently

the impact on nc2p that we seek to explore. For this purpose, the S ratio, or fr, is defined,

Br ="B/%B @.7)
for the D and 2D separations, respectively. It will be demonstrated that Sr plays a key role in

understanding how *nc and ?n; relate to each other for the purpose of increasing the nczp.
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3.3 EXPERIMENTAL

3.3.1 GCxGC Column Sets

Capillary columns were obtained from Restek (Bellefonte, PA). A total of five columns
were used: three 'D columns and two 2D columns. The D columns were 20.0 m x 250 pm i.d.
and were 0.25 pm (Rtx®-5MS), 0.5 um (Rtx®-5MS), and 1.0 um (Rtx®-5) films; both Rtx®-5 and
Rtx®-5MS films were Crossbond® diphenyl dimethyl polysiloxane. The D columns were 2.0 m
x 180 pm i.d. and were 0.2 um and 0.4 um Rtx®-200 films, which are Crosshond®
trifluoropropylmethyl polysiloxane. The five columns were combined to make six column
combinations, summarized in Table 3.1 to cover the fr values typically encountered, Eq. (3.7).
Three additional columns were applied for GC—FID isothermal data collection to provide van’t
Hoff plots of selected analytes in order to validate the %k values for a subset of analytes in the test
mixture: a 10.0 m x 250 pm x 0.25 pm Rtx®-5MS, a 10.0 m x 180 pum x 0.2 pm Rtx®-200, and a

10.0 m x 180 pum x 0.5 pum Rtx®-200 (details and results provided in Supplemental).

3.3.2 GCxGC-TOFMS Data Collection and Analysis

The six column sets were installed into a Pegasus 4D system (LECO, St. Joseph, M),
consisting of an Agilent 6890N gas chromatograph with 7683 autosampler (Agilent
Technologies, Palo Alto, CA) coupled to a Pegasus 11l TOFMS with a quad-jet thermal
modulator and 2D oven. For the purposes of avoiding variation in the 2D column length and
installation between column sets, all column sets using the 0.2 um film 2D column were run
together, changing only the *D columns between runs. After the data collection for the first three
column sets was complete, the TOFMS was vented and the 0.2 um film 2D column was

exchanged for the 0.4 pm film. The acquisitions for the column sets using the 0.4 pm film 2D
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column were then completed, changing only the D column between column sets. The 2D column
installation was carefully performed to ensure that the column lengths were consistent between
the 0.2 um and 0.4 pm film columns.

Instrumental parameters were set based on prior reports, to place the findings of this
study in context of previous results [3-8,12,14,15]. The GC inlet was set to 275 °C and the
transfer line was set to 285 °C. The D oven was held at 40 °C for 1 min and then increased at 5
°C/min to the end of the temperature program (see Table 3.1), where it was held for 1 min, for a
total run time ranging from 40 to 44 min. The 2D oven and modulator block followed the same
temperature program as the D oven, with +5 °C and +20-40 °C offsets, respectively. The
modulator temperature offsets, modulation period, and hot and cold pulse times are provided in
Table 3.1. The GC instrument was set to maintain a constant (ambient temperature and pressure
corrected) flow rate of 2 ml/min at the outlet of the 2D column, with helium (Praxair, Grade 5.0)
as the carrier gas. The ion source was set to 225 °C, the electron impact energy was 70 eV, and
the detector voltage was set to 1690 V. Mass channels, m/z 33-300, were collected at 500
spectra/s after a 10 s acquisition delay. A 0.1 pl injection of a 115 component mixture was made
with a 0.5 pl autosampler syringe (Hamilton, Reno, NV) in split mode with a split ratio of 200:1.
The sample was injected in quadruplicate on each column set.

The GCxGC-TOFMS data collected with the six column sets were principally analyzed
using ChromaTOF v3.32 (LECO, St. Joseph, MI). Peak processing methods were built to find
peaks in the chromatograms, and subject them to automated deconvolution, peaklet assignment,
and mass spectral library matching, along with measurement of 1D retention time,tg, 2D
retention time, 2tg, and the 2D width-at-half-height, w1,. Peak identification assignments were

manually inspected and corrected, as needed. The peak tables were then further processed in
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Microsoft Excel 2013 to correct 2tr for wrap-around, as well as to calculate the 2D width-at-base,
W (With 2wy equal to 1.7 x 2waz) and retention factor, 2k. The 2D dead time, 2to was calculated
for each column set using the ChromaTOF flow calculator, and was estimated to be 1.00 s at a
1D oven temperature of 150 °C. A total of 70 analyte peaks from the 115 component mixture
were selected for in-depth analysis and were measured for each of the six column combinations
(see Table 3.2). GCxGC-TOFMS data were also imported into MATLAB 2015b (The
MathWorks, Natick, MA) using an in-house data converter, peg2mat3p8 [27], for the purposes

of measuring the D widths-at-base, *ws, and plotting.

3.3.3  Determination of 1D Peak Capacity

The w, was measured for each analyte based on a method previously described [28-30],
utilizing curve fitting to a Gaussian profile to determine the parameters of the D peak profile
represented by the profile of the peaklets in the unfolded GCxGC data. While the previously
reported method was developed for accurate measurement of *tr [28], our purpose here was to
accurately measure wp. It is important to note that the peak widths measured herein have been
broadened by modulation [14,15,29-32], and do not require an additional undersampling
correction for peak width, albeit without the correction for statistical peak overlap [33]. Briefly,
the Curve Fitting Toolbox (The MathWorks, Natick, MA) was used to fit Gaussian profiles to
each of the 2D peaklets, belonging to a given analyte. The amplitude (a) and position (b) terms of
the equation for each peaklet were then used to fit a 'D peak profile to the modulated peaklets.
The wp, was then calculated from the standard deviation (c) term. This method was applied to
tetradecane using m/z 57, taken as a representative analyte, which was free of interferences from

neighboring peaks, and which eluted near the middle of the 'D separation. To determine nc via
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Eq. (3.5), the observed separation window was calculated by subtracting the retention time of the
first eluting analyte (2-propanol) from that of the last eluting analyte (1-eicosanol). For each
column set, the separation window was divided by ‘w for tetradecane. This method allows for

reasonable comparison of *n¢ between column sets.

3.3.4  Determination of 2D Peak Capacity

Determining nc is more complicated than that of in, as the pseudo-isothermal nature of
the 2D separation precludes the assumption that the peak width is constant, such that simple
application of Eq. (3.5) would not provide an accurate measure of %nc. Instead, it is necessary to
iteratively model the 2D separation [13,24], using a function describing the dependence of 2w, on
2k, as determined by the linear best fit equation obtained from the measurements of 2k and 2w, for
the 70 analytes that were included in the study (Table 3.2). Briefly, the iterative approach
determines the retention times and widths of a series of Gaussian peaks with adjacent peaks all at
2R, of 1. To achieve this unit resolution, the peak spacing progressing increases as the 2wy
increases as a function of 2k. By setting the retention time of the first peak and last peak in the
series commensurate with that observed in the experimental data, the number of peaks that fit in

the separation window is determined, thus providing ?nc.

3.4 RESULTS AND DISCUSSION

The primary focus is on column sets 1-3, since these column sets facilitate a study of the
interrelationship between Pwm and fr, using the thinner (more commonly applied) film thickness
on 2D. We begin by investigating the selection of an appropriate Pwm to fully utilize the 2D

separation space for a given Sr. Next, the pseudo-isothermal nature of each 2D separation in a
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GCxGC separation is explored, as this has important consequences on the accurate determination
of the 2D peak capacity, 2n.. We then consider the impact of the appropriate Py for a given fr, as
this substantially impacts the sampling of the D peaks, and hence, the D peak capacity, nc. All
of these aspects are then combined in a section dealing two-dimensional peak capacity, nc2p.
Finally, the findings for the column sets 1-3 are compared to the findings for column sets 4-6 to

assess the impact of the 2D stationary phase film thickness in the context of fr.

3.4.1 Retention Time Range for 2D, and Implications for Pw for various fr

A critical parameter in method development for GCxGC separations, especially for this
study of the relationship between Sr and nc2p, is the modulation period Pwm. Figure 3.1(A) is a
total ion current (TIC) chromatogram from column set 3 collected with a Pm of 6 s. Column set 3
is commonly used by many practitioners (:D: 20 m length, 250 um i.d., 0.25 pum film; 2D: 2 m,
180 um i.d., 0.2 um film; gr = 1.11). Our study is based on the portion of the chromatogram
after the 2D retention times of the n-alkanes reached a plateau after ~ 4.6 min in which the band
of 2D retention times have stabilized, with the unaligned region prior to ~ 4.6 min a consequence
of using the single-ramp temperature program [33]; this region spans cyclohexanol to 1-
eicosanol, and includes 70 analytes (see Table 3.2). The band of peaks in Fig. 3.1(A) with tg ~
4.6 t0 36.5 min on D, and a %tr of ~1.9 s on 2D, includes most of the n-alkanes in the 115
component mixture, from nonane to eicosane. As expected for the non-polar x polar
configuration studied here, this n-alkane band represents the least retained analytes on ?D. The
peak at 't of ~ 23 min and ?tr of ~ 4.6 s is the most retained analyte on 2D, diethyl phthalate.

For column set 3, using a Pm of 6 s, there is unutilized 2D separation space. A more
appropriate Pm would be shorter, such that the 2D separation time does not exceed that of the
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most retained analyte, diethyl phthalate; this would suggest a Pm of approximately 5 s. However,
while the Py of 5 s would eliminate excessive “empty space” in the upper portion of the 2D
chromatogram, there would still be substantial unused space in the lower portion. A more
appropriate Pm would be based on the difference in retention time between the most and least
retained analytes; subtracting the tr for the n-alkane band (~ 1.9 s) from that of diethyl phthalate
(~ 4.6 s), and allowing for the 2wy, of those peaks (~ 0.12 s and ~ 0.24 s, respectively), suggests a
suitable Pm of 3 s. Under these conditions, partial 2D wraparound is allowed, and the most
retained analytes on 2D have retention times exceeding that of the Pm. Figure 3.1(B) is a
representative TIC chromatogram from column set 3 using a Pm of 3 s. Under these conditions,
all of the 2D separation space is essentially utilized. However, due to wraparound on 2D, the
observed elution order in Fig. 3.1(B) is misleading; the n-alkane band is still at %t of ~1.9 s, but
diethyl phthalate now appears below the n-alkane band, at tr of ~1.5 s. Reregistration of the
separation, to correct for partial wrap around, in Fig. 3.1(C) is readily produced and restores the
n-alkane band to the bottom and diethyl phthalate to the top of the 2D chromatogram concurrent
with full use of the separation space. For ease of visual interpretation, all further 2D
chromatograms are presented in the reregistered form of Fig. 3.1(C); however, all data was
collected in the form of Fig. 3.1(B), with the appropriate Pm chosen based on the relative
retention times of the n-alkane band and diethyl phthalate. Finally, Fig. 3.2 shows the
reregistered TIC chromatograms for column sets 1, 2, 3, and 6. Using knowledge of 2ty and P,
along with each analyte peak’s observed tr, one can readily calculate the true %t for all 70
analyte peaks included in the subsequent analysis. In Fig. 3.2 full use of the 2D separation space
is achieved, albeit with the need to apply various Pwm as dictated by the use of the various column

sets (1, 2, 3, and 6) which provide a range of r (0.28, 0.56, 1.11 and 2.22, respectively).
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3.4.2  Pseudo-isothermal Conditions of the 2D Separation

In GCxGC, the short 2D separation relative to the *D separation, in the context of
common implementation of moderate oven temperature programming rates, results in pseudo-
isothermal 2D separations within each P, and 2tg shift to shorter times from one modulation to
the next [13]. The temperature change between modulations (AT) may be calculated from the
programmed temperature ramp for the D and 2D ovens (Tramp) and modulation period as AT =
Tramp * Pu. For column set 3, there is only a differential in temperature of 0.25 “C within the
span of each 2D separation (i.e., each modulation). The most impactful consequence of the
pseudo-isothermal nature of the 2D separations is that the relatively small change in temperature
within each Pwm causes 2wy to increase linearly with 2k [13,23,24] per Eq. (3.4).

The linear relationship between 2w;, and the %k for each analyte is readily observed in the
data. Figure 3.3(A) is a section of the reregistered 2D TIC chromatogram from the column set 3
separation in Fig. 3.1(C), from which six representative analytes having different %tz were
selected within a 1D retention window of ~ 4 min. This difference in 1D retention does not
impact the study, as will be demonstrated herein. The six selected analytes, numbered in order of
increasing 2tr were hexadecane, 1-tetradecanol, methyl dodecanoate, 2-pentadecanone,
benzophenone, and diethyl phthalate. The combined 2D chromatogram in Fig. 3.3(B) was
generated by selecting the most abundant modulation for the six 2D peaks and extracting the 2D
peak for each analyte using a selective m/z. The six extracted peak profiles were summed
together to generate a “single” 2D extracted ion chromatogram (XIC) that would be expected had
all six analytes co-eluted on the D column and then been separated on the 2D column. The %k
and 2wy, for each analyte peak in Fig. 3.3(B) were measured, and summarized in the figure inset,

with the plot of ws as a function of 2k showing a linear trend. Because peak width is also a
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function of chemical constants for a given analyte, such as the analyte diffusion coefficient in the
gas phase at the column outlet, Dgo [34], some scatter around the line of best fit is expected,;
however, the overall observation of linear increase of 2w, with 2k per Eq. (3.4) due to the pseudo-
isothermal nature of the D separations.

To more comprehensively evaluate the linear increase of 2wy, with 2k per Eq. (3.4), a total
of 70 analytes were measured spanning the range of cyclohexanol to 1-eicosanol, corresponding
to 4.6 min to 36.5 (~ 32 min window) on D for column set 3. Figure 3.4(A) is a plot of 2wy as a
function of %k for the 70 measured analytes. The markers for each wy, and 2k pair have been
assigned according to the tr ranges for the analytes in three groups; in order of tg, analytes 1-23
(4.6 min — 8.7 min), 24-46 (8.7 min — 15.8 min), and 47-70 (15.8 min — 36.5 min) are
represented by circles, triangles, and squares, respectively (see Table 3.2). This figure
demonstrates the consistent linear dependence of 2wy on %k, as well as the independence of this
phenomenon from tg. One of the assumptions made in the determination of 2k from the GCxGC
separations was that to could be accurately calculated using the column flow calculator included
with the ChromaTOF instrument software. Traditionally, to determinations are performed by
injection of an unretained analyte, such as methane [35]; however, this is generally not possible
in thermally modulated GCxGC, though it has been demonstrated in flow-modulated GCxGC
[36]. To overcome this issue, validation of the %k values obtained from the GCxGC analyses was
performed using isothermal GC—FID analysis (via van’t Hoff plots) of all six column sets (see
Table S3.1 and Fig. S3.1 in the Supplemental). 11 analytes were selected comprising a total of
four groups of closely eluting compounds from the D column. Overall, %k is observed to be
essentially identical between the two experimental platforms. For example, in Fig. 3.4(B) the

plot of %k for each of the 11 analytes, as determined from the GCxGC separation (for column set
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3) versus the k determined from the isothermal GC—FID separations is provided. The plot shows
strong agreement between the k determined by each experimental platform.

We now return to the hypothesis that the phase ratio # on D and 2D, and in particular the
ratio of the S, given by fr defined in Eq. (3.7), should play an important role in GCxGC
separation method development. Based upon Fig. 3.4(B) and the van’t Hoff plots used for its
preparation the 1T, were calculated for the series of 11 analytes that span the 2D chromatograms
for each 5 studied (see Supplemental Table S3.1). As is evident in Table S3.1, in GCxGC the
effect of 4 on the temperature-programmed D separation has a very large impact, since the
temperatures of the 'D and 2D columns are closely linked by the temperature programming.
Since the 2D separation is pseudo-isothermal, the 1T. of an analyte from the D separation
determines the temperature of that analyte for the 2D separation. For example, decreasing 5 by
increasing the D column film thickness significantly increases the Te. In turn, this increase in
1Te will result in a significant decrease in the observed 2k range at fixed 24. This effect can be
studied using fr via Eq. (3.7) which serves as a simple metric to design and compare GCxGC
separations. Figure 3.5(A-C) provide the 2wy versus 2k plots for column sets 3, 2, and 1, which
cover the three prof 1.11, 0.56, and 0.28, respectively. Overall, a similar linear relationship
between 2wy, and 2k for each column set, with nearly the same slopes and y-intercepts.
Essentially, the three sets of data overlay on top of each other in strong support of the
dependence on Sr. The major difference between column sets is the range of 2k present in each
column set, which increases with Sr. Further, it is observed that the starting %k increases with fr
as well, shifting the best fit lines up and to the right. These observations have a significant

impact on peak capacity in GCxGC separations.
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3.4.3  Peak Capacity on °D

For the purpose of determining 2nc, the retention time window should not be defined
strictly by the Pwm, rather, it should be defined by the difference of retention time between the
most and least retained analytes at a given Pym. Furthermore, one must take into account the %k -
dependent band broadening on 2w, which is further dependent on Sr as demonstrated in Fig. 3.5.
Utilizing Eq. (3.4) to relate 2wy as a function of 2k, and the range of 2k encountered which defines
a retention time window for column sets 3, 2 and 1 (data from Fig. 3.5, summarized in Table
3.3), three chromatograms have been simulated at unit Rs and are provided in Fig. 3.6, in which
the peak count provides an accurate 2nc [13]. An interesting finding is that the least retained
analytes (the n-alkanes) have non-negligible retention on 2D, and their retention increases with
PR

Under the specified typical conditions applied, there are diminishing returns from
experimentally extending the 2k range through manipulation of Sr. In the case of column set 1
(Br = 0.28), which has the smallest %k range, the 2n¢ is 12 with a Pm of 1 s; in column set 2 (fr =
0.56), the ?n¢ is 14 with a Pm of 1.5 s; finally, in column set 3 (fr = 1.11), Pm is tripled to 3 s
with the widest 2k range, but 2nc only modestly increases to 21. The band broadening with 2k
results in progressively smaller gains in 2nc as the 2k range is increased. The gains to 2nc are
further decreased since the 2k range is not just extending, it is also shifting such that the
minimum 2Kk is increasing, as observed in the 2wy versus 2k plots in Fig. 3.5, in which the lines of
best fit both extend and shift to higher %k as fr increases. This effect further deprecates the ?n.

gained at higher Sr as the minimum 2k increases for the least-retained n-alkanes.
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3.4.4  Peak Capacity on D

While the change in 2n is the most obvious impact of the effect of 4 on the 2k range,
there is also a significant effect on Inc by the influence of %k range on the modulation ratio, Mg,
defined as the ratio of the !D peak width at base to the modulation period. The chosen Pw affects
nc by way of broadening D peaks as a function of Mg [5,12,13]. Briefly, at high Mg the width
of a modulated peak approaches that of the peak prior to modulation; that is, at sufficiently high
MR, there is essentially no band broadening due to modulation. However, under typical GCxGC
operational parameters, Mg tends to be smaller (eg., in the range of 1.5 to 3 for most
practitioners), which impacts n.. One may predict the impact on ne, if knowledge of Pm and *wy
prior to modulation is provided, using concepts introduced by Davis and Giddings referred to as
statistical peak overlap theory [32]. In common practice of GCxGC, however, w; prior to
modulation is not known, since the signal is measured after the modulation and subsequent 2D
separations. Therefore, the 'w, measured following modulation provides the effective width for
all subsequent analysis [30]. The measured wj following modulation takes into account the band
broadening that results from modulation, but does not consider other matters which are addressed
by statistical peak overlap approaches. However, the methods applied herein are adequate to
facilitate a relative comparison of wy, and nc between column sets.

Using the method described in Experimental, *w, was calculated for tetradecane in each
column set, using the data collected with an appropriate Pwm for the particular column set.
Additionally, data was collected with longer Pw to eliminate analyte wraparound, which
simplifies the interpretation of GCxGC chromatograms, but has notable impacts on wy and ne.
In the case of column set 3, substantial modulator-induced broadening of the tetradecane peak

was observed. At a Py of 3 s, the 'wp was 5.5 s, while at a Py of 6 s, the 'wp was 7.5 s. It is worth
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emphasizing that, between these conditions, only Pm was changed. Similar degrees of modulator-
induced band broadening were observed for column sets 1 and 2 when the longer Pm were used;
these results are summarized in Table 3.3.

Comparing the degree of modulator-induced band broadening and its impacts to nc is
more difficult between column sets, as the D column film thickness is expected to influence 1wy
prior to modulation. For example, column set 1 utilizes a 1.0 um film on the D column, while
that of column set 3 is 0.25 um. Prior to modulation, column set 1 is expected to produce peaks
with wider ws, all other things equal, than column set 3. Further, under the same experimental
conditions, the D column retention range between the most and least retained analytes is larger
with thicker films. Typically, one would expect the peak capacity to be similar between the 1D
columns used, as the shorter retention time range the column with the thinner film would be
made up for by its narrower peaks. After considering modulator-induced band broadening,
however, the longer Pm required for column set 3 eliminates any *w, advantages that the thinner
film may have provided. Between column sets 1 and 3, the measured Mg is substantially reduced
from 5.5 to 1.8, respectively. Ultimately, the combination of the band broadening effects of the
1D column film thickness and the modulator result in measured *wp which are approximately the
same between column sets 1, 2, and 3. When Mg drops more substantially, such as in analyses

using an overly long Pw, the increase in ‘w, and decrease in 'nc are more significant.

345 2D Peak Capacity

Two-dimensional peak capacity nc2p, Eq. (3.6), is useful for comparing the ability of
GCxGC systems to separate complex mixtures. Table 3.3 summarizes the performance of all of

the column sets at their appropriate P, i.e., defined as using the full 2D separation space. In this
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study, column set 3 (8r = 1.11), provided the best nc2p of 8200. This column set provided a 'nc
of 390 and the largest 2nc at 21, and has a 2k range amenable to a short Py of 3 s concurrent with
a Mg for tetradecane of 1.8. This column set utilized a thin film of 0.25 um on the D column,
which provides narrower peaks that are somewhat broadened by the modulator. In contrast, the
very commonly applied conditions in the field are like those provided in entry 3-a (fr = 1.11) in
Table 3.3, with the Pwm of 6 s, no wraparound (see Fig. 3.1(A)), in which an extremely low Mg of
1.2 is observed. The n¢2p is also significantly reduced to 6100, as there is a tremendous loss in
In¢ due to the undersampling of D separation. The wy are significantly broadened by
modulator-induced undersampling in this case, and not by intentionally broadening the D peaks.

Column set 2 (Br = 0.56) had a smaller %k range and a smaller ?n. of 14 compared to
column set 3, while providing a nc of 420 and a nc2p of 5900. However, the appropriate Pwm for
column set 2 is also shorter at 1.5 s, allowing an improved Mg of 3.7 for tetradecane. At this Mg,
one would expect relatively low modulator-based band broadening. Also, the wj, can be more
precisely measured due to the improved data density across the D separation. While the limited
%k range of column sets 1 and 2 provides for a short Py and enhanced Mr relative to column set
3, the MR is perhaps larger than needed. Indeed, a nc2p of 7200 has been reported with a nc of
600 and a 2n¢ of 12 using Column set 2 conditions as defined in Table 3.1; other separation
conditions were tuned to increase the nc2p while maintaining a Mg of ~ 2.5 [37].

Column set 1 (Br = 0.28) had the smallest 2k range and the smallest ?n. of 12, and
provided a In of 460 and a nc 2o of 5500. The appropriate Pm for column set 1 is also shorter at
1.0 s, with an excessive Mr of 5.5 for tetradecane. While in this study a fr = 0.28 appears to not
provide promising 2D separations, a nc2p of 6000 has been achieved with a . of 400 coupled

with a ?nc of 15 in only a 7 min separation, using a fr = 0.25 based upon 100 um i.d. columns
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[15]. The separation conditions were tuned to provide lower 2k values, coupled with a Pm of 500
ms in order to increase the nc2p while maintaining an average Mg of ~ 2.

In summary, for the test mixture studied here, column set 3 provided the maximum nc2p
while using an appropriate Pm. Operating at extensive Pu so as to avoid wraparound has
dramatic negative implications, since 2n. stays constant, with substantial decreases in 'nc. The
effect is particularly apparent if attempts are made to improve Mg by means of increasing wp
prior to modulation. The differences in Mr and nc2p between column sets 1, 2, and 3 demonstrate
that there are inherent tradeoffs between these metrics. Depending on what is planned for the
data following collection, analysts may prefer the Mr provided by column sets 1 and 2, or the
ne2o provided by column set 3. For example, separations having a higher Mr may be preferred to
avoid undersampling narrower peaks that elute in earlier portions of the chromatogram, or to
enable more accurate and precise measurement of 'tr. Another case for higher Mg could be
where any lost resolution on the D column is unlikely to be made up for on the 2D column, such
as in the example of chiral GCxGC [38], where a high Mr may be needed to maintain

quantitative accuracy for critical enantiomeric peak pairs.

3.4.6  Impacts of Increasing Film Thickness on the 2D Column

The aforementioned data were collected with column sets 1-3, which utilized a thin film
of 0.2 um on the 2D column (B of 225), which is representative of most GCxGC configurations.
In contrast, column sets 4-6 used a 0.4 pum film on the 2D column (B of 112.5), which is less
commonly utilized in GCxGC. Data were collected on column sets 4-6 to allow for the study of
more extensive 2k ranges, and their implications for Pu, Mg, and nc. As summarized in Table 3.3,

the observed 2k ranges in column sets 4-6 were substantially increased by the thicker 2D column
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stationary phase, compared to the thinner film counterpart in column sets 1-3. Commensurate
with the increase in the range of 2k, the appropriate Pw also increased. In contrast to findings that
2. increased with 2k range within column sets 1-3, albeit with diminishing returns, when
comparing between column sets using the same 1D column (e.g. comparing sets 1 and 4), there
are subdued benefits to 2nc. Though using the thicker film on the 2D column significantly
increases 2k, the ?nc is only slightly improved.

The restrained gains in ?nc for column sets 4-6 relative to column sets 1-3 may be
attributed to two causes. First, with the thicker film, the starting 2k is higher, resulting in a larger
2wy of the first eluting peak in the series, and increasing from there. Second, retained peaks on
thicker films have non-negligible broadening from inhibited mass transfer in the stationary
phase. The increased on-column band-broadening reduces the potential for increased 2k range to
improve ne, especially in light of reductions to 'n. due to the modulator-induced band
broadening that occurs at the longer appropriate Pm required by column sets 4-6. As reported in
Table 3.3, column sets 4-6 achieve similar ?nc to the sets 1-3. However, the longer Pm required
results in lower Mg, wider *wp, and ultimately, reduced nc2p. If the data were collected with a

longer Pwm to avoid 2D column wraparound, reductions in n¢2p would be even more substantial.

3.5 CONCLUSIONS

For the practice of high peak capacity GCxGC, a variety of instrumental factors,
including both fixed hardware design and variable instrument parameters, must be carefully
chosen to maximize nc2p. Many of these factors have received previous attention in the context
of ne2p with the exception of the phase ratio 4 selected for both the D and 2D columns. In this
study, the effects of changes in S were examined while holding instrument parameters other than
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the modulation period Pm constant. Overall, j substantially affected nc2p by influencing the 2D
retention factors 2k, and thereby changing the Pm necessary for proper 2D column separations.
The necessary changes to Pm modify the modulation ratio Mg, which affects the D column peak
widths and nc. Through changes to 14, the range of 2k may be controlled, with subsequent effects
to both 2n¢ and nc. These effects were opposite in direction, such that gains in 2nc may result in
losses in nc. Due to the pseudo-isothermal nature of the 2D column separation, there are
diminishing returns to extending the 2n at the cost of nc. The f ratio, fr, defined as 4 divided
by 24 for the D and 2D separations, was introduced as an important parameter for tuning
GCxGC separation conditions. Sr conveniently describes the relative 2k on each column set, as
increases in Sr will increase 2k. It was found that fr must be considered in conjunction with an

appropriate, and not excessive Pw, in order to maximize the nc2p obtained.
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3.8 TABLES

Table 3.1 The column sets utilized in this report, with film thicknesses and corresponding S
ratio, Sr, defined in Eq. (3.7). The D columns were all 20.0 m x 250 um i.d., and the 2D

columns were all 2.0 m x 180 um i.d. The modulator and oven parameters used for each column

set. The hot and cold pulse times are listed for each stage in the dual-stage thermal modulator.

The maximum temperature of the 1D oven program, Tmax, and the thermal offset applied to the

modulator block, Tmod,offset, are also provided.

1
gé)tlumn e (um) | 2de (um) | B Pu () g;)t Pulse Elsc)ald Pulse (Icr:n;x -([;rr&(:);,offset
1 1.00 0.2 0.28 1 0.4 0.10 250 20
2 0.50 0.2 0.56 1.5 0.4 0.35 240 20
3 0.25 0.2 1.11 3 0.6 0.90 230 40
4 1.00 04 0.56 3 0.6 0.90 250 40
5 0.50 04 1.11 5 1.25 1.25 240 40
6 0.25 04 2.22 8 2.0 2.00 230 40
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Table 3.2 Numbered list of 70 measured analytes (in the complex mixture of 115 analytes) as
separated on column set 3 (*D: 20 m length, 250 pum i.d., 0.25 pum film; 2D: 2 m, 180 pmi.d., 0.2
um film; gr = 1.11).

Column Set 3
Peak W
Number Name e (s) | %tr(s) 2k (s)
1 cyclohexanol 277 | 2.528 | 1.528 | 0.132
2 3-heptanone 286 | 3.362 | 2.362 | 0.172
3 o-xylene 289 2.29 1.29 | 0.125
4 2-heptanone 292 3.7 2.7 | 0.199
5 nonane 298 | 1.736 | 0.736 | 0.091
6 2-heptanol 301 2.44 | 144 | 0.130
7 cyclooctane 325 | 1.886 | 0.886 | 0.095
8 anisole 325 2.65 1.65 | 0.122
9 1-nonyne 334 | 1.972|0.972 | 0.091
10 methyl hexanoate 337 292 | 1.92 | 0.152
11 bromobenzene 340 |2.462 | 1.462 | 0.124
12 2,6-dimethyloctane 346 | 1.846 | 0.846 | 0.101
13 1-bromohexane 349 2.38 | 1.38 | 0.111
14 propylbenzene 376 | 2.298 | 1.298 | 0.124
15 1,3,5-trimethylbenzene 400 2.34 | 1.34 | 0.129
16 3-octanone 436 3.65 | 2.65 | 0.151
17 t-butylbenzene 439 | 2.386 | 1.386 | 0.134
18 1,2,4-trimethylbenzene 439 244 | 1.44 | 0.124
19 decane 451 | 1.862 | 0.862 | 0.092
20 iso-butylbenzene 463 | 2.366 | 1.366 | 0.113
21 sec-butylbenzene 469 2.3 1.3 | 0.110
22 butylcyclohexane 502 | 1.982 | 0.982 | 0.104
23 benzyl alcohol 514 | 3.098 | 2.098 | 0.146
24 1-bromoheptane 517 | 2.512 | 1.512 | 0.115
25 5-decyne 529 | 1.892 | 0.892 | 0.092
26 n-butylbenzene 544 | 2.396 | 1.396 | 0.114
27 1-octanol 574 | 2.656 | 1.656 | 0.131
28 adamantane 583 |2.192 | 1.192 | 0.114
29 1-undecene 607 | 1.972 | 0.972 | 0.086
30 2-nonanone 613 398 | 298 | 0.178
31 undecane 619 |1.912 | 0.912 | 0.093
32 methyl octanoate 667 | 3.046 | 2.046 | 0.142
33 1,3,5-trichlorobenzene 670 |2.614 | 1.614 | 0.120
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34 1,6-dichlorohexane 676 | 3.562 | 2.562 | 0.157
35 1-bromooctane 691 | 2.544 | 1.544 | 0.114
36 1-nonanol 745 2.64 | 1.64 | 0.131
37 naphthalene 757 | 3.178 | 2.178 | 0.162
38 dodecene 775 | 1.988 | 0.988 | 0.099
39 methyl salicylate 781 3.66 | 2.66 | 0.170
40 2-decanone 781 | 3.878 | 2.878 | 0.195
41 dodecane 790 | 1.922 | 0.922 | 0.093
42 1,2,3-trichlorobenzene 805 | 2.908 | 1.908 | 0.132
43 1-geranoil 880 2.77 1.77 | 0.136
44 ethyl salicylate 907 | 3.616 | 2.616 | 0.170
45 1-decanol 910 | 2.606 | 1.606 | 0.132
46 2-undecanone 946 | 3.706 | 2.706 | 0.181
47 1,1'-bicyclohexyl 949 | 2.182 | 1.182 | 0.100
48 tridecane 952 | 1.924 | 0.924 | 0.095
49 cyclohexylbenzene 976 | 2.526 | 1.526 | 0.117
50 1,2,4,5-tetrachlorobenzene 991 | 2.728 | 1.728 | 0.138
51 methyl decanoate 991 |2.894 | 1.894 | 0.151
52 2-dodecanone 1102 | 3.556 | 2.556 | 0.187
53 tetradecane 1105 | 1.924 | 0.924 | 0.093
54 1-dodecanol 1216 | 2.528 | 1.528 | 0.128
55 pentadecane 1252 | 1.916 | 0.916 | 0.093
56 methyl dodecanoate 1288 | 2.736 | 1.736 | 0.147
57 diethyl phthalate 1390 | 4.546 | 3.546 | 0.235
58 hexadecane 1390 | 1.906 | 0.906 | 0.100
59 benzophenone 1432 | 3.798 | 2.798 | 0.177
60 1-tetradecanol 1495 | 2.436 | 1.436 | 0.125
61 heptadecane 1522 | 1.902 | 0.902 | 0.102
62 2-pentadecanone 1525 | 3.19 | 2.19 | 0.177
63 pristane 1531 | 1.968 | 0.968 | 0.112
64 phenanthrene 1618 | 3.49 | 2.49 | 0.163
65 octadecane 1648 | 1.892 | 0.892 | 0.102
66 1-hexadecanol 1747 | 2.366 | 1.366 | 0.123
67 nonadecane 1768 | 1.884 | 0.884 | 0.102
68 eicosane 1882 | 1.876 | 0.876 | 0.103
69 1-octadecanol 1975 | 2.312 | 1.312 | 0.123
70 1-eicosanol 2185 | 2.256 | 1.256 | 0.121
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Table 3.3 Summary of results. Column sets 1-6 (defined in Table 3.1) are experimental
results using an appropriate Pw to avoid 2D wrap around. Values for 3-a indicate experimental
results from Colum set 3 using a commonly applied longer Pwm (6 s instead of 3 s). The tg range
for the 1D separation was essentially constant for each column set at ~ 40 min.

(Sié)tlumn Br Ws (s) | Pm(s) | Mr | %k range 2wp range (ms) | Inc | 2n¢ | ne2p
1 0.28 |55 1 55 10.27-1.09 |67-100 460 |12 | 5500
2 056 |55 15 3.7 [051-212 |88-163 420 |14 |5900
3 1.11 |55 3 1.8 | 0.74-354 | 89-217 390 |21 8200
4 056 |65 3 2.2 1097-3.20 |111-272 390 |13 5100
5 1.11 7.3 5 15 |1.47-585 | 157-399 320 |17 5400
6 2.22 9.6 8 1.2 | 2.06-9.87 | 219-566 220 |21 | 4600
3-a 1.11 7.5 6 1.2 |0.74-354 | 89-217 290 |21 6100
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3.9 FIGURES
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Figure 3.1 Representative total ion current (TIC) chromatograms from the separation of the 115
component mixture on column set 3 (:D: 20 m length, 250 pm i.d., 0.25 pm film; 2D: 2 m, 180 pm
i.d., 0.2 um film; gr = 1.11). (A) using a Pm of 6 s, which allows for no wraparound of analytes. (B)
using an optimal Pwv of 3 s, which allows for partial wraparound to better utilize the 2D separation
space. (C) reregistered chromatogram in which (B) has been replotted such that the least retained

analytes appear at the bottom of the chromatogram.
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Figure 3.2 Representative reregistered TIC chromatograms for four column sets; the D

columns were all 20.0 m x 250 pm i.d., and the 2D columns were all 2.0 m x 180 pm i.d.: (A)

column set 1 (1.0 um D film, 0.2 um 2D film, Bz = 0.28). (B) column set 2 (0.5 um *D film, 0.2

um 2D film, B = 0.56). (C) column set 3 (0.25 pm D film, 0.2 um 2D film, 4r = 1.11). (D)

column set 6 (0.25 um D film, 0.4 um 2D film, fr = 2.22).
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Figure 3.3 (A) A section of the reregistered separation using column set 3 (*D: 20 m length, 250 um i.d.,
0.25 um film; ?D: 2 m, 180 umi.d., 0.2 um film; Ar = 1.11), from which six peaks were selected to
demonstrate the relationship between 2tr and 2wp. The six analytes in order of increasing %tr are: hexadecane,
1-tetradecanol, methyl dodecanoate, 2-pentadecanone, benzophenone, and diethyl phthalate. (B) The
extracted ion chromatogram (XIC Signal) obtained by summing the 2D column peak profiles from the most
intense modulations of the six 2D peaks using a selective m/z for each analyte. The inset figure plots the 2wy

versus %k for the six peaks with a linear best fit line (red).
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Figure 3.4 (A) Plot of 2wy versus 2k for the 70 measured analytes, as separated on column set 3 (*D:
20 m length, 250 um i.d., 0.25 um film; 2D: 2 m, 180 um i.d., 0.2 um film; Sz = 1.11). The markers for
each 2wy and 2k pair have been assigned according to the represented analyte tg; in order of tr, analytes
1-23 (*tr = 4.6-8.7 min), 24-46 (*tzr = 8.7-15.8 min), and 47-70 (}tr = 15.8-36.5 min) are represented by
circles, triangles, and squares, respectively. A numbered list of the analytes with tr, ?tg, 2%k, and 2w is
available in Table 3.3. (B) Plot of %k for each of the 11 analytes (Table S3.1 in Supplemental), as
determined from the column set 3 GCxGC separation versus those determined from the isothermal GC—
FID separations (Fig. S3.1 in Supplemental).
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Figure 3.5 The 2wy versus 2k plots for column sets 1, 2 and 3. The 1D columns
were all 20.0 m x 250 pum i.d., and the D columns were all 2.0 m x 180 pm i.d.. (A)
column set 3 (0.25 pm D film, 0.2 um 2D film, Bz = 1.11). (B) column set 2 (0.5 um
D film, 0.2 um 2D film, fr = 0.56). (C) column set 1 (1.0 um *D film, 0.2 pm 2D
film, /& = 0.28).
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Figure 3.6 Simulated isothermal D column chromatograms used to determine
2n, for column sets 1, 2 and 3. The D columns were all 20.0 m x 250 um i.d., and
the 2D columns were all 2.0 m x 180 um i.d.. (A) column set 3 (0.25 um D film, 0.2
um 2D film, fr = 1.11). (B) column set 2 (0.5 pm *D film, 0.2 pm 2D film, Sk =
0.56). (C) column set 1 (1.0 um D film, 0.2 pm 2D film, f& = 0.28).
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3.10 SUPPORTING INFORMATION

The measurements of 2k from the GCxGC chromatograms for all six column sets were
validated via van’t Hoff plots by analyzing a subset of the 70 measured analytes by isothermal
GC-FID. The 20.0 m x 250 um x 0.5 pm Rtx®-5MS and 20.0 m x 250 um x 1.0 pm Rtx®-5 D
columns, and the three additional 10.0 m columns described in Section 3.3.1, were individually
installed into an Agilent 6890N gas chromatograph with a 7683 autosampler (Agilent
Technologies, Palo Alto, CA), equipped with a flame ionization detector (FID). Eleven selected
analytes (Table S3.1) from the 115 component mixture were each diluted to 1 ppth (w/w) in
hexane and injected. The GC inlet was set to 250 °C and the split ratio was set to 200:1 with a
column flow of 2.5 ml/min of hydrogen. The oven was held isothermal at the desired
temperature until the given analyte eluted. For each analyte and column, the oven temperature
was varied in 10 °C increments to collect temperature-dependent retention data. A 5 pl
autosampler syringe (Hamilton, Reno, NV) was used to inject 1 pl of sample for the 250 pum i.d.
columns and 0.1 pl for the 180 pum i.d. columns. Column dead times, to, were determined at each
oven temperature by an injection of 1 pl of methane. Syringe rinses using acetone and hexane
were performed after each analyte injection to prevent carry-over between analytes. The FID was
operated at a temperature of 250 °C, with flows of 40.0 ml/min hydrogen, 450.0 ml/min air, and
45.0 ml/min nitrogen makeup gas. The detector reported data to the instrument at 200 Hz.

Data from the isothermal injections for the eleven selected analytes and methane, at the
various oven temperatures, were exported as a .csv from MSD Chemstation D.03.00.611.
(Agilent Technologies, Palo Alto, CA). Because the Chemstation software records time only to

the nearest 0.001 min (60 ms), it was necessary to write in-house software in MATLAB 2015b to
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find analyte peak apices in the raw data in order to calculate accurate retention times to the
appropriate to the sampling period of the detector, 5 ms. The k was calculated for each analyte
using the retention time of methane at the given column/temperature combination to determine
the column dead time, to. Run temperatures were converted to Kelvin and used to generate van’t
Hoff plots, which plot the natural log of k (or alternatively, Kp) versus inverse Kelvin to
determine thermodynamic parameters for the analyte. Linear best fits were applied to the van’t
Hoff plot for each analyte to allow for interpolation of k at the 2D elution temperature, 2T, for
that analyte from each GCxGC column set, as summarized in Table S1. Within each group, all
analytes eluted within ~1-2 °C of each other, and included co-elutions on the D column that are
resolved by the 2D column. Each of these analytes was analyzed by isothermal GC—FID using a
longer segment (10.0 m) of the 2D columns, at a series of temperatures with 10 °C increments to
determine k as a function of temperature, and to allow interpolation of the k for each analyte at

the temperature corresponding to 2Te.

Figure S3.1 includes the comparisons of 2k from the GCxGC experiment versus that of
the isothermal GC—FID analysis for all six column sets. Overall, %k is predicted with reasonable
accuracy between the two experimental platforms, with deviations from unity likely due to
systematic bias in the determination of %to in the GCxGC experiment and/or flow deviations
during its temperature programmed separation. Briefly, the bias in slope is consistent within
column sets 1-3, and within column sets 4-6, which utilize 2D columns with 0.2 pm and 0.4 um
films, respectively. This provides further evidence that the bias is likely due to a slight

systematic error in the calculated ?to.
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Figure S3.1 Plots of %k for each of the 11 analytes, as determined from the GCxGC
separations for each column set versus those determined from the isothermal GC—FID

separations.
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Table S3.1 The calculated *D column elution temperatures (°C) for the 11 selected analytes,

provided for each of the three 1D column film thicknesses applied.

0.25um | 0.5um 1.0 um
film film film
2-heptanone 59.3 67.1 81.7
nonane 59.8 68.3 83.0
methyl hexanoate 63.1 72.0 87.1
2,6-dimethyloctane 63.8 73.1 88.5
bromobenzene 63.3 72.8 88.9
1-bromohexane 64.1 73.5 89.2
1-undecene 85.6 96.6 113.8
2-nonanone 86.1 96.8 114.0
adamantane 83.6 95.6 114.3
hexadecane 150.8 163.6 182.5
diethyl phthalate 150.8 163.7 183.4
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Chapter 4. Method to Determine the True Modulation Ratio for

Comprehensive Two-Dimensional Gas Chromatography?®

4.1 INTRODUCTION

Comprehensive two-dimensional (2D) gas chromatography, GC x GC, is a powerful
instrumental platform, well suited for the analysis of complex mixtures [1-7]. Successful
separation and analysis requires that the instrumental platform translate the complex chemical
samples into useful chemical information. In chromatography the amount of information
contained in a given separation is inferred from, or correlated to, the peak capacity [8—14].
Herein, the peak capacity, nc, represents the number of evenly resolved peaks at unit resolution,
Rs = 1, that can fit into a given separation, where the nc can be calculated as the separation time,
tsep, divided by the average chromatographic peak width-at-base, Wp. GC x GC is particularly
well suited for the analysis of complex samples because of the increased peak capacity available
in the 2D space, relative to a one-dimensional (1D) GC separation, where the ideal peak capacity
of a GC x GC separation, nc2p, with independent separation mechanisms is commonly defined as
the product of the peak capacities of the two separation dimensions, 'nc and 2n¢[8,14-16]. This
definition of nc2p is commonly used to quantitatively compare the peak capacities of
comprehensive two-dimensional separations. It should be noted, however that the ideal peak
capacity nc2p is not generally the experimentally observed peak capacity for a GC x GC

separation since the two separation mechanisms are not strictly independent. To address the issue

3This Chapter has been reproduced from D.K. Pinkerton, B.A. Parsons, R.E. Synovec, Method to determine the true
modulation ratio for comprehensive two-dimensional gas chromatography, J. Chromatogr. A. 1476 (2016) 114-123.
doi:10.1016/j.chroma.2016.11.015.
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of increasing sample complexity, a great deal of research has been performed to improve and
optimize the peak capacity in GC x GC [8,9,11,13,14,17].

Indeed, peak capacity optimization is a constant challenge and area of focus in the
chromatography community. Unless care is taken in the GC x GC instrument experimental
design, the peak capacity n of the first dimension, D, is dependent on the peak capacity 2nc of
the second dimension, 2D, and a compromised nc 2o may result [11,15]. For example, use of a
relatively long modulation period, Pm (5-8 s) to facilitate an increase in 2nc, will necessarily
reduce nc. This reduction in nc is commonly believed to be due to a cognitive effort by the
analyst to reduce the separation efficiency, N, on D, by purposely broadening the W, peaks in
order to maintain a suitable modulation ratio, Mg, which is *W, divided by Pw, to achieve a
comprehensive GC x GC separation [18,19]. However, use of a relatively long Pm can have the
same influence on the effective N on D simply due to undersampling, which results in an
effective broadening of the *Wh [14,16,20—22]. When the D separation has N optimized, and is
then coupled with a suitably short Py (1-3 s) it has been shown that an optimized nc2p can be
achieved [8,15,17,23,24]. In practice, many analysts tend to select a relatively long Pwm for the
purpose of providing a larger 2nc; while a relatively short Py will necessarily provide a smaller
2ne, it is concurrent with optimizing nc 2o [8,15,17,23,24]. The trade-off here is selectivity (and
peak capacity), balancing the chemical selectivity needs for the two separation dimensions to
address different types of samples and sample complexities. Since the modulation process
represents a sampling of the 1D peak profile, the analyst must consider *Wp when selecting an

appropriate Pwm for the GC x GC experimental design to achieve the desired separation.
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The importance of having an adequate number of samples across the 1D peak width, YW,
and the consequences of undersampling due to the modulation frequency cannot be overstated
[14, 19, 16, 20, 22]. The primary consequence being that undersampling the D peak profile
results in significant D peak broadening and translating to a proportional reduction in nc. Use of
a long Pm (5-8 s) which is commonly practiced, necessarily means the D separation is either
performed so as to produce peaks wide enough to have enough modulations across the *Wy (20—
24 s) to achieve a truly comprehensive GC x GC separation with a Mg of 2—4 [19], or the D
peaks are initially narrow (2-5 s) and are subsequently undersampled by the modulator, and a
relatively uncomprehensive GC x GC separation with a Mr less than to much less than 2 is
produced. While conventional thought is that the former is practiced, it is much more likely that

the latter is what is indeed practiced. This issue is one of the key aspects of our current study.

To account for undersampling by the modulation process, Davis et al. introduced £,
which depends on Mg, as a 2D peak capacity correction factor to determine the effective D
separation peak capacity, incorporating both undersampling by the modulator and statistical peak
overlap theory [14,16]. However, calculation of 5 requires that the true Mg is known (not the
“apparent” or effective Mr following modulation, referred to herein as Mr*), with the true Mr
depending upon the premodulation *Wh, which is not measured in a typical GC x GC experiment,
without the addition of an inline detector at the end of D prior to modulation. What is readily
measured however, is the post modulation D peak width, which is the effective peak width,
Wp* (needed to calculate Mg*), that has been impacted by modulation induced band broadening

[25].
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Herein, we present a new method to determine the true modulation ratio, Mg, of a peak
GC x GC, without the requirement for a detector at the end of the primary column to measure the
premodulation peak width, *Wp. The proposed method is described through an investigation of
the consequences of the experimental design for the practice of GC x GC, related to modulator
induced band broadening as a function of YWy and the selected Pw. To do so, the effective 1D
peak width, *Wy*, measured at the detector, is quantitatively related to the premodulation peak
width, *Ws. The effective modulation ratio, Mgr*, is determined using the *Wy*, and is then used
to determine the modulation ratio, Mg; then, the true modulation ratio, Mg, which, along with
Pwm, can be used to calculate *Ws. The method utilizes Gaussian curve fitting to initially model
each modulated 2D peaklet (each 2D peak for a given modulated analyte), followed by fitting a
Gaussian curve to the tops of the modeled 2D peaklets for a given analyte in the unfolded GC x
GC data to determine the effective D peak profile [25]. The method of determining Mg from
Mg* is defined and studied with simulated data, by defining the D peak, simulating the
modulation process, and comparing the resulting modulated D peak width, *Wy*, from the
unfolded GC x GC data to the unmodulated D peak width, *Wp. Only in-phase and out-of-phase
modulation of the GC x GC peaks were studied since these two extreme cases have been shown
to bracket the full range sampling phase observed in GC x GC data [7, 22, 24, 25]. The results
are then compiled in a look-up table that can be used to determine Mg from Mg*. The same
Gaussian curve fitting approach to measure Wy* is then applied to experimentally collected GC
x GC data spanning a range of commonly implemented conditions to provide a validation of the
results from the simulation study. Percent loss in n values are then calculated from the results
of the simulation study, comparing the premodulation peak capacity, nc, that would in principle

be measured prior to modulation, to the effective D peak capacity, 'nc*, measured based upon
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the modulated separation data at the detector. Finally, a discussion of the effective peak capacity
calculated with S, Inces, in the context of Mgr* and *nc* is provided in order to demonstrate how
to correctly apply the g theory [14,16] to experimentally obtained GC x GC data with post

modulation detection.

4.2 THEORY

The concentration profile of an ideal, symmetrical, D chromatographic peak can be

modeled mathematically by a Gaussian distribution

1 _(t_ltR)z
A e( 2(10)? )
1gv2m

Ic) = (4.1)

where C(t) is the !D analyte concentration profile as a function of time, t, *A is the total peak
area, representative of the total analyte concentration, 1o is the standard deviation of the D peak
width-at-base, YW, where W, is 216, and tr is the D retention time. Fig. 4.1(A) is a typical D
peak profile modeled by Eq. (4.1) where *A = v/2m, such that the signal at the peak apex is 1/*c,
tr=495s,and o =1s.

Modulation of the D peak onto the 2D column can be modeled from 1C(t) by first
calculating a series of modulation injection times, t,. The modulation injection times can be
calculated from the modulation period, Pm, and the start time of the modulator, to, defined by

t, = (nPy) + t, (4.2)
where n is the modulation number. The vertical dashed lines in Fig. 4.1(A) show the locations of
each modulation within the time window with Py = 1 s. In the time between modulation events,
the eluent from the D separation is trapped at the modulator such that the area of the D peak

injected onto the 2D column during the modulation event at time t, can be calculated from
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t

24, = | t:_l Ic(t) dt (4.3)

where 1C(t) is the time-dependent D concentration profile as in Eq. (4.1).
The series of modulated peak areas for a given analyte, 2A,, can then be used to produce a

series of °D Gaussian peaks, referred to herein as peaklets, with

2An (_(t_ZtR)z)
() = 5 pze O (4.4)

where 2Cn(t) is the time-dependent concentration profile of each 2D peaklet following modulation
at time tn, % is the standard deviation of the D peak width Wb, with a retention time ?tr.

The number of 2D peaklets observed for a given D peak depends on *Wy, Pwm, 2Wh,
analyte concentration, detector data acquisition frequency, noise, and sampling phase, and is not
a quantitatively useful metric because of the variability in sampling phase within a GC x GC

experiment. The term modulation ratio, Mg, of a 2D chromatographic peak is defined as

Mg = 2o (4.5)

Pm

where W is the analyte D peak width-at-the-base, and Pwm is the modulation period [18]. In
practice, determination of Mr is not straight forward for GC x GC since it requires knowledge of
the analyte 1D peak width, YWy, prior to modulation. Generally, W, is not measured directly in
GC x GC, since the D peak signal is generally not measured prior to modulation.

As can be seen in Figs. 4.1(B-D), the series of peak maxima and retention times, t, + %tg,
for modulated GC x GC peaklets can be used to model the effective D peak. The effective D
peak width *Wy" is used to define the experimentally observed, effective modulation ratio

1Wb*
Pm

Mg = (4.6)
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In general, Mg and MRr" are not equal because *Wy" > *W,. However, when Mg is
sufficiently large, i.e. when *Wj is large relative to Pw, the effective modulation ratio, Mg",
converges to Mg. In the common practice of GC x GC, Mr will be less than, to much less than,
MR". This discrepancy between the Mg and Mg, if not accounted for, will lead to an inaccurate
determination of the effective 'D peak capacity [14,16].

The peak capacity in the absence of undersampling of the D separation in GC x GC is

defined as

tSe
n, = 1Wi (4.7)

where tsp is the total separation time and W is taken as the average 'D peak width at base.

Likewise, the peak capacity of the 2D separation in GC x GC is defined as

P
n, = % (4.8)

Peak capacity for the 2D GC x GC separation in the absence of undersampling, nc o, is
the product of D and 2D peak capacities, nc and ?n. respectively, from Egs. (4.7) and (4.8),
Nc2p = ne * n, (4.9)
Since modulator induced band broadening only impacts the D peak width in a GC x GC
separation, we limit the scope of this peak capacity discussion to the impact of the modulation
process on ne.
Likewise, the effective 1D width of the modulated GC x GC peak with any finite degree

of undersampling, *Wp*, can be used to determine the effective D peak capacity, given by

In* = fW—: (4.10)
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where In¢* is not the ideal peak capacity, but is the effective peak capacity taking into account
that *Wy* has been artificially broadened by the modulation process. Inc* can also be used to
calculate the effective 2D peak capacity, nc2p* given by
Neap™ = e * 2n. (4.11)
Making use of the relationship between Mr and Mr* via Egs. (4.5) and (4.6), the percent

loss in In¢ strictly due to modulation is defined as the difference between the ideal D peak

capacity, nc, and the effective D peak capacity, nc*, normalized by dividing by nc,

1 _1 * 1
% Loss in 'ne = 100 % * 5= = 100 % * (1 — %) (4.12)
c b

An alternative calculation for effective peak capacity has been reported that takes into

account the combined effects of Mr and statistical peak overlap theory [14,16], given by

in

1nC_Eff = ?C (413)
where n¢ is the D peak capacity as in Eq. (4.7), and g is a correction term accounting for the

combined effects of undersampling (i.e. due to modulation) and statistical peak overlap theory,

B = [1+34 (i)2 (4.14)

MR
While £ can only be applied in the context of 2D separations and is, in general, applied to
Nc.2p, A is a function of, and a correction for, the D peak width Wy, so for the purposes of this
study the consequences of £ are discussed as in Eq. (4.13). It should also be noted that because S
accounts for statistical peak overlap theory it is independent of peak sampling phase. This
definition for effective peak capacity is problematic for implementation to GC x GC data,
because both nc s and S are calculated with the unmodulated D peak width *Wh, which is

generally not known and cannot be measured directly without an in-line detector before the
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modulator in a GC x GC experiment. In the absence of an in-line detector, *Wy* and Mg* should
not be used in calculating # and ncesr since *Wy* and 8 both account for modulator induced band
broadening in the 1D peak. If 'Wy* and Mg* are erroneously used to calculate 4 and nc e, the
percentage error lost in ncesr can be determined by

1nc*
% Errorin 'ngrr =100 % * [ 1 — f:c (4.15)

B

where £* is defined as in Eq. (4.14), however is calculated with Mr* instead of Mg. Substituting

in Egs. (4.7), (4.10), and (4.14), Eq. (4.15) can be rearranged to give

5 1
% Errorin 'n.grr = 100 % * <1 - (MR +3'4)2> (4.16)

Mgp*?+3.4

Clearly, the percent error in nces depends only on Mg and Mg*. However, the
dependence of Mgr* on sampling phase, as a function of Mg, means that sampling phase must
also be considered for percent error in ncgsr. We propose a method for determining Mg from
Mg* for both in-phase and out-of-phase modulation sampling, with intermediate phases being
bracketed by the two extremes. Mr can be determined from Mr* by defining a ratio of Mr to
Mr* as a function of Mg* and measuring Mr* in the modulated data. Furthermore, by mapping
Mgr* to Mg, the analyst can accurately and confidently determine nc e with Eq. (4.13) and

(4.14).
4.3 EXPERIMENTAL

43.1 Simulated GC x GC Data

All data simulations and analyses were performed in Matlab R2012b (The Mathworks,

Inc., Natick, MA, U.S.A.). GC x GC chromatograms were simulated at a 500 Hz collection rate.
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All simulations were generated in the absence of noise. The first step in the GC x GC-TOFMS
data simulations was to define a D Gaussian analyte peak profile with specified width, W,
defined as the peak width at +2'c, in units of time, retention time, 'tr, and analyte concentration,
A, as in Eq. (4.1). For all simulations presented, *Wp =4 s (*o = 1 5), ‘tr =49.5 5, and *A = /2,
other values for *Wh, tg, and A were also simulated, not shown for brevity. A series of
modulation injection times t, for the selected modulation period, Pm, and modulator start time, to,
as in Eq. (4.2), were then selected to achieve the desired sampling phase, in-phase or out-of-
phase. In-phase sampling is equivalent to when 'tz of a pre-modulation D peak occurs halfway
between two modulation events, tr = tn + ¥2*Pw for some n as in Eq. (4.2), out-of-phase
sampling occurs when the tr coincides with the modulation event, 'tz = t, for some n as in Eq.
(4.2), such that there were two identical modulated 2D peaks of maximal intensity. With 'tz held
constant between simulations, sampling phase was controlled by changing the start time of the
modulator, more specifically the time of the first modulation event, to. Simulations were
generated with Py = 0.5-15 s in 0.1 s increments (Mr = 8-0.26) sampled both in-phase and out-
of-phase. Modulated peaklets were generated by integrating the simulated D peak profile
between adjacent modulation times, t.1 and tn, and 2D Gaussian peaklets were simulated in the
subsequent modulation according to Eq. (4.4), with 2D retention time %tr = 0.25 s, 2D peak

standard deviation 2c = 50 ms, and 2A, as defined by Eq. (4.3).

4.3.2 Instrumental Parameters

The GC x GC-TOFMS instrumental platform consisted of an Agilent 6890N gas
chromatograph equipped with an Agilent 7683 autoinjector (Agilent Technologies, Palo Alto,

CA) coupled with a LECO Pegasus 11l TOFMS, and equipped with a 4D thermal modulator
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upgrade (LECO, St. Joseph, MI). A single 41.3 m x 180 um i.d. x 0.4 pm Rxi-5MS film column
(Restek, Bellefonte, PA) was installed on the instrument, threaded through the modulator block
and the secondary oven directly to the detector. The instrumental platform was used both with
the modulator turned off, in the one-dimensional (1D) GC — TOFMS mode, to collect and
measure true D peak widths, *Wh, and with the modulator turned on, in the 2D GC x GC—
TOFMS mode. In the GC x GC-TOFMS mode, the D column was 41.0 m, the 2D column in the
secondary oven was 0.1 m, with 0.2 m as the transfer line to the detector, all a part of the same
41.3 m x 180 pm i.d. x 0.4 um Rxi-5MS film column (Restek, Bellefonte, PA). A short 2D
column with the same stationary phase as the D column was applied to minimize retention on
2D and allow for a wide range of Pmand Mr to be readily studied, while facilitating the
measurement of the *W, when the modulator was not in operation.

Two sets of 1D separation conditions were used, along with a range of Py in order to
produce peaks with a range of *W, (and *Wy*), and Mg (and Mg*). Helium was used as the
carrier gas for both sets of temperature/flow conditions. For the first set of conditions the oven
was held at 125 °C for 0.5 min and then increased at 5.5 °C/min to 165 °C, at a constant flow
rate of 1.44 ml/min. For the second set of conditions the oven was held at 130 °C for 0.5 min and
then increased at 2.0 °C/min to 170 °C, with a constant flow rate of 0.5 ml/min. A 1 ul injection
of a three component test mixture of decane, undecane, and dodecane in dichloromethane was
made in split mode with a split ratio of 200:1. Dichloromethane was used as the solvent because
it has a minimal number of common fragment ions with the compounds in the n-alkane mixture.
The transfer line temperature was set to 235 °C and the inlet and ion source were set to 225 °C.
Mass channels, m/z 41-180, were collected at 500 spectra/s. Both sets of conditions were run in

the GC — TOFMS and GC x GC-TOFMS modes. When the instrument was run with the
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modulator on, GC x GC-TOFMS, the modulator and secondary oven were kept 20 °C higher
than the primary oven to minimize additional retention on column after modulation. Table 4.1
summarizes the modulation periods and approximate modulation ratios studied herein. Each set

of sample conditions were run in quintuplicate.

4.3.3  Peak Modeling

All peak modeling for simulated and experimental data was performed using the Matlab
R2012b Curve Fitting Toolbox (The Mathworks, Inc., Natick, MA, U.S.A.). For experimentally
collected data with mass spectral detection, a single selective m/z, 43, was used for analysis in
order to reduce the level of noise in the data and to minimize background interference from the
solvent. Prior to analysis all GC-TOFMS and GC x GC-TOFMS chromatograms were baseline
corrected. For all experimental 1D separations, GC—-TOFMS mode, peaks were measured by
directly fitting individual 1D peaks with Gaussian curves based on Eq (4.1). For 2D separations,
GC x GC-TOFMS mode, Gaussian curve fitting was initially applied to modulated peaklets, 2D
peaks, to extract peaklet maxima and retention times. Although the exact maxima and retention
times were known a priori for the simulated data, in general with experimental data this is not
the case, so for consistency the same curve fitting procedure was applied for both simulated and
experimental data. Using the Matlab R2012b Curve Fitting Toolbox a modulated peak with n
detectable modulations can be modeled simultaneously using an n-term Gaussian function, a

series of n independent Gaussian functions summed together

_(t=b1)\? _((t=bp) \?
Cmod(t):a1*3(( c1 ))_|_..._|_ an*e<( cn )) n<g§ (4.17)
where Cmod (t) is the time dependent concentration profile of the series of modulated peaklets, an

is the peak maximum for peaklet n, by is the retention time of peaklet n, and cx, is 2on times 212,
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The series of a, and bn terms are then vectorized and forwarded back to the curve fitting toolbox
as peak maxima and retention time pairs, used to measure the effective 'D peak profile, *Wy*, as

shown in Fig. 4.1, overlaid with the simulated 2D peaklets and unmodulated D peak.

4.4  RESULTS AND DISCUSSION

To investigate the effect of modulating a D peak onto the 2D separation dimension on
the resulting 1D peak width, *Wp*, we begin by modeling the modulation process with simulated
GC x GC data. The unmodulated D peak profile (*Wp = 4 s) used in the modulation simulations
is provided in Fig. 4.1(A). Figs. 4.1(B-D) are simulated 2D GC x GC chromatograms, with Py =
1,2, and 4 s and Mg = 4, 2, and 1 respectively, for the unmodulated ‘D peak shown in Fig.
4.1(A) sampled in-phase; out-of-phase sampling was also simulated, but not shown for brevity.
In Figs. 4.1(B-D), the leftmost Gaussian curve represents the unmodulated D peak profile prior
to modulation, Eq. (4.1), with the modulated D peaklets offset to the right, Egs. (4.2-4.4), and
the corresponding Gaussian curve also offset to the right representing the measured D peak
profile based on a fit to the peak maxima of the modulated 2D peaklets, by applying Eq. (4.1), at
each retention time, indicated by the dots. Because the modulator samples the D peak profile
with regular frequency defined by Pwm, the modulated peaklets represent a distribution that is
directly related to the original D peak. In this sense, the modulation process is analogous to the
mathematical principle of Riemann sums, a discrete sampling of a continuous distribution that is
not necessarily equal to, but is representative of the original distribution. And, as with Riemann
sums, as the time interval between samples converges to zero, the representative distribution
becomes equal to the original distribution, i.e. the Riemann sum converges to the integral of the
function. The retention time and peak height can be used to model the distribution of the D peak
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profile because successive 2D peaklets for a given analyte will generally have the same width
W, on the 2D separation, meaning that the area of the of the peaklet is directly proportional to its
height. However, successfully fitting a Gaussian curve to the 1D profile in this way requires
precise determination of the 2D peak height and retention time. Furthermore, Gaussian curve
fitting requires at least three points to fit the curve to; namely, there must be at least one
modulated peaklet for each degree of freedom (*A, s, and tg) in the Gaussian function, Eq.
4.2).

The results of the Gaussian peak fitting for the simulated GC x GC data are shown in Fig.
4.2. Figure 4.2(A) is the modulator induced broadening ratio (*Wy* / *Wh) as a function of true
modulation ratio, Mg, for simulated GC x GC data of a single peak with *Wy = 4 s, sampled both
in-phase (solid line) and out-of-phase (dashed line), with Py ranging from 0.5 s to 15 s. All other
chromatographic parameters were held constant between simulations, including total peak area,
YR, %tr, Wb, and Wh. Indeed, Fig. 2 shows that *Wy* / *W, increases as Mg decreases. For Mg > 2
there is no discernable difference in *Wp* / YW, for in-phase and out-of-phase sampling.
However, when Mg < 2 sampling phase becomes a progressively more significant contributor to
the magnitude of *Wy* / 'W,. Notably, Mg < 1 results in significant band broadening, *Wy* / *Ws
> 1.3, for both in-phase and out-of-phase sampling and for Mr < 0.75 the broadening for out of
phase sampling increases almost vertically. This steep broadening for out-of-phase sampling
occurs because the number of observable peaklets is effectively less than the three required to
model a Gaussian peak, that is to say for each of the two major peaklets 2A; = 2A; = % A,

Figure 4.2(B) depicts the same modulator induced broadening results as in Fig. 4.2(A),
plotted versus the effective modulation ratio, Mr*, since Mgr* is what an analyst would measure

in a typical experiment, and, in general, Mr is not directly measurable in a GC x GC. This view
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of the data allows the analyst to approximate the degree to which the measured *Wy* has been
broadened by the modulation process based on the experimentally measured Mr* and could be
extended to approximate the unmodulated width of the *D peak *W,. Figure 4.2(B) indicates that,
for out-of-phase sampling, Mgr* > 0.8 for all values of Mg, and that even when the D is severely
undermodulated, *Wy << P, the analyst will measure Wp* = Py, resulting in a significant loss
of information, quantifiable as a loss in the D peak capacity, nc.

Experimental data are now presented for evaluation of the simulations modeled above.
The three component test mixture of decane, undecane, and dodecane was run under two sets of
separation conditions in both the 1D GC-TOFMS and 2D GC x GC-TOFMS modes in order to
produce a range of D peak widths. In the 2D mode, separations were run with a range of
modulation periods, Pwm, to study a range of modulation ratios. Table 4.1 provides a complete
summary of the measured unmodulated 1D peak widths, *Wh, with standard deviations for the
five replicate injections, as well as the Py studied and the resulting modulation ratios. The RSDs
for the unmodulated 1D peaks widths were all < 1.0 %. Figure 4.3 shows a series of
representative 2D GC x GC-TOFMS peaks, selected to cover a range of typical experimentally
observed Wy, Pm, Mg, and Mgr*, overlaid with the corresponding unmodulated 1D peak. The
unmodulated 1D peak profiles in Fig. 4.3 have been rescaled by a factor of five for visualization
purposes only, it should be noted that rescaling in this way does not affect the width of the
observed peak. Variations for peak sampling phase for a given analyte under identical separation
conditions may occur due to minor variations in D retention time, tg, or in the modulator start
time, to. As a result, the exact locations of the modulation events, indicated by vertical dashed
lines, in Fig. 4.3 are approximated to produce the observed sampling phase. There is some lack

of precision in trying to measure the modulated 2D retention times and peak maxima directly
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from raw peak data because the narrow 2D peak widths, 50 ms to 60 ms, mean that 2D peaks,
sampled by the detector, are also subject to a variety of sampling phases. However, the lack of
precision in the retention time and peak maxima is easily overcome by Gaussian curve fitting the
peaklets rather than measuring directly.

Figure 4.4 is an overlay of the curve fitting peak measurement results for the
experimentally collected GC x GC-TOFMS data with the simulated GC x GC data, shown
previously in Fig. 4.2. Overall, Figs. 4.4(A) and (B) indicate that the experimentally collected
data are consistent with the results from fitting the theoretically simulated data. All simulations
used to prepare Figs. 4.2 and 4.4 were generated in the absence of noise, which allowed for
rigorous investigation of the theoretical effects of the modulator on the D peak profile.
Simulations were also defined to be sampled either perfectly in-phase, or perfectly out-of-phase,
as these are the two extreme cases and have been shown to bracket the range of sampling phases
[7, 22, 24, 25]. However, experimental data is necessarily collected with some noise, and the
sampling phase is determined by the combination of g, to, and Pw, with in-phase or out-of-
phase being only a subset of all sampling phase possibilities. The presence of noise and sampling
phase uncertainty results in a narrow distribution of broadening ratios for replicates of each set of
conditions. These distributions are observed in Fig. 4.4(A) as a series of five points arranged
vertically, often overlapping, since the conditions were all run in quintuplicate and the *W, RSD
< 1.0%. Despite the close agreement between the simulated and experimental results, there are
some deviations observed in the experimental data set. In the presence of noise, Gaussian fitting
severely undermodulated, Mr < 1, peaks can be problematic if the Gaussian peak modeling

requirement of three detectable peaks to be used in fitting is not met.
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It is clear from Fig. 4.4 that both simulated and experimental GC x GC chromatograms
show significant modulator induced band broadening when the D peak is not sufficiently
sampled by the modulator. Table 4.1 shows that W, does not vary significantly between samples
for a given instrumental configuration run with the same separation conditions, so the analyst
must select an appropriate Pm to adequately sample the eluting D peaks. Maximizing the
amount of chemical information in a separation means the analyst should seek to keep W, small,
such as Wy, = 4-6 s (or even smaller); however, if a large modulation period is selected, Py = 5—
6 s, in an attempt to increase nc, the result is a low modulation ratio, Mg = 0.67-1.2, with
broadening ratio, *Wy* / YW, ranging from 1.25-2.0. Effectively, the use of a long Pm undoes
any increase in nc that would be gained from optimizing the D separation, and the nonlinear
relationship between 2nc and Py, due to the pseudo-isothermal separation conditions on 2D,
results in only a modest increase in %nc [15].

Making use of the relationship between Mg and Mr* defined in Egs. (4.5) and (4.6) and
determined in Figs. 4.2 and 4.4, Fig. 4.5 shows the percent loss in in. due strictly to
undersampling via implementation of an inappropriately long Pm as defined in Eq. (4.12). Figure
4.5 quantifies the consequences of an inappropriate modulation period selection for a given 1D
peak, expressed as the loss of peak capacity. It is worth noting that the percent losses in nc
shown in Fig. 4.5 are nominally consistent with the loss predicted by Davis et al. [14]. Figure 4.5
along with Table 4.2 also allows the analyst to use the effective Mr* (which is readily
determined directly from the typical GC x GC experimental data), to determine the true
modulation ratio, Mg, that would otherwise require the width of the original *D peak prior to
modulation, *W, (which is not typically measured in the GC x GC experiment), through the plot

of Mr/MR* as a function of Mg*. For example, a separation run with a long modulation period,
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Pm = 6 s, might produce modulated peaks such that *Wy* = 6 s, corresponding to Mg* = 1. The
effective modulation ratio Mg* can then be used, along with Fig. 4.5 and Table 4.2, to determine
that this corresponds to a true Mg < 0.66 Mg*, i.e. Mg < 0.66 and W, = 3.96 s, representing a
34% loss in Inc. The same peak, however, sampled with Py = 1 s has Mg* = 3.8 and a
corresponding Mg = 3.6, meaning only a 5% loss in 'nc due to modulator induced band
broadening. Clearly, appropriate Pwm selection must be considered as a part of !D separation
optimization, determined by the *Wj, of the eluting D peaks, since the effective D peak capacity,
Ine*, is calculated based on the modeled D peak width, which has already been broadened by
the modulation process.

It may be of interest to analysts to apply the £ correction term in order to obtain a
correction for undersampling of the 1D separation, in which the correction incorporates
undersampling and statistical peak overlap theory, via Eq. (4.13). The definition for effective
peak capacity nces in Eq. (4.13) is problematic for implementation to GC x GC data since both
ncesr and B should be calculated with the unmodulated D peak width YWy, which is generally
not known and cannot be measured directly without an in-line detector before the modulator. In
the absence of an in-line detector, *Wp* and Mg* should not be used in calculating 4 and nc s
since 'Wp* and f both account for modulator induced band broadening in the 1D peak. If Wp*
and Mg* are erroneously used to calculate # and ncesr, the percentage error lost in ncest can be
determined as defined in Eq. (4.16). Figure 4.6 is a plot of Eq. (4.16) as a function of Mr for both
in-phase and out-of-phase sampling, simulated with the results from Fig. 4.2. Unlike the
modulator induced broadening ratio, the percent error in nc e does not decrease monotonically
with Mg, but the largest observed errors, 11 % and 8 % for in-phase and out-of-phase

respectively, occur when the 1D peaks are severely undermodulated, Mg = 1.25 and 1.66. Indeed,
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if 4 is to be used to calculate *nc s, the premodulation peak width YWy, must be known prior to
calculation. Although W is not generally measured, the effective peak width *Wp*, which is
readily measured, coupled with the modulation period, Pwm, and Fig. 4.5 or Table 4.2, can be used
to determine *Wj, the width of the unmodulated *D peaks through the relationship between Mg
and Mr*. For demonstration, we now consider a previously published separation of an organic
extraction of microalgae based bio-oils run with Pm = 6 s [28], such that the approximate Mg* =
1.25 (*Wp* = 7.5 s) with an approximate average Wy = 500 ms, resulting in Inc* = 640, 2nc = 12,
and n¢2p* of approximately 7,680 for an 80 min separation. Making use of Table 4.2 and Fig.
4.5, for an Mgr* = 1.25, we determine that Mg/ Mg* = 0.7. Therefore Mg = 0.88 and W, =5.28 s
which suggests an approximate nc = 900 in 80 min prior to the D broadening due to
undersampling with g = 2.32 via Eq. (4.14), so the *nces = 388 based upon Eq. (4.13). Clearly,
under these separation conditions, the analyst is accepting a significant level of broadening on
the 1D separation with the concurrent loss of D peak capacity (30% loss according to Table 4.2),

for the purpose of applying the Pm = 6 s which provided a relatively modest 2D peak capacity.

4.5 CONCLUSIONS

We present a new method to determine the true modulation ratio, Mg, of a peak in GC x
GC, without the requirement for a detector at the end of the primary column as a function of the
effective modulation ratio, Mgr*, calculated from the effective peak width, Wy*, and the
modulation period, Pm. We demonstrate the consequences of modulation period, Pw, selection
for a GC x GC separation as it relates to modulator induced band broadening, by mapping from
the effective modulation ratio, Mg*, of a modulated 1D peak to the true modulation ratio, Mg. We
demonstrated a method that uses Gaussian curve fitting to model the effective D peak width,
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Wp*, by initially modeling each modulated 2D peaklet in the unfolded GC x GC data to
accurately determine the maxima of the 2D peaklets, followed by Gaussian curve fitting to the
maxima to determine the effective D peak profile. The relationship between Mg and Mg* was
first determined with simulated data and was validated with experimental data, making use of
both the GC x GC-TOFMS and GC-TOFMS modes of the instrument. Sampling phase was
objectively studied by considering both in-phase and out-of-phase sampling, finding that there is
effectively no difference in the modulator induced band broadening between sampling phases for
Mg > 2. The proposed method of mapping between Mr and Mr* was then used to calculate a
percent loss in n¢, comparing the premodulation peak capacity, nc, to the effective peak
capacity, nc*, from the results of the simulation study. The method presented herein makes use
of the average broadening ratio to determine the average Mg for a GC x GC separation that is
independent of sampling phase, though it may be possible to precisely determine the sampling-
phase of the modulated peak from the 2D peak heights in order to more accurately calculate Mg
for a single peak; however, this is beyond the scope of the current work and would require
further study. We also demonstrate that the mapping from Mg* to Mr allows the analyst to
properly apply the g correction factor to determine the effective peak capacity, accounting for
both modulator induced band broadening and statistical peak overlap theory. The concepts
presented herein are not limited to GC x GC with cryogenic modulation, and should be readily
extendable to other comprehensive two-dimensional separation techniques with total transfer
modulation for the entire measurable range of Mg, and also applicable to techniques using partial
transfer modulation as long as the Mr is greater than about 2 to ensure quantitative modulation

sampling [22,27].
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4.7 TABLES

Table 4.1 Measured W, of unmodulated experimental data and calculated Mg values for

modulated GC x GC-TOFMS experiments run with varying modulation periods, Pwm.

W (s) Pu (9) Mg
C10 | C11 | C12 cio | cu1 | c
025 | 832 | 876 | 9.64
05 | 416 | 438 | 482
S 075 | 277 | 292 | 321
% 8 g8t 208 | 219 | 241
F1 S| S| S| as | 130 | 14 | 160
Sl g ol 2 104 | 110 | 121
o & | Y| ] 25 | 08 | 08 | 09
0 069 | 073 | 080
052 | 055 | 0.60
042 | 044 | 048
05 | 650 | 7.40 | 870
1 | 325 | 370 | 435
S 15 | 247 | 247 | 290
5 § | o lgl 2 | 1es | 185 | 218
oS | 9| 25 | 130 | 148 | 174
£1 8 ~ | 8 3 1.08 | 123 | 145
of° [ 35 [ 093 | 106 | 124
2 081 | 093 | 1.09
065 | 074 | 0.87
041 | 046 | 0.54
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Table 4.2 Summary of results from Fig. 4.5, used to determine Mgr from Mr*.

Mgr* Mr/MR* Average Mr Average % ?_\(/)iga;%elnc
1 0.66 0.66 -34
1.25 0.7 0.88 -30
15 0.75 1.13 -25
1.75 0.79 1.38 -21
2 0.82 1.64 -18
2.25 0.85 191 -15
2.5 0.88 2.20 -12
2.75 0.9 2.48 -10
3 0.92 2.76 -8
3.25 0.93 3.02 -7
3.5 0.94 3.29 -6
3.75 0.95 3.56 -5
4 0.96 3.84 -4
4.5 0.97 4.37 -3
5 0.975 4.88 -2.5
55 0.98 5.39 -2
6 0.99 5.94 -1
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Figure 4.1 Simulation of unmodulated D Gaussian peak, plotted according to Eq. (4.1), modulated 2D
peaklets, plotted according to Eqgs. (4.2-4.4), and fitted Gaussian curve, Eq. (4.1), of 1D profile from
modulated 2D peaklets, with relevant variables: Pm, Wb, Mg, Wy*, Mg*, and *Wy*/*W,. All peaks are
sampled in-phase. Circles () represent the points used for the Gaussian curve fitting to the modulated
peaklets based on retention times and peak heights of modulated peaklets. (A) Unmodulated *D elution
profile of peak with retention time tr = 49.5 s and W, = 4 s. Peak amplified by factor of 2.5 for
visualization purposes. The location of each modulation, Pm = 1 s, is shown by vertical dashed lines. The
D peak shown in (A) is used throughout Fig. 4.1. (B) Modulated GC x GC peaklets and Gaussian fit of
data from (A) with (B) Pm=1s, (C) Pm=2s, (D) Pm=4s.

124



N
>

=22t A
i 2 L l —|n Phase JJ_JLﬂJ_“
=18 | R
‘8 1.6 F -=- Out of Phase ’ |
© 14 L Al
g
- 1 f----------"-"-"--------""======= =
(©
8 0.8 1 | 1 | 1 1 1 1 1 1 1
0

0 1 2 3 4 5 6

True Modulation Ratio, My

,._.52.4
200 1 B |
= o | I —In Phase _LMULL
51.8 -
.g 1.6 F -= Out of Phase | (‘ “J
e LU
thl'A' - AN AN
= 1.2 F
&
'r-g 1 ___________________________ —
5 0.8 1 1 1 1 L 1 1 1 1 1 1

0 1 2 3 4 5 6
Effective Modulation Ratio, M *
Figure 4.2 Broadening ratio (*Wy*/*W,) from simulated D and 2D data with Gaussian curve
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Figure 4.3 Overlays of collected data: unmodulated 1D peak, amplified by a factor of 5 for

visualization, modulated 2D peaklets with peak maxima and retention times shown, (e), and

fitted !D Gaussian peak profile, Eq. (4.1). Approximate modulation locations shown by vertical
dashed lines, as in Fig. 4.1 with relevant variables: Py, Wb, Mg, *Wp*, Mr*, and *Wp*/*Wh. (A)
Narrow D peak, short modulation, Py = 1 s, in-phase sampling. (B) The same separation
conditions as (A) with out-of-phase sampling. (C) Wide D peak, short modulation, Pm =1 s, in-
phase sampling. (D) The same separation conditions as (C) with out-of-phase sampling. (E)
Wide !D peak, medium modulation, Pm = 2 s, in-phase sampling. (F) The same separation
conditions as (E) with out-of-phase sampling. (G) Wide 1D peak, long modulation, Pm =5's, in-

phase sampling. (H) The same separation conditions as (G) with out-of-phase sampling.
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Figure 4.5 Plot of Mr/Mgr* and percentage loss in 1D peak capacity due to modulation
dependent band broadening as a function of effective modulation ratio Mr*, Eq. (4.12). Curves
for both in-phase, solid line, and out-of-phase, dashed line, sampling are shown. Results

summarized in Table 4.2.
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Chapter 5. Trilinearity Deviation Ratio: A New Metric for Chemometric
Analysis of Comprehensive Two-Dimensional Gas Chromatography

Time-of-Flight Mass Spectrometry Data*

5.1 INTRODUCTION

Comprehensive two-dimensional gas chromatography, GC x GC, is a well-established
and useful instrumental platform for analyzing complex samples in a wide variety of fields and
applications [1-10]. Coupling GC x GC with time-of-flight mass spectrometry, GC x GC —
TOFMS, results in a particularly powerful instrument capable of generating highly selective
quantitative data [9-23]. For each sample run, the GC x GC — TOFMS instrument produces a
very large, dense, information-rich cube of data, typically 100 to 500 MB per sample run
depending on the run time and data collection rate. There are, however, significant challenges in
working with and analyzing data sets of this size and complexity. To address these challenges, a
great deal of analytical research has been performed in the development of chemometric
software to analyze GC x GC — TOFMS data [4,9,11,24-35].

Indeed, there are many chemometric methods amenable to the three-dimensional data
structure provided by GC x GC — TOFMS: parallel factor analysis (PARAFAC), multivariate
curve resolution — alternating least squares (MCR-ALS), PARAFAC?2, trilinear decomposition

(TLD), etc. [11,12,17,22,23,33-51]. While each of these chemometric methods used for

“This Chapter has been reproduced from D.K. Pinkerton, B.A. Parsons, T.J. Anderson, R.E. Synovec, Trilinearity
Deviation Ratio: A New Metric for Chemometric Analysis of Comprehensive Two-Dimensional Gas
Chromatography Time-of-Flight Mass Spectrometry Data, Anal. Chim. Acta. 871 (2015) 66—76.
doi:10.1016/j.aca.2015.02.040.
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analyzing GC x GC — TOFMS data have their own strengths and weaknesses, their analytical
goals are generally the same; primarily, some combination of analyte deconvolution,
identification, and quantification. In particular, this study will focus on Parallel Factor Analysis
(PARAFAC), because it is one of the most highly used chemometric methods for GC x GC —
TOFMS data [11,12,17,22,23,23,33-46]. PARAFAC has been demonstrated to be extremely
effective for analyte deconvolution, identification and quantification, making use of the third
order advantage when the data produced by the GC x GC — TOFMS instrument possesses
sufficient trilinearity [12,23-25,33-46,52]. However, PARAFAC has been shown to have
difficulties appropriately modeling data when the analyte signal is not sufficiently trilinear
[48,50,52-55]. PARAFAC is studied herein to investigate the chromatographic conditions that
produce GC x GC — TOFMS data within a given single sample run that is sufficiently trilinear
for PARAFAC, as well as the limitations of using PARAFAC when the data is not sufficiently
trilinear. While other chemometric methods do not require trilinearity in the data, in particular
MCR-ALS and PARAFAC2, PARAFAC does require trilinearity. When the data is sufficiently
trilinear and an appropriate number for model factors have been chosen, PARAFAC produces
unique solutions and is not subject to the rotational ambiguities of second order methods
[48,50,52-55]. Mathematically this means that the estimated PARAFAC model cannot be rotated
without a loss of fit [52]. Currently, ambiguity exists across the interface between the
chromatography and chemometrics fields regarding the interrelationship between the common
practice of implementing GC x GC — TOFMS, the resulting data structure provided by the
instrument, and the subsequent chemometric data analysis performance. This report is aimed at

providing insight on the important issues related to these interrelationships.
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Temperature programming is used with GC x GC — TOFMS as a way to deal with the
general elution problem. However, the primary impact of temperature programming is only
observed along the first column separation dimension (*D). The time length of the second
column separation dimension (?D), which is referred to as the modulation period [56], Pwm,
(commonly 1 s to 8 s) is small in the context of temperature programming rates typically used for
GC x GC separations, Tramp in °C/min. Hence, while the D separation is being temperature
programmed, the temperature change AT in °C during each individual 2D separation is very
small, such that each 2D separation is essentially a pseudo-isothermal separation at a temperature
AT greater than the modulation preceding it. For example, with a commonly used Tramp 0f 5
°C/min, and a Pm of 6 s, each successive 2D separation is only 0.5 °C warmer than the previous
separation; essentially no temperature programming occurring on the second dimension of the
GC x GC separation. Nonetheless the analyte D retention time, ?tr, depends on AT, which
suggests the 2tr for a given analyte may decrease from one modulation to the next, defined as
A%tr, which is the change in 2D retention time between successive modulations. For analytes that
are essentially unretained on 2D, the shifting in retention time will not be observed (A%tr = 0),
and the A%tr is progressively more pronounced for analytes that are more retained on 2D. The
differences in %tr between successive modulations means the data is no longer strictly trilinear,
but the impact of the deviation from trilinearity on chemometric data analysis methods has not
been well defined and rigorously studied. In previous studies, deviations from trilinearity brought
on by A’tr have been handled by applying a 2D peak alignment algorithm to the data prior to
chemometric analysis [48,49,57]. To reduce the amount of preprocessing time and data distortion
introduced by peak alignment, it is important to identify the chromatographic conditions where

peak alignment is not needed for analysis by PARAFAC, as addressed herein.
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In this report, we demonstrate that while shifting in retention time between modulations,
A’tr, is the principal source of non-trilinearity within a single GC x GC — TOFMS data cube,
A%tg alone is not sufficient to quantitatively describe the trilinearity of the data structure for the
purposes of predicting the performance of a chemometric method such as PARAFAC. We
hypothesize that the analyte base peak width on 2D separations, defined as W, also impacts the
trilinearity of the data structure along with A%t [58]. We introduce the term Trilinearity
Deviation Ratio, TDR, a peak width normalized retention time shift, which will be shown to
quantitatively describe accuracy for PARAFAC analyses of GC x GC — TOFMS data.
Simulated GC x GC — TOFMS data is used, and is subjected to iterative shifts in modulation-to-
modulation retention time, A%tr; the trilinear PARAFAC model is used to quantitatively evaluate
the data. These models are compared with the model of perfectly trilinear data for the given
instrumental conditions. Each GC x GC — TOFMS chromatographic run, which we refer to
herein as a GC x GC — TOFMS data cube, is analyzed by PARAFAC independently, and is
made up of two chromatographic separation dimensions D and 2D and a mass spectral
dimension. PARAFAC is performed on small sections of the GC x GC — TOFMS data cube (100
ms to 400 ms on 2D, 4 to 6 modulations on D, and all collected m/z for non-targeted analysis) to
reduce the rank of the data in the analysis window. Because each GC x GC — TOFMS data cube
is analyzed independently, sample run-to-run deviations from trilinearity are avoided such that
the principal source of non-trilinearity within the data is A%tg.

We also explore how modulation ratio, Mr [56], plays a role in the performance of
PARAFAC in the context of the TDR. Analytes are simulated to have varied Wy, Mg, sampling
phase, and background noise, to identify the impact of each variable on data trilinearity and

PARAFAC performance. Only in-phase and out-of-phase modulation of the GC x GC peaks
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were studied since these two extreme cases have been shown to bracket the full range of
quantitative errors introduced during quantitative analysis of GC x GC data [8,59-61]. TDR
values are then predicted for common sets of instrumental conditions and the results are related
to the theoretical 1D, D and two-dimensional peak capacities for the GC x GC separations under
the same conditions. To summarize, we evaluate how several interrelated instrumental variables
in the experimental design contribute to the trilinearity in the GC x GC — TOFMS data structure
and the subsequent effect when using PARAFAC. The interrelated variables include Pwm, Tramp,
AT, %, A%tr, 2Wh, Mg, sampling phase (in-phase and out-of-phase), and signal-to-noise, S/N. The
TDR metric is introduced and evaluated herein for GC x GC — TOFMS data. In the context of
this wide range of experimental design conditions, we critically examine the use of PARAFAC
for a single analyte peak within a single GC x GC — TOFMS data cube. Focusing this study to
purely resolved peaks facilitates a thorough testing of the wide range of experimental design
conditions, by changing one experimental design variable at a time. However, co-elution of
multiple peaks within a single GC x GC — TOFMS data cube with varying degrees of peak
overlap is common in GC x GC separations. While peak overlap and deconvolution are not
treated herein, this study establishes an objective framework for further studies to investigate the

effects of TDR on PARAFAC of GC x GC — TOFMS data cubes with peak overlap.

5.2 THEORY

Before discussing trilinearity for GC x GC — TOFMS data, which can be simplified to
bilinearity for GC x GC, it is necessary to define relevant chromatographic parameters and the
relationships between them. The modulation ratio, Mg, of a GC x GC peak is defined as

(5.1)
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where W is the analyte D peak width measured at the base (+2c, in units of time) and P is the
modulation period [56]. The Mr is used to describe how many times an analyte peak is
modulated from D onto 2D, but is not necessarily equal to the number of 2D peaklets observed
for a given D peak [56]. The relationship between analyte retention and temperature for the 2D

separations can be expressed using the van’t Hoff equation, given by

ZtR_ Zto
2t

In 2k = In ( )=2+cC (5.2)

0

where %k’ is the analyte retention factor, %tr is the retention time of the analyte, and %o is the dead
time (all on 2D); AH is the enthalpy of vaporization of the analyte, R is the ideal gas constant, T
is the temperature of the 2D separation for a specific modulation, which increases by AT for each
successive modulation, and C is essentially a constant for each analyte, which includes an
entropy term for the analyte and the phase volume ratio for the 2D separation.

Here we consider changes in 2D retention time between modulations, A%tg, brought upon
by the use of temperature programming on D. The theoretical change in retention time between
modulations is found by comparing successive modulations of a given analyte with respect to
Eq. (5.2). Deriving an expression for A’tr using Eq. (5.2) for successive analyte modulations N

and N+1 along the temperature program (steps not shown for brevity) gives

A%ty = _A—H(A—T) (k' - 2t,) (5.3)

R \TN41TN
where AT is the change in temperature between modulation N and modulation N+1, Tn is the
temperature of the pseudo-isothermal modulation N, and Tn+1 is the temperature of the pseudo-
isothermal modulation N+1. The temperature change between modulations, AT, is defined as
AT = Tramp * Pm (5.4)
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Tramp is the temperature programming rate for the D separation and Pw is provided in Eq.
(5.2).

We hypothesize that the quantitative error for PARAFAC is dependent not only on the
modulated retention time shift, A%, but also on the peak width, ?Wj (20, in units of time), on
2D, such that wider peaks can accommodate retention time shifts more so than narrow peaks
[58]. The Trilinear Deviation Ratio, TDR, a dimensionless quantity, is proposed as a quantitative
metric that will provide the analyst with a means to directly relate chromatographic information

to the PARAFAC performance, defined by

A%t
TDR = 5% (5.5)

b

2Wp, which is a function of several parameters but principally for this discussion the
analyte retention factor 2k’, can be derived starting with the Golay equation for isothermal

separations since each 2D separation is essentially isothermal during the given Pm [62—64]

_ 2Dgojf | 146 2ki+11.2k'2 a2uf | 2-2k'd}u
T 96(1+2k')2  Dgoj = 3(1+2k’)2Ds

H (5.6)

where Dy, is the analyte diffusion coefficient in the gas phase at the column outlet, j is the
James-Martin gas compressibility correction factor, f is a correction term developed by Giddings
to correct for the effects of gas compressibility along the length of the column, i is the average
linear velocity of the carrier gas, 2k’ is as described above, d. is the column internal diameter, ds
is the stationary phase thickness, and Ds is the analyte diffusion coefficient in the stationary
phase. Since H is quantitatively the length variance of the analyte on-column peak width per
column length, L, the translation to the detected peak width in units of time, under isothermal

conditions, ?Wh, is given by [63,64]
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1/2
2D if(142k22e2  (1+6:2k"+11-2k'%)d2f -2ty 2.2k’ d2-2¢
ZWb=4( G0 Jobr ™ | 2 (5.7)

L2 96Dg,0j 3D;

For isothermal separations the mass transfer term in the mobile phase dominates (middle
term), and specifically it has been shown that it is the 11-%k>? portion of the mobile phase mass
transfer term. Therefore, the 2W, has been shown to simplify to a linear equation given by

[63,64]

11d2f-%t,
96Dg,0 j

1/2
ZWb =~ ZWb,k’ + ZWb,O = 4’ : Zk’< ) + ZWb,O (58)

where W,k is the 2k’ dependent width for 2k’ > 0 due to on-column band broadening, and Wh,o
is the minimum peak width of the analyte, at 2k’ = 0, primarily due to modulator-dominated
“extra-column” band broadening. A more detailed expression for estimating TDR as a function

of 2%k’, can now be provided by combining Egs. (5.3) and (5.8) with Eq. (5.5)

_AH( AT )(Zk'-zto)
R \TN+1TN (5 9)
11d%f-2tg 1/2 .
2pr(11dcf-“to 2
4’ k ( 96Dg‘0]. ) + Wb’o

TDR =~

The inverse relationship between W, and TDR means that a theoretical maximum TDR,
referred to as TDRwmax, can be found in the limit that the modulator-dominated band broadening,
2Wh,0, becomes sufficiently negligible relative to ?Ws- in Eq. (5.9) at suitably high 2k’. The

expression for TDRwmax under these conditions becomes

TDRyqy < o0 (20 (22a0 /20 (5.10)

4R \Tn41TN 11d%f

It should be noted that Eq. (5.10) does not depend on 2k’; when W, in Eq. (5.9), is
sufficiently negligible, 2%k’ cancels in Eq. (5.9). Egs. (5.8), (5.9) and (5.10) are readily amenable
to evaluate the interrelationships between the GC x GC — TOFMS data structure, the

performance of PARAFAC with data collected under various GC x GC separation conditions,
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and ultimately how the separations conditions tie directly into GC x GC peak capacity

considerations.

5.3 EXPERIMENTAL

5.3.1  Simulated GC x GC — TOFMS Data

All data simulations and analyses were performed in Matlab R2012b (The Mathworks,
Inc., Natick, MA, U.S.A.), with the modeling conditions summarized in Table 1. GC x GC —
TOFMS chromatograms (i.e., data cubes) were simulated at a 500 Hz mass spectral collection
rate, with each 2 ms interval referred to herein as a data point. The 500 Hz scan rate was selected
since it is the maximum allowable scan rate for the LECO TOFMS on their GC x GC — TOFMS
instrument (LECO, St. Joseph, MI). The first step in the GC x GC — TOFMS data simulations
was to define a !D analyte peak (Gaussian profile) with specified width, ‘W defined as the peak
width at 20, in units of time. The modulated 2D peaks were then generated as a series of
Gaussian peaks with specified W, the spacing between peak maxima defined by the modulation
period, Pm. Peak heights for the modulated 2D peaks were defined by the value of the apparent
1D Gaussian analyte peak at each modulated peak maximum location. In-phase sampling is
equivalent to when a modulated D peak location coincides with the peak maximum of the 1D
peak, and out-of-phase sampling was achieved by shifting 2D peak locations by % Pw, such that
there were two identical modulated 2D peaks of maximal intensity each +/- % Pu from the
maximum of the D peak. Figs. 5.1(A) and (B) show raw “unfolded” GC x GC data for in-phase
and out-of-phase modulation sampling, respectively, both at a Mg = 4. Additionally, the relevant
GC x GC parameters are defined in Figs. 5.1(C) and (D), in which Pwm, Tramp, AT, A%tgr, ?Wp and

Wy are illustrated. Note that the Pw illustrated in Fig. 5.1 was purposely small relative to the
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peak width for clarity. In practice, the Pw is generally much larger than the 2D peak widths to
provide suitable peak capacity. Once the peak profiles were generated, the mass spectrum of the
target analyte, tert-butylbenzene, (NIST MS main library) was applied to the separation as the
outer product of the unfolded GC x GC chromatographic data (vector) and the mass spectrum
vector. The vector form of the simulated data was then cut at intervals of Py and stacked side-
by-side in a matrix to construct a two-dimensional separation space for each m/z.

Random Gaussian-distributed noise was generated independently for each data point in
the chromatographic separation space for each simulated m/z, 30-175. The parameters for the
Gaussian-distributed noise, mean and standard deviation, were determined such that the standard
deviation of the noise would provide the desired signal-to-noise ratio (S/N) for the simulated
analyte GC x GC — TOFMS signal, and the mean was set to be at least five times the value of the
standard deviation, in order to provide an experimentally reasonable baseline signal which also
served to preserve the non-negativity of the data.

Deviations from trilinearity were studied by incrementally decreasing the 2t for each 2D
separation for each successive modulation across the target analyte 1D elution peak, i.e., by
generating A’tr for each successive modulation. The %tr for each modulation was reduced by p(n-
1) data points, where p is the deviation from trilinearity, in data points, and n is the modulation
number for a given 2D peak such that the first modulation of the target analyte has n = 1.

PARAFAC was performed using the PLS Toolbox, version 7.3.1 (Eigenvector Research,
Inc., Wenatchee, WA, U.S.A) on individual GC x GC — TOFMS data cubes, each with two
chromatographic separation dimensions *D and ?D and mass spectral dimension. For the
purposes of this study, targeted PARAFAC was used such that only non-zero m/z from the target

analyte mass spectrum were included. Implementing targeted PARAFAC reduces the total
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number variables of m/z for the PARAFAC model by excluding m/z with zero intensity in the
known library spectrum. Non-negativity constraints were applied to all dimensions of the
PARAFAC model with the stricter unimodality constraint applied to the mode corresponding to
the 1D peak. All simulations at infinite S/N required a one factor PARAFAC model, and data
with noise was modeled by two factor models. Trilinear GC x GC — TOFMS data cube
chromatograms were reconstructed from the outer product of the PARAFAC loadings and
summed across all three dimensions of the reconstructed GC x GC — TOFMS data cube GC x
GC — TOFMS data for peak quantification. PARAFAC peak quantification accuracy was
assessed by subtracting the known simulated peak signal from the PARAFAC sum signal,
normalizing the difference to the simulated peak signal and multiplying by one hundred to

express it as a percentage.

5.3.2 Instrumental Parameters

GC x GC — TOFMS data was collected in order to provide experimental TDR values for
comparison to the TDR modeling and its relevance to PARAFAC analyses. The GC x GC —
TOFMS instrumental platform consisted of an Agilent 6890N gas chromatograph equipped with
an Agilent 7683 autoinjector (Agilent Technologies, Palo Alto, CA) coupled with a LECO
Pegasus 11l TOFMS, and equipped with a 4D thermal modulator upgrade (LECO, St. Joseph,
MI). The D column was a 20 m x 250 pm i.d. x 0.5 pm RTX-5MS film (Restek, Bellefonte,
PA) and the 2D column was a 2 m x 180 um i.d. x 0.2 pm RTX-200 film (Restek, Bellefonte,
PA). The Pwm for the separation was 1 s. Mass channels, m/z 41-340, were collected at
100spectra/s. A 1 puL injection of a diesel sample was made in split mode with a split ratio of

200:1 and the sample was injected in quadruplicate. The D column was held at 50 °C for 0.25
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min and then increased with Tramp 0f 5 °C/min to 300 °C, where it was held for 5 min. The 2D
column was initially set at 55 °C and followed the same temperature program as the D column.

Hence, the AT between modulations was 0.083 °C.

5.4  RESULTS AND DISCUSSION

We begin by studying the effect of 2D retention time shifting, Atr, alone on the accuracy
of PARAFAC quantification for the target analyte. Figure 5.2(A) is the calculated percent error
for the PARAFAC peak sum signal as a function of A% in ms, for simulated GC x GC —
TOFMS data of tert-butylbenzene at infinite S/N, with 2W, ranging from 50 ms to 300 ms, treated
with the iterative retention shift described above. All other chromatographic parameters were
held constant between simulations. Simulations were initially generated without noise to reduce
the number of variables changing with each simulation because of the dependence of multiway
methods like PARAFAC on the S/N of the peak of interest. The percent error values were
calculated for each PARAFAC peak sum signal relative to the known simulated peak sum signal
from the input GC x GC — TOFMS data cube. Since the analyte concentration was held constant
for the simulated input GC x GC — TOFMS data (across all of the various experimental design
conditions), the quantitative error introduced by PARAFAC modeling was determined relative to
the known concentration of the simulated input GC x GC — TOFMS data. There are many
parameters that must be considered to evaluate the fit of a PARAFAC model to the input GC x
GC — TOFMS data like model loadings, core consistency, model residuals, etc. These parameters
all provide useful information, which must be considered when using PARAFAC, and together

describe the overall performance of the PARAFAC model. However, in order to provide
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quantitative results from the analysis performed, percent error for the PARAFAC peak sum
signal is used as the metric for PARAFAC model performance in this study.

Figure 5.2(A) shows that PARAFAC peak sum signal decreases with the negative percent
errors increasing as A%tr increases. Additionally, peaks with narrower 2W, produce larger errors
for a given A%tr. The contour plots shown in Fig. 5.2 represent analyte peaks with 2W, of 300 ms
(labeled 1) and 100 ms (labeled 11), each with a A%r = 20 ms; the observed PARAFAC percent
errors are approximately 0.9 percent and 6 percent respectively for the two peaks. Based upon
Fig. 5.2(A), for PARAFAC analyses of GC x GC — TOFMS data, A%t alone is not sufficient to
describe the extent to which the data has deviated from trilinearity or the effect it will have on
PARAFAC performance, and the dependence on 2W, must also be considered.

Indeed, as hypothesized in Eq. (5.5), the various percent error versus A%tr curves collapse
to a single unifying curve in Fig. 5.2(B) when percent error is plotted as a function of TDR,
which we refer to as a “TDR curve.” The observed relationship in Fig. 5.2(B) is similar to, but
distinct from chromatographic resolution, Rs, between two peaks and is not to be confused with
Rs. Resolution describes a width dependent separation between two adjacent peaks within the
same plane, while TDR is a width dependent separation within a single analyte peak (along D)
between consecutive modulations onto 2D. Several other target analytes were studied (along with
tert-butylbenzene), and the TDR curves such as the curve in Fig. 5.2(B) were found to be
independent of the analyte mass spectrum (other analytes not shown for brevity). It is very
important to note that the results in Fig. 5.2(B) suggest that the GC x GC — TOFMS data does
not have to be strictly trilinear (TDR exactly equal to zero) for PARAFAC to provide acceptable
results with relatively low percent error. Only when the TDR is sufficiently large does the

percent error become problematic.
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The observed negative percent error for PARAFAC quantification along the TDR curve is
due to the strict trilinearity requirement of the PARAFAC algorithm. PARAFAC decomposes
the input data into three individual component vectors, comprised of two chromatographic
dimensions and a mass spectral dimension. A single three-dimensional model is produced by
taking the outer product of all component vectors, and this model is, by definition, strictly
trilinear. When the original data input to PARAFAC has a TDR > 0, the PARAFAC output is a
strictly trilinear model, TDR = 0, that captures as much of the input data as possible by
minimizing the model residuals. However, small amounts of data may be lost from each
modulation in the formation of the model. Because the trilinear model centers on the
modulations with the greatest amount of signal, the amount of signal lost from a given
modulation increases the further it is from the maximum of the D elution peak profile.

The number of modulations across a given D peak impacts the ability of PARAFAC to
handle deviations from trilinearity. Accordingly, the impact of Mr on PARAFAC quantification
along the TDR curve is illustrated in Fig. 5.3. TDR curves for analytes sampled in-phase with
various modulation ratios, Mr = 2, 3, 4, 6 and 10, are shown in Fig. 5.3(A). Notably, PARAFAC
performance decreases nonlinearly with increasing Mr along the TDR curves, and more so at
higher TDR. This result is explained by the way that analyte signal is distributed between the
modulations of a given 1D peak. For low modulation ratios (eg., Mr = 2), nearly all of the analyte
signal is distributed between one or two modulations, one major peak for in-phase sampling or
two equally intense peaks for out-of-phase sampling, with few outer modulations containing only
a small amount of the analyte signal. Whereas, peaks with large modulation ratios (g., Mr = 10),
have analyte signal more evenly distributed over a large number of modulations. The cumulative

A’tr between the first and last modulations of a peak with Mg = 10 is approximately 5 times
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greater than the cumulative A%t for a peak with Mg = 2 at the same TDR. This is illustrated in
Fig. 5.3(B) for GC x GC peaks with a TDR = 0.05, in which a variety of Mg and the two
sampling phase extremes are shown; in particular, compare peak 1 with Mr = 10 and peak 2 with
Mg = 2 (both peaks sampled in-phase). Visually, at a TDR of 0.05 the peak shifting along 2D is
very modest for peak 2 at a Mr = 2, and as indicated in Fig. 5.3(A) the error is approximately 0
percent. In contrast, for peak 1 at a Mg = 10, the peak shifting along D is more obvious, and the
error is nearly 3 percent. If the GC x GC separation conditions result in a higher TDR = 0.10, the
2D peak shifting is more obvious, as illustrated in Fig. 5.3(C), and accordingly the errors are
larger (more so at the higher Mr as indicated in Fig. 5.3(A)).

As shown above, in-phase peaks with Mg = 2 are modeled well by PARAFAC, even for a
relatively large TDR. However, it is evident from Fig. 5.3(C) that peak sampling phase must also
be considered; this can be observed by comparing peaks 2 and 3. Both are modeled with Mg = 2
but with different sampling phase, peak 2 is sampled in-phase and peak 3 is sampled out-of-
phase. It is likely that the percent error for PARAFAC is impacted by sampling phase, as in other
quantitative methods [8,59-61]. Figure 5.4 provides the results of TDR curves with in-phase and
out-of-phase sampling considered for peaks with Mr = 2, 3, 4. For Mr = 2 and 3 out-of-phase
sampling significantly reduces the percent error for PARAFAC along the TDR curve, with
greater differences for a smaller Mr. However, when Mg = 4 the TDR curves for in-phase and
out-of-phase are almost entirely overlapped. The overlap of the two TDR curves at Mg = 4 in Fig.
5.4 shows that PARAFAC performance, while still dependent on Mg, is essentially independent
of sampling phase for Mr > 4 (higher Mr not shown for brevity)

All data simulations analyzed to prepare Figs. 5.2 through 5.4 were generated

with an infinite S/N, which facilitated the rigorous examination of the theoretical effects of each
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relevant chromatographic property of interest on PARAFAC performance. Now that PARAFAC
performance in terms of percent error has been established in the context of TDR, Mg, and the
two sampling phase extremes, we now turn our attention to also include the impact of detected
noise. Figures. 5.5(A) and (B) show the PARAFAC results for simulated GC x GC — TOFMS
data of tert-butylbenzene at S/N = 2, 5, 100 and infinite, for in-phase sampling, at Mr = 4 and MR
= 2, respectively. For visualization purposes (similar to Fig. 5.1(A) and (B)), the raw “unfolded”
GC x GC data at these S/N are provided. The S/N is defined as the signal height for the
maximum peak within the cluster of 2D peaks divided by three times the standard deviation of
the Gaussian-distributed baseline noise. Inspection of Figs. 5.5(A) and (B) shows that, while the
general shapes of the TDR curves are the same, when noise is present in the data, at any S/N
ratio, the slope of the curve is greater than without noise. As with infinite S/N, the S/N = 100
converges to an error of O percent at TDR = 0, but has errors slightly larger than the infinite S/N
case for TDR > 0. As expected, there is a slight positive bias in the PARAFAC results that is
greater for lower S/N data [35]. This positive percent error is due to the use of non-negativity
constraints in the PARAFAC model and the inability of these constraints to deal with negative
noise. It should also be noted that the magnitude of the positive bias was found to be independent
of the Mr. Figures. 5.5(A) and (B) also suggest that the positive bias is independent of TDR, as it
is present even for perfectly trilinear data and the difference between the TDR curves of each S/N
ratio is approximately constant for all TDRs. Analysis was also performed on out-of-phase
sampled peaks and the observed bias was shown to be independent of analyte phase sampling
(not shown for brevity).

We now consider utilizing GC x GC — TOFMS using typically implemented

separation conditions (specifically Mg, the %k’ range on 2D, and the Pwm applied), and how these
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conditions manifest themselves in terms of GC x GC peak capacity, nc2p, and the TDR range
(with accompanying higher percent error for PARAFAC at the higher TDR). The Theory section
is implemented for this portion of the study, using typical separation and thermodynamic values
for a generic test analyte provided in Table 5.2. For this purpose, we presume the analyst has
selected an appropriate Pn such that the entire GC x GC separation space is utilized in
conjunction with the 2k’ range of interest to maximize the use of the available peak capacity on
2D. In practice, an optimal Pwm is roughly equivalent to the 2k’ range, given by the difference in
retention time of the least retained peak that can hypothetically elute at %to, and the most retained
peak that elutes with retention time at a maximum 2k’ without wraparound longer than the P
(i.e., so as to avoid overlap with lesser retained peaks on 2D). Under these commonly
implemented experimental constraints relating Pm and 2k’, using the data in Table 5.2, Fig.
5.6(A) shows that increasing Pw, as a function of 2k’, results in greater changes in the 2D
retention time between modulations, given by A%tr (defined in Eq. (5.3)). This result is explained
by simultaneous consideration of Egs. (5.3) and (5.4), since the temperature change from one
modulation to the next, AT, depends linearly on P (for a given temperature programming rate,
Tramp), and the 2k’ range is also roughly equal to Pm. The bottom line is that a short Pm
concurrent with a smaller 2k’ range results in relatively small amounts of retention time shifting
on 2D (5 ms or less per modulation), whereas the opposite is true for use of a longer Pm with a
larger 2k’ range, where 50 to 60 ms shifting per modulation is possible for the more retained
analytes.

The TDR also depends on W, and not just A%tr, so next we consider the ?W, dependence
on %k’ using the data for typical analyte values and conditions in Table 5.2. Fig. 5.6(B) depicts

the modeled ?Wh, versus k> as described by Eq. (5.8), and illustrates the linearity of the
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relationship between 2k’ and W, for an isothermal separation. 2W, only depends on Pwm to the
extent that a certain k> range is chromatographically realized for the appropriately selected Pw.
By combining the plots in Figs. 5.6(A) and (B), the theoretical TDR dependence on %k’ for each
Pwm is presented in Fig. 5.6(C), as defined in Eq. (5.9). As is evident, each curve in Fig. 5.6(C) is
approaching a maximum, independent of 2k’, as suggested by Eq. (5.10). Figure 5.6(C) provides
considerable insight into the discussion of data structure trilinearity (or lack thereof) and the
practice of using the GC x GC — TOFMS instrument. Principally, use of a longer Pm of 5sto 6s
will result in TDR ranging from 0 to 0.2 with 2k’ ranging from 0 to 5. In contrast, use of Pm of 1
s to 2 s will result in TDR ranging from 0 to only 0.05 (with very small PARAFAC percent error)
coupled with a smaller 2k’ range of 0 to 1.5. In order to facilitate generation of sufficiently
trilinear GC x GC — TOFMS data followed by PARAFAC, separations optimized for low Pw are
required, as has been implemented in previous reports [22,23,33,35,41,65,66].

Next, we relate the results presented in Fig. 5.6(C) in terms of the chosen P, the %k’
range, and subsequent TDR range, to the peak capacities produced for the 1D, 2D, and the overall
GC x GC separation, given by Inc, 2nc and nc2p, respectively. This discussion will be in terms of
the theoretical GC x GC peak capacity nc2p that has been corrected for undersampling of the D
peaks from the modulation process, given by the product of nc with ?nc, divided by the
undersampling correction factor 3 [67]. Here, a short Py refersto 1 s to 2 s, while a long Pwm
refers to 5 s to 6 s. It was shown in Fig. 5.6 that a short Pwm results in GC x GC — TOFMS data
that is more trilinear than a long Pwm; however, Pum selection must also incorporate the theoretical
peak capacities of both separation dimensions as well as the overall GC x GC separation. Figure
5.7(A) shows the dependence of these peak capacities on Py, for Mg = 2 and Mr = 4 since this

encompasses the range of the most commonly applied M. The 2D peak capacity, °ne, is
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independent of Mg and increases nonlinearly with Py. The nonlinear increase in ?nc is a direct
consequence of each 2D separation being essentially isothermal, and since W, increases linearly
with %k’ (see Fig. 5.6(B)), the condition of unit chromatographic resolution Rs between adjacent
peaks dictates that the cumulative ?ncincreases at a slower rate as 2k’ increases (see Fig. 5.7(B)).
The nonlinearity of the increase in 2nc with 2k’ means that increasing the Pm from 1 s to 6 s only
results in an increase in ?nc from 12 to 15 to between 30 and 35. While increasing Pm does result
in greater chemical selectivity along 2D, this comes at the cost of chemical selectivity along *D.
Indeed, keeping the run time on D constant for an objective comparison (with the representative
conditions in Table 5.2), the D peak capacity, In, is 500 to 600 for a short Pmof 1 sto 2 s, and
In¢ is substantially reduced to 100 to 150 for a long Pm of 5 s to 6 s. Reduction in n¢ as Pw is
increased is a direct consequence of W, needing to be experimentally broadened to provide a
suitable Mr. Again, in this comparison we are comparing these two regimes in Pm objectively on
common ground of keeping Mg constant. For example, if a Pm = 1 s is applied, then a 'Wp =4 s
provides a Mr = 4. To achieve the same Mg = 4 with a Pm = 6 s would require the analyst to
purposely broaden the 1D peaks to *W, = 24 s. However, the practice of using a relatively long
Pwm of 5sto 6 s is common, and the reality is that most practitioners achieve a Mr approximately
equal to 2 (with "W, of 10 s to 12 s) and not Mg of 4. Ironically, implementation of the longer Pw
also results in a slightly lower overall nc2p compared to using a shorter Py, since the increase in
peak capacity on 2D, is outweighed by the decrease in peak capacity on 1D. This is evident in
Fig. 5.7(A) in which n¢2p is 6000 to 7500 for short Pwm, and ne2p is 3000 to 4500 for long Pwm. In
summary for Figs. 5.6 and 7, a Pm in the 1 s to 2 s range provides an optimized peak capacity for
the 1D separation (with no purposely invoked broadening), with an adequate peak capacity for

the 2D separation, concurrent with an optimized overall nc.2p, and with sufficiently low TDR
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values that allows PARAFAC to perform successfully even for chromatographically overlapped
analyte peaks [22,23,33,35,41,65,66,68]. If the analyst wishes to use a long Pwm of 6 s,
presumably to provide the larger peak capacity on 2D while paying the price with a reduced
overall peak capacity nc2p, then the data will not be sufficiently trilinear for peaks eluting with a
high k>, and PARAFAC is no longer appropriate for these peaks since their TDR will suggest a
high percent error for quantification. For these cases with a high TDR, either localized retention
time alignment prior to applying PARAFAC is advised, or other chemometric methods such as
MCR-ALS or PARAFAC2 may be preferred [48,50,53-55].

Experimental data is now presented in order to provide examples of representative GC x
GC peaks for various k> and their subsequent TDR. A GC x GC — TOFMS TIC chromatogram
of a diesel separation with Pm = 1 s is shown in Figs. 5.8(A) and (B). The original
chromatogram in Fig. 5.8(A) has been reregistered in Fig. 5.8(B) to remove the appearance of
the wrap-around from the separation and to show the true relative retention times of the second
dimension separation. For the experimental separation in Fig. 5.8(A), the average 'W, = 3.5 s and
the average W, = 80 ms, resulting in a *nc = 510, a 2nc = 13, and a nc2p is approximately 6600,
which is consistent with the modeling presented in Fig. 5.7(A). Figure 5.8(C) provides zoomed-
in views of four representative analyte peaks. The measured TDR values are 0.02 for tetradecane,
0.03 for anthracene, and 0.04 for naphthalene and tetrahydro-naphthalene. The peaks in this data
set have Mg of 3 to 4. There is some lack of precision in the 2D retention time measurement
because of the narrow peak widths, 70 ms to 100 ms, and the applied scan rate of 100 spectra/s.
However, even with the lack of precision in the retention time measurement, which can
exaggerate the observed TDR, the TDRs in this data are still relatively small. Based on these

observed TDR values and the results from Figs. 5.2 through 5.5, PARAFAC would result in
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quantitative errors of less than 1 percent while maintaining a high peak capacity and
chromatographic selectivity in both separation dimensions. Indeed, severely overlapped peaks
with TDR values ranging from 0 to 0.06 from numerous previous studies have produced linear

calibration plots from quantification with PARAFAC [23,33,35,65].

5.5 CONCLUSIONS

We demonstrate that retention time shifting from one modulation to the next, A%tr, due to
temperature programming with GC x GC — TOFMS, which is the principal mechanism of non-
trilinearity within a single GC x GC — TOFMS data cube, is not sufficient alone to quantitatively
describe the trilinearity of the data cube for the purposes of predicting the performance of
PARAFAC. We demonstrate that the analyte peak width on second dimension separations, 2Wp,
also impacts trilinearity, along with A%tg. The term Trilinearity Deviation Ratio, TDR, which is
A?tr normalized by Wy, was introduced as a quantitative metric to assess PARAFAC accuracy
with respect to data trilinearity. PARAFAC models of GC x GC — TOFMS data cubes with TDR
values ranging from 0 to 0.2 were evaluated quantitatively relative to the known simulated peak
sum signal. We objectively studied how modulation ratio Mg, modulation period P,
temperature programming rate, sampling phase (in-phase and out-of-phase), and S/N, all play a
role in PARAFAC performance in the context of TDR for purely resolved peaks and set an
objective framework for further studies to investigate the effects of TDR on PARAFAC of GC x
GC — TOFMS data cubes with peak overlap. Use of a Pwm in the 1 s to 2 s range optimizes peak
capacity for the first dimension separation (500 to 600) for a 30 min run, with an adequate peak
capacity for the second dimension separation (12 to 15), concurrent with an optimized two-

dimensional peak capacity (6000 to 7500), combined with low TDR values (0 to 0.05) to
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facilitate low quantitative errors with PARAFAC (0 to 0.5 percent). In contrast, use of a Pm in
the 5 s or greater range provides a higher peak capacity on the second dimension (30 to 35),
concurrent with a lower peak capacity on the first dimension (100 to 150) for a 30 min run, and a
slightly reduced two-dimensional peak capacity (3000 to 4500); furthermore, the data is not
sufficiently trilinear for the more retained second dimension peaks in order to use PARAFAC
without a localized retention time alignment step, or alternatively one may elect to apply other
chemometric methods such as MCR-ALS or PARAFAC?2 in such cases. The TDR concept in
principle is not limited to GC x GC — TOFMS, and should be readily extendable to other
comprehensive two-dimensional separation techniques, and can be reduced to bilinearity

deviation ratio, BDR, for univariate detection methods.
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5.8 TABLES

Table 5.1 Modeling conditions for simulated GC x GC — TOFMS data cubes for analysis by
PARAFAC, with results presented in Figs. 5.2 through 5.5.

Parameter Conditions

Analyte Tert-butylbenzene

Data collection rate | 500 Hz (spectra/s)

Pm 1ls

Wb 50, 100, 150, 200, 250, 300 ms
Wh 2,3,4,5,6,10s

Mr 2,3,4,6,10

Sampling phase
Signal-to-noise, S/N
TDR range

In-phase, Out-of-phase
Infinite, 100, 5, 2
0t00.2

Table 5.2 Chromatographic conditions used for modeling in Figs. 5.6 and 7 the AT values are

defined by the Tramp given and the Pwm using Eq. (5.4).

Parameter | Condition

AH 45 kJ/mol

R 8.314 J/(mol-K)

Tranp 5 °C/min

TN 200 °C

Pwm 1,2,3,4,56s

AT 0.083, 0.167, 0.25,
0.333,0.417,0.5°C

Dg.o 0.4 cm?/s

j 0.5

f 1

dc 180 um

’tg 1s

2\W\p 0 60 ms

Mr 2,4
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5.9 FIGURES
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Figure 5.1 Illustrations of GC x GC data with relevant variables: Pm, Tramp, AT, A%tr, W, and
Wp (A) Raw “unfolded” GC x GC data as collected from the instrument for in-phase sampling at

a modulation ratio Mr = 4 per Eq. (5.1), with the location of each modulation shown by vertical
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dashed lines. (B) GC x GC data as in (A) for out-of-phase sampling. (C) Two-dimensional
contour plot of the GC x GC data in (A) with TDR = 0, per Eq. (5.5). (D) Two-dimensional

contour plot of GC x GC data in (A), now with 2D shifting illustrated with TDR = 0.2, A%tr = 40

ms and Wy = 200 ms.
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Figure 5.2 Dependence of PARAFAC performance (quantified as the percent error) on the
retention time shift A%tr and peak width 2W, on 2D, and TDR, as defined in Eq. (5.5). (A) Percent
error of the PARAFAC peak sum signal as a function of A%tg, in ms, for simulated tert-
butylbenzene data, in-phase, Mr = 4, at infinite S/N, with various W, (50, 100, 150, 200, 250,
300 ms). The target analyte total signal was held constant between simulations. The two contour
plots represent analyte peaks with 2W, of 300 ms (labeled 1) and 100 ms (labeled I1), each with a
A%tg =20 ms. (B) The same data as (A), but now the percent error is plotted as a function of

TDR, so the A% values have been normalized by ?Ws to produce TDR.
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Figure 5.3 Effect of modulation ratio, Mr, on PARAFAC in the context of TDR. (A) Percent error as a
function of TDR (as in Fig. 5.2) for simulated GC x GC — TOFMS data cubes of tert-butylbenzene, at infinite

S/N, W, = 200 ms, with various modulation ratios, Mg = 2, 3, 4, 6, 10. The target analyte total signal was

held constant between simulations. (B) Simulated GC x GC peaks with a variety of Mr and either in-phase or
out-of-phase sampling. "% #(MRg, phase): (10, in), 2(2, in), (2, out), 4(4, in), 5(2, out), (4, out), ’(2, in). All
peaks at a TDR = 0.05. (C) Simulated GC x GC peaks as in (B), but now all at a TDR =0.1.
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Figure 5.4 Effect of sampling phase on PARAFAC. The percent error of the PARAFAC
peak sum signal is plotted as a function of TDR for simulated GC x GC — TOFMS data cubes of
tert-butylbenzene, at infinite S/N, with Mg = 2, 3, 4 sampled either in-phase or out-of-phase as

indicated.
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Figure 5.5 S/N effect on PARAFAC in context of TDR. The percent error of the
PARAFAC peak sum signal as a function of TDR for simulated GC x GC — TOFMS data cubes
of tert-butylbenzene, with S/N = 2, 5, 100 and infinite, all sampled in-phase, (A) Mr = 4 and (B)

MR = 2. Each point on each graph is the average of 10 independent PARAFAC models. (C)
Simulated unfolded GC x GC — TIC data of tert-butylbenzene at S/N = 2, 5, 100 and infinite.
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Figure 5.6 Modeled GC x GC data, using Egs. (5.3), (5.8) and (5.9), for typical analyte
and GC x GC — TOFMS parameters (see Table 5.2) for various Pwm. (A) Plot of Eq. (5.3), the
change in 2D retention time, A%, as a function of retention factor, %’, for Pu =1, 2, 3, 4, 5, 6.
(B) Plot of Eq. (5.8), the 2D peak width, W, as a function of %k’. (C) Plot of Eq. (5.9), TDR as a
function of %k’, for Pm =1, 2, 3, 4, 5, 6.

164



10°
2 A
[ge} 4
1041
g ”czo[ Mg=2
S
— 103t Me=4
- 1
5[t
S Nﬂ
@ 102}
< M= 4
o
Mg=2,4
w 10 | e [
Q
o
1 1 1 1 1 1 1

0 1 2 3 4 5 6 7

Time D (s)

Figure 5.7 (A) Peak capacity as a function of modulation period, Pm, whereby all GC x
GC peaks in a given separation have Mr = 2 or 4 as specified, with total run times of 30 min. The
2D separation was simulated based on Fig. 5.6(B). All peaks were simulated at unit resolution, Rs
= 1. The curves show the D and 2D peak capacities, nc and 2nc respectively, for each Mg, as
well as the overall two-dimensional peak capacity, nc2p. (B) Simulated isothermal chromatogram
of the 2D separation based on Fig. 5.6(B), with all peaks at Rs = 1. Inset is a smaller time window

from the beginning of the separation and illustrates the peak capacity for a short Py, 1 s.
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Figure 5.8 (A) Total ion current contour plot of a GC x GC — TOFMS diesel separation. (B)
Same separation as in (A), reregistered on 2D and the locations of four analytes used for TDR
analysis. (C) Zoom in of each of the four analytes from (B). The 2D retention times and TDR
values are: (1) tetradecane 0.77 s, TDR = 0.02; (2) tetrahydro-naphthalene 1.13 s, TDR = 0.04;
(3) naphthalene 1.62 s, TDR = 0.04; (4) anthracene 1.82 s, TDR = 0.03.
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Chapter 6. Conclusions

One and two-dimensional chromatography coupled with spectral detection is a central
techniques in the modern analytical chemistry laboratory, and is well suited for analyzing a wide
variety of samples types across many fields and applications. Since these instruments are
commonly applied to study complex samples, the resulting data is also very complex, and
analyte peaks commonly overlap. Chemometric methods are often used to mathematically
resolve the overlapped analyte peaks, which leads to successful analyte identification and
quantification. The design and implementation of a particular instrumental platform can
significantly impact various underlying aspects of the data structure, whether second order or
third order, causing benefits and challenges for chemometric methods. The goal of the presented
work was aimed at exploring the benefits and challenges that appear at the interface between
hyphenated chromatography and chemometrics, to improve instrument design, operation and the
resulting data analysis.

Chapter 2 presented a new method for determining the probability of chemometric
success for GC-MS based on sample complexity and the chemometric method dependent
chemometric resolution limit, Rs*. The probabilistic theory of component overlap in separations
was presented defining chemometric success and calculating the probability of peak overlap in a
GC-MS separation. MCR-ALS was used as a case study to demonstrate how the probabilistic
theory can be integrated as a part of the chromatographic experiment through chemometrics. A
simulation-based investigation was used to determine the minimum chromatographic resolution
required for MCR-ALS to successfully deconvolute coeluting GC-MS peaks. Chromatograms

consisting of a target analyte and interferent analyte coeluting at various S/N thresholds and

167



chromatographic resolutions were generated. MCR-ALS was applied to each simulation the
results of the chemometric model, both the peak area and mass spectrum of the target, were
compared to the originally simulated data to determine the efficacy of the method. The results of
a simulation based study indicated that the Rs* of MCR-ALS in the range of 0.2 to 0.3 depending
upon analytical expectations, in general, more improvements to chemometric deconvolution
methods to reduce Rs* are warranted. Since the MCR-ALS models were generated without
constraints in this study, improvement to Rs* may be achieved if suitable constraints can be
readily implemented, such as initial peak profile estimates for the more challenging overlap
situations..

Chapter 3 presented work to study the effects of phase ratio, £, on peak capacity, nc, for
GCxGC-TOFMS, and to determine the conditions under which n¢2p can be improved. Overall, 5
substantially affected nc2p by influencing retention factors on the secondary column %k, and
thereby changing the Pm necessary for proper secondary column separations. The necessary
changes to Pm modify the modulation ratio, Mg, which affects the primary column peak widths
and *nc. Through changes to 1, the range of %k may be controlled, with subsequent effects to
both 2nc and n.. These effects were opposite in direction, such that gains in 2nc may result in
losses in nc. Due to the pseudo-isothermal nature of the 2D column separation, there are
diminishing returns to extending the 2n at the cost of 'nc. The £ ratio, Sr, defined as 4 divided
by 24 for the D and 2D separations, was introduced as an important parameter for tuning
GCxGC separation conditions. Sr can be used to describe the relative 2k on each column set, as
increases in Sr will increase 2k. It was found that fr must be considered in conjunction with an

appropriate, and not excessive Pw, in order to maximize the nc2p obtained.
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Chapter 4 presented a new method to determine the true modulation ratio, Mg, of a peak
in GCxGC, without the requirement for a detector at the end of the primary column as a function
of the effective modulation ratio, Mr*, calculated from the effective peak width, *Wp*, and the
modulation period, Pm. | demonstrated the consequences of modulation period, Pwm, selection for
a GCxGC separation as it relates to modulator induced band broadening, by mapping from the
effective modulation ratio, Mgr*, of a modulated D peak to the true modulation ratio, Mg. This
method was initially developed through the study of simulated GCxGC data, by first defining
primary column D peak(s) and simulating the modulation process then implementing a new
peak measurement method using Gaussian curve fitting to model each modulated 2D peaklet in
the unfolded GCxGC data to accurately determine the maxima of the peaklet distribution,
followed by Gaussian curve fitting to the maxima to determine the effective D peak profile and
width, *Wy*. The identified relationship between W, and *Wy* allowed for mapping between the
measured Mgr* and the premodulation Mg which can also be used to determine loss in peak
capacity due to modulation induced band broadening. Experimental validation of the simulated
results was provided to span a range of commonly implemented conditions with typical "Wy (2—
4.5 s) and Pwm (0.25-8 s). Use of Mg < 2 significantly broadens the 'D peak (Mr* > 1.2 MR)
corresponding to a loss in 1D peak capacity, nc>20%.

Finally, in Chapter 5 the trilinearity of the GCxGC-TOFMS data structure is explored
with respect to the quantitative performance of parallel factor analysis, PARAFAC. |
demonstrated that retention time shifting from one modulation to the next, A%tg, due to
temperature programming with GCxGC-TOFMS, which is the principal mechanism of non-
trilinearity within a single GCxGC-TOFMS data cube, is not sufficient alone to quantitatively

describe the trilinearity of the data cube for the purposes of predicting the performance of
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PARAFAC. | demonstrated that the analyte peak width on second dimension separations, W,
also impacts trilinearity, along with A%tg. The term Trilinearity Deviation Ratio, TDR, which is
A?tr normalized by Wy, was introduced as a quantitative metric to assess PARAFAC accuracy
with respect to data trilinearity. Consistent with the results from Chapters 3 and 4, the use of a
modulation period in the 1 s to 2 s range optimizes the peak capacity for the first dimension
separation, with an adequate peak capacity for the second dimension separation concurrent, and
an optimized two-dimensional peak capacity, combined with low TDR values (0 to 0.05) to
facilitate low quantitative errors with PARAFAC. The TDR concept in principle is not limited to
GCxGC-TOFMS, and should be readily extendable to other comprehensive two-dimensional
separation techniques, and can be reduced to bilinearity deviation ratio, BDR, for univariate

detection methods.
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