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Abstract

Advances in Instrumentation and Data Analysis Techniques for Increasing Peak Capacity

and Peak Capacity Production in One and Two-Dimensional Gas Chromatography

Brian David Fitz

Chair of the Supervisory Committee:
Professor Robert E. Synovec

Department of Chemistry

Techniques to substantially increase peak capacity (number of peaks per separation
window) and peak capacity production (number of peaks produced per unit time) for one and
two-dimensional gas chromatography are demonstrated. First, instrumental advances related to
sample introduction and column heating rate are discussed. Rapid sample introduction to the
chromatographic system was achieved with a thermal injection device to deliver ultra-narrow
peaks onto the GC column. When compared to standard sample introduction, thermal injection
can provide peaks that are ~10 times narrower which gives rise to peak capacities an order of
magnitude larger when compared to traditional GC practice. To further increase peak capacity
and peak capacity production, a low thermal mass (LTM) GC system operated at a heating rate
of 250 °C/min was applied with thermal injection to produce a separation with a peak capacity of

~300 in 1 minute. Additionally, thermal injection was applied to a comprehensive two-



dimensional gas chromatographic system coupled to time-of-flight mass spectrometry (GC x GC
— TOFMS) to produce a separation with a peak capacity of ~6,000 in 6 minutes, affording a peak
capacity production rate of ~1,000 peaks/minute.

Second, a novel algorithmic approach for processing GC-TOFMS data is presented which
can increase the peak capacity and peak capacity production values even further. The algorithm
relies on GC-TOFMS data that is sampled with sufficient data density (> 100 points/peak) to
accurately measure analyte peak widths, W, and retention times, tr. Separation visualization is
made possible by transforming the data from a signal versus time format to a peak width versus
retention time format. This is achieved by measuring the W and tr of each m/z for each analyte in
the separation, followed by plotting of the data (W vs. tr) in a two-dimensional format. Plotting
the data in this fashion allows for the visualization of pure and interfered m/z of analytes.
Coupled with chemometric analysis allows for the deconvolution of poorly-resolved analytes
down to a resolution, Rs = 0.03. The peak capacity of a 7 minute GC-TOFMS separation was

increased from ~400 to ~10,000 using this technique.
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Chapter 1. Introduction to gas chromatography?

1.1 Introduction

Gas chromatography (GC) is a powerful analytical tool commonly used in chemical
analysis. The power of GC lies in its ability to physically separate different analytes from one
another based on their chemical properties (e.g. boiling point, polarity, functional groups,
chirality, or thermodynamic properties). GC is capable of resolving thousands of compounds in a
single analysis, and when coupled to an appropriate type of detector, can detect them at very low
concentrations. The ability to separate, identify, and quantify thousands of compounds in a single
analysis is unparalleled in analytical instrumentation and makes GC useful in many disciplines.
The widespread use of GC has permeated the chemical analysis field and is commonly employed
in such fields as: metabolomics (small bio-molecules) [1-4], forensics [5, 6], petroleomics &
fuels [7-9], food testing [10, 11], flavor & fragrance [12], chemical weapons precursor analysis
[13], drug monitoring [14], cancer diagnoses [15], environmental monitoring [16], and more.

Over the past several decades many technological advances have been made to increase
the separation and detection capabilities of GC instruments. These improvements include: the
development of narrow bore, thin film capillary columns with high chromatographic efficiencies
[17]; detectors capable of scanning large mass spectral ranges (~1000 m/z) with rapid spectral
collection rates (500 Hz) [18]; column heating rates which can reduce run time from hours to
minutes, even seconds [19]; adding a second separation dimension [20, 21]; and novel injection

technology allowing for ultra-narrow peaks to be delivered to the chromatographic system.

1 Some parts of this chapter has been reproduced from B.D. Fitz, R.B. Wilson, B.A. Parsons, J.C. Hoggard, R.E.
Synovec, Journal of Chromatography A 1266 (2012) 116-123 and B.D. Fitz, B.C. Reaser, D.K. Pinkerton, J.C.
Hoggard, K.J. Skogerboe, R.E. Synovec, Analytical Chemistry 86 (2014) 3973-3979



Injection mechanisms include thermal injection [20-26], valve based [27-29], fluid logic gates
[30, 31], high split ratios [32], and micro-loop systems [33].

1.2  GC Theory

1.2.1 Separation Fundamentals

To sufficiently quantify the improvements made in this dissertation, a brief review of
relevant GC theory will be provided. For a more in-depth coverage of GC theory, a review by
Reid and Synovec [17] covers sufficient GC theory as it pertains to fast GC. GC relies on the
diffusion of analytes between a gaseous mobile phase and a solid stationary phase. The
stationary phase is generally a liquid polymer bound to the inner surface of a microbore open
tubular fused silica column. Current practice employs capillary columns with lengths between 1
and 100 m and inner diameters (i.d.) between 50 um (micro-bore) to 530 um (wide-bore). Most
commonly utilized are 10-30 m columns with i.d. between 100-250 pum using stationary phase
thicknesses between 0.05-5 pum, however many situations arise such that columns outside these
parameters may be required.

The mobile phase, generally hydrogen or helium gas, flows through the column due to a
pressure gradient that exists between the head of the column (high pressure) and the column exit
(low pressure). After a sample has been introduced to the system, the components will
equilibrate between the stationary phase and the mobile phase and as mobile phase flows through
the column. The distribution coefficient, Kp, is defined as:

__ [Analyte]sp
D™ lanatytelmp (1)

Where [Analyte]sp is the concentration of the analyte in the stationary phase and the [Analyte]mp
is the concentration of the analyte in the mobile phase. A higher concentration of analyte in the

stationary phase will result in a higher distribution coefficient, which in turn will result in more



retention on column. The selective partitioning of different analytes with different Kp is the
fundamental separation mechanic of which GC is based upon. The Kp can be tuned by
differences in stationary phase composition (to increase or decrease analyte specificity with the
stationary phase) as well as temperature.

The dead time, to, is the time required for the mobile phase to traverse the length of the
column from time of injection to time of detection. The dead time is indicative of an unretained
analyte; an analyte that has no interaction with the stationary phase. The retention time, tr, is a
measure of the time the analyte spent in the stationary phase combined with the time spent in the
mobile phase. The retention time can be used for compound identification. However, the
retention time changes with flow rate, so when comparing different chromatographic systems,

retention time correction must be applied. The retention factor, k, is defined as:

__ moles Analytegp (2)
" moles Analytepyp

Which can also be written as:

k=Rt 3)

to
Which is the ratio of the time the analyte spent in the stationary phase over the time the analyte
spend in the mobile phase. Analytes with more time spent in the stationary phase will have
higher retention factors than analytes with less time spent in the stationary phase.
1.1.2 Band Broadening in GC
In a GC separation, the ability to resolve analytes is governed by well-defined separation

mechanics. One common way to calculate the separation between analytes is the resolution, Rs,

defined as:
tr2—tRr1
R, = —=—== 4
S = Wy (4)



Which is the difference in retention time between two analytes divided by the average width at
the base of the two analytes. The retention time, as mentioned previously, is a measure of the
time the analyte spent between the mobile phase and the stationary phase, which is also the time
required for the analyte to elute off the column. The peak width (at base), Wh, is the result of two
distinct types of contributions: on-column band broadening and off-column band broadening
(also referred to as extra-column band broadening).

Band broadening (BB) is way to describe the experimental and physical mechanisms that
give rise to separation quality. On-column band broadening are processes that are solely related
to the separation mechanism. The three main sources of on-column band broadening are:
longitudinal diffusion, mass transfer in the mobile phase, and mass transfer in the stationary
phase. The plate height, H, is a measure of the on-column band-broadening contributions. The
Golay equation relates H to these on-column band broadening processes:

H= §+ Cor0l+ Csl + Hoyy (5)
Where B is the longitudinal diffusion term, Cyw is the term describing resistance to mass transfer
in the mobile phase, Cs is the resistance to mass transfer in the stationary phase, and i is the
linear flow velocity of the mobile phase. Hex: is extra-column band broadening, which is
governed by non-separation processes. This can be addressed by optimizing instrumentation such
as injection, detection, and dead-volumes. By increasing the linear flow velocity, the influence of
longitudinal diffusion to the plate height can be significantly reduced, however, the mass transfer
terms will become significant. Mass transfer refers to the resistance of a molecule (or group of
molecules) which currently reside in one phase to migrate to another phase. For example, if
portions of an analyte are currently in the stationary phase while the rest are in the mobile phase,

the particles in the mobile phase will bypass by the particles in the stationary phase. This process



of diffusion between mobile phase and stationary phase continues until all of the particles have
exited the column.

A more rigorous determination of H was developed [34] which related other experimental
parameters to plate height:

2Dgojf |, 1+6k+11k? dZaf 2kd}u

H =
o 96(1+k)?> DgoJ 3(1+k)2Dy,

(6)

Where Dg is the analyte diffusion coefficient in the gas phase, j and f are gas compressibility
correction factors, G is the average linear flow velocity, k is the analyte retention factor, dc is the
capillary inner diameter, ds is the stationary phase film thickness, and Dy is the analyte diffusion
coefficient in the stationary phase. Equation (6) is frequently used to relate experimentally
derived plate height to values derived from theoretical considerations [17]. Minimizing H can be
achieved by using high linear flow rates, narrow column diameters, thin stationary phases, and
low k values. However, due to the interrelationships between these variables, it is not as simple
as it appears. Significant effort has been put forth to theoretically model separations to achieve
optimal separation parameters [24, 35].

The separation (column) efficiency N, is related to plate height, H, and column length, L,

by the following equation:

N =1 =16 ()’ (7)

Large separation efficiencies are directly related to longer columns and smaller plate heights, and
consequently, narrower peak widths. By rearranging equation (7), the plate height can be related

to peak width (in units of time) by the following:

W, = 4t \ﬁ @)



It can be seen that by reducing H from optimizing experimental parameters as shown in (6), as
well as by reducing extra-column band broadening contributions can lead to narrower peak
widths.
1.2.3 Separation Figures of Merit

There have been many metrics introduced to compare the separation powers of different
GC systems. N, the number of theoretical plates, is often used to compare different columns with
similar experimental parameters. Plate height, H, has been used extensively in predicting peak
widths from on-column band broadening using the Golay equation. Peak capacity, nc, is another
commonly used metric to define separation power, which is defined as the number of peaks with

an average width at base (4c), Wh,avg, that can be separated in a given separation window, tsep:

tsep
n, = —E_ 9
¢ = Wpars (9)

Peak capacity is a useful metric because it is easy to calculate from experimental data. By
simply measuring a few of the peaks in a separation can give a good understanding of the peak
capacity of the system. Typically nc is calculated at unit resolution (Rs = 1). For example, a
typical 1D separation may produce average peak widths at base of ~2 s. A separation window of
10 minutes (600 seconds) would produce a peak capacity of 300 at unit resolution. In order to
increase the peak capacity of the separation either the separation time can be increased or the
width of the peaks decreased. However, simply increasing the separation duration is detrimental
because peak widths become wider as run time increases and sample throughput suffers. Even
with the technological advances of the past few decades there is still a large discrepancy between
peak widths obtained from a standard GC instrument and the peak widths predicted by theory.

Peak capacity production, which is the peak capacity per unit time, is defined as:

Meid _ 1 (10)

tsep Wh,avg



Clearly, the most direct route to increasing peak capacity production is to reduce the width of the
peaks. Using the same numbers as the peak capacity example above (nc = 300, tsep = 10 min) the
peak capacity production is 30 peaks/min. The ideal GC system would be able to introduce
narrow peaks to the GC system and perform a separation in a fraction of the time as a traditional
GC instrument. Chapters 2 and 3 deal with strategies to deliver ultra-narrow peaks to the GC
systems and other instrumental improvements to produce correspondingly high peak capacities.
1.3 Comprehensive Two-Dimensional Gas Chromatography (GC x GC)

In addition to the factors described previously, one the most powerful ways to increase
peak capacity and peak capacity production is through the use of two-dimensional gas
chromatography (GC x GC) developed by Phillips and co-workers in 1991 [21]. For GC x GC,
two serially coupled separation columns with sufficiently orthogonal stationary phases (different
chemical selectivity) are connected by a modulation interface. Effluent from the primary column
is collected and injected onto the secondary column by the modulator at regular intervals defined
as the modulation period, Pm. The ideal orthogonal peak capacity of a GC x GC instrument,
Nc.2p, is the product of the peak capacities of each separation dimension, 'n¢ x 2nc. Since the total
separation time of a one-dimensional GC analysis or a GC x GC analysis should be similar, the
addition of the secondary column with GC x GC provides a significant improvement in peak
capacity and peak capacity production relative to 1D-GC. In addition to the greater peak capacity
in the 2D separations, the additional selectivity provided by the orthogonal stationary phase of
the second dimension helps resolve co-eluting compounds that may otherwise be overlapped in
traditional 1D-GC.

However, peak broadening due to modulation, as expressed by metrics like the -

correction presented by Davis et. al. [36] (discussed in Chapter 3), and the manner in which GC



x GC is typically implemented results in effective peak capacity production rates that are far
lower (e.g. ~50-150 peaks/min) than what is theoretically possible. The modulation ratio

parameter, Mg, first described by Khummueng et. al. [37] and studied by Siegler et. al. [38] is

defined as:
M, =" (11)
Py

Where Wy is the width at base of the first dimension peak (4c) and Pwm is the modulation period.
In GC x GC there is a trade-off of obtaining enough modulations across the first dimension peak
while simultaneously trying to maximize the second dimension peak capacity. For example, a
modulation period of 2.0 s with peak widths at base (4c) on the second dimension of ~200 ms
produces a second dimension peak capacity of 10. To achieve a modulation ratio between 2 and
4 (commonly applied in GC x GC separations) would require peak widths at base on the primary
column of ~4-8 s (average of 6 s). This would provide a two-dimensional peak capacity
production of ~100 peaks/min, which is common in standard GC x GC applications, but is much
lower than theoretically possible. Chapter 3 explores novel instrumentation and experimental
parameters for GC x GC to produce peak capacities closer to theoretical maximum than with
conventional instrumentation.
1.4  Data Analysis Techniques to Improve Peak Capacity

The ability to analyze GC data and obtain useful chemical information is paramount to
the utility of gas chromatography. The field of chemometrics specializes in mathematically
gleaning useful information from chemical measurements [39-43]. Researchers in this field have
spent decades developing software approaches to address the many challenges that arise. The
various approaches developed, which aim to deconvolute and quantify overlapped peaks, depend

upon the dimensionality (or order) of the data. Common instrumental platforms that produce



second order data, inherently two-dimensional (2D) for a single sample run, include
comprehensive 2D chromatography (e.g., GC x GC and LC x LC) or chromatography combined
with spectral detection (GC-MS, LC-MS, LC-UV/vis absorbance).

For GC-MS the data structure is second order or “bilinear,” where each analyte response
can be expressed as a matrix produced by taking the outer product of the chromatographic
elution peak profile (a vector) with the mass spectrum (a vector). The bilinearity of the data
structure makes GC-MS readily amenable to chemometric data analysis. Analytes require
deconvolution when their chromatographic elution profiles overlap. The lower the
chromatographic resolution, the more severe the overlap. The goal of deconvolution is to
mathematically resolve the components and obtain the pure chromatographic elution profiles and
pure mass spectra for each analyte. For analyte deconvolution to work successfully, either the
mass spectra or chromatographic elution profiles of the overlapped analytes must be known. At
significantly low resolution, generally around Rs = 0.3, without a priori knowledge of the
system, deconvolution becomes problematic due to the inability to obtain a pure elution profile
or mass spectra of target compounds. Chapters 4 and 5 explore the development of a novel
chemometric algorithm aimed at increasing the ability to visualize and successfully deconvolute
low resolution analytes, as well as to increase the peak capacity of the system by performing a
novel data reduction and visualization method.

1.5  Hypotheses

Four hypotheses for increasing the peak capacity and peak capacity production of one

and two-dimensional gas chromatographic systems are presented. Two of them are based upon

experimental and instrumental improvements to reduce peak widths and therefore increase peak



capacities. The other two are the result of improved data analysis and data visualization methods.
The hypotheses are listed below in the order the subsequent chapters appear.
1.5.1 Chapter 2: Evaluation of injection methods for fast, high peak capacity separations using

low thermal mass gas chromatography

To achieve significant peak capacity gains in one-dimensional GC, two instrumental
improvements are studied. The first is the use of a thermal injection system to cryogenically trap
analytes as they are introduced from the standard instrument inlet to the GC system. The trapped
analytes are then ballistically desorbed by a resistive heating device and reinjected to produce
narrow GC peaks. The second instrumental system being studied is a low thermal mass (LTM)
GC. The LTM GC is operated at 250 °C/min heating rate to produce a rapid temperature
programmed separation. The hypothesis is that providing ultra-narrow GC peaks via thermal
injection to the LTM-GC will result in a significant gain in peak capacity production in a short
amount of time while still maintaining a useful overall peak capacity.
1.5.2 Chapter 3: Fast, high peak capacity separations in comprehensive two-dimensional gas

chromatography with time-of-flight mass spectrometry

Comprehensive two dimensional gas chromatography (GC x GC) can provide significant
peak capacity gains over its corresponding one-dimensional counterpart. However, the way GC x
GC is traditionally practiced (long separation times, wide first dimension peaks, and long
modulation periods) limits the peak capacity and peak capacity production. To speed up sample
analysis, narrow first dimension peaks and fast modulation periods are required. The hypothesis
is that using a cryogenic injection system to provide ultra-narrow peaks to the GC system while
simultaneously running at optimal experimental conditions determined by chromatographic

modeling will allow for peak capacity production values that are significantly higher than with
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standard instrumentation. Also, the amount of useful chemical information, which can be

inferred by things such as peak capacity, peak capacity production, chromatographic elution

profiles, mass spectra, etc. is hypothesized to be similar to that of traditional GC x GC

1.5.3 Chapter 4: Enhancing gas chromatography time-of-flight mass spectrometry data
analysis using two-dimensional mass cluster plots
One of the drawbacks of performing fast GC analyses is the loss in resolution between

analytes. In order to obtain comparable chromatographic information from fast GC analyses, new

data analysis tools are required. By using a high spectral collection rate (100 points per peak) the
peak widths, W, and the retention times, tr., of peaks in the separation can be measured very
accurately. The data can then be restructured into a peak width, W, versus retention time, tr
format. The hypothesis is that by reshaping the data and performing novel plotting will allow for
easier selection of pure chromatographic elution profiles for low resolution analyte
deconvolution. Also, by performing data reduction, the novel visualization method will increase
the peak capacity as well.

1.5.4 Chapter 5: Implementation of two-dimensional mass cluster plots in fast, high peak
capacity separations utilizing low thermal mass gas chromatography with time-of-flight
mass spectrometry
The final chapter takes into account the concepts learned from the previous chapters.

Novel instrumentation, specifically low thermal mass (LTM) GC coupled to time-of-flight mass

spectrometry is utilized to produce information rich separations in a very short amount of time.

The hypothesis is that the combination of LTM-TOFMS with algorithmic improvements to the

chemometric developments obtained in Chapter 4 will provide even more peak capacity and

analyte resolution gains.
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Chapter 2. Evaluation of injection methods for fast high peak
capacity separations with low thermal mass gas chromatography?

2.1 Introduction

Gas chromatography (GC) is a powerful analytical tool used in the separation and
identification of analytes in complex mixtures. Typical GC separations utilize 20 — 40 m
columns with internal diameters ranging from 100 pum to 320 pm and are commonly temperature
programmed at rates ranging from 5 °C/min to 20 °C/min. The temperature programming range
for volatile and semi-volatile GC analysis is typically from ~ 50 °C to ~ 300 °C however specific
applications exist which require cryogenic or extremely high operating temperatures [1-5].
Typical peak widths at base (45) associated with these typical conditions range from 3 s (20
peaks/min) to 6 s (10 peaks/min), with corresponding separation run times of 15 min to 1 hour.
Corresponding peak capacities, n, at unit resolution therefore range from ~ 300 to ~ 600 peaks
for these commonly applied conditions [6].

Fast GC has been an active area of study for reducing analysis time and increasing
sample throughput [7-17]. A recent review by Tranchida and Mondello [18] discusses the use of
microbore capillary columns for fast GC, and another recent review by Wang, Tolley, and Lee
[19] outlines the use of resistive heating for fast GC. Other techniques for rapid column heating,
such as thermal gradient chromatography [20-23] have shown promise as novel technologies in
the fast GC field. The results we present herein, as well as the results presented in previous
references have important implications for two-dimensional gas chromatography (GC x GC or

GC-GC) [24-26]. Consideration of separation times, peak widths, flow rates, heating rates, and

2 This chapter has been reproduced from: B.D. Fitz. B.C. Mannion, K. To, T. Hoac, R.E. Synovec, Journal of
Chromatography A 1392 (2015) 82-90
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other instrumental parameters must be implemented in a way that adequately preserves the two-
dimensionality of the data that make GCxGC and GC-GC such powerful techniques.

A fast GC separation should maintain an equivalent (or greater) amount of chemical
information compared to a traditional GC analysis but should provide the information in a
shorter amount of time. Chemical information, which is inferred from figures-of-merit such as
peak capacity, peak capacity production, resolution between analytes of interest, supply of
satisfactory elution profiles, sufficiently pure mass spectra, separation efficiency, and
quantifiable peak signal, should be competitive with traditional GC. Fast GC is typically defined
as GC separations taking between 1 min and 10 min. A typical separation temperature program
from ~ 50 °C to 300 °C (i.e., a range of 250 °C) would require temperature programing rates of
between 25 °C/min and 250 °C/min to complete the separations in 10 min to 1 min, respectively.
In order to maintain a similar peak capacity compared to traditional GC, the peak capacity
production for fast GC would have to be increased by an order of magnitude, from 10 to 20
peaks/min, to 100 to 200 peaks/min, in order to compensate for the reduced separation run time.
Indeed, a peak capacity production of 100 peaks/min has been achieved using GC-TOFMS by
minimizing band broadening due to injection and by reducing on-column band broadening
processes by operating at optimal experimental conditions, as dictated by chromatographic
modeling [6].

Using in-house GC modeling software based on reports by Snijders et al. [27], and
Wilson et al. [6], a separation using a 5 m x 100 um inner diameter (i.d.) column is predicted, to
provide a peak capacity of 250 to 300 in a 60 s separation, thereby affording a peak capacity
production of 250 to 300 peaks/min. Also, peak widths at base (4c) predicted by theory should

be between 30 ms and 300 ms. To achieve the peak capacity goal of ~ 300 in 60 s, two
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instrumental challenges must be addressed: sample introduction must provide a narrow injected
pulse to the GC column so as to obtain the theoretically possible peak capacity provided by the
column, and rapid column heating must be provided to obtain a typical temperature program
range of 250 °C in 60 s.

To address one of these challenges, a recently developed in-house thermal injection
device was applied to provide a narrow sample injection pulse [11, 28]. Referred to as high-
speed cryo-focusing injection (HSCFI), a stream of cryogenically chilled nitrogen gas is applied
to trap and preconcentrate analytes in a narrow band (700 nl volume) within a metal capillary
column. A capacitive discharge device is then activated to resistively heat the metal capillary at
rates approaching 6,000 °C/s to desorb preconcentrated analytes in 5 — 10 ms. Analyte peaks
produced by the HSCFI approach 10 ms (width at base) which aids in substantially increasing
the peak capacity ultimately achieved in the separation.

To address the other challenge of rapidly heating the separation column, we utilized a
Generation | LTM (low thermal mass) GC instrument from Agilent to perform the rapid
temperature program [29]. The LTM-GC was originally developed by RVM scientific [30, 31].
Recently, Luong et al. [32] published an insightful overview covering LTM-GC fundamentals.
Conventional air bath GC is generally limited to a maximum heating rate of ~ 50 °C/min (with 5
to 20 °C/min commonly applied). The LTM design bundles the analytical column, resistive
heating wires, and thermocouples together in a small toroid configuration which significantly
reduces the thermal mass of the device allowing for faster heating rates and reduced cool down
times compared to conventional GC. The LTM column module is held outside of the GC in a
case attached to the door. Fans are located under the column assembly that rapidly cools the

LTM-GC in less than 1 min, which aids in increasing sample throughput. The LTM-GC is rated
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to heat at rates up to 1,800 °C/min which, in theory, could accomplish a typical temperature
separation range of 250 °C in just under 10 s. However, we opted to evaluate the LTM-GC at
250 °C/min to span a typical temperature program range 250 °C (50 °C to 300 °C) in 60 s. Based
on the theoretical capabilities for separation efficiency, we expect that using HSCFI in
conjunction with LTM-GC should produce peak capacities of 250 — 300 in a 60 s separation.
Herein, we describe recent studies in which we have explored the use of a commercially
available fast GC platform, namely the Generation | LTM from Agilent, for fast, high peak
capacity separations. A 73 component mixture was created as a test sample to evaluate the
platform. The mixture contained primarily hydrocarbons and substituted hydrocarbons with
boiling points spanning a traditional temperature program, i.e. from 50 °C to 300 °C. The 73
component sample mixture was introduced to the LTM platform in three different modes: neat
liquid, headspace solid phase micro-extraction (HS-SPME), and direct vapor headspace. The
goal was to test the performance and robustness of the platform with different injection
techniques commonly used in GC. The sampling methods were analyzed in two sets of
experiments, each with a flame ionization detector (LTM-GC-FID). First, the three sampling
methods were evaluated in conjunction with HSCFI. Second, the three sampling methods were
evaluated without using HSCFI in order to assess the native on-column focusing ability of the
LTM platform alone. A third experiment was performed to demonstrate a suitable range of
retention indices that the LTM-GC platform can analyze. Finally, in a fourth experiment the
LTM-GC was coupled to a time-of-flight mass spectrometer (TOFMS). The LTM-GC-TOFMS
was applied to the fast separation of volatile analytes from the headspace of banana peels.
2.2  Experimental

2.2.1 Samples and Injection Conditions
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All chemicals for the 73 component mixture were reagent grade or higher (unless
otherwise noted), as listed in Table 2.1. For the direct liquid injection of the 73 component
mixture onto the LTM-GC-FID, an auto-injector equipped with a 500 nl (0.5 pl) micro-syringe
(Hamilton, Reno, NV) injected 50 nl into the inlet, operated in split-less mode. A calibration
curve for the syringe was prepared with volumes ranging from 40 nl to 300 nl and was
determined to be linear with an R? = 0.9983. For the HS-SPME analysis of the 73 component
mixture, 50 pl of the mixture was placed into a 4 ml vial and heated to 50 °C. A 65 um DVB-
PDMS (divinylbenzene / polydimethysiloxane) SPME fiber was used (Supelco, St. Louis, MO,
USA). Prior to use, the fiber was conditioned at 250 °C for 30 min. The fiber was exposed to the
mixture headspace for 1 min then transferred to the inlet and exposed in the inlet for 15 s at 250
°C. It was determined that 15 s was sufficient to desorb all analytes from the fiber during sample
injection; when removing the fiber after a single injection and performing another injection using
the same fiber, no signal was observed in the subsequent injection. For the direct vapor
headspace analysis of the 73 component mixture, 50 pl of the mixture was placed into a 4 ml vial
and heated to 50 °C for 5 minutes. 100 pl of the headspace was extracted using a 100 pl gas tight
syringe and injected manually into the GC inlet, operated in split-less mode.

For the LTM-GC-TOFMS demonstration with HS-SPME sampling, banana peel vapor
was analyzed. Bananas were purchased from a local grocery store. To prepare the banana peels
for SPME analysis, 30 g from 3 separate banana peels (90 g total) were homogenized with 150
ml of water and placed in a 250 ml Erlenmeyer flask. A 65 um DVB-PDMS (divinylbenzene /
polydimethysiloxane) fiber was conditioned for 30 min at 250 °C prior to use. The SPME fiber
was then exposed to the headspace of the magnetically stirred banana peel solution for 5 min at

room temperature. The SPME fiber was desorbed in the inlet for 7 s for injection.
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2.2.2 Chromatographic Conditions and Instrumentation
2.2.2.1 LTM-GC-FID

The modified LTM-GC-FID instrumental platform is presented in Figure 2.1, utilizing an
Agilent 6890 GC with a Series | LTM module (Agilent Technologies, Palo Alto, CA, USA). The
column module was a standard 7 inch cartridge, attached to a modified Agilent GC door, with a
5 m x 100 pum inner diameter (i.d.) x 0.40 um DB-5 film (5% phenyl / 95% dimethyl
polysiloxane) column. The inlet and detector were connected to the column ends extending
through the insulated door using 20 cm x 100 um i.d. segments of deactivated fused silica
capillary coupled with zero dead volume unions (Valco Instrument Co., Houston, TX, USA).

For separations utilizing HSCFI (see Figure 2.1) [11, 28], a 10 cm segment of 100 pm i.d.
MXT-5 column (stainless steel capillary with 5% phenyl / 95% dimethyl polysiloxane stationary
phase), which serves as the heart of the HSCFI, was inserted between the fused-silica capillary
coming from the inlet and the fused-silica capillary connecting to the head of the LTM-GC
column, thus electrically isolating the resistive heating injection mechanism from the rest of the
instrument. The metal capillary was connected to the capacitive discharge device by copper
clamps attached to thermally insulated wires. Room temperature nitrogen gas was cryogenically
cooled by passing through ¥ inch copper tubing submerged in a Dewar flask filled with liquid
nitrogen. The cooled nitrogen gas was directed onto the MXT column with a short segment of
PTFE (Teflon) tubing. Samples were injected into the standard GC inlet (manually or via auto-
injector), passed through the transfer line, and trapped in the region cooled during HSCFI by
nitrogen gas. The duration that the liquid nitrogen was actively trapping analytes after

introduction into the inlet prior to desorption is referred to as the cryo-focusing time, which was
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60 s. After the cryo-focusing time, the capacitor was discharged at 9 V for 50 ms, providing
sufficient thermal energy to completely desorb the trapped analytes from the MXT column.

LTM-GC-FID separations using HSCFI were performed with the carrier gas at a constant
column head pressure of 689 kPa (100 psig) after thermal injection. However, in order to ensure
efficient trapping on the metal capillary column, samples were introduced to the inlet at 34.5 kPa
(5 psig) and ramped to 689 kPa (100 psig) at 1,034 kPa/min (150 psig/min) prior to desorption.
The column was held at 30 °C for the duration of the cryo-focusing time (60 s) and immediately
heated at 250 °C/min after thermal injection to a final temperature of 300 °C. The same pressure
ramp was also used during the separations without HSCFI, which facilitated analyte focusing on
the head of the column. For separations without HSCFI, the column was held at 30 °C for 12 s
after injection (the calculated dead time with the pressure ramp) then heated at 250 °C/min (same
rate as with HSCFI) to a final temperature of 300 °C. Since there was no cryo-focusing hold time
without HSCFI, the separation began when the sample was introduced into the inlet, which is
reflected in the apparent dead time difference between separations with and without HSCFI.

For separations with and without HSCFI, the inlet was held at 250 °C and the column
flowrate was 3 ml/min at the end of the temperature program. The flame ionization detector
(FID) was held at 300 °C. Grade 5 ultra-pure hydrogen was used as the carrier gas (PraxAir,
Seattle, WA, USA). The GC oven was held isothermally at 300 °C during the analysis to
minimize band broadening during the transfer from the inlet to the head of the analytical column
and from the column outlet to the detector. Maintaining the high oven temperature keeps the
analytes essentially unretained in the capillary transfer lines and minimizes additional band
broadening prior to detection, which is important for minimizing peak widths and maximizing

peak capacity. The ambient temperature of the laboratory was 20 °C.
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Agilent ChemStation software was used to control the GC and the LTM module. The
stock FID electrometer board on the GC was replaced with an in-house built electrometer board
capable of a faster data acquisition rate, operated at 100 kHz and averaged down to 1 kHz. The
electrometer was interfaced to a National Instruments data acquisition board (National
Instruments, Austin, TX, USA) and the resulting data was collected using an in-house written
LabVIEW program. Post-run data processing was performed in Matlab R2012b (The
Mathworks, Inc., Natick, MA, USA).
2.2.2.2 LTM-GC-TOFMS

For the LTM-GC-TOFMS separations, the LTM module was equipped on an Agilent
6890A GC coupled to a LECO Pegasus Ill TOFMS. The instrumental diagram is similar to that
of Figure 2.1, however in this case the detector was the TOFMS and the HSCFI equipment was
absent. The column module used was a 10 m x 100 pm i.d. with a 0.40 um DB-5 stationary
phase. The inlet and mass spectrometer transfer lines were connected to the analytical column
using 30 cm and 60 cm x 100 pum i.d. fused silica transfer capillary lines, respectively. The inlet
was held at 250 °C and operated in split mode with a 5:1 split ratio. The carrier gas was grade 5
ultra-pure helium operated at a head pressure of 1,034 kPa (150 psig, 2 ml/min outlet flow) using
an aftermarket electronic pressure controller (EPC). The oven and TOFMS transfer line were
held at 250 °C. The column was held at 30 °C for 0.5 min (calculated dead time) then heated at
250 °C/min to a final temperature of 300 °C. The TOFMS collected m/z 40-250 at 500 spectra/s.
The ion source was 250 °C and the electron impact voltage was -70 V.

2.3 Results and Discussion
We begin by reporting separations of the 73 component test mixture using LTM-GC-FID

with HSCFI, to assess the relative performance and merit of the three sample introduction
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methods. The test mixture (Table 2.1) was amenable to studying the LTM-GC-FID with the
various injection approaches, i.e., liquid, HS-SPME and vapor. Figure 2.2A-C shows a series of
separations of the 73 component mixture using the LTM-GC-FID with HSCFI as described in
section 2.2.1. The separation shown in Figure 2.2A used 50 nl of the neat liquid test mixture with
an LTM heating rate of 250 °C/min for a separation time of ~ 60 s. The peak widths at base (46)
range from ~ 30 ms to ~ 300 ms, providing a peak capacity of 270 and a peak capacity
production of 270 peaks/min. The inset in Figure 2.2A shows that many of the peaks are well
resolved from adjacent analytes in a very short time period. The LTM-GC separation of the 73
component mixture via HS-SPME sample introduction coupled with HSCFI is provided in
Figure 2.2B. The detected peak widths were similar to those of the liquid sample. The separation
using HS-SPME contains similar chromatographic features relative to the neat liquid injection
separation shown in Figure 2.2A; however, as expected the less volatile analytes are not sampled
as well and the relative concentrations vary for the detected analytes when compared to the neat
liquid injection. These two factors are due to three main effects: The low vapor pressure of the
heavier analytes (i.e., low concentration in the gas phase), the differing affinities of each analyte
toward the SPME fiber, and the sampling time. It is likely that equilibration between the SPME
fiber and the sample vapor headspace was not obtained with the short sampling time used (1
min). However, equilibrium was not required to study the chromatographic efficiency of the
SPME injection. If samples of interest were to by fully characterized, sampling time optimization
would be warranted. Figure 2.2C is the resulting chromatogram using 100 ul of vapor headspace
of the 73 component mixture injected onto the LTM-GC-FID with HSCFI. The sample is biased
toward the volatile analytes due to their increased concentration in the headspace of the vial

compared to the mid- and high-molecular weight compounds, which is not surprising.
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A subset of the analyte peaks were quantified between the liquid, HS-SPME, and direct
vapor injection methods using the 50 pl split-less injection of the test mixture as the
quantification reference. The mass of each analyte for each injection method was calculated from
the known analyte mass and the volume injected of the liquid mixture, followed by
normalization to peak height. To facilitate analyte identification and quantification, the
respective chromatograms (liquid, HS-SPME, vapor) were temporally aligned [33, 34]. Separate
LTM-GC-TOFMS data (omitted for brevity) was used for peak identification to match the peaks
between the three injection methods. Table 2.2 is the list of analytes that were quantified. The
analyte identity, retention time, and mass injected with each injection method is provided. The
majority of compounds quantified were in the range of hundreds of nanograms injected on
column. The peaks were sufficiently symmetric (i.e., Gaussian) and did not show any significant
evidence of overloading the column or detector. Two of the quantified analytes in the mixture,
methyl laurate and pristane, were of very low concentration in the SPME analysis and not
detected in the vapor analysis. The low intensity or non-detected peaks are due to the analyte
vapor pressures being sufficiently low so as to not allow for any significant amount of chemical
to be present in the vapor phase (headspace) during sampling.

In order to more rigorously evaluate the three sample introduction methods, as applied to
HSCFI and LTM-GC-FID, the retention time and peak width for each resolved analyte peak was
measured, analogous to our previous report using GC-TOFMS [35]. The peak width as a
function of retention time for a sufficient number of resolved analyte peaks are presented in
Figures 2.3A-C. Each point is a location in a given chromatogram where a peak finding
algorithm identified a local maximum and calculated the width at base of the peak. Outlying

points with inflated widths (i.e., peaks unresolved and overlapped with neighboring peaks) were
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removed from the plot with an outlier detection algorithm for the sake of visualizing the peak
widths of pure eluting analytes. By processing the data this way, the pattern of peak widths as a
function of retention time in each separation can be accurately visualized. Since a primary focus
of the current study was to maximize the peak capacity of the separation, andtodosoina~1
min separation, understanding the distributions of the peak widths is essential for understanding
how HSCFI and the LTM module work together. HSCFI provides an extremely narrow injection
pulse to the LTM module. In the separation of the 50 nl liquid sample, the peak width at base
(40) of the first detected peak was 33 ms while the last eluting peak was ~ 300 ms, which is
consistent with GC theory [6]. In Figure 2.3A the peak width increase is nearly linear for peaks
eluting from ~ 3 s to ~ 13 s, and then the peak widths are relatively constant from ~ 13 s and ~ 60
s. To accurately calculate the peak capacity for the separation, rather than use an average peak
width for the entire separation (which would provide an incorrect result) a recursive calculation

was performed based on the following equation [12],

tRn—tRn-
RS — Rn—‘Rn—-1 — 1 (1)
0.5 (Wb,n+Wb,n—1)

where Rs is the resolution between two adjacent analytes, tr is the retention time of the nth
peak, trn-1 is the retention time of the n-1th peak, Wy is the peak width of the nth peak, and Wp,n-
1 is the width of the n-1th peak. To apply Eq. (1), a suitable, best-fit continuous function was
determined, which provided the relationship between peak width and retention time in Figure
2.3A. Using the continuous function from Figure 2.3A, the calculation with Eq. (1) was
performed such that the resolution between each successive peak and the peak before it was set
to unit resolution (Rs = 1). The resulting width and retention time of each successive nth peak can
be calculated based on the width and the retention time of the n-1th peak. The resulting

application of Eq. (1) produced a “simulated” separation at unit resolution to illustrate and
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quantify the peak capacity for the LTM-GC-FID separation, with the first 10 s of this simulated
separation shown in Figure 2.4. The dead-time has been subtracted from the figure for clarity. In
the first second of the separation, a peak capacity of nc = 25 was calculated. For the first 10 s the
peak capacity was nc = 90. The total peak capacity experimentally achieved for a 60 s separation
in Figures 2.2A and 2.3A was determined to be nc = 270, which is consistent with the objective
of the study. The achieved peak capacity of ~ 300 generally requires 15 to 30 min separation run
time using conventional GC practices so the use of HSCFI with LTM-GC provides equivalent
chromatographic information in only about 7% of the separation run time.

Peak width as a function of retention time plots for the other two separations, using the
HS-SPME and 100 pl vapor sample introduction with HSCFI, are similar to the liquid sample,
but have fewer peaks toward the end of each chromatogram. Peak capacity for the SPME sample
introduction to LTM-GC-FID with HSCFI in Figures 2.2B and 2.3B was nc = 200 (40 s time
interval), while nc = 125 was achieved for the 20 s time interval with the vapor sample
introduction to LTM-GC-FID with HSCFI, in Figures 2.2C and 2.3C. Figure 2.3D is an overlay
of Figures 2.3A-C to directly compare the similarity of the peak widths from the three different
injection methods with HSCFI. Indeed the peak widths appear very similar between methods.
The boiling point range of analytes that were satisfactorily sampled by the SPME analysis ranged
up to a boiling point of ~ 220 °C. The boiling point range of the 100 pl vapor sample only
extended up to ~ 150 °C. Note that the peak widths for the detected analytes were essentially
identical for all three sample introduction methods using HSCFI, and it is only due to the
variation in the range of analytes that are introduced by each sampling method to HSCFI, which
impacted the separation time window, that then produced a different peak capacity, nc, for each

sample injection method.
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The LTM-GC-FID was further evaluated without the use of HSCFI to study the ability of
the LTM to trap analytes by itself and also so the benefit of using HSCFI could be quantified.
Since the host GC oven is kept at a high temperature (300 °C), we hypothesize the LTM module
(which is held outside the oven) acts as a cold trap for the analytes as they transfer from the GC
inlet to the column in the LTM module. The ambient laboratory temperature was ~ 20 °C and the
initial LTM column temperature was 30 °C. In addition to the temperature gradient between GC
and LTM, the column used (5 m x 100 pm i.d. with a 0.4 um film) had a low phase-volume
ratio, B, of 62.5. Volatile analysis columns traditionally have low phase volume ratios (§ < 100)
to aid in trapping volatile analytes on the column prior to temperature programming. Columns
with a higher phase volume ratio, such as a 100 pm i.d. column with a 0.1 pm phase (f = 250)
will have lower column capacity, but may provide narrower peak widths. We opted to apply the
lower B column (thicker film) for higher column capacity and increased trapping ability.

Figures 2.5A-C are the resulting LTM-GC-FID chromatograms (without HSCFI) of the
50 nl liquid, HS-SPME, and 100 pl vapor injections of the 73 component mixture, respectively.
The separations look very similar to their HSCFI-implemented counterpart. While the separation
window is still 60 s, the increased dead-time (15 s versus 3 s) is due to the difference in flow rate
at the moment of injection. The samples introduced with HSCFI were injected at 689 kPa (100
psig) after cryo-trapping, whereas the non-HSCFI samples were undergoing a pressure ramp as
they were injected on column in order to allow for focusing at the head of the column. Figures
2.6A-C are the respective peak width versus retention time plots for the separations in Figures
2.5A-C, with Figure 2.6D as an overlay of 2.6A-C for comparison purposes. The plots show a
remarkably different trend than those injected with HSCFI. Without the HSCFI, the peaks are

wider at the beginning of the chromatogram (~ 300 ms versus ~ 30 ms), reduce slightly in width
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toward the middle of the separation, and then increase to ~ 300 ms at the end. The peak width
decrease toward the middle of the chromatogram is likely a combination from two factors. First,
the increase in linear flow velocity as a result of the increasing pressure ramp causes peaks to be
compressed and narrowed. Second, the higher molecular weight analytes focus at the head of the
column more effectively (i.e. in a narrower band) compared to the more volatile compounds.

For the 100 pl vapor samples, preconcentration of injected analytes is provided either
with or without HSCFI when using LTM-GC. The preconcentration factor is defined herein as
the ratio of the maximum concentration of the detected analyte chromatographic peak relative to
the analyte concentration injected with the syringe. Defining the preconcentration factor in this
manner actually underestimates the maximum preconcentration prior to the GC separation, but is
useful to provide the analyst with the knowledge of both effects, sample preconcentration prior
to the separation and dilution due to the chromatographic process [12], so is a better quantitative
metric for assessing the combination of the sample introduction, preconcentration, and separation
steps. With a flow rate 3 ml/min (50 pl/s) at the outlet, the 100 ul vapor sample (see Figure 2.5C)
should produce a “rectangular” sample pulse ~ 2 s wide (at base). However, the subsequent GC
peaks observed are only ~ 200 to 300 ms wide (at base). The preconcentration factor for the
separation without HSCFI was calculated to be 11 for the earliest eluting peak with a peak width
of 300 ms, whereas for the separation with HSCFI, a preconcentration factor of 103 was
calculated for the earliest eluting peak (33 ms peak width), a substantial improvement for the
earlier eluting peak. The difference in preconcentration factors between the vapor sample with
HSCFI and the vapor sample without HSCFI is apparent when comparing Figure 2.3C (vapor
sample with HSCFI) to Figure 2.6C (vapor sample without HSCFI). The early eluting peaks in

Figure 2.3C are focused more efficiently due to the cryogenic nitrogen stream, which results in
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significantly narrower peaks when compared to the early eluting peaks of the 100 pl sample
without HSCFI (Figure 2.6C). However, the peaks in Figure 2.6C are still preconcentrated
relative to the native sample, i.e. the concentration of analytes delivered by the syringe. The peak
width data and preconcentration factors provide evidence that the analytes (including the most
volatile analytes, such as pentane, boiling point = 36 °C) are focusing on the head of the LTM-
GC column even without HSCFI, which is a consequence of the LTM module being mounted
outside of the host GC oven (i.e., on the oven door).

We now provide a comparison of peak capacities produced for the three sample
introduction methods with and without HSCFI, using the peak width as a function of retention
time data in Figures 2.6A-C, which were also analyzed using Eq. (1). The peak capacity for the
direct liquid injection sample to the LTM-GC-FID (without HSCFI) data shown in Figure 2.5A
and 2.6A was determined to be nc = 220. Since nc = 270 was achieved for the separation with
HSCFI for the same time interval of 60 s, therefore HSCFI provided a 23% increase in total peak
capacity for direct liquid injection. Similarly, the peak capacity for the SPME sample
introduction to LTM-GC-FID (without HSCFI) in Figures 2.5B and 2.6B was n. = 160 (for a 40
s time interval), which is 25% less than the nc = 200 when HSCFI was implemented (compare to
Figures 2.2B and 2.3B). Finally, at the beginning of the separation where the benefit of using
HSCFI is most pronounced, nc = 80 was achieved for the 20 s time interval observed with the
vapor sample introduction to the LTM-GC-FID (without HSCFI), presented in Figures 2.5C and
2.6C, which was 56% lower total peak capacity than the nc = 125 achieved for the vapor sample
introduction with HSCFI (Figures 2.2A and 2.3A). Overall, the use of HSCFI provided a

significant improvement in peak capacity, although using LTM-GC without HSCFI still
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performed reasonably well due to an on-column focusing effect at the head of the LTM column
module.

In order to demonstrate a range of retention indices (RI) an analyst may commonly
experience in practice, a mixture of even numbered n-alkanes between hexane (n-CeHa4, boiling
point = 69 °C) and tetracosane (n-C24Hso, boiling point = 391 °C) was analyzed. The compounds
were added in roughly equal mass and diluted in acetone (solvent peak not pictured) to achieve a
suitable signal-to-noise ratio. The alkane mixture separation used identical conditions as those
used in the LTM-GC-FID separations without HSCFI per Figures 2.5 and 2.6. Figure 2.7A is the
chromatogram of the alkane mixture. Peak widths as a function of retention time in the 60 s
separation window in Figure 2.7A are consistent to the previous LTM-GC-FID chromatograms
without HSCFI (Figures 2.5 and 2.6). Figure 2.7B shows a zoom of a portion of Figure 2.7A
between 30 s and 45 s. The two peaks, octane and decane, have a remarkable resolution (Rs = 45)
with peak widths of ~200 ms at base, hence the peak capacity between the two compounds is 45
ina 9 s window. The RI range, 600 (n-Ce) to 2400 (n-Ca4), while not comprehensive,
demonstrates the ability of LTM-GC to rapidly resolve mixtures with wide ranges of boiling
points commonly required for routine GC analyses. There are certainly analytes with much
higher R1 values that may be desirable to analyze, and LTM-GC is likely capable of doing so in a
fast, reproducible manner. Future studies may warrant investigation of higher alkanes (RI >
2500) to provide a more extensive characterization.

To demonstrate the viability of LTM-GC-TOFMS on a complex real-world sample, the
LTM module was installed on a GC-TOFMS (Agilent 6890A GC, LECO Pegasus Il TOFMS).
The TOFMS has a rapid spectral collection rate, up to 500 spectra/s, which is an ideal detector

for the narrow peaks produced with LTM-GC. Other mass spectrometers, such as the quadrupole
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mass spectrometer (QMS) have slow scanning rates, generally 15 to 20 spectra/s at the most in
full scan mode. The peaks from the HSCFI-LTM-GC-FID were ~ 30 ms wide at the beginning of
the chromatogram. Therefore, a gMS would be unable to detect at a sufficient rate to obtain
enough spectra across the narrow peaks to facilitate appropriate data analysis. For demonstration
purposes, the sample analyzed with the LTM-GC-TOFMS was the headspace of ripe banana
peels sampled with HS-SPME, with the resulting separation shown in Figure 2.8A and 2.8B. The
separation window was again ~ 60 s. The average peak widths at base were ~ 360 ms, providing
a peak capacity of nc = 170 peaks. The compound labeled in Figure 2.8A that gives the
characteristic banana smell and flavor, isoamyl acetate, was tentatively identified by its mass
spectrum (match value = 914). Figure 2.8B shows a zoom of the complex region from Figure
2.8A. Another peak from the separation was tentatively identified as methyl butanoate (match
value = 952), highlighting the use of TOFMS to obtain quality spectra of narrow peak width
analytes. Several of the peaks in Figure 2.8B appear to have a poor peak shape, but are actually
peaks due to the overlap of more than one compound. Table 2.3 is a list of tentatively identified
analytes from the separation in Figure 2.8A. Peak identification and deconvolution was
performed with previously reported software [35] which allows the analyst to visually identify
chromatographically overlapped analytes and obtain deconvoluted mass spectra, which can then
be matched to a database. The database used to match spectra was NIST 2011. A library match
value over 800 was deemed sufficient for tentative analyte identification.

The reader may potentially come to the conclusion that the relative retention of methyl
butanoate (tr = 73 s in the 100 s separation (Figure 2.8B) indicates that the LTM-GC-TOFMS is
only useful for the separation of low molecular weight compounds. However, the low retention

index range in this instance is due to the sample consistency, and is not a shortcoming of the
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LTM-GC platform. Indeed, Figures 2.7A and 2.7B indicate that the LTM-GC platform can easily
analyze compounds up to tetracosane, C24 (boiling point = 391 °C). Also, Fialkov, Morag, and
Amirav demonstrated that carbon chains up to Ca4o can be analyzed by LTM-GC [7]. The longer
column applied for the LTM-GC-TOFMS analysis (10 m) coupled with helium as the carrier gas
and longer transfer lines for the TOFMS contributed to slightly wider peak widths and a longer
hold-up time compared to the data presented in Figures 2.2 through 2.7. The LTM-GC-TOFMS
chromatograms are not meant to be directly compared to the LTM-GC-FID chromatograms,
rather the intent is to show that these two instrumental platforms are complementary. In this
regard, it is important to note that LTM-GC-TOFMS is still delivering narrower peaks in a
significantly shorter time compared to conventional GC-TOFMS instrumentation.
2.4  Conclusion

We have demonstrated with commercial LTM-GC instrumentation a ~ 1 min separation
with a peak capacity of 270 with LTM-GC-FID. Using liquid, HS-SPME, and vapor injections of
the same sample, we have demonstrated the ability of the LTM column module to natively focus
analytes at the head of the column without the need for external instrumentation. This result is a
direct consequence of the LTM column module being located outside of the traditional GC oven.
A previously developed injection system, the HSCFI [11, 28], did provide an added benefit of
preconcentration of volatile analytes with a concurrent improvement in peak capacity relative to
not using HSCFI. There is a significant increase in peak capacity in the beginning of the
separations with HSCFI where the calculated peak capacity of the 50 nl liquid sample was 90
peaks in the first 10 s, compared to the same separation window from without HSCFI where
there were only 43 theoretical peaks in the first 10 s. The results also have implications for the

field of GC-GC, and perhaps GCxGC, using LTM technology. Fast column heating can enable
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new types of separations and spurn the grown of new technologies, such as faster modulators, to

keep up with the speed of fast LTM-GC analyses. Additionally, we also demonstrated use of the

LTM-GC coupled to TOFMS to separate volatile analytes in the headspace of banana peels.
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2.6 Tables

Table 2.1 List of the seventy-three compounds included in the test mixture listed in order of
increasing boiling point. The mass listed is the mass used in the bulk mixture. A small aliquot

was used for analysis.

Chemical ?fnaéf porent | BP €O el
pentane 131 0.0153 36 J.T. Baker
ethyl formate 151 0.0176 54 Sigma-Aldrich
acetone 180 0.0210 56 Sigma-Aldrich
chloroform 132 0.0154 61 Fischer
n-hexane 151 0.0176 69 Sigma-Aldrich
methylcyclopentane 105 0.0122 72 Fluka
2-butanone 143 0.0167 80 Sigma-Aldrich
benzene 112 0.0131 80 Fischer
cyclohexane 119 0.0139 81 Sigma-Aldrich
1-propanol 118 0.0138 97 Sigma-Aldrich
heptane 138 0.0161 98 Fischer
methylcyclohexane 108 0.0126 101 Sigma-Aldrich
2-pentanone 151 0.0176 102 Sigma-Aldrich
toluene 123 0.0143 111 Sigma-Aldrich
2-butanol 131 0.0153 117 Sigma-Aldrich
octane 124 0.0145 126 Sigma-Aldrich
3-hexanone 135 0.0157 128 Sigma-Aldrich
chlorobenzene 121 0.0141 132 Alfa-Aesar
1-chlorohexane 129 0.0150 135 Sigma-Aldrich
ethylbenzene 113 0.0132 136 Sigma-Aldrich
1-pentanol 120 0.0140 137 Sigma-Aldrich
xylenes (o, m, p) 126 0.0147 139 Mallinckrodt
3-heptanone 116 0.0135 141 Sigma-Aldrich
cyclooctane 113 0.0132 150 Sigma-Aldrich
nonane 125 0.0146 151 Sigma-Aldrich
propylbenzene 125 0.0146 152 Sigma-Aldrich
1-bromohexane 129 0.0150 156 Sigma-Aldrich
bromobenzene 118 0.0138 156 Sigma-Aldrich
1-hexanol 117 0.0136 158 Sigma-Aldrich
2-heptanol 118 0.0138 160 Fluka
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mesitylene 132 0.0154 163 Sigma-Aldrich
3-octanone 115 0.0134 167 Sigma-Aldrich
t-butylbenzene 141 0.0164 167 Sigma-Aldrich
methyl hexanoate 135 0.0157 168 Sigma-Aldrich
isobutylbenzene 108 0.0126 170 Sigma-Aldrich
sec-butylbenzene 123 0.0143 173 Sigma-Aldrich
decane 95 0.0111 174 Sigma-Aldrich
1-bromoheptane 135 0.0157 179 Sigma-Aldrich
butylcyclohexane 110 0.0128 181 Sigma-Aldrich
butylbenzene 130 0.0152 183 Sigma-Aldrich
methyl octanoate 116 0.0135 193 Sigma-Aldrich
1-octanol 123 0.0143 194 Sigma-Aldrich
2-nonanone 126 0.0147 194 Sigma-Aldrich
undecane 107 0.0125 196 Sigma-Aldrich
1-bromooctane 127 0.0148 199 Sigma-Aldrich
1,3,5-trichlorobenzene 115 0.0134 208 Sigma-Aldrich
2-decanone 114 0.0133 209 Sigma-Aldrich
1-nonanol 110 0.0128 215 Sigma-Aldrich
dodecane 96 0.0112 216 Sigma-Aldrich
naphthalene 118 0.0138 218 Sigma-Aldrich
1,2,3-trichlorobenzene 133 0.0155 219 Sigma-Aldrich
methyl salicylate 117 0.0136 223 Alfa-Aesar
methyl decanoate 123 0.0143 224 CEha(leSr:?caar:s
ethyl salicylate 111 0.0129 227 Alfa-Aesar
bicyclohexyl 111 0.0129 227 Sigma-Aldrich
1-decanol 107 0.0125 229 Sigma-Aldrich
1-geraniol 118 0.0138 230 Sigma-Aldrich
2-undecanone 112 0.0131 231 Sigma-Aldrich
tridecane 99 0.0115 235 Sigma-Aldrich
cyclohexylbenzene 130 0.0152 239 Sigma-Aldrich
2-dodecanone 101 0.0118 245 Sigma-Aldrich
tetradecane 94 0.0110 254 Fluka
1-dodecanol 102 0.0119 256 Acros Organics
methyl laurate 125 0.0146 267 Sigma-Aldrich
pentadecane 117 0.0136 271 Alfa-Aesar
hexadecane 137 0.0160 287 Sigma-Aldrich
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1-tetradecanol 111 0.0129 289 Sigma-Aldrich
2-pentadecanone 104 0.0121 294 Sigma-Aldrich
pristane 97 0.0113 296 Sigma-Aldrich
1-hexadecanol 122 0.0142 344 Sigma-Aldrich
adamantane 111 0.0129 sublimes [ Sigma-Aldrich




Table 2.2 Quantified analytes in the 73 component mixture using HSCFI-LTM-GC-FID
separation with the three injection methods. MV refers to mass spectral match value obtained
from a separate LTM-GC-TOFMS analysis (value of 1000 indicates a perfect match). The
column titles: Liquid, SPME, Vapor, refer to the three injection methods (50 nl liquid, HS-
SPME, 100 pul vapor) as explained in the experimental section. The values are the quantified
mass (in pg) of each analyte from their respective injection method.

Retention | Mass Injected, | Mass Injected, | Mass Injected,

MBS () Time (s) Liquié, ug SPMEJ, Mg Vapog, Mg
ethyl formate (942) 17.8 0.70 0.65 241
1-propanol (936) 19.6 0.55 0.84 0.56
trichloromethane (972) 22.5 0.62 1.13 0.95
methylcyclopentane (972) 23.1 0.49 0.66 1.08
2-pentanone (960) 25.7 0.70 1.26 0.45
n-heptane (952) 26.5 0.64 1.03 0.73
methyl laurate (959) 58.5 0.58 8.86E-03 - @
pristane (957) 60.7 0.45 4.55E-03 -@

(a) Methyl laurate and pristane were not detected using direct vapor injection.
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Table 2.3 List of tentatively identified analytes from the HS-SPME-LTM-TOFMS separation of
banana peel vapor. Names and match values were obtained from NIST 2011. Peaks that were
overlapped with adjacent analytes were deconvoluted using previously reported software [35].

Retention

Name Time (s) Match Value
ethyl acetate 42.2 976
isobutanol 43.7 969
1-butanol 47.6 916
2-pentanone 50.1 989
2-pentanol 51.4 968
3-methyl-1-butanol 55.2 926
isobutyl ethanoate 58.4 951
hexanal 60.5 850
acetic acid 61.2 948
pentyl ethanoate (amyl acetate) 63.9 938
1-hexanol 65.3 936
3-methylbutyl ethanoate (isoamyl acetate) 65.7 924
1-methoxypentane 66.7 800
2-heptanone 66.8 957
2-heptanol 67.3 981
isobutyl isobutanoate 68.1 922
1,3-dimethylbutyl ethanoate 69.7 850
isobutyl butanoate 70.6 930
methyl butanoate 72.7 952
isobutyl isopentanoate 73.4 920
isopentyl isobutanoate 73.7 915
1-methylbutyl butanoate 74.3 892
1-methylhexyl ethanoate 75.1 870
1,4-dimethyl-4-pentyl ethanoate 75.2 810
butyl-3-methyl butanoate 75.5 890
isopentyl butanoate 76.2 885
pentyl-3-methyl butanoate 76.9 842
3-methylbutyl-3-methyl butanoate 78.5 930
pentyl pentanoate 78.9 800
isobutyl hexanoate 80.5 894
isopentyl pentanoate 80.6 827
n-hexyl butanoate 82.3 916
n-hexyl-3-methyl butanoate 84.5 907
isopentyl hexanoate 84.9 911
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2.7 Figures
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Figure 2.1 Instrument schematic. Diagram of the Agilent 6890 GC, modified for use with high
speed cryo-focusing injection (HSCFI) and low thermal mass gas chromatography (LTM-GC). A
constant flow of cooled nitrogen is delivered for HSCFI via a liquid nitrogen heat exchanger to
trap analytes coming from the inlet. The MXT column component with HSCFI is resistively
heated with a capacitive discharge device to re-inject analytes onto the LTM column. The LTM
module is external to the main GC oven.
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Figure 2.2 HSCFI-LTM-GC-FID separations of the 73 component test mixture using three
sample injection methods. An LTM heating rate of 250 °C/min was used. Peak widths (at base)
range from 33 ms to ~ 300 ms. (A) 50 nl liquid injection. (B) Headspace solid phase micro-
extraction (HS-SPME) injection. (C) 100 ul headspace vapor injection.
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Figure 2.3 Peak width versus retention time plots of representative non-overlapped analyte
peaks processed from the HSCFI-LTM-GC-FID separations. Each point represents the measured
retention time and peak width for an analyte peak detected in the chromatogram. (A) 50 nl liquid
injection. (B) HS-SPME injection. (C) 100 ul headspace vapor injection. (D) Overlay of the three
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Figure 2.4 Iterative peak capacity calculation based upon the HSCFI-LTM-GC-FID separation
using the 50 nl injection of the 73 component mixture. The simulated chromatogram models
peaks with increasing peak widths set to a resolution of 1 between adjacent peaks. The function
of peak width versus retention time was obtained from the linear portion of Figure 2.3A from 3 s
to 13 s. Peak capacity values are provided for the first second and for the first 10 seconds.
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Figure 2.5 LTM-GC-FID chromatograms of the separation of the 73 component mixture without
using HSCFI. An LTM heating rate of 250 °C/min was used. (A) 50 nl liquid injection. (B) HS-
SPME injection. (C) 100 ul of headspace vapor injection.
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without HSCFI. Each point represents the measured retention time and peak width for an analyte
peak detected in the chromatogram. (A) 50 nl liquid injection. (B) HS-SPME injection. (C) 100
ul vapor injection. (D) Overlay of the three injections methods from A-C.
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hexane (n-Cs) to tetracosane (n-C2s). (B) Zoom of a region from (A) containing octane (n-Cg)
and decane (n-C10) demonstrating excellent chromatographic resolution between analytes
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Chapter 3. Fast, high peak capacity separations in comprehensive
two-dimensional gas chromatography with time-of-flight mass
spectrometry?®

3.1 Introduction

Comprehensive two-dimensional (2D) gas chromatography, GC x GC, pioneered by
Phillips and co-workers in the early 1990s [1], is a popular technique for analyzing complex
samples in a wide variety of fields (foods, fuels, metabolomics, etc.) [2—4], providing a powerful
approach to increase peak capacity production of a GC instrument [5]. Beyond the pioneering
efforts of a few research groups [6-10], relatively little effort has been applied to decrease
separation times for thermal modulation based GC x GC, in part because of lengthy sample
preparation procedures (i.e. derivatization and extraction) that may make fast separations
superfluous and also in part due to the loss of peak capacity and resolution that is often
associated with fast separation conditions. Recently, there has been renewed interest in applying
fast GC x GC separations of even the most complex samples due to advances in sample
preparation technology and automation (mainly automated headspace solid phase
microextraction (SPME)) that have reduced sample preparation time [11] to the timeframe of fast
GC x GC run times. The process of preparing a sample while the previous sample is being
analyzed is critical to the application of fast GC x GC to automated SPME.

For GC x GC, two serially coupled separation columns with sufficiently orthogonal
stationary phases are connected by a modulation interface. Effluent from the primary column is
collected and injected onto the secondary column by the modulator. The ideal orthogonal peak

capacity of a GC x GC instrument, nc2p, is the product of the peak capacities of each separation

3 This chapter has been reproduced from: B.D. Fitz, R.B. Wilson, B.A. Parsons, J.C. Hoggard, R.E. Synovec,
Journal of Chromatography A 1266 (2012) 116-123
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dimension, nc x 2nc. Since the total separation time of a one-dimensional (1D) GC analysis or a
GC x GC analysis should be similar, the addition of the secondary column with GC x GC should
in principle provide a significant improvement in peak capacity production relative to 1D-GC.
However, peak broadening due to modulation (as expressed by metrics like the B-correction
presented by Davis et al. [12] and the manner in which GC x GC is typically implemented result
in effective peak capacity production rates that are far lower (eg., ~ 50 to 150 peaks/min) than
what is theoretically possible, and as we will experimentally demonstrate, is achievable. For
example, using a modulation period, Pwm, of 2 s, with peak widths at base (46) of ~ 200 ms on the
secondary column produces a peak capacity on the secondary column of 10. To achieve a
modulation ratio, Mg, of ~ 2 to 4 (commonly applied in many GC x GC separations) would
require peaks on the primary column of ~ 4 to 8 s (average of 6 s) wide at base (4c). This would
produce a peak capacity of 10 peaks on the primary column and gives a GC x GC peak capacity
production of ~ 100 peaks/min [13, 14]. As a benchmark, at this typical GC x GC peak capacity
production, for a primary column separation time of 1h, the orthogonal peak capacity will be ~
6,000 peaks at unit resolution. One of the main obstacles to improving peak capacity production
is that thermal modulator technology puts a lower limit on the Pm (generally 1 to 2 s, depending
on modulator design [1]), which for a minimum Mg of ~ 2 to 4, in turn dictates a lower limit on
the width of the primary column peaks (2 to 6 s) [5]. Simultaneously, the techniques typically
utilized for primary injection (split/split-less, on column, headspace SPME, etc.) combined with
the column dimensions and separation conditions commonly applied to primary columns
produce peaks ~ 4 to 10 s wide, obscuring the potential for improved peak capacity production

and analysis throughput even if Pum limitations were absent.
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In order to experimentally address the challenges of optimizing GC x GC peak capacity,
we must critically evaluate and improve the detected peak widths for both separation dimensions.
Detected peak widths are the result of two distinct types of contributions: those due to the
separation processes (i.e., longitudinal diffusion, mass transfer, carrier gas flow rate, referred to
herein as on-column processes) and those due to non-separation processes (referred to as off-
column herein). Off-column peak broadening is generally addressed through improving
instrumentation (minimizing broadening due to injection, detection, electronics, dead volumes,
etc.), while on-column broadening is minimized by applying band broadening theory to
determine optimal pressure and flow conditions for the appropriate column dimensions and oven
temperature programming conditions.

To put our research effort into context, we note a small number of recently reported
studies of fast GC x GC systems using thermal modulators. First, the work of Junge, et al. [7]
which utilized a longitudinal modulation cryogenic system (LMCS) with a 5 m x 100 pm inner
diameter (i.d.) primary column and a 0.3 m x 50 um i.d. secondary column to separate a 25
component mixture in 5 min (4 min separation window). The separation utilized the smallest
possible Py achievable with the LMCS, 1 s, and produced primary column peak widths of 1.2 s
and secondary column peak widths of 50 ms (4o peak widths in each case, equal to 1.7 times the
full width at half maximum (FWHM)), for a theoretical orthogonal peak capacity of 2800 and a
peak capacity production of 560 peaks/min. Second, the work of Hoggard, et al. [4] which
utilized the LECO thermal modulator with a 9.5 m x 250 um i.d. primary column and a 0.8 m x
180 pum i.d. secondary column to separate a 32 component mixture in 4.5 min (4.2 min
separation window). This separation utilized the shortest reported Pwm previously reported with

the stock LECO thermal modulator, at 250 ms, and produced primary column peak widths of 2 s
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and secondary column peak widths of 50 ms, for a theoretical peak capacity of 630 and a peak
capacity production of 140 peaks/min. In addition to thermal modulation based GC x GC, the
use of valves for modulation emerged in the mid 1990°s [17]. Valve based GC x GC typically
uses faster modulation periods than thermal modulation due to the fast actuation ability of
diaphragm valves. The use of narrow columns, high flows, and fast modulation periods allows
for fast, high peak capacity separations [18-20].

Since one common cause of wide peaks (and thus reduced peak capacity and peak
capacity production) is off-column broadening due to injection, a wide variety of techniques for
producing a narrow injection pulse, ranging from fluid logic gates to single and dual high-speed
diaphragm valves have been reported [21-25]. The most easily implemented (and most common)
technique for generating narrow injection pulses is the use of high inlet flows and large split
ratios in the stock GC inlet. While this approach is capable of producing peaks as narrow as 100
ms [26], it does discard much of the injected sample, thereby raising detection limits and
reducing the possible amount of information provided by a given separation. Conversely, thermal
injection systems capable of transferring the entire sample to the separation column and
producing narrow peaks have been reported previously [27-29]. Recent work in our lab has led to
the implementation of high-speed cryo-focusing injection (HSCFI), capable of producing peaks
ranging from 7 to 300 ms FWHM in a GC separation [16]. In principle, if HSCFI is applied to
the primary column in a GC x GC separation, it should result in narrow peaks and high peak
capacity production rates, as we demonstrate in this report.

The secondary column of a GC x GC separation is capable of producing narrow peak
widths (~ 30 ms to 200 ms) depending upon the Pwm and other separation conditions, placing

large demands on the detector design and data acquisition rate. For the analysis of very complex
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samples, the added selectivity and dimensionality of mass spectral data is useful (and often
necessary) for the application of mathematical deconvolution algorithms and higher order
chemometric techniques. Indeed, the non-mass-scanning nature of time-of-flight mass
spectrometry (TOFMS) is well-suited for the detection of narrow GC x GC peaks because it is
able to collect a complete mass spectrum in as little as 100 ps [26]. Additionally, TOFMS also
does not suffer from the skew problems associated with scanning instruments, making post run
data analysis less problematic.

In this report, we apply a novel combination of column dimensions, optimized separation
conditions [15] and thermal injection via HSCFI onto the primary column [16] with a
commercially available Agilent 6890 GC — LECO Pegasus Il GC x GC — TOFMS instrument.
Thermal injection with the HSCFI provides a state-of-the-art cold trap injection and minimizes
off-column band broadening thereby maximizing the peak capacity generated by the primary
column. This state-of-the-art GC x GC — TOFMS instrument will provide a total orthogonal peak
capacity of ~ 6,000 in ~ 6 min which is a ~ 10-fold improvement in peak capacity production
(1000 peaks/min vs. 100 peaks/min produced by traditional GC x GC). This goal will be
facilitated by experimentally achieving narrow primary column peak widths (~ 600 ms FWHM),
combined with very narrow secondary column peak widths (~20 ms FWHM) with TOFMS
detection at 500 spectra/s.

The performance of this GC x GC — TOFMS instrumental design was initially evaluated
using a 28 component liquid test mixture to study the interrelationship between Mg, Pwm, and both
the ideal and B-corrected total orthogonal peak capacities. As Pwm increases (and Mr decreases),
the effective first dimension peak width increases via  causing a decrease in the theoretical

orthogonal primary column separation peak capacity. This is offset by an increase in the peak
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capacity in the second dimension due to the increase in Pm. The analyst must carefully balance
undersampling on the first dimension, as it will reduce the resolution of adjacent peaks and
subsequently reduce peak capacity. If the peaks are not resolved, they may become mass
spectrally interfered and quantification may become problematic. A goal for optimization would
be to select the Pm to maintain sufficient quantitative precision while still maintaining a large
total orthogonal peak capacity in a sufficiently short first dimension separation time for high
throughput analysis. Several Pm were studied, with results for 250 ms, 500 ms, and 2 s shown for
brevity, as we focus primarily on providing a large total orthogonal peak capacity, since the
quantitativeness of GC x GC has been the subject of prior reports [14, 30-32]. Finally, a fast GC
x GC — TOFMS separation is provided for two complex gaseous samples, a 65 component
volatile organic compound (VOC) mixture and the headspace of a ground coffee sample, to show
the necessity and benefit of the separation power and selectivity generated by this instrument.
3.2 Experimental
3.2.1 Chemicals and Samples

All chemicals (unless otherwise noted) were reagent grade or higher and purchased from
Sigma-Aldrich (St. Louis, MO, USA). Benzene was purchased from Fischer Scientific
(Pittsburgh, PA, USA); methyl decanoate was purchased from Eastman (Kingsport, TN, USA);
xylenes were purchased from Mallinckrodt (St. Louis, MO, USA); chlorobenzene was purchased
from Alfa (Danvers, MA, USA). The liquid test mixture (consisting of 28 compounds listed in
order of elution on the primary column with boiling points in Table 3.1) was made by mixing
equal masses (~ 100 mg) of the neat compounds. A standard mixture nominally containing 65 of
the 104 VOC:s listed in EPA method TO-15 at a concentration of ~ 1 ppm in nitrogen gas

(Spectra Gases, Branchburg, NJ) was used as a gaseous test mixture to demonstrate the thermal
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injection with the HSCFI [16]. The VOCs contained in this gaseous test mixture are listed, along
with their most selective and sensitive mass channels in Table 3.2. The coffee sample obtained
locally, was coarsely ground and heated to 60 °C for 20 min prior to headspace sampling. Ultra
high purity helium (Grade 5, 99.999%) was used as the carrier gas (Praxair, Seattle, WA, USA).
3.2.2 Instrumentation

All chromatograms were obtained using the modified GC x GC — TOFMS depicted in
Figure 3.1A, consisting of an Agilent 6890N GC (Agilent Technologies, Palo Alto, CA, USA), a
thermal modulator (4D upgrade, LECO, St. Joseph, MI, USA), a Pegasus 11l TOFMS (LECO, St.
Joseph, MI, USA) and a thermal injection system comprised of the inlet and the HSCFI as
described previously [16]. To briefly review, for these studies, the sample is manually injected
by a microsyringe (40 nl of a 0.5 pl microsyringe for liquid samples, 500 pl gas tight syringe for
vapor samples), flash vaporized in the inlet, and transported via ~ 20 cm of deactivated fused
silica transfer capillary line (Restek, Bellefonte, PA, USA) to the MXT trap column of the
HSCFI, where it is cryo-focused by a constant flow of nitrogen that has been cooled in a liquid
nitrogen heat exchanger. Ideally, all of the sample is trapped in a band significantly narrower
than what would have been produced with a manual or auto-injection [16]. Any broadening that
occurs prior to the trap is negated by the cryo-trap. A specified time after injection (referred to as
the cryo-focusing time) an electrical pulse is applied to the MXT column via an in-house built
circuit board, DC power supply, and a LabVIEW program (National Instruments, Austin, TX,
USA), causing the sample to be re-vaporized onto the head of the primary separation column.
Figure 3.1B schematically depicts the thermal injection with the HSCFI, which consists of a
short section of MXT column, (Restek, Bellefonte, PA, USA) ~ 6 cm long, passing

perpendicularly through a Teflon tube with an inside diameter of 1 mm. Electrical contact is
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achieved by clamping the MXT column between a thick copper lead and a thin flexible sheet of
copper; the copper lead is connected to the HCSFI circuit by copper wire. The i.d. of all tubing
(both transfer capillary line and MXT) was matched to the i.d. of the primary separation column.
Connections between the transfer lines and the HSCFI and the primary separation column were
made using zero dead volume internal unions (Valco Instrument Co. Inc. Houston, TX, USA).
Post-run data processing (baseline correction, m/z selection, etc.) was performed in Matlab
R2010b (The Mathworks, Inc., Natick, MA, USA).
3.2.3 Chromatographic Conditions

A GC x GC column arrangement of nonpolar (20 m x 100 pm i.d. x 0.4 um RTX-5
(Restek, Bellefonte, PA, USA)) to polar (1.8 m x 100 um i.d. x 0.1 um RTX-200 (Restek,
Bellefonte, PA, USA)) was implemented with the thicker film of the primary column providing
sufficient column loading capacity while not appreciably broadening the peaks due to mass
transfer in and out of the stationary phase [15]. Compared to the commonly used 250 pm i.d.
primary column with a 0.25 pum phase thickness, the use of a 100 pm i.d. primary column with a
0.4 um film thickness results in only a 36% decrease in column capacity per unit length. A 40 nl
injection utilizing a 0.5 pl microsyringe was used to manually introduce the 28 component liquid
test mixture to the HSCFI via a split-less inlet. The coffee bean headspace was sampled via two
500 pl aliquots from a 500 pl gas tight syringe and manually injected to the HSCFI through a
split-less inlet. The VOC gas sample based on the TO-15 method was injected via four 500 pl
aliquots from the gas tight syringe. During cryo-focusing time and thermal injection, the primary
column was held at 40 °C and the secondary column at 50 °C. For clarity, HSCFI conditions for
each separation are included in the text. The primary and secondary columns were held at 40 °C

and 50 °C for the first 30 s after thermal injection to provide an initial hold time approximately
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equal to the dead time of this column configuration. Both columns then followed a temperature
program that ramped at a rate of 30 °C/min to a final temperature on the primary column of 250
°C (260 °C secondary column). The inlet was maintained at a temperature of 280 °C. The
modulator temperature was maintained 70 °C higher than the temperature of the primary column.
The transfer line was held at 280 °C and the TOFMS ion source at 250 °C. Mass channels 35 to
334 m/z were collected and stored at a rate of 500 spectra/s. An absolute column head pressure of
1,140 kPa (165 psia) was maintained at the column head throughout the run using an upgraded
high pressure inlet and pneumatic control module (Agilent Technologies, Palo Alto, CA, USA).
As described previously [15], the long, narrow column (20 m % 100 pm i.d.) applied in this
report requires high pressure to achieve the desired flow rate. The standard pressure regulator is
only capable of controlling the absolute pressure from 100 kPa to 790 kPa and is unable to
produce the flow rate desired.
3.3 Results and Discussion

To characterize the performance of the modified GC x GC — TOFMS instrument, a liquid
mixture of 28 compounds was utilized with a wide range of boiling points and polarities (see
Table 3.1). The test mixture was used to evaluate the retention factor, k, range on the secondary
column, to calculate the dead time produced by the column configuration in order to determine
wrap around, and then ultimately to calculate the 2D peak capacity and peak capacity production.
Figure 3.2A is the total ion current (TIC) of the test mixture using a 2 s Pm to evaluate
temperature and flow conditions required to take advantage of retention wrap around. At this
stage, we were seeking to understand how to fully use the secondary column time window, i.e.,
the full Pwm, concurrent with providing narrow peak widths to achieve a high secondary column

peak capacity, 2nc. For thermal injection onto the primary column, a cryo-focusing time of 60 s
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was used with a 10 V electrical pulse lasting for 75 ms to desorb the sample. The first analyte
peak elutes at ~ 0.5 min from the primary column and 0.9 s from the secondary column; both
values are consistent with modeling results from LECO’s GC x GC Column Calculator software.
Under the separation conditions applied, the most retained analytes on the secondary column
elute in slightly less than 1.5 s, so the time window of the secondary column eluting peaks is ~
500 ms. Thus, we achieved a narrow k range on the secondary column (~ 0 to 0.7) in a ~ 500 ms
window, and concurrently, narrow and nearly constant peak widths as well. Specifically, a
slightly higher separation temperature on the secondary column was applied than is typical
(concurrent with an appropriate column length and i.d.) to produce a narrow k range in a useful
time window, which minimized the peak widths and maximized the theoretical peak capacity
produced for the second dimension. Indeed, with the column configuration and separation
conditions implemented, there is little detriment to wrap around (see Figures 3.2B and C) for the
500 ms and 250 ms, respectively). It should be noted that the y-axis on Figures 3.2B and C is the
relative retention time on the secondary column. The apparent position of the analytes shifts
when the modulation period is reduced due to wrap around, but is not detrimental to the
separation. The shorter Pm improves the use of the 2D separation space and highlights the
narrow peaks being generated on the secondary column. Contours for each peak were chosen
such that the outer most contour represents peak width at the base (4c) for the majority of the
peaks and shows second dimension peaks are ~ 20 ms on average at FWHM. This choice of
initial base contour level does mean some of the less intense peaks eluting between 0.5 min and 2
min are not visible in Figures 3.2B and 3.2C. With regard to the wrap around effect, using a Pwm
of 500 ms (Figure 3.2B), all of the secondary column eluting peaks fit readily in a single Pm, and

have wrapped around about two times, while fully using the Py time window. It is also worth
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mentioning that even though the 2D separation space is not completely utilized for this particular
test mixture with the 500 ms P, subsequent samples (and their separations) reported herein will
demonstrate good usage of the 2D separation space. In contrast, for this particular 28 component
liquid test mixture, the GC x GC — TOFMS separation using a 250 ms Pw, presented in Figure
3.2C, shows better use of the entire peak capacity.

For the purpose of ultimately calculating GC x GC peak capacities for the 500 ms and
250 ms Pwm, we needed to measure the primary column peak widths in a way that was not
impacted by the f undersampling effect, but still representative of other potential extra-column
band broadening effects that may be introduced by the thermal modulator during a GC x GC
separation. A goal of this experiment was to put an upper limit on the true “fully sampled”
primary column peak widths produced when the instrument was run in the GC x GC mode. For
this purpose, the 28 component test mixture was run with the same GC x GC column
arrangement (20 m x 100 um i.d. column coupled to a 1.8 m % 100 um i.d. column), however the
modulator was disabled so the separation was a true 1D analysis with a 21.8 m x 100 pm 1.d.
column. The secondary oven and modulator block were kept at a high temperature (250 °C)
throughout the entire run. The high temperature of the secondary oven ensured that no (or very
limited) retention occurred on the secondary column so any additional broadening of the peak
was minimal and the detected peak width was primarily indicative of the primary column peak
width. Figure 3.3A shows the 1D chromatogram of the test mixture run as described. Figure 3.3B
shows a detail of the chromatogram near 3.5 min and highlights the narrow, well resolved peaks
(~ 600 ms FWHM on average, width indicated for ethylbenzene as example). Hence, the primary

column peak widths at base (46 = 1.7 x FWHM) were taken as ~ 1.0 s; the corresponding
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primary column peak capacity, nc, was ~ 400 in the ~ 7 min primary column separation (with a
~ 6.5 min separation time window).

To highlight the performance of the thermal modulator running at Pm of 250 ms and 500
ms, the 2D data was viewed unfolded in a 1D format. Figures 3.4A-D show the unfolded data of
a representative region of the 2D separation, containing chlorobenzene, ethylbenzene and p-
xylene. Figures 3.4A and B are from the 250 ms Pn separation and Figures 3.4C and D are from
the 500 ms Pwm. Figure 3.4 A and C highlight the necessity of using a short Py for adequate
sampling of the peaks eluting from the primary column. Even with the fast Pm of 500 ms, the
modulator only captures ~ 2 modulations across the peak. For these narrow primary column
peaks with a FWHM of only ~ 600 ms (a 46 peak width at base of ~ 1 s) this corresponds to a
Mr of ~ 2. Concurrently, the peaks average ~ 20 ms FWHM (34 ms at base width) on the
secondary column in both separations (see Figures 3.4B and D), which yields a theoretical peak
capacity, 2nc, on the secondary column of 15 for a 500 ms Pw, and a 2n. of 7.5 for a 250 ms P.
Note that due to the separation conditions designed and implemented, the peak widths on the
secondary column were nearly constant over the small k range applied. According to theory
presented by Dauvis, et. al. [12], a Mr of 2 using a Pm of 500 ms will result in a 36% reduction in
the theoretical 2D peak capacity, nc2p via B-correction for undersampling. None the less and
impressively, the ~ 7 min primary column separation (with a ~ 6.5 min separation time window),
using a 500 ms Pw has an ideal orthogonal peak capacity nc2p of ~ 6000 peaks, where ne2p = nc
x 2nc, or 4400 when B-corrected, or n¢2p /B. On the other hand, the separation utilizing the Py of
250 ms captures 5 to 6 modulations across the analyte peak which provides a Mr greater than 4.
Using a 250 ms P, an ideal orthogonal peak capacity of ~ 3000 peaks is achieved (or a -

corrected orthogonal peak capacity of 2600). To summarize, a 1.7-fold increase in nc2p was
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achieved when Py was doubled from 250 ms to 500 ms; the effective nc2p was not doubled as
one might initially suspect, due to B-correction.

The next study was to evaluate the modified GC x GC — TOFMS instrument for the
analysis of gaseous samples. Two gaseous samples were studied: a 65 component VOC mixture
and the headspace of ground coffee beans. A mixture of 65 VOCs was chosen as a sample
representative of several different chemical classes and to demonstrate the capability of GC x
GC to separate a gas phase sample in a single fast analysis. The VOC vapor sample was
manually introduced for thermal injection via four successive 500 pl aliquots from a 500 ul gas
tight syringe to a split-less inlet. A cryo-focusing time of 60 s was used prior to desorbing sample
with an 11 V electrical pulse lasting for 100 ms. Figure 3.5A is the analytical ion chromatogram
(AIC) resulting from summing the mass channels for the VOC mixture listed in Table 3.2. The
primary column separation window is just over 4.5 min, while the secondary column separation
window utilizes the majority of the 500 ms Pw. The separation power of the modified GC x GC
— TOFMS instrument is highlighted in Figure 3.5B, which details the separation of
dichlorobenzene and trimethylbenzene isomers (enclosed in the box in Figure 3.5A). The mass
spectra for each of these analyte peaks in Figure 3.5B are provided in Figure 3.5C, indicating
that the chromatographic selectivity is needed for separating the isomers, since the mass spectra
are too similar. The spectra for analytes 1, 2, and 3 (trimethylbenzene isomers) are shown on the
left of Figure 3.5C and analytes 4, 5, and 6 (dichlorobenzene isomers) are shown on the right.
Within the two groups of isomers (analytes 1 — 3, and analytes 3 — 6) the mass spectra are nearly
identical. This separation power for the GC x GC is the result of several factors: the narrow
injection bandwidth provided by thermal injection (via HSCFI), the application of nearly

optimized conditions for the primary column, as detailed in previous reports [15, 16], and

61



excellent separation conditions on the secondary column providing narrow peak widths. Without
the narrow peaks generated on the primary column it is unlikely that the first two isomers in each
grouping would have been resolved in this fast analysis as there is little to no difference in
retention on the second dimension. Similarly, Figure 3.5A has several regions (in particular the
separation window on the primary column from 2 min to 3 min) in which the narrow peaks
provided by the primary column (~ 600 ms FWHM) are not adequate to resolve all the analytes
but the added second dimension separates them completely. In these situations the stationary
phase of the secondary column is crucial to resolving the analytes. The unique position of each
analyte in 2D space strongly supports the potential of fast GC x GC - TOFMS for separation and
identification of analytes in this example.

To demonstrate the applicability of fast GC x GC - TOFMS to the analysis of a ‘real
world’” complex sample, the technique was applied to the headspace vapor of ground coffee.
Separation conditions were the same as those applied to the VOC test mixture, however the
separation window was shorter than that of the VOC test mix. The TIC of this separation is
shown in Figure 3.6 and demonstrates the large number of analytes present in the sample.
Several of the more intense peaks appear to have unusually large peak widths, but this is an
artifact of selecting a minimum contour that is lower than ~ 10% of the height of the larger
intensity peaks, but is necessary to make the less intense peaks visible in the plot. Peak widths
for the coffee vapor head space separation are comparable to those measured in both the liquid
and VOC test mixture analysis above. Also note that peak capacity production obtained for the
separations in Figures 3.5 and 3.6 for the vapor samples were essentially the same as for the

liquid test mixture (Figures 3.2, 3.3, and 3.4).
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3.4

Conclusion

In this report, we have demonstrated that thermal injection onto the primary column and

using a commercial modulator along with optimized column dimensions and experimental

separation conditions for the Agilent 6890 GC — LECO Pegasus 111 TOFMS leads to a highly

efficient instrument for the analysis of complex samples. It is shown that the thermal modulator

is capable of producing peaks ~ 20 ms FWHM on a 1.8 m x 100 um i.d. secondary column even

while running at a fast P, €.9. 250 ms and 500 ms. The resulting fast GC x GC separations of

complex samples contained narrow primary column peaks (~ 600 ms FWHM) giving a peak

capacity production of ~ 1000 peaks/min and a total peak capacity production of ~ 6000 peaks

for a ~ 6 min run time which is nearly an order of magnitude better than current GC x GC

applications (typically ~ 6000 peaks in 60 minutes).
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3.6 Tables

Table 3.1 Twenty-eight compounds included in the liquid test mixture, listed in order of elution
on the primary column, with the retention time on the primary and secondary column of the 2.0 s
Pwm separation (Figure 3.2A).

Compound Boiling Point Co.lumn' 1 Co_lumn_ 2
(°C) Retention Time (s) | Retention Time (s)
1 ethyl formate' 54 23 1.13
2 n-hexane 69 59 1.04
3 benzene 80 125 1.09
4 2-pentanone 102 133 1.23
5 n-heptane 98 137 1.06
6 1-heptyne 100 149 1.09
7 toluene 111 173 1.14
8 3-hexanone 128 177 1.23
9 octane 126 183 1.10
10 chlorobenzene 152 209 1.18
11 ethylbenzene 136 215 1.17
12 p-xylene 139 219 1.17
13 2-heptanone 151 223 1.28
14 0-Xylene, m-xylene 139 229 1.19
15 methyl caproate 168 237 1.23
16 propylbenzene 159 255 1.20
17 3-octanone 167 263 1.28
18 decane 174 267 1.17
19 isobutylbenzene 170 277 1.21
20 butylbenzene 183 297 1.22
21 2-nonanone 194 305 1.32
22 2-decanone 209 341 1.34
23 dodecane 216 341 1.23
24 naphthalene 218 353 1.31
25 2-undecanone 231 375 1.36
26 methyl decanoate 224 383 1.32
27 tetradecane 254 405 1.28
28 2-dodecanone 245 407 1.39

" Denotes analyte too low in intensity to appear in Figure 3.2A.
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Table 3.2 Sixty-four compounds identified in VOC test mixture (nominally 65 compounds
added) with the most sensitive and selective ion for each compound (used in AIC in Figure 3.5).

Mass Channel COI[.Jmn 1 COI[.Jmn 2
Compound Retention Time | Retention Time
(m/z)
(s) (s)
1 propylene® 39 2.5 0.14
2 freon-12° 85 3 0.38
3 chloromethane® 52 6 0.40
4 freon-114° 85 6 0.16
5 vinyl chloride® 62 8.5 0.40
6 1,3-butadiene® 39 10 0.16
7 bromomethane® 94 15 0.40
8 chloroethane® 64 16.5 0.43
9 ethanol® 45 18 0.49
10 acrolein® 56 26 0.09
11 acetone 43 27.5 0.15
12 freon-11 101 25 0.21
13 isopropyl alcohol® 45 28.5 0.03
14 1,1-dichloroethene 96 36 0.26
15 freon-113 101 38 0.27
16 methylene chloride 49 41.5 0.02
17 carbon disulfide 76 44 0.47
18 trans-1,2-dichloroethene 61 53.5 0.05
19 methyl tert-butyl ether 73 55 0.07
20 1,1-dichloroethane 63 60 0.12
21 vinyl acetate® 86 63.5 0.40
22 methyl ethyl ketone 43 68 0.38
23 hexane 57 68 0.03
24 cis-1,2-dichloroethene 61 74.5 0.10
25 ethyl acetate 43 76.5 0.22
26 chloroform 83 79.5 0.07
27 tetrahydrofuran 42 85.5 0.15
28 1,1,1-trichloroethane 97 94,5 0.08
29 1,2-dichloroethane 62 96.5 0.10
30 benzene 78 104 0.08
31 carbon tetrachloride 117 104 0.03
32 cyclohexane® 56 104 0.03
33 1,2-dichloropropane 63 123.5 0.12
34 heptane 43 121 0.03
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35 trichloroethylene 95 123.5 0.07
36 bromodichloromethane 83 127.5 0.06
37 1,4-dioxane 88 128 0.16
38 methyl methacrylate 69 128.5 0.14
39 methyl isobutyl ketone 43 144 0.25
40 cis-1,3-dichloropropene 75 145 0.11
41 trans-1,3-dichloropropene 75 145 0.11
42 toluene 91 161 0.11
43 1,1,2-trichloroethane 97 162 0.13
44 methyl butyl ketone 43 169.5 0.23
45 dibromochloromethane 129 177 0.15
46 1,2-dibromoethane 107 183.5 0.28
47 tetrachloroethylene 166 185 0.27
48 chlorobenzene 112 210.5 0.25
49 ethylbenzene 91 217.5 0.34
50 p-xylene 91 222 0.44
51 styrene® 104 231 0.31
52 bromoform 173 239 0.28
53 m-Xylene 91 241.5 0.37
54 o-xylene® 91 2415 0.37
55 1,1,2,2-tetrachloroethane 83 257.5 0.10
56 4-ethyltoluene 105 282 0.17
57 1,3,5-trimethylbenzene 105 283.5 0.17
58 1,2,4-trimethylbenzene 105 292.5 0.17
59 benzyl chloride not found not found not found
60 1,3-dichlorobenzene 146 299 0.22
61 1,4-dichlorobenzene 146 301 0.22
62 1,2-dichlorobenzene 146 310 0.22
632 1,2,4-trichlorobenzene 180 356 0.24
642 naphthalene 128 360.5 0.26
65% hexachloro-1,3-butadiene 225 367 0.22

& Analytes not included in the figure for clarity.

b Analytes too low in intensity to appear on Figure 3.5A but are visible when viewed using their
respective selective mass channel. Retention times for the secondary column are the apparent
retention times, since wrap around is occurring.
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3.7 Figures

= HSCFI
o Circuit
A o Board
£
8
E:
TOFMS — I ; ‘
(-] ond
@ 5‘- Column
@ Oien o
6:3 2 g. B rimary
o 2 Column
"':" @ SE 2
I]II] $ C;Jmn
l '| Connector LN2 Heat
n 1 Primary Oven Exchanger
i ;
\J
~—

B MXT-5
Column

)

Column Clamp

Coo

Column Clamp

/

Figure 3.1 (A) Diagram of the modified GC x GC — TOFMS instrument with HSCFI for thermal
injection (LECO GC x GC — TOFMS instrument with the commercially available thermal
modulator). Cryofocusing of analytes in the MXT column of the HSCFI is achieved with a
constant flow of cooled nitrogen delivered from a liquid nitrogen heat exchanger via sections of
copper and Teflon tubing. Cryofocused analytes are reinjected by resistively heating the section
of MXT column with a controlled capacitive discharge. The head of the separation column is
attached to the HSCFI via a low dead volume internal union. (B) Diagram of the HSCFI,
illustrating the orientation of the Teflon tube, MXT column and the HSCFI circuit. The MXT
column and the Teflon tube are perpendicular to each other. Electrical contact between the
circuit and MXT column is maintained by clamping the MXT column between a thin sheet of
copper and a solid copper post. The post is connected to the circuit by thick, low resistance
copper wires which are longer than depicted in (B), passing through the oven wall to the circuit
located outside the oven as shown in (A).
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Figure 3.2 (A) GC x GC — TOFMS separation of the 28 component liquid test mixture using a 2
s Pm to determine the dead time and k range utilized on the secondary column. The separation
window is ~6 min. The first analyte peak elutes from the primary column near 30 s, and ~0.9 s
on the secondary column. The last analyte peak elutes from the primary column near 7 min, and
slightly before 1.5 s on the secondary column. (B) Same separation conditions as in (A), but
with a 500 ms Pwm. (C) Same separation conditions as in (A), but with a 250 ms Pm. The Py of
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250 ms more fully utilized the 2D peak capacity for this sample.
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Figure 3.3 (A) One dimensional GC — TOFMS separation of the 28 component liquid test
mixture using the same GC x GC — TOFMS instrumental platform as in Figure 3.2, but keeping
the secondary oven and modulator block hot (250 °C) throughout the separation. The modulator
was shut off as to not modulate the analyte peaks eluting from the primary column. This
separation places an ‘upper bound’ on the primary dimension peak widths of ~600 ms FWHM.
(B) Zoom in of a region of (A) near 3.5 minutes. The seven peaks are chlorobenzene,
ethylbenzene, p-xylene, 2-heptanone, o-xylene/m-xylene, and methyl caproate. Peaks averaged
~600 ms FWHM.
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Figure 3.4 (A) Unfolded 2D data from a representative section of the GC x GC — TOFMS
separation of the 28 component mixture shown in Figure 3.2(C), collected with a 250 ms Pwm.

The analyte peaks shown are chlorobenzene, ethylbenzene, and p-xylene. The secondary column

peak widths are ~20 ms FWHM. The peaks are ~1s wide at the base on the primary column
giving a Mg of ~4. (B) Zoom in of the second analyte, ethylbenzene in (A) highlighting the
narrow peak widths produced on the second dimension (~20 ms FWHM). (C) Unfolded GC x

GC data from the 2D separation of the 28 component mixture shown in Figure 3.2(B) with a 500
ms Pm. The longer Pm samples the peak fewer times, but overall provides an increased secondary

column peak capacity compared to the 250 ms Pm. (D) Zoom in of the second analyte,

ethylbenzene, in (C). The secondary column peaks for ethylbenzene are ~20 ms wide at FWHM.

The peak is sampled essentially in-phase providing a Mr of ~ 2.
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Figure 3.5 (A) GC x GC — TOFMS separation of the VOC text mixture (nominally 65
compounds) using the same separation conditions as in Figure 3.2 and a 500 ms Pm. Sample was
introduced for HSCFI via four successive 500 pl aliquots from a 500 pl gas tight syringe to a
split-less inlet. A cryo-focusing time of 60 s was used prior to desorbing sample with a 11 V
electrical pulse lasting for 100 ms. Plot of analytical ion chromatogram (AIC is the sum of mass
channels for each compound listed in Table 3.2) gives an overview of the separation. Some
peaks may not be visible due to low relative concentration, but are visible when their selective
m/z are plotted. (B) Detail view of the boxed area in (A), highlighting the separation of
trimethylbenzene isomers and dichlorobenzene isomers. (C) Mass spectral data for each analyte
peak in (B). The similarity of the mass spectra for each group of isomers demonstrates the need
for chromatographic efficiency and selectivity to separate the isomers.
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Figure 3.6 GC x GC — TOFMS separation of the headspace of ground coffee beans sampled via
a gas tight syringe. The TIC signal plotted is for mass channels 50 to 335 m/z.
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Chapter 4. Enhancing gas chromatography time-of-flight mass
spectrometry data analysis using two-dimensional mass channel
cluster plots?

4.1 Introduction

Gas chromatography - mass spectrometry (GC-MS) is a widely used instrumental
platform for chemical analysis. GC is practiced in a wide range of fields, including
metabolomics, food, petrochemical, environmental, and chemical weapon precursor analysis [1-
4]. Many researchers have focused on increasing the resolving power of GC systems in order to
separate as many compounds as possible in a given sample [5-10]. However, many samples are
sufficiently complex that peak overlap inevitably occurs even with state-of-the-art
instrumentation. When peak overlap becomes more severe, the ability to confidently identify and
quantify the analytes of interest becomes increasingly more challenging.

The field of chemometrics specializes in the process of mathematically gleaning useful
information from data collected from chemical measurements [11-13]. Researchers in this field
have spent decades developing software approaches to address the many challenges that arise.
The various approaches developed, which aim to deconvolute and quantify overlapped peaks,
depend upon the dimensionality (or order) of the data. Common instrumental platforms that
produce second order data, inherently two-dimensional (2D) for a single sample run, include
comprehensive 2D chromatography (e.g. GC x GC and LC x LC), chromatography combined
with spectral detection (GC-MS, LC-MS, LC-UV/vis absorbance), and so on. For GC-MS the
data structure is second order or “bilinear,” where each analyte response can be expressed as a

matrix produced by taking the outer product of the chromatographic elution peak profile (a

4 This chapter has been reproduced from: B.D. Fitz, B.C. Reaser, D.K. Pinkerton, J.C. Hoggard, K.J. Skogerboe,
R.E. Synovec, Analytical Chemistry 86 (2014) 3973-3979
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vector) with the mass spectrum (a vector). The bilinearity of the data structure makes GC-MS
readily amenable to chemometric data analysis [14-16].

Time-of-flight mass spectrometry (TOFMS) is an excellent detector for GC, providing
sensitive detection, a dynamic range spanning 4-6 orders of magnitude, and most importantly for
the method introduced herein, an extremely high mass spectral collection rate [17]. The LECO
Pegasus 11l TOFMS implemented in the method introduced herein can collect a wide mass
channel range (m/z from 5 to 1000) at a frequency up to 500 Hz (although it is implemented
herein at 100 Hz to provide a suitable data density). A fast scan rate can provide hundreds of
spectra across a GC peak. Although collecting such a large number of spectra across a peak is
not commonly practiced, we shall demonstrate a distinct advantage in doing so.

Often, GC-MS data is oversampled and then mathematically reduced (binned) to
facilitate complex mathematical processing (retention time alignment, principal component
analysis (PCA), or parallel factor analysis (PARAFAC)) [18, 19]. A rapid collection rate (and
thus high data density) can produce data sets that are considered too large for an analyst to sift
through manually, but provide the potential for vastly increased chemical information compared
to more slowly sampled data. Herein, we report a novel algorithmic method that takes advantage
of applying a rapid scan rate with GC-TOFMS to significantly facilitate separation visualization
and analyte peak deconvolution. Chromatographic peak maxima (serving as the retention time,
tr) and the chromatographic peak width, W, are determined on a per m/z basis for each analyte
peak. The peak W (per m/z) is then plotted against its respective tr in a 2D format, producing a
cluster of points, i.e., one point per peak W versus tr per m/z. Analysis of GC-TOFMS data by
this method produces what is referred to as a “2D m/z cluster plot.” The method takes advantage

of adjacent eluting (even co-eluting) peaks in a temperature programmed separation exhibiting

76



sufficient variation in peak W to provide chemical selectivity in the W dimension of the 2D m/z
cluster plot. The goals of this novel approach are to improve the visualization of overlapped
chromatographic peaks for GC-TOFMS, to aid in peak deconvolution at ultra-low
chromatographic resolution, Rs, as well as to increase the effective peak capacity of GC-TOFMS
separations. The method is evaluated using the LECO (Pegasus 1) GC-TOFMS instrument. We
demonstrate remarkable resolution of otherwise severely overlapped peaks in the original one-
dimensional GC-TOFMS format. While the method is demonstrated using a TOFMS with unit
mass resolution, in principle the method should be readily implemented with the emerging high
resolution TOFMS.
4.2 Method Fundamentals

The rapid scan rate of the TOFMS provides a means to accurately measure tr and W by
collecting many data points across chromatographic peaks, so there is minimal peak variance due
to undersampling [20]. A peak finding algorithm based on a moving window moves through the
GC-TOFMS chromatograms (preprocessed as described in the Experimental section) and locates
local peak maxima above a user specified signal threshold for each m/z collected. When a peak
maximum is found, this location is taken as the tr and is determined to the nearest 10 ms (using a
spectral collection rate of 100 Hz). The peak W (width-at-half-height) at that tr is then
calculated. The algorithm applied interpolates between data points using a linear fit if there is no
data point present for the exact value of half of the peak maximum signal. The W is then rounded
to the nearest 10 ms, to provide the same precision as the tr. For the remainder of this report, the
term ‘m/z’ refers to a peak of any mass channel (at unit mass resolution) that was initially
detected by the peak finding algorithm, and then has passed the signal threshold, unless further

clarification is provided. The processing of the data in this fashion converts the signal at each m/z
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associated with a chromatographic peak to a single data point consisting of a tr and W. All of the
m/z are then plotted (W versus tr) to produce a 2D m/z cluster plot (with chemical selectivity in
both dimensions), since the points (one per each m/z) tend to produce a 2D cluster for a purely
eluting analyte, since all m/z are selective. At a given m/z, the W of an analyte peak overlapped
with an interfering analyte peak will be elevated and readily discernible relative to selective m/z.
The method was further demonstrated to be readily coupled to chemometric analysis, with
classical least squares (CLS) applied to demonstrate the basic principles involved.
4.3  Experimental

All chemicals used were reagent grade or higher. A liquid hydrocarbon mixture
containing 73 analytes was created by mixing ~100 mg of the neat compounds. The mixture was
a suitably complex sample requiring a typical GC temperature program for separation, producing
naturally occurring overlapped peak situations. An aliquot of the mixture was diluted 1:100 with
acetone prior to GC-TOFMS analysis. Table 4.1.S1 in the Supporting Information lists the
chemicals, mass of compound added to the mixture, vendors, and boiling points of the analytes
used in the mixture. Ultra high purity helium (Grade 5, 99.999%) was used as the carrier gas
(Praxair, Seattle, WA, USA). GC-TOFMS data was collected using an Agilent 6890N GC
(Agilent Technologies, Palo Alto, CA) with a LECO Pegasus 111 TOFMS (LECO, St. Joseph,
MI). A 30 m x 250 pm inner diameter (i.d.) column with a 0.5 um RTX-5 film was used (5%
phenyl / 95% dimethyl polysiloxane, Restek, Bellefonte, PA). The column flow rate was 2.0
ml/min. The oven temperature began at 35 °C and held for 1.0 min. A temperature ramp of 33
°C/min was applied for a final temperature of 280 °C and held for 1.0 min. 0.1 ul of the diluted

sample was injected to a split/split-less inlet operated with a 200:1 split ratio at 280 °C. The
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TOFMS collected m/z 40-230 at 100 spectra/s, with a 100 s solvent delay and an ion source
temperature of 250 °C.

Matlab R2012b (The Mathworks, Inc., Natick, MA, USA) was used to preprocess the raw
GC-TOFMS data and to create the algorithm and GUI (Graphical User Interface) used in the 2D
m/z cluster plot method. Preprocessing involved two steps to produce 2D m/z clusters with
relatively narrow distributions in the two dimensions, W and tr. First, raw GC-TOFMS
chromatograms (signal versus time vector for each m/z) were independently baseline corrected.
Next, a moving boxcar average was applied to each m/z signal vector (performed without a loss
in the original number of data points) to smooth the data to reduce the distortion of the apices of
each peak from the detected noise. A 31 point moving boxcar window was used, resulting in a ~
5% decrease in peak height, and a ~ 5% increase in W. The ~ 5% increase in peak broadening
was deemed acceptable, since smoothing facilitated a significant reduction in cluster size in the
2D m/z cluster plot, translating into a significant increase in the resolving power of the method.
We note that other signal filters (such as Savitsky-Golay) could be implemented, and may
warrant future investigation. For the separation studied, the algorithm (baseline correction,
smoothing, peak finding, plotting) is completed in ~ 45 s with minimal user input.

PLS Toolbox version 7.3.1 (Eigenvector Research, Inc., Wenatchee, WA, USA) was used
for performing classical least squares (CLS) deconvolution. A fast non-negative least squares
(‘“fnnls”) algorithm was applied, imposing a non-negativity constraint in both the modeled elution
peak profiles and mass spectra based on an algorithm by Bro and de Jong [21]. All m/z, including
those under the signal threshold, were included in the CLS deconvolution. An in-house written
function to import the data from the instrumental ‘.peg’ file to the Matlab workspace was used

[22].
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4.4  Results and Discussion

The 73-component mixture analyzed by GC-TOFMS created a data set amenable to the
study of the 2D m/z cluster plot method. Figure 4.1A is the total ion current (TIC)
chromatogram. The W range from ~ 0.6 s to 0.7 s. The arrow in Figure 4.1A indicates the region
provided in detail in Figure 4.1B, a plot of five well-resolved analyte peaks selected to
demonstrate the basic principles of the method: methyl hexanoate (MH), cyclooctane (CYO), 1-
bromohexane (BH), bromobenzene (BB), and propylbenzene (PB), with superimposed peak
signals per m/z. To help put the 2D m/z cluster plot method into perspective, the traditional 2D
approach to plot the GC-TOFMS data is provided in Figure 4.1C, with the signal plotted at the
corresponding m/z and separation run time. The data format in Figure 4.1C provides information
about which m/z are present for a particular analyte and provides insight into how many analytes
may be present in a particular region of a chromatogram. However, the traditional 2D plotting
approach does not easily provide detailed information regarding which analyte peaks may be
overlapped, or the extent of peak overlap, as we shall see is more readily provided using 2D m/z
cluster plots.

The 2D m/z cluster plot method is illustrated in Figure 4.2A, for two m/z peaks of MH.
Following baseline correction and boxcar smoothing described previously, for each analyte peak
per m/z, the tr (x-axis) and W (y-axis) are measured with 10 ms precision. The resulting tr and W
per m/z are plotted as a single point that occupies a 10 ms x 10 ms 2D square, with the center of
the point indicated by a black circle. A signal threshold of 200 was applied, i.e., a signal-to-noise
ratio (S/N) of ~ 30. At significantly lower S/N, the measured tr and W become progressively
erratic. Additionally, Figure 4.2B shows sections of stacked baseline noise at four representative

m/z, adjusted vertically for clarity. The noise characteristics of the baseline signal at each m/z are
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not correlated, giving rise to the potential for slightly different tr and W per m/z, as observed in
Figure 4.2A, resulting in m/z clusters in the tr and W dimensions for peaks exhibiting sufficient
m/z above the signal threshold. For this data set, a S/N ~ 30 provided narrow cluster distributions
in the W versus tr dimensions, with a sufficient number of m/z represented.

Figure 4.2C is the resulting 2D m/z cluster plot from processing the data in Figure 4.1B
using the method illustrated in Figure 4.2A. Since all of the analytes in this section of the
chromatogram are well-resolved, each analyte produces a well-defined cluster of points (i.e., 10
ms x 10 ms 2D squares) as indicated in the figure. The zoom-in (Figure 4.2C) indicates the
cluster for propylbenzene (PB) is comprised of m/z locations spanning 4 data points in the tr
dimension (40 ms), and 3 data points in the W dimension (30 ms). The points have been color
coded to the number of m/z at each 2D location. Based on the color coded point distribution, the
majority of m/z for each peak are centered relatively tightly in each cluster, generally with only a
few outliers. In addition to each cluster having distributions in the tr and W dimensions, they also
have different locations in the 2D plane. The difference in locations of each cluster in the W
dimension provides added chemical selectivity (resolving power). Based on the oven heating rate
applied (33 °C /min) the difference in elution temperature between MH and CYO is only 2.7 °C
(from the tr difference of ~ 5 s) but their W differ by ~ 60 ms (~ 10% of their W values).
Achieving suitably different W at nearly the same tr is consistent with GC modeling described in
Figure 4.S1 in Supporting Information [23-28]. Hence, the 2D m/z cluster plot in Figure 4.2C
clearly indicates that chemical selectivity is simultaneously generated in both dimensions.

To study and apply the 2D m/z cluster plot method, the distribution of pure clusters must
be determined. A pure cluster is defined as a cluster resulting from a chromatographically

resolved analyte with no interfering compounds. From the separation in Figure 4.1A, 16

81



representative, purely eluting analytes (with four injection replicates) were analyzed to create 64
2D m/z cluster plots (grid illustrated in Figure 4.2A), containing a total of 1068 sufficiently
independent m/z responses. The 16 analytes used to make the distributions are noted in Table
4.1.S1 in the Supporting Information. The 64 cluster plots were manually aligned such that the
most populated index (the tr with the largest number of m/z) was aligned between each cluster.
The 64 aligned cluster plots were then summed, creating the tr distribution provided on the left
in Figure 4.3A. Similarly, the 64 pure clusters were aligned to view the distribution in the W
dimension. The clusters were aligned such that the most populated peak width index (the aligned
W with the largest number of m/z) were aligned within each cluster and then summed to create
the W distribution provided on the right in Figure 4.3A. For the tr dimension, 92.4% of the m/z
are contained within a 3 data point interval, corresponding to a 30 ms distribution width.
Similarly, for the W dimension, 96.1% of the m/z were also contained within a 30 ms distribution
width. Using these distributions, a box of 30 ms x 30 ms in both dimensions was used to
determine the sufficiently selective m/z from the 2D m/z cluster plots, and is referred to herein as
a “cluster box.” Although the distributions in Figure 4.3A are not strictly Gaussian, since the
cluster box encloses ~ 95% of the m/z in each dimension, the cluster box dimensions are taken as
the 2D “peak width” in the context of a 2D m/z cluster plot. The cluster box dimensions may
need to be recalculated depending upon the instrumental and separation conditions.

The issue of undersampling with this method should be raised. For example, by taking
the GC — TOMFS data measured at 100 Hz and binning it down to 20 Hz, the m/z no longer form
a distribution in the tr dimension. Each m/z “cluster” is reduced to essentially a single bin, which
in the case of 20 Hz data, is 50 ms wide (versus sufficiently sampled and 30 ms wide). Hence,

the tr dimension becomes undersampled. Also, the accuracy of the W measurement suffers, and
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the clusters all appear to have nearly the same W. Overall, the use of a 20 Hz sampling rate
results in a reduction in resolving power in both dimensions in the 2D m/z cluster plot.

The cluster box may be readily applied to determine the selective m/z for a given analyte.
To do so, the box is initially centered on the single most populated “indexed” 2D location in a
cluster. For this purpose, we elected to require three or more m/z at a single location (green or red
point per Figure 4.2C) to define a cluster. By manual inspection, it often is readily possible to
visually determine a cluster without the location of a green or red point. However, a minimum of
three m/z at one location was applied for this study. Next, the cluster box is positioned such that
the maximum number of nearby m/z are included within the box, while also containing the most
populated location within the box. The most populated location was not required to be in the
center of the cluster box. The chromatographic peaks corresponding to the m/z within the box are
then summed and averaged, creating an average elution profile for the analyte. Peaks above the
signal threshold from m/z falling outside this box are not included in the average. Figure 4.3B is
an overlay of the TIC from Figure 4.1B and the initial 2D m/z cluster plot from Figure 4.2C that
has been processed using the cluster box. The method was readily applied in an automated
fashion to the entire chromatogram from Figure 4.1A (see Figure 4.3C). In the construction of
the 2D m/z cluster plot for the entire separation, it is possible that two closely eluting analyte
clusters may be combined into one cluster box. Indeed, there is always a limit to how well two
closely eluting analytes can be resolved. We note the format of the entire 2D m/z cluster plot
resembles the 2D separation provided by GC x GC [29]. The width of the clusters in each
dimension (30 ms) provides a profound increase in the potential peak capacity of the original
GC-TOFMS data (30 ms cluster width versus ~1.1 s peak 46 width-at-base). The W values differ

by as much as ~ 90 ms for closely eluting analytes in Figure 4.3C, thus the effective peak
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capacity (number of resolved cluster boxes) in the W dimension is ~ 3. Since the original GC
peaks have a width of ~1.1 s, and the clusters have a width of 30 ms, the effective peak capacity
production of the GC-TOFMS data increased nearly 40-fold from ~ 55 peaks/min to ~ 2,000
peaks/min. By taking into account the peak capacity in the W dimension, the total peak capacity
is potentially ~ 6,000 peaks/min using both dimensions of the 2D m/z cluster plot (~ 100-fold
improvement). State-of-the-art GC x GC — TOMFS produces a peak capacity production of ~
1,000 peaks/min [10] thus we are also achieving a significant increase in the apparent peak
capacity production over GC x GC.

To demonstrate the benefit of applying the method at relatively low chromatographic
resolution, we consider two peaks at a Rs of 0.3 in the original GC-TOFMS format, with a tr
difference of 340 ms and an average peak 4c width-at-base of 1.1 s. The two analytes, methyl
hexanoate (MH, actual tr = 248 s) and 1, 2, 3-trichlorobenzene (TCB, actual tr = 350 s) were
originally baseline resolved from all analyte peaks in the 73 component mixture. The GC-
TOFMS data for these analytes were cut from the chromatogram and mathematically combined
in Matlab at Rs = 0.3. These two analytes were chosen for study because they exhibit similar
peak intensities, their peak W are realistically different, and they provide an adequate number of
selective and overlapped m/z. The difference in W between the MH and TCB (~ 8%) is
consistent with the range predicted by the modeling provided in the Supporting Information [24,
25]. Figure 4.4A shows the mathematically convoluted peaks. The TIC is shown in the inset. The
TIC peak appears symmetrical which would not suggest this peak as containing overlapped
analytes. The tall, black peak is m/z 74, a common, high intensity fragment shared between the
two analytes. The time dimension is an arbitrary scale since the peaks were removed from their

original location in the chromatogram. Figure 4.4B shows the 2D m/z cluster plot from the
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processed data from Figure 4.4A, prior to applying the cluster box. While the selective m/z for
each analyte are located in or near the boxes, the m/z with W elevated relative to the boxes are
m/z shared between the two analytes. The horseshoe shape of the overlapped m/z, as illustrated
by the dashed trace in Figure 4.4B, is a result of both analytes contributing significantly to a
resultant net peak profile with the W and tr altered as compared to peaks from selective m/z. A
horseshoe shaped pattern is typical for 2D m/z cluster plots of poorly resolved peaks (Rs < 0.4).
Overlapped peaks with Rs between ~ 0.4 and 1.5 (omitted for brevity) still indicate overlapped
m/z, but they appear directly over selective m/z (in the 2D m/z cluster plots), indicating using the
method would still be beneficial.

For better visualization of the separation of TCB and MH in the 2D m/z cluster plot in
Figure 4.4C, all m/z outside the cluster boxes have been removed (demonstrated in Figure 4.3B).
The combination of the W and tr dimensions benefits identification of overlapped m/z, while also
providing additional resolution between the selective m/z of the two analytes. The selective m/z
for TCB have a W of ~ 680 ms whereas the selective m/z for MH have a W of ~ 630 ms. The two
clusters are also separated in the tr dimension by 340 ms. The 2D resolution, Rs2p, between the
two clusters is 11.6, where Rs2p is defined as the distance of separation between two clusters
divided by the average width of the clusters, where width is generally defined by 4o, which is
95% of a normal distribution [30]. Recall the 30 ms x 30 ms cluster box defines the 2D cluster
width, encompassing ~ 95% of the m/z in the W and tr dimensions. By reducing the data to the
2D m/z cluster plot, which contains in essence, the same chemical information as the original
GC-TOFMS chromatogram, the effective chromatographic resolution between the two analytes

has increased nearly 40-fold, from 0.3 (separation of peaks) to 11.6 (separation of clusters).
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The signals at the selective m/z, defined as all m/z within the cluster boxes in Figure 4.4C,
provide the pure elution profile for the analytes TCB and MH. The multiple selective m/z within
a cluster box are used to more confidently provide the pure elution profile for each analyte.
Figure 4.4D shows the resulting peak profiles when the selective m/z for TCB and MH are
averaged by the number of m/z in each cluster box. By creating the average peak profile for each
analyte, a constraint to the solution to the CLS deconvolution is imposed. The peak profile at
each m/z must fit one of the two average chromatographic peak profiles, or if interfered, the peak
profile must be a linear combination of the two pure profiles [21, 31]. CLS provides the correct
proportion per m/z between the two analytes. Hence, CLS analysis provides their deconvoluted
peak signal profile and mass spectrum. The deconvoluted peak signal profiles are essentially
identical to the average peak profiles by application of the cluster box to the selective m/z, in
every way except in their relative peak height. For this example at Rs = 0.3, the CLS analysis
captured 99.98% of the variance with a R? of 0.9999 for both analytes. The inset in Figure 4.4D
provides the deconvoluted spectra for TCB and MH. The CLS determined mass spectra were
matched to the pure spectra (known a priori). Resulting match values (average with standard
deviation from four replicates) were 985+3 for TCB and 9831 for MH, indicating excellent
matches to the library spectra and a reproducible analysis.

On the basis of the results presented in Figure 4.4, it is evident the 2D m/z cluster plot
method has the potential to resolve GC peaks separated by only a small fraction of their width
[32]. The W and tr dimensions work synergistically to facilitate resolution. To explore these
ideas further, the study of TCB and MH was extended in Figure 4.52 to Rs = 0.03 in the
traditional GC-TOFMS data format (see details in Supporting Information). Figure 4.S2A

provides the resulting 2D m/z cluster plot with the cluster box applied, where the initial Rs of
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0.03 (separation of GC peaks) has been dramatically enhanced to a Rs2p of 1.73 (separation of
clusters), a nearly 60-fold increase. Figure 4.S2B provides the CLS deconvoluted pure elution
profiles and mass spectra in the inset. The match values were 954+8 for TCB and 920+18 for
MH (average with standard deviations from four replicates). Even at this challenging level of
low Rs, the 2D m/z cluster plot method provides accurate and precise analytical information.

In the separation of the 73 component mixture, two analytes naturally overlapped with Rs
~ 0.04. The 2D m/z cluster plot method, with CLS, was used to deconvolute and identify the two
analytes. Figure 4.5A provides the 2D m/z cluster plot of the section of the chromatogram in
question. The TIC is in the inset. From the TIC the peak appears pure. The W is not noticeably
inflated and the peak shape appears symmetrical. The TIC peak has a W of 690 ms and an
asymmetry value of 1.05 [33]. The two clusters have a Rs2p of ~ 1.5, which is slightly smaller
than the simulated example in Figure 4.2SA, and is primarily due to a smaller difference in W.
Figure 4.5B provides the CLS modeled peak profiles for each analyte with the deconvoluted
mass spectra in the inset. The deconvoluted spectra were matched to library spectra for
identification. The two clusters were identified as benzene (match value of 986+2) and
cyclohexane (match value of 935+9). These results were validated using individual standards for
these analytes. Unless an additional separation dimension is applied, such as in GC x GC, these
two analytes are often not well resolved in one-dimensional GC. However, since the analytes
display a slight Rs ~ 0.04, and exhibit sufficiently different W, they were readily analyzed by the
method presented.

45  Supporting Information
The supporting information contains Table 4.1.S1, which is a list of compounds used to

make the test mixture. The chromatographic modeling is described in some detail. Finally, an
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extra example applying the 2D m/z cluster method at a Rs of 0.03 is provided. We previously
implemented chromatographic theory to study peak broadening in high-speed isothermal GC
separations [23]. Building from that effort, as well as prior research by Snijders, Janssen, and
Cramers [24], we recently developed and applied modeling software for high-speed temperature
programmed GC separations [25]. In the current report, we implemented our GC modeling
software in order to assess the plausibility that the peak W for a representative retained analyte,
while eluting with a constant tr, is dependent upon the analyte gas phase diffusion coefficient in
the carrier gas mobile phase, Dg. As described by Fuller, Schettler, and Giddings, Dy is
dependent on its molecular weight and diffusion volume [26] and is an important variable in the
Golay equation, which shows that the peak width is not solely dependent on retention time, but
also on analyte specific properties, such as Dg.

The column modeled had dimensions of 30 m x 250 pum i.d. with helium as the carrier
gas at a flow rate of 2.0 ml/min. The outlet pressure was ambient pressure, taken as 101.3 kPa
(14.7 psi). A chromatographic run time of 500 s was modeled (with a time increment in the
temperature program model of 0.01 s). The temperature program began at 35 °C and was held for
1 min, and the temperature was increased at 33°C/min until 280 °C and held for 1 min.

Retention data were also measured as described in the Experimental section for suitable
test analytes and converted to retention factors, k, to obtain thermodynamic information from
Van’t Hoff plots used in the modeling. Separations were performed at seven temperatures run
isothermally from 100 °C to 250 °C at a 25 °C interval for 3-octanone, dodecane, cyclohexane,
and t-butylbenzene. Although Van’t Hoff plots for four test analytes were prepared, for the
purpose of modeling the Dg influence on the detected peak W at a constant tr, only a single set of

representative thermodynamic data was required. We selected 3-octanone, with a Van’t Hoff plot

88



slope of 4,560 (-AH/R) and y-intercept of -10.7 (AS/R). 3-octanone was chosen as the
representative test analyte since it eluted in roughly in the middle of the modeled separation, with
a tr 0f 340 s, at an elution temperature of 189 °C, with a local k of 0.44 at the moment of elution.
For the modeled GC separations, the Dg was varied while keeping all other parameters constant,
and the W was determined at each Dg.

Figure 4.S1 is a plot of the modeling results with W versus Dg,o, the diffusion coefficient
at the outlet, which is larger than Dg at the column inlet [27]. Peak widths predicted by the
modeling range from 0.70 s to 0.82 s for W. For a typical analyte eluting at a constant tr, the W
can theoretically differ by as much as ~ 100 ms (~ 10 % to 15% of W) which provides a basis for
one form of chemical selectivity in the W dimension in the 2D m/z cluster plot method. While the
modeling presented herein describes one plausible way to account for a change in W (at ~
constant tr), there are other approaches to consider in future studies, such as an analyte
dependent difference in k at moment of elution from the column outlet that relate to differences
in analyte thermodynamic properties [28], but the method described utilizes analyte dependent
differences in peak W, regardless of how the difference is produced.

Figure 4.S2A provides the resulting 2D m/z cluster plot with the cluster box applied,
where the initial Rs of 0.03 (separation of GC peaks) has been dramatically enhanced to a Rs2p of
1.73 (separation of clusters), nearly a 60-fold increase. The TIC of the combined signals for the
two analytes, provided in the inset, does not provide any evidence of two analytes being present.
If the two clusters had no separation in the W dimension the Rs2p would still be ~ 1. Due to the
W dimension, the two clusters have an additional dimension to gain resolution. Figure 4.S2B

provides the CLS deconvoluted pure elution profiles and mass spectra in the inset. The match
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values were 95448 for TCB and 920+18 for MH (average with standard deviations from four

replicates).

46  Conclusions
We have introduced a novel way of processing and visualizing GC-TOFMS data. By

viewing the processed chromatograms in a 2D m/z cluster plot, peaks with Rs ~ 0.03 in the

traditional signal versus time format can be visually identified as separated, and deconvoluted
using chemometrics. The method should in principle be readily applicable to data from a high-

resolution TOFMS to gain a significantly higher data point density per cluster, i.e. more m/z

values. Additionally, this method should be applicable using a modern gMS, but may not provide

as much selectivity and resolution in the 2D m/z cluster plot due to a lower sampling rate.

Studying the effect of tuning the W dimension for added selectivity and enhanced resolving

power should be investigated. It is quite possible measurements of peak overlap other than W as

demonstrated herein, would be fruitful. Analyte pairs with Rs ~ 0 on the tr dimension could, in
principle, be separated on the W dimension, however, a more involved chemometric procedure
would likely be required to complete the analysis. The method holds promise as a new approach
in chemical separation science similar to the gains generated by GC x GC.
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4.8  Tables

Table 4.1.S1. List of compounds with mass, boiling point (BP), and vendor used in the 73
component mixture. An aliquot of the mixture was diluted 1:100 in acetone prior to analysis.
* Indicates analyte was used in creating m/z distributions in Figure 4.3A.

Chemical Mass (mg) | BP (°C) Vendor
pentane 131 36 J.T. Baker
ethyl formate 151 54 Sigma-Aldrich
acetone 180 56 Sigma-Aldrich
chloroform 132 61 Fischer
n-hexane 151 69 Sigma-Aldrich
methylcyclopentane 105 72 Fluka
2-butanone 143 80 Sigma-Aldrich
benzene 112 80 Fischer
cyclohexane 119 81 Sigma-Aldrich
1-propanol 118 97 Sigma-Aldrich
heptane 138 98 Fischer
methylcyclohexane 108 101 Sigma-Aldrich
2-pentanone 151 102 Sigma-Aldrich
toluene 123 111 Sigma-Aldrich
2-butanol 131 117 Sigma-Aldrich
octane 124 126 Sigma-Aldrich
3-hexanone 135 128 Sigma-Aldrich
chlorobenzene 121 132 Alfa-Aesar
1-chlorohexane 129 135 Sigma-Aldrich
ethylbenzene 113 136 Sigma-Aldrich
1-pentanol 120 137 Sigma-Aldrich
xylenes (0, m, p) 126 139 Mallinckrodt
3-heptanone 116 141 Sigma-Aldrich
*cyclooctane 113 150 Sigma-Aldrich
nonane 125 151 Sigma-Aldrich
*propylbenzene 125 152 Sigma-Aldrich
*1-bromohexane 129 156 Sigma-Aldrich
*bromobenzene 118 156 Sigma-Aldrich
1-hexanol 117 158 Sigma-Aldrich
2-heptanol 118 160 Fluka
*mesitylene 132 163 Sigma-Aldrich
*3-octanone 115 167 Sigma-Aldrich
*t-butylbenzene 141 167 Sigma-Aldrich
*methyl hexanoate 135 168 Sigma-Aldrich
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isobutylbenzene 108 170 Sigma-Aldrich
sec-butylbenzene 123 173 Sigma-Aldrich
*decane 95 174 Sigma-Aldrich
1-bromoheptane 135 179 Sigma-Aldrich
butylcyclohexane 110 181 Sigma-Aldrich
butylbenzene 130 183 Sigma-Aldrich
*methyl octanoate 116 193 Sigma-Aldrich
1-octanol 123 194 Sigma-Aldrich
*2-nonanone 126 194 Sigma-Aldrich
undecane 107 196 Sigma-Aldrich
*1-bromooctane 127 199 Sigma-Aldrich
*1 - . .
trichlorj;gnzene 115 208 | Sigma-Aldrich
2-decanone 114 209 Sigma-Aldrich
*1-nonanol 110 215 Sigma-Aldrich
dodecane 96 216 Sigma-Aldrich
naphthalene 118 218 Sigma-Aldrich
* -
trichlolrz)zt;gnzene 133 219 Sigma-Aldrich
methyl salicylate 117 223 Alfa-Aesar
methyl decanoate 123 224 CEhastn_]an
emicals
ethyl salicylate 111 227 Alfa-Aesar
bicyclohexyl 111 227 Sigma-Aldrich
1-decanol 107 229 Sigma-Aldrich
1-geraniol 118 230 Sigma-Aldrich
2-undecanone 112 231 Sigma-Aldrich
tridecane 99 235 Sigma-Aldrich
cyclohexylbenzene 130 239 Sigma-Aldrich
2-dodecanone 101 245 Sigma-Aldrich
tetradecane 94 254 Fluka
1-dodecanol 102 256 Acros Organics
methyl laurate 125 267 Sigma-Aldrich
pentadecane 117 271 Alfa-Aesar
hexadecane 137 287 Sigma-Aldrich
1-tetradecanol 111 289 Sigma-Aldrich
2-pentadecanone 104 294 Sigma-Aldrich
pristane 97 296 Sigma-Aldrich
1-hexadecanol 122 344 Sigma-Aldrich
*adamantane 111 sublimes | Sigma-Aldrich
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Figure 4.1 (A) TIC chromatogram of the 73-component mixture. Peak widths, W, were in the
range of ~ 0.6 to 0.7 s. (B) Region of chromatogram from (A) with all m/z overlaid. The five
analytes are methyl hexanoate (MH), cyclooctane (CYQO), 1-bromohexane (BH), bromobenzene
(BB), and propylbenzene (PB). (C) Traditional 2D GC-MS image plot of the region from (B).
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Figure 4.2 (A) lllustration of the 2D m/z cluster plot method. Two m/z from MH (m/z 70, blue
and m/z 101, green) with slightly different tr and W. The W is plotted versus tr for every peak
above the user defined signal threshold. (B) Stacked plot of a noise region for four m/z. The
noise characteristics differences per m/z may result in slightly different tr and W per analyte. (C)
2D m/z cluster plot of the region from Figure 4.1B. Each point is the W of the GC peak plotted
against the tr per m/z. Points in the cluster plot with the same tr and W are color coded based
upon the frequency of their occurrence: 1 m/z: gray; 2 m/z: black; 3 m/z: green; 4+ m/z: red.
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Figure 4.3 (A) Cumulative distributions for 64 pure 2D m/z cluster plots (16 analytes with 4
injection replicates). Left: Distribution in the tr dimension. Right: Distribution in the W
dimension. See text for description of cluster alignment. A 30 ms x 30 ms window defines a
“cluster box,” and determines the selective m/z. (B) TIC of Figure 4.1B overlaid with the 2D m/z

cluster plot of the respective region. Each cluster has been

processed with the cluster box to

remove outlying m/z, using the legend in Figure 4.2. (C) Display of the 2D m/z cluster plot of the
entire separation after applying the cluster box. On this time scale, each cluster box appears as a
red vertical line 30 ms tall, centered on the middle of the cluster. The apparent peak capacity in
the W dimension is ~ 3 for the separation time window from 2 to 7 min.
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Figure 4.4 (A) Superimposed GC peak signals for two analytes at a Rs of 0.3, right: methyl
hexanoate (MH), left: 1, 2, 3-trichlorobenzene (TCB). The most intense black trace is m/z 74, a
prominent fragment in both analytes. The TIC is provided in the inset. (B) 2D m/z cluster plot of
the data from (A) prior to applying the cluster box, using the legend in Figure 4.2. The
chromatographically overlapped peaks per m/z have elevated W and intermediate tr. Blue dashed
trace indicates the horseshoe-like shape of overlapped m/z. (C) After applying the cluster box,
only selective m/z (16 for TCB, 9 for MH) remain. The 2D resolution, Rs2p, of the clusters for
this pair of analytes is 11.6. (D) Deconvoluted peak signal of each analyte obtained from the
CLS deconvolution. Inset provides the deconvoluted mass spectra for each analyte (red — MH,
blue — TCB) with match values (MV average and standard deviation from four replicates).
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Figure 4.5 (A) 2D m/z cluster plot of an unresolved analyte pair from the separation of the 73-
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provided in the inset. (B) Deconvoluted signal profiles and mass spectra. Matching the
deconvoluted spectra to standard spectra collected in-house determined the two analytes to be
benzene and cyclohexane.
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Figure 4.52 (A) 2D m/z cluster plot of the same analyte pair from Figure 4.4 (MH and TCB) set
to a Rs of 0.03, using the legend provided in the Figure 4.2 caption. The TIC is provided in the
inset. The centers of each analyte cluster and their selective m/z are indicated by the two cluster
boxes. (B) Deconvoluted peak profiles and mass spectra of the two analytes with match values
given (MV average and standard deviation from four replicates).
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Chapter 5. Extension of the two-dimensional mass cluster plot
method to fast, high peak capacity separations utilizing low thermal
mass gas chromatography with time-of-flight mass spectrometry?®

5.1. Introduction

Gas chromatography mass spectrometry (GC-MS) is a powerful and widely used
analytical technique for the separation, identification, and quantification of volatile and semi-
volatile compounds in complex mixtures. GC is capable of resolving hundreds, if not thousands
of compounds in a single analysis. Many researchers have dedicated significant effort into
reducing analysis time while maintaining the separation efficiency. These efforts are due largely
to major technological advances in microbore capillary column implementation [1, 2], column
heating technology [3-22], flow control [23], injection methods [24-34], and detectors [35]. One
of the most promising avenues of advancing the fast GC field is based on resistive heating
technology. Two main categories of resistive heating have been developed over the years: Direct
resistive heating, which resistively heats a metal separation column directly; and indirect
resistive heating, which heats a metal column (or tube) in close proximity to a fused silica
separation column. One example of the latter category, the low thermal mass gas chromatograph
(LTM-GC) commercialized by Agilent, uses a coiled toroid consisting of a resistive heating
element, thermocouple, and fused silica capillary column wrapped in foil to minimize heat loss
[7]. The system is capable of heating at rates up to 1800 °C/min (30 °C/s) which in principle can
perform a traditional temperature programmed GC separation (~50 °C to 300 °C) in~8s. A
traditional oven bath GC operating at the maximum heating rate capable, 30-50 °C/min, would

take several minutes to accomplish the same temperature program.

5 This chapter is currently under revision in preparation for submission to Analytica Chimica Acta (2015)
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However, reducing the run time of a GC separation via use of a fast temperature program
may inadvertently compromise chromatographic resolution between analytes, which is also
manifested as a loss in separation peak capacity, nc. Resolution, Rs, is a metric of separation and
efficiency between adjacent analytes, defined as the difference in retention time, tr, between
analytes, divided by the average peak width at base (46), Wh, Of the two analytes. If resolution is
compromised, this may compromise the ability to obtain information from the data from the
overlapped analyte peaks. Mass spectral matching, which is ubiquitously used for analyte
identification [36], can be significantly compromised by chromatographic overlap. Spectral
matching relies on pure target and library spectra and uses an algorithm to match the ratios of
spectral fragment intensities of target vs. library spectra [37, 38]. In order to obtain pure spectra
from chromatographically overlapped peaks, mathematical deconvolution is often required. GC-
TOFMS provides a bilinear data structure which is amenable to multivariate data analysis
techniques to elucidate pure spectra from overlapped analytes [39-41].

We recently reported a study involving LTM-GC with flame ionization detection (FID)
for fast, high peak capacity separations involving different sample injection methodologies [42].
The peak capacity, nc, is a metric of the number of peaks that can be adequately resolved in a
given time, defined as the separation window, tsep, divided by the average peak width at base, Wh.
The n¢ is generally reported at unit resolution, Rs = 1. However, if the benefits of analyte peak
deconvolution are also considered, the effective n¢ is further normalized by dividing nc initially
calculated at unit resolution, by the new Rs limit. For example, common peak finding algorithms
that simply count peak maxima, can do so at a Rs limit of 0.5 [43], thus the n. for such a peak
counting algorithm would be doubled relative to nc at unit resolution. At unit resolution, we

previously achieved an n¢ of nearly 300 in a 60 s separation using LTM-GC-FID [42]. The large
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nc was fortuitously benefited by on-column focusing, since by manufacturers design the LTM
column is located held outside of the GC oven, so the head of the LTM column naturally serves
as a cold trap prior to starting the temperature program. The rapid column heating rate, 250
°C/min, kept peaks narrow as they began to separate within the column. The W, produced by
LTM-GC were extremely narrow, reaching ~30 ms on a 5 m x 100 pum inner diameter (i.d.)
column for the least retained analyte. Also demonstrated was the remarkable resolution between
two adjacent analyte peaks, octane and decane. The two peaks, while separated by only 9 s with
Wy =200 ms, provided Rs = 45 between them. These factors (analyte focusing, rapid column
heating, and narrow peak widths) facilitated the demonstration for fast GC analyses to offer
similar chemical information in a fraction of the time compared to traditional time-scale GC.
Previously we reported a novel data reduction and visualization method for GC-TOFMS
data using two-dimensional mass channel (m/z) cluster plots, referred to herein as the “2D m/z
cluster method” [44]. To summarize, the chromatographic data is first preprocessed by an
appropriate smoothing and baseline correction step. Next, the chromatogram is subjected to a
peak finding algorithm used to detect peak maxima for all collected m/z above a user specified
signal threshold (not just the TIC). The peak width, W, is then calculated (either at base, W, or
half-height, Whn ) for each peak maxima detected for each m/z. Processing the data in this fashion
converts the signal at each m/z associated with a chromatographic peak into a single data point
consisting of a retention time, tr, and width, W, with the coordinate (tr, W). All of the m/z are
then plotted (W versus tr) to produce a 2D m/z cluster plot. Each pure analyte peak produces a
cluster of points (one point per m/z) in the 2D space, since points at a given coordinate
accumulate, providing chemical selectivity in both dimensions, W and tr. Peak signals per m/z of

overlapped analytes produce points in the cluster plot with inflated W, at intermediate tr relative
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to the corresponding tr of peak signals of pure analyte m/z, with the linear combination of the
multiple peak signal vectors for the interfered m/z producing wider peaks. Thus, both dimensions
of a cluster plot provide useful chemical information as well as a novel way to visualize GC-
TOFMS data. Additionally, the clusters of m/z for each analyte are significantly narrower than
the corresponding chromatographic peak, thus significantly increasing the resolution between
adjacent analytes. The method can be used to accurately and confidently deconvolute analytes at
Rs~ 0.03. Hence, the method can be used to accurately determine the number of analytes in
overlapped peaks (i.e. the rank), can provide an accurate determination of the number of analytes
in a sample, as well as provide a significant increase in the overall peak capacity of the system.
Herein we implement new algorithmic parameters, methods, and instrumentation with the
2D m/z cluster method. The primary focus is the use of an Agilent Low Thermal Mass (LTM)
GC system coupled to a LECO Pegasus Il TOFMS (LTM-GC-TOFMS) with the 2D m/z cluster
method. A relatively fast heating rate was applied (250 °C/min) and short column used (10 m x
100 pm i.d.), compared to previous work (33 °C/min heating rate, 30 m x 250 um i.d. column)
[44], to produce a much faster separation with significantly narrower peaks. A rapid spectral
collection rate of 500 Hz is implemented (5-fold faster than previously applied) with additional
key preprocessing in order to optimally apply the 2D m/z cluster method. The peak width-at-
base, Wh, is used as the metric of peak purity since it is more selective for interfered m/z
compared to Whn previously applied. Due to its various benefits for analyte deconvolution,
Multivariate curve resolution alternating least squares (MCR-ALS) was evaluated. MCR-ALS
has been used extensively in data mining methods in multivariate data sets for deconvolution,
calibration, and quantification [45-49]. A key parameter in using MCR-ALS is knowing the rank

of the data input for deconvolution. The 2D m/z cluster method provides a novel approach to
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objectively obtain the rank of the matrix for MCR-ALS, thus improving the deconvolution.
Based on previous implementation of the method combined with algorithmic improvements to
the method and use of the LTM technology, a 30-fold increase in effective peak capacity is
hypothesized (i.e. effective nc of 10,000 in 120 s).
2. Experimental

All chemicals used were reagent grade or higher unless otherwise noted. A liquid
hydrocarbon mixture containing 115 components was created by adding ~100 mg each of the
neat compounds (Table 1). For unambiguous peak identification, 9 separate mixtures were made,
each containing a unique subset of 12 to 13 components from the full 115 component mixture.
Each mixture was analyzed on the LTM-GC-TOFMS under the same conditions as the full
mixture (data omitted for brevity). An in-house library of mass spectra and retention times was
created to aid in identifying overlapped peaks from the full 115 component mixture.

GC-TOFMS data was collected using an Agilent 6890A GC (Agilent Technologies, Palo
Alto, CA) with a LECO Pegasus 11l TOFMS (LECO, St. Joseph, MI). An Agilent Series | Low
Thermal Mass (LTM) column module was attached to the existing GC door. A 10 m x 100 um
i.d. column with a 0.4 um DB-5 film (5% phenyl / 95% dimethyl polysiloxane) was used. Two
segments of 100 um i.d. deactivated fused silica capillary were used as a transfer line between
the inlet and the head of the LTM module, and between the outlet of the LTM to the mass
spectrometer, respectively. Ultra high purity helium was used as the carrier gas operated at a
column flow rate of 2 ml/min. (Grade 5, 99.999%, Praxair, Seattle, WA, USA). The flow rate
required the use of an aftermarket high-pressure inlet operated at 1034 kPa (150 psig). The inlet
was operated at 300 °C in split mode at a 300:1 split ratio. An auto-injector equipped with a 500

nl (0.5 pl) micro-syringe (Hamilton, Reno, NV) injected 50 nl (0.05 pl) of the neat sample into
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the inlet. The oven was held at 280 °C to prevent analytes from separating in the transfer lines
prior to the analytical column as well as keeping the peaks narrow as they exited the column
prior to detection. The LTM column was held at 50 °C for 30 s (void time) then ramped at 250
°C/min to a final temperature of 300 °C where it was held for 60 s for a total separation time of
150 s. The TOFMS collected m/z 33-250 at a collection rate of 500 Hz, which corresponds to a 2
ms time interval per spectrum collected. The ion source was 250 °C and the electron impact
voltage was -70 eV.

Matlab R2012b (The Mathworks, Inc., Natick, MA, USA) was used to process the raw
GC-TOFMS data and to create the method algorithm and a GUI (Graphical User Interface).
Processing involved three steps to produce clusters with relatively narrow distributions in the
two dimensions, Wy and tr. First, the raw GC-TOFMS data (signal versus time vector for each
m/z) were independently baseline corrected. Second, a Fast Fourier Transform (FFT) smoothing
technique was used per each m/z, similar to the method previously described [50]. Use of the
FFT smoothing facilitated a significant reduction in the noise in the chromatographic data which
resulted in a further reduction in cluster dimension translating into a significant increase in the
resolving power of the method. In the last step, the resulting smoothed data is subjected to peak
finding and peak W, measurements of each detected m/z above a user selected signal threshold,
which is functionally a signal-to-noise ratio, S/N, threshold as the noise is relatively constant, and
finally plotting to produce the cluster plot. PLS Toolbox version 7.8.2 (Eigenvector Research,
Inc., Wenatchee, WA, USA) was used for performing MCR-ALS deconvolution. All m/z,
including those under the initial signal threshold, were included in the MCR-ALS deconvolution.

A non-negativity constraint was applied in the concentration and spectral profiles and a
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unimodality constraint was applied for the concentration profiles. An in-house written function
to import the data from the instrumental ‘.peg’ file to the Matlab workspace was used [51].
3. Results and Discussion

The 115 component mixture analyzed by LTM-GC-TOFMS provided a data set that both
highlights the fast, high peak capacity nature of the separation as well as allowing for the study
of the 2D m/z cluster method in a fast GC separation environment. Figure 5.1A is the total ion
current (TIC) chromatogram of a 50 nl aliquot (300:1 split) of the 115 component mixture (Table
1). The mixture was suitably complex requiring a traditional temperature program range (50 °C
to 300 °C) to adequately resolve a significant majority of the components. The W, ranged from
300 to 500 ms, with the majority of the peaks having Wy of ~ 350 ms. The separation window is
~120 s producing a nc of 340 at unit resolution. The fast temperature program used, 250 °C/min,
as well as the analyte on-column focusing effect provided by the LTM is critical in performing
the separation rapidly with narrow peaks [42]. The highest boiling point (BP) compound in the
mixture, 1-hexadecanol (BP 344 °C) eluted at 140 s. The two regions in the inscribed boxes will
be focused on to describe relevant portions of implementing the method in subsequent sections.

Figure 5.1B is a zoom of the region from 44 s to 50 s from Figure 5.1A. This 6 s window
shows the TIC of what appears to be 7 peaks. To put the 2D m/z cluster method into context with
traditional 2D plots of GC-MS data, an image plot of the region from Figure 5.1B is shown in
Figure 5.1C. This type of plot utilizes the multivariate aspect of MS detection and can aid the
user in visualizing the mass spectral dimension in conjunction with the GC separation dimension
in a single plot. The locations on the plot with dark color reflect the signal intensity of peaks at
the respective m/z plotted against separation run time. Visualizing the data as in Figure 5.1C can

be helpful in identifying areas of chromatographic overlap but is difficult to objectively
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determine the rank of the overlapped peak(s). For example, the peak at tr = 49.5s (right most
peak in Figures 5.1B & 5.1C) appears to have significant overlap, but the correct rank is
undeterminable by this type of plot. The 2D m/z cluster method, however, is able to determine
the rank of the overlapped peaks. Analysis of the right most peak in Figures 5.1B and 5.1C in
context of the 2D m/z cluster method will be provided in a subsequent section.

As previously reported [44], the spectral collection rate is an important parameter to
consider when using the 2D m/z cluster method. Traditionally, with GC-MS instrumentation, Wy
are generally between 2 s and 6 s with spectral collection rates of 5 to 20 Hz more commonly
applied. Initially, the 2D m/z cluster method was developed using a 100 Hz spectral collection
rate with 1 s Wy peaks. Fast data collection rates are commonly used to minimize extra column
band broadening due to detection [52, 53], to permit data transformation such as alignment [54-
56], and to aid in peak deconvolution [44, 57-59]. The previous report demonstrated that
undersampling (at 20 Hz, which provided ~20 spectra across the peak) was insufficient to
provide ample chemical selectivity in the Wy dimension. The spectral collection frequency
implemented in this study was the maximum capable of the LECO Pegasus Il TOFMS, at 500
Hz (m/z 33-250). In this study with LTM-GC-TOFMS, the W, ranged from 300 ms to 500 ms,
thus 150 to 250 spectra per peak were collected providing adequate data resolution and hence,
selectivity, in the Wy, dimension of the cluster plot. Additionally, the high spectral collection rate
can aid in measuring the tr of peaks very accurately, further facilitating the method.

The basic principles of the 2D m/z cluster method as applied with LTM-GC-TOFMS are
now presented using a representative chromatographically resolved analyte, 1-butanol in Figure
5.2A. The superimposed ion chromatogram shows that the signal vectors of each m/z appear as

nearly continuous functions, resulting from the extremely rapid data collection rate in
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conjunction with the FFT smoothing technique. There is no digitization of the data, no angular
artifacts due to undersampling, nor any apparent aliasing. The tr is determined from the apex of
each peak while the Wy is measured at 13% of the max height (4c width) for each respective m/z.
The signal threshold was 40 units, under which no peak maxima were measured. Figure 5.2B
shows the resulting cluster plot of the data from Figure 5.2A where each point (colored box) is
the Wy plotted versus the tr per m/z peak. The color indicates the accumulative frequency that the
m/z peaks within the analyte had an identical (tr, Wb) coordinate relative to one another. In this
case, there are no points that have identical (tr, Ws) coordinates as indicated by all colored points
being black. The rapid data collection rate of 500 Hz enables the tr of each m/z to be determined
with 2 ms precision. The fast data collection rate provides a greater precision in the tr and W
measurements compared to a slower collection rate, however, it is more unlikely that m/z will
initially have identical (tr, W) coordinate points.

The strength of the method relies on a sufficient data sampling rate to unambiguously
determine the location of pure or overlapped analytes. The clusters represent the original
chromatographic data but with additional selectivity. If the points representing the peak are not
sufficiently overlapped (i.e. no colored points, as in Figure 5.2B), it becomes difficult to discern
between pure and overlapped analytes. In order to achieve an optimal balance between retention
time and peak width accuracy in relation to appropriate visualization of the data, where each pure
analyte is represented by a small cluster with overlapped m/z points, the initial clustered data
must be binned. The GC-TOFMS data was purposefully oversampled initially so there would not
be any digitization of the clusters, (i.e. be undersampled) to obtain accuracy in the tr and W
dimensions. The data must be binned sufficiently such that a well-defined cluster of m/z is

obtained. Since GC peaks are measured at their 4o width which contains 95% of the area
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(assuming a Gaussian peak shape), the appropriate binning factor would ideally sample 95% of
the unbinned data in each dimension, ideally in 3 bins (similar to modulating a GC x GC peak at
a modulation ratio Mg = 2).

For general application of the method to objectively determine the distribution of pure
analyte clusters (in the tr and Wy dimensions) and to determine the extent of any required
binning, the following processes was performed. From the separation in Figure 5.1A, 10 fully
resolved chromatographic peaks (each with 3 injection replicates) were analyzed to make a total
of 30 pure m/z cluster plots containing 783 sufficiently independent m/z responses. The analytes
used are noted in Table 1. To determine the cluster distribution in the tr dimension, the clusters
were aligned such that the most populated index (the tr with the largest number of m/z) was
aligned between each cluster. The 30 aligned cluster plots were then summed to form the
distribution on the left in Figure 5.3A. Likewise, for the cluster distribution in the W, dimension,
the process was repeated by aligning the clusters such that the most populated index (in this case
the Wp with the largest number of m/z) was aligned between each cluster. The data was then
summed to form the distribution on the left of Figure 5.3B.

For binning the data, the tr dimension was binned by a factor of two, such that each time
interval became 4 ms, up from the initial 2 ms. The plot on the right of Figure 5.3A shows the
binned tr data, which now requires three 4 ms bins (12 ms) to gather 95% of the pure m/z in the
tr dimension. For the narrowest peak in the separation of 350 ms, the ‘width’ of the
chromatographic “peak” is a reduced by a factor of ~ 30, from 350 ms to 12 ms. Thus, in 2D m/z
cluster space, the peak capacity of the original LTM-GC-TOFMS separation is increased ~ 30-

fold, from n¢ of 340 to ~ 10,000. In the previous implementation of the method, the width of the
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clusters was 30 ms wide, therefore herein we achieved a 3-fold improvement over the previous
study [44].

The Wy dimension was binned by a factor of 15 resulting in 30 ms intervals. The results,
depicted on the right in Figure 5.3B, shows that the W}, distribution required a larger bin size.
The additional scatter in the Wy, dimension is not due to any alterations of peak shape due to
baseline correction or the FFT smoothing technique. The Wy is a more selective indicator for
differing peak widths. Nearby peaks, even those separated at 46 width, can still cause minute
changes in the W, which is detectable by the 2D m/z cluster method. This makes the method
extremely sensitive for detecting outlying m/z based on their Wy. Based on the distributions from
Figures 5.3A and 5.3B, a box consisting of 3 binned points (12 ms) in the tr dimension and 3
binned points (90 ms) in the Wy dimension was used to define and determine the pure m/z of
clusters.

Figure 5.4A shows the binned data for the 1-butanol cluster (compare to Figure 5.2B
prior to binning), which has a width in the tr axis of 12 ms (three 4 ms bins). When the data is
processed in this way, there is a S/N increase which makes the location of the analyte more
readily apparent. The color scheme for overlapped points is as follows: 1 m/z — light grey; 2 m/z
— dark grey; 3 or more m/z — black. For example, after binning, the black square represents an
accumulation of 3 mass channels with identical Wy = 450 ms and tr = 48.704 s. The remaining
cluster plots presented herein will be of the binned data. The appearance of points with darker
shading within 2D m/z clusters provides confidence that pure m/z are present. Whereas when
clusters of m/z are scattered (wide variance in tr and Wy and not lightly shaded) suggests that

adjacent analyte peak(s) may be altering the Wy, and/or tr, indicative of poorly resolved analytes.
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Figure 5.4B, from the inscribed region in Figure 5.1B, demonstrates the method for
LTM-GC-TOFMS data described thus far. The TIC (black line) is superimposed with the cluster
plot of the same region. The cluster on the right (H) is the same cluster from Figure 5.4A.
However, the grouping on the left appears to be two unresolved analytes marked F and G.
However, in cluster space the analytes are well resolved. The points between the clusters F and G
are the shared m/z between the two analytes. The binned 3 point by 3 point box which dictates
pure m/z is shown by the dashed black box. There are three analytes present in the window, but
only two peaks detected in the TIC. Traditional peak finding methods may only find two peaks,
which would lead to improper peak identification and quantification. The analytes F, G, and H
correspond to compounds 1, 1, 1-trichloroethane, 1-chlorobutane, and 1-butanol, respectively.
Analytes F and G are at a chromatographic Rs = 0.3, which is well above the limit-of-resolution
(LOR) of the 2D m/z cluster method, which is determined to be approximately 10 times lower, at
Rs~ 0.03 consistent with our previous report [44].

One of the primary uses of the 2D m/z cluster method is to provide an accurate
assessment of the number of analytes in overlapped peaks (i.e. the rank) which consequently aids
in accurately determining the number of analytes in an entire sample. Many software packages
can significantly overestimate (or underestimate) the actual number of analytes present. This
may be due to not detecting analytes at sufficiently low resolution or S/N, splitting peaks into
multiple entries (when constructing peak tables), or not deconvoluting peaks adequately. To
highlight these phenomena, the region of the chromatogram from Figure 5.1B is shown in Figure
5.5A. Again, rather than the TIC, each individual ion chromatogram is superimposed to better
visualize the data. It is clear that many of the peaks have multiple co-eluting analytes that are not

readily seen in the TIC. In addition, the analytes that are co-eluting are overlapped such that rank
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determination is still ambiguous simply from visual inspection, similar to Figure 5.1C. It is at
this stage in the data analysis that the 2D m/z cluster method would be applied.

Figure 5.5B is the resulting cluster plot from processing the data from the region in
Figure 5.5A. It can be seen that many of the peaks are overlapped, which is represented by
locations on the cluster plot with inflated Wh. However, due to the narrow distribution of the
clusters in the tr dimension (~12 ms) the resolution between analytes is greatly increased
(compared to the standard chromatogram) such that the pure m/z for each analyte can be
visualized. The rank of the overlapped peaks (similar to Figure 5.4B) can be determined by
analyzing the clusters of pure m/z in relation to the size of the clusters of pure m/z from the
distributions determined earlier (Figures 5.3A & 5.3B). Analytes A and B are overlapped in the
TIC producing only one peak maxima, which is adjacent, but partially resolved to analyte C.
Analytes A and B are separated at a Rs = 0.25 but produce only one peak in the TIC. The rank of
the peak with A and B would thus be two. Analytes D and E, while slightly overlapping, appear
to be adequately resolved (Rs = 0.77) to provide a single peak apex for each analyte in the TIC,
so the rank of each peak would be 1.

Two additional regions in Figure 5.5B are highlighted to show their significant peak
overlap. The first region, focusing on peaks F and G (at 48 s) is the same region from the left in
Figure 5.4B. Peaks F and G would be a rank of two, while peak H is a chromatographically pure
analyte with a rank of 1. The region on the far-right of Figure 5.5B (peaks I-L) will be analyzed
in more depth in Figure 5.7A (with the rank determined to be four, using the 2D m/z cluster
method). By combining the information gained from the plot in Figure 5.5B with Figure 5.5A,
the superimposed ion chromatogram (and TIC) becomes more informative. Figure 5.5C is the

TIC of the same region as Figures 5.5A & 5. 5B (with the superimposed ion chromatogram
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below) but with the rank indicated, i.e. number of analytes in each peak. Based on the TIC alone,
the number of actual analytes in this region could not confidently be determined; a traditional
peak finding algorithm using the TIC would detect 7 peaks, which is only ~ 60% of the actual
analytes; based on the 2D m/z cluster method there are 12 analytes present. Thus in this sample
window, the method provides an unambiguous determination of the number of analytes per peak.

Incorporating the cluster plot into peak rank determination also aids in the determination
of sample rank (i.e. number of analytes in the sample). Figure 5.6A is a complex region from the
LTM-GC-TOFMS separation noted in Figure 5.1A where many peaks appear overlapped and
convoluted. The separation window is 25 s with Wy of pure analytes of ~350 ms producing a
corresponding nc at unit resolution of 71. A traditional peak finding algorithm operating on the
TIC identified 42 peaks. The instrument software was used to identify peaks and it detected 65
analytes (ChromaTOF version 3.32). The number of peaks determined by the 2D m/z cluster
method was 52, which is in agreement with using retention time and mass spectral matching
from the 9 separate mixtures (Experimental Section).

Figure 5.6B is the resulting cluster plot of the region from Figure 5.6A where each
analyte cluster appears as a vertical line due to the scale difference between the cluster size and
the separation window. The separation window encompasses 25 s (25,000 ms) while the
dimension of the clusters in the tr dimension are ~12 ms (see Figure 5.3A), which makes them
appear extremely narrow but in reality still appear as clusters when viewed on a smaller time
scale. The height of the clusters, 90 ms, was determined from the distribution in Figure 5.3B.
The analytes are color coded based on their rank. A peak width rank 1 appears as a black line
while peak(s) with rank greater than one appear red. Unit rank peaks are defined as analyte peaks

that are chromatographically resolved enough to produce a single cluster per peak (e.g. analyte H
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in Fig. 5.4B). Red clusters of rank greater than one represent overlapped analyte peaks that are
no longer chromatographically pure and may only exhibit one peak maxima for a pair (or more)
of analytes. However, with the 2D m/z cluster method, they are clearly resolved (e.g. analytes F
and G in Figure 5.4B).

In this example in Figure 5.6B, the peak at tr = 76.3 s was of unknown rank. The
unknown rank TIC peak is at the LOR of the 2D m/z cluster method where the two or more
analyte clusters are too unresolved to be distinguishable as separate clusters, which would be at
Rs < 0.03.The peak was theorized not to be of single rank as evidenced by two observable
characteristics: the width of the cluster in the tr dimension was 20 ms which was wider than that
of a pure cluster (12 ms), and the number of m/z in the cluster, 47, was disproportionately large
for the any analyte in the sample, most analytes having ~20 to 30 m/z defining a cluster. Initially
trying to match the peak to the mass spectral library resulted in mesitylene at a match value of
845. In general application of the method, this peak would be below the LOR of the method.
However, selective application of the method provided feasible results in the deconvolution. The
results of the selective application were t-butylbenzene (MV = 937) and isopropyl benzene (MV
= 935). Mesitylene was identified elsewhere in the chromatogram at a significantly higher match
value.

A critical parameter in peak deconvolution for many chemometric methods is having
requisite knowledge of the number of analytes, (or rank, i.e. number of factors) in an overlapped
peak. Using an inappropriate number of factors in deconvolution will lead to poor fit percentage,
significant residuals, improper identification, and poor quantitative results. MCR-ALS is an
excellent chemometric method for chromatographic peak deconvolution [45-49], however

objective and straightforward determination of the rank would benefit by coupling with the 2D

117



m/z cluster method. The basic principles associated with doing so will be briefly explained and
demonstrated here. For bilinear GC-TOFMS data, the data matrix, D, can be decomposed into
concentration profiles (i.e., chromatographic peaks), C, and mass spectral profiles, S, with error
(or residual) matrix, E.

D=Cx*ST+E (1)
The ALS algorithm reconstructs the data matrix from the concentration and spectral profiles,
while minimizing the error (or residual) matrix. The model is said to converge when subsequent
iterations of the processes fall below a specified residual value. By initializing the model with an
initial estimation of the number of components, components concentration profiles, and/or mass
spectra of any known compounds will aid in the model converging to a useful answer, i.e. a
model that accurately represents the chemical constituents (concentration, spectra, rank, etc.) of
the sample. A non-negativity constraint was imposed for both C and S. A unimodality constraint
was also imposed for C, meaning each analyte can only contain one peak apex. For classical least
squares (CLS), which was implemented in a previous study [44], either C or S must be known
explicitly to solve for the other parameter. However, with MCR-ALS, there is no stringent
requirement of knowing either. The ALS algorithm will alternate in solving for C and S until the
model converges. However, providing initial guesses of C and S, possible useful constraints, and
the rank of the peak will significantly aid in the model successfully converging. The main benefit
of using MCR-ALS over CLS is that if certain information is omitted (i.e. missing peaks,
spectra), the model can still fit the remaining data to a separate factor, whereas in CLS the
missing data would be either modeled into one of the predetermined factors, or placed into the

residuals and omitted.
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As was discussed and demonstrated, one of the benefits of applying the 2D m/z cluster
method is unambiguous detection of multiple analytes within a single chromatographic TIC
peak. In the discussion of Figure 5.5, it was noted that the TIC peak at ~50 s contains 4 analytes
(i.e. has a rank of 4). Figure 5.7A depicts the corresponding cluster plots of the 3 injection
replicates of the same single TIC peak. The first 3 panels show the individual cluster plots for
each replicate. Each plot looks relatively similar to the others with the same underlying structure.
There are slight differences in Wy and tr for a small number of m/z (due to noise and slight tr
misalignment between injection) between the three plots. However, each cluster plot has 4
clearly defined clusters located toward the bottom of each plot (narrower Wy) and an overarching
scattering of points higher up on the y-axis. The clusters with narrow Wy represent the pure m/z
for each analyte whereas the outlying points (i.e. points with higher peak W) represent m/z that
are shared between multiple analytes within the peak and produce a net resultant m/z profile that
has a wider Wy than a pure m/z channel. The fourth panel is the resulting plot of the first 3 panels
which have been temporally aligned and summed together. The color map is the same as in
previous figures: one m/z — light grey; two m/z — dark grey; three or more m/z — black. By
aligning and summing the data, less ambiguous clusters are produced, which represent the 4
analytes. The red circles represent the pure m/z and location of each analyte. Cluster plots could,
in principle, be used as a metric or marker used in conjunction with GC alignment software.
Typically, in chromatographic alignment, a reference target chromatogram (or set of peaks) is
chosen and the other chromatograms in the set are aligned to the reference target. The differences
in tr for a given set of peaks across multiple injections could be tracked and utilized to enhance
alignment. This peak mapping could be utilized by alignment algorithms to check the

adequateness of alignment and to further refine alignment.
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The cluster plots for each injection replicate in Figure 5.7A were used to forward data to
the MCR-ALS deconvolution. The number of factors (rank) was evidenced by the fact there are
4 clear clusters present in each cluster plot. The simplicity of the method has benefits over
having to use extra chemometric methods for factor selection, such as principal component
analysis (PCA) or evolving factor analysis (EFA). Specially, the initial guesses for C were
provided by pure elution profiles of each pure cluster. The pure m/z vectors within each cluster
were independently summed and averaged to produce 4 pure elution profiles, one for each
analyte. The elution profiles are already ‘aligned’ to the data, meaning the pure elution profiles
came from the same data set as the overlapped data. There is no need to run standards to identify
overlapped peaks; in cases where peak overlap is so significant, the deviations in tr between
standards can be more than the difference in tr between overlapped peaks. The 4 pure elution
analyte profiles were forwarded to the MCR-ALS algorithm. It was noted that using the pure
elution profiles as the initial guess or using them as hard constraints provided a nearly identical
result, indicating that the model converged to the same answer. Figure 5.7B are the reconstructed
TIC peaks for each factor for each injection replicate. A small amount of variance was observed
due to slight deviations between each model, which is possible due to injection volume variation
and slight retention time misalignment between samples. Also, variations in contributions
between factors (within the limits of minimizing the residuals) may also produce slight changes
in signal intensity between replicates. Multiplicative ambiguity can manifest itself in the results
of the deconvolution with differing weighting factors for the intensity of the C and S profiles
between each model. However, since spectral matching normalizes to the base peak, the

ambiguity in signal intensity in the spectral profiles is not affected. Also, when the data is
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reconstructed (as in Figure 5.7B) by taking the outer product of the C and S vectors and
summing, the data is no longer multiplicatively ambiguous.

Figure 5.7C shows the average spectra and match values for each of the 4 factors in the
MCR-ALS deconvolution among the 3 injection replicates. The reverse match value (RMV) was
used instead of the traditional forward match value (MV). The reverse match value omits
fragments from the sample (i.e. unknown) spectra that are not in the target library spectra. In
many deconvolution methods, minor contributions from other factors may be misappropriated
into other components. The RMV provides a more robust and defensible result than using all m/z
that may not be appropriately present. The standard deviation of each match is given to show the
reproducibility of the matching, which can be attributed to successful deconvolution. The spectra
appear extremely pure, signified by the high match value. A slight misfit in the model can be
seen with a small amount of signal at m/z 117, 119, and 121 in the neo-pentyl alcohol spectrum,
which is likely being attributed from the significant signal intensity from the carbon
tetrachloride. Additional knowledge of the system and applying more sophisticated constraining
parameters may give higher match values and more accurate quantitation, however for this report
it was shown to perform adequately using the conditions applied.

A previous report by van Stokkum, Mullen, and Mihaleva [45] demonstrated that the
LOR of MCR-ALS for deconvoluting GC-MS peaks was at a Rs ~ 0.2, below which the
deconvolution proved unsatisfactory. There reported LOR was determined by considering the
match value of two peaks of varying degrees of overlap prior to deconvolution. They noted that
by providing the “perfect starting values for the elution profiles” as the initial guess allowed the
MCR-ALS model to reach the minimum error (i.e. converge) very quickly. The reason the 2D

m/z cluster method works so well with MCR-ALS is because of the ability to provide the pure
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elution profiles without a priori knowledge of the system. The excellent spectral quality of the
deconvolution can be attributed to the rapid spectral collection rate used (500 Hz), which defines
the peak profiles very well and any minute changes in Wy and tr between m/z can be used in the
MCR-ALS model to discriminate between compounds.
5. Conclusion

This report validates the implementation of the 2D m/z cluster method for processing and
visualizing GC-TOFMS data for use with fast, high speed gas chromatography using LTM-GC
coupled to TOFMS. The method, initially developed using standard GC-TOFMS operating
conditions (30 m x 250 pum i.d. column, 7 min separation, 1.1 s Wy, peaks), was validated in this
report to work with a significantly faster separation (10 m x 100 pm i.d. column, 2 min
separation) and with narrow analyte Wy (~ 350 ms). Significant algorithmic changes were made
to successfully deal with the additional challenges the instrumentation introduced. A rapid data
collection rate allows for the accurate detection and measurement of peaks to facilitate
deconvolution (using MCR-ALS) of severely overlapped peaks with peak apices separated only
by a few milliseconds. The 2D m/z cluster method shows promise in conjunction with current
software for appropriate factor selection for deconvolution, accurate knowledge of numbers of
analytes in a sample, as well as being a possible metric or facilitator in chromatographic peak
alignment. The method presented could be used in conjunction with other tools and methods, i.e.
peak table approaches, for analyzing complex GC-MS data sets. The method also demonstrated
significant gains in effective peak capacity, from 340 at unit resolution to nearly 10,000 in 2D
cluster space, which is an improvement of a factor of 3 compared to the previous result.
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5.6 Tables

Table 5.1 List of compounds in the 115 component mixture sorted by boiling point. * Indicates
analyte used in creating m/z distributions in Figure 5.3A-5.3B.

Chemical l\/(lg)ss BP (°C) Vendor
pentane 0.2245 36 J.T. Baker
cyclopentane 0.2017 50 Sigma-Aldrich
ethyl formate 0.2183 54 Sigma-Aldrich
2-methylpentane 0.2065 60 Aldrich
1-chloroform 0.2082 61 Fischer
1-hexene 0.2093 63 Sigma-Aldrich
1-bromoheptane 0.2027 68 Sigma-Aldrich
hexane 0.2054 69 Sigma-Aldrich
1-hexyne 0.2112 71 Aldrich
methylcyclopentane 0.204 72 Fluka
1,1,1-trichloroethane 0.2127 75 Aldrich
carbon tetrachloride 0.1999 77 Aldrich
1-chlorobutane 0.208 78 Aldrich
2-butanone 0.2056 80 Sigma-Aldrich
benzene 0.2222 80 Fischer
1-bromooctane 0.2009 81 Sigma-Aldrich
cyclohexane 0.213 81 Sigma-Aldrich
2-methyl-2-propanol 0.2062 82 Aldrich
1,2-dichloroethane 0.2101 83 Aldrich
isopropyl alcohol 0.2982 83 EMD
1,6-dichlorohexane 0.2007 90 Aldrich
1-heptene 0.2066 94 Aldrich
1-propanol 0.2245 97 Sigma-Aldrich
heptane 0.2085 98 Sigma-Aldrich
2,2,4-trimethylpentane 0.2078 99 Sigma-Aldrich
methylcyclohexane 0.2134 101 Sigma-Aldrich

127



128

tert-amyl alcohol 0.2092 102 Aldrich
2-pentanone 0.2135 102 Sigma-Aldrich
isobutyl alcohol 0.2082 108 Baker
*1-heptyne 0.2005 109 Aldrich
* toluene 0.2122 111 Sigma-Aldrich
neopentyl alcohol 0.206 114 Aldrich
* 2,3,4-trimethylpentane | 0.2092 114 Aldrich
2-butanol 0.2023 117 Sigma-Aldrich
* 1-butanol 0.2028 117 Aldrich
2-pentanol 0.2025 119 Aldrich
octane 0.2128 126 Sigma-Aldrich
3-hexanone 0.2117 128 Sigma-Aldrich
2-hexanone 0.2072 128 Aldrich
m-xylene 0.2007 128 Aldrich
_ rcis-l2- 0.2086 | 130 Sigma-Aldrich
dimethylcyclohexane
chlorobenzene 0.2041 131 Alfa-Aesar
1-chlorohexane 0.2222 134 Sigma-Aldrich
ethylbenzene 0.2142 136 Sigma-Aldrich
1-pentanol 0.2071 137 Sigma-Aldrich
3-heptanone 0.2032 141 Sigma-Aldrich
0-xylene 0.2098 145 Aldrich
cyclooctane 0.2108 150 Sigma-Aldrich
nonane 0.2179 151 Sigma-Aldrich
1-nonyne 0.2447 151 Aldrich
methly caproate 0.2062 151 Aldrich
2-heptanone 0.2131 152 Aldrich
anisole 0.2125 154 Aldrich
* bromobenzene 0.2154 155 Sigma-Aldrich
1-bromohexane 0.2361 158 Sigma-Aldrich
1-hexanol 0.1999 158 Sigma-Aldrich
* propylbenzene 0.2092 159 Sigma-Aldrich




2-heptanol 0.2101 160 Fluka
R-(-)-2,6-dimethyloctane | 0.2124 160 Aldrich
cyclohexanol 0.2093 161 Aldrich
mesitylene 0.2075 163 Sigma-Aldrich
3-octanone 0.2115 167 Sigma-Aldrich
tert-butyl benzene 0.2057 167 Sigma-Aldrich
1,2,4-trimethylbenzene 0.2031 169 Aldrich
isobutylbenzene 0.2065 170 Sigma-Aldrich
sec-butyl benzene 0.2104 173 Sigma-Aldrich
* decane 0.2013 174 Sigma-Aldrich
5-decyne 0.2027 178 Aldrich
butylcyclohexane 0.2048 181 Sigma-Aldrich
* putylbenzene 0.2033 183 Sigma-Aldrich
1,2-propanediol 0.2069 188 Aldrich
p-xylene 0.2092 189 Aldrich
methyl caprylate 0.2289 193 Sigma-Aldrich
1-undecene 0.2118 194 Fluka
1-octanol 0.2763 194 Sigma-Aldrich
2-nonanone 0.2006 194 Sigma-Aldrich
undecane 0.2025 196 Sigma-Aldrich
benzyl alcohol 0.2036 205 Aldrich
1,3,5-trichlorobenzene 0.2013 208 Sigma-Aldrich
2-decanone 0.211 209 Sigma-Aldrich
1-octadecanol 0.2192 210 Aldrich
dodecene 0.207 214 Sigma
1-nonanol 0.2055 215 Sigma-Aldrich
dodecane 0.2093 216 Sigma-Aldrich
* naphthalene 0.2003 218 Sigma-Aldrich
1,2,3-trichlorobenzene 0.2364 218 Sigma-Aldrich
methyl salicylate 0.2035 220 Alfa-Aesar
methyl decanoate 0.2121 224 Ciaesr:]Tc;qs
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bicyclohexyl 0.2121 227 Sigma-Aldrich
1-decanol 0.2009 229 Sigma-Aldrich
1-geraniol 0.2076 230 Sigma-Aldrich
2-undecanone 0.2046 231 Sigma-Aldrich
ethyl salicylate 0.2066 234 Alfa-Aesar
tridecane 0.2063 235 Fluka
cyclohexylbenzene 0.2063 239 Sigma-Aldrich
2-dodecanone 0.2054 245 Sigma-Aldrich
1,2,4,5-tetrachlorobenzene | 0.202 246 Aldrich
tetradecane 0.2243 254 Fluka
1-dodecanol 0.2096 256 Acros Organics
methyl laurate 0.2003 262 Sigma-Aldrich
pentadecane 0.2145 271 Alfa-Aesar
hexadecane 0.2163 287 Sigma-Aldrich
1-tetradecanol 0.2048 289 Sigma-Aldrich
2-pentadecanone 0.2053 293 Sigma-Aldrich
pristane 0.2061 296 Sigma-Aldrich
diethyl phthalate 0.2105 299 Aldrich
heptadecane 0.2085 302 ICN Biomedicals
benzophenone 0.2396 305 Sigma-Aldrich
octadecane 0.201 317 Fluka
nonadecane 0.205 330 Acros
phenanthrene 0.2023 340 Eastman
eicosane 0.202 343 Aldrich
1-hexadecanol 0.2034 344 Sigma-Aldrich
1-eicosanol 0.2002 372 Aldrich
adamantane 0.2116 | sublimes Sigma-Aldrich
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Figure 5.1 (A) Total ion current (TIC) chromatogram of the separation of the 115 component
mixture by LTM-GC-TOFMS. (B) Region from (A) from 44-50 s focusing on what appears to be
7 peaks. (C) Traditional 2D GC-MS image plot of the region from (B) demonstrating
multivariate nature of the data.
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Figure 5.2 (A) 1-butanol peak with all m/z superimposed. Retention time, tr, and peak width at
base, Wy, measurements were made at indicated locations. (B) 2D m/z cluster plot of the data
from (A). The Wy is plotted versus tr for every peak above user defined signal threshold. Points
in the plot with the same (tr, Wh ) coordinate are colored based upon the frequency of
occurrence. The appearance of only black points indicates that no points are overlapped.
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Figure 5.3 (A) Cumulative distributions for 30 pure m/z cluster plots (10 analytes with 3
injection replicates). Left: unbinned retention time (tr) data. Right: Binned retention time (tr)

data by a factor of two. (B) Cumulative distributions for the same 30 pure m/z cluster plots from

(A) but aligned in the width (Wp) dimension. Left: unbinned width data. Right: Binned width
data by a factor of 15. See text for description of cluster alignment and binning.
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Figure 5.5 (A) Superimposed ion chromatogram (all m/z) from region in Figure 1(B) showing
peak overlap and difficulty in obtaining accurate peak rank of overlapped analytes. (B) Cluster
plot from (A). Peaks labeled A-L after identification using MCR-ALS: A-chloroform, B-1-
hexyne, C-isobutanol, D-methylcyclopentane, E-t-amyl alcohol, F-1, 1, 1-trichloroethane, G-1-
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tetrachloride. Overlapped analytes are indicated with locations in the 2D space with inflated Wj,
(C) Superimposed ion chromatogram with TIC overlay indicating rank of each peak not visible
from the TIC alone.
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Figure 5.7 (A) Replicate (1-3) cluster plots from peak labeled I-L in Figure 5.5(A-C). The
bottom right panel, ‘Aligned & Summed’ is the summations of the data from panels 1-3. The
pure m/z for each analyte are located in the red circles. (B) MCR-ALS deconvolution profiles of
the 4 analytes from Figure 6(A). (C) Deconvoluted mass spectra from the 4 analytes in (B) with
match value for replicate analyses given.

137



Chapter 6. Conclusion

6.1  Summary of presented work

Gas chromatography is the workhorse of modern analytical chemistry for a wide variety
of sample types that are analyzed in many scientific disciplines. As samples become increasingly
complex and higher sample throughput is desired, new strategies for separating and analyzing the
resulting data are required. The goal of the presented work was aimed at exploring ways to
increase the peak capacity and peak capacity production of GC instruments to allow for more
complex samples to be analyzed with sufficient resolution, to perform the analysis in a faster
timeframe than is currently performed while maintaining separation figures of merit, and to
evaluate the development of a novel chemometric approach to visualizing and processing GC-
TOFMS data.

The first two chapters focused on the exploration of novel instrumental technologies to
reduce the separation time of chromatographic analyses while maintaining similar figures of
merit, namely peak capacity and peak capacity production. Providing rapid sample introduction
through high-speed cryo-focusing injection, HSCFI, gave rise to peak capacity and peak capacity
production values that were an order of magnitude higher compared to those produced with
standard instrumentation. Chapter 2 utilized an LTM-GC to perform a traditional temperature
program range (~50 - 250 °C) in 1 minute while achieving a peak capacity of nearly 300 for a
liquid test sample, which is similar peak capacity in only ~7% of the time of a standard run.
Chapter 3 focused on applying HSCFI to two-dimensional gas chromatography to achieve a
theoretical maximum peak capacity production of 1,000 peaks/min for a total peak capacity of
6,000 in a 6 minute separation. This is an order of magnitude better than traditional

instrumentation which produces ~100 peaks/minute for 60 minutes.
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The last two chapters primarily focused on a novel chemometric data analysis algorithm,
the mass cluster method, to produce mathematically higher peak capacities from the resulting
GC-TOFMS data. The algorithm transformed GC-TOFMS data from a signal versus time format
to a peak width versus time format. The data was plotted such that each peak was represented by
a cluster of points resulting from the peak width and retention time measurements for each m/z
for each peak in the sample. It was found that the peak width dimension, which had not been
previously exploited, provided useful chemical information. In Chapter 4, the initial development
of the algorithm was described and the peak capacity gains were significant, nearly a 100-fold
increase compared to the standard signal versus time data format. A resolution of 0.03 was also
found to be the limit of resolution using classical least squares deconvolution, which is an order
of magnitude better than most chemometric deconvolution algorithms. In Chapter 5 the
combination of instrumentation to produce high peak capacities (LTM-TOFMS) and the mass
cluster method proved to be successful in increasing sample throughput and peak capacity. A
peak capacity of 10,000 in 120s was produced for a peak capacity production of 5,000
peaks/min, which is significantly higher than traditional 1D GC-TOFMS can provide. The use of
a different chemometric tool, multivariate curve resolution (MCR-ALS), was demonstrated to
work in conjunction with the benefits of the mass cluster method.

6.2  Future directions of fast, high peak capacity GC and data analysis techniques
6.2.1 Future instrumental improvements

A possible initial direction for future research would be studying the use of LTM-
TOFMS at faster heating rates. The LTM system used has a maximum heating rate of 1,800
°C/min, but was only studied at 250 °C/min. Results from Chapter 2 showed that thermal

injection provided additional peak capacity improvements over standard auto-injection, A newly
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developed diaphragm valve from Valco Instrument Co, Inc. (Houston, TX) has been made
available which has a higher maximum operating temperature than previous valves. Regular
diaphragm valves have a limit of ~ 175 °C. The temperature limit is due the rubber o-rings inside
the valve body. The new valves have a special high-temperature perfluoroelastomer that can
tolerate temperatures as high as 325 °C. These new valves would be useful for performing rapid
sample introduction without the low-temperature limits of previous valves and also increased
usability compared to the HSCFI apparatus. Using these high-temperature valves in conjunction
with the LTM operating at 1,800 °C/min could provide even higher peak capacity production
values than before. Figure 6.1 shows some initial results from a high-temperature valve injection
onto the LTM-GC-FID. The peak widths range from ~100 ms on the narrow end to 140 ms on
the wider end. The initial results show that the valve can provide narrower peaks than standard
auto-injection (Chapter 2) with limited sampling bias.
6.2.2 Future improvements to data analysis techniques

There are several directions that could provide fruitful results from further development
and studies of the two-dimensional mass cluster method. One of the points of discussion from
Chapter 5 was to use the mass cluster method as a means of accurately measuring the true
number of peaks in a sample. Traditional peak finding algorithms often only operate on the total
ion chromatogram (TIC) and fail to find peaks with low resolution (Rs < 0.4). The mass cluster
method was proven to have resolving power an order of magnitude lower than that, at Rs = 0.03.
Statistical peak overlap theory, developed by Dauvis, is used to explain the amount of analyte
saturation in chromatographic separations. The goal of the proposed work would be to study how
the mass cluster method could be used in quantifying the increase of resolving power compared

to traditional resolution. Figure 6.2A shows a simulated GC-TOFMS TIC chromatogram with a
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saturation value of 50%, meaning 50% of the usable separation space is taken up by peaks.
Figure 6.2B shows the resulting 2D m/z cluster plot of the data from Figure 6.2A. The cluster
dimensions are similar to that in Chapter 4, i.e. 30 ms wide. The saturation value of the cluster
plot is only 0.003, which is a 160 times lower than the simulated chromatogram. The cluster plot
also identified 46 out of 50 possible analytes, whereas the TIC separation only determined 23
peaks.

Another direction of future research would be to apply the 2D m/z cluster method to a
suitably complex sample that would benefit from the increased analyte resolution and
deconvolution ability of the technique. Current research is studying the metabolomic flux of
methylotrophic bacteria M. Extorquens AML1. The project is a semi-targeted metabolomic
analysis of isotopically changing biomarkers. Figure 6.3A is the TIC chromatogram from a 1D
GC-TOFMS separation. Using a traditional peak finding algorithm on the TIC, 101 peaks are
detected. Figure 6.3B is the 2D m/z cluster plot of the data from Figure 6.3A. There are 50%
more peaks detected, due to the increased resolving power of the method. Many of these peaks
require deconvolution to obtain suitably pure spectra. The manuscript is currently under
preparation for submission by Reaser, B.C. and Synovec, R.E.

A different avenue of future work would be to add additional functionality to the
graphical user interface (GUI) that is used in conjunction with the aforementioned algorithm.
The GUI allows for plotting of the 2D m/z cluster plots (from W, and WxH measurements), the
TIC, the XIC (extracted ion chromatogram), and the full ion chromatogram (all m/z). It also
allows the user to obtain a mass spectra at any point in the chromatogram (clicking any
chromatographic point with a cursor) and allows for the deconvolution of peaks up to the rank of

4. The data (cluster plots, spectra, deconvolution profiles) can be saved to the Matlab workspace.
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Future improvements would be to add MCR-ALS to the list of deconvolution tools (Chapter 5).
Additionally, adding some automation to the determination of number of pure vs. overlapped
clusters in the 2D m/z cluster plot would help streamline the usage. The GUI was developed in
Matlab R2012b. Future releases of Matlab may alter some functionalities of the preexisting code,
S0 creating an executable that could be run on multiple machines may be useful. Finally, adding
extra support for alternative data structure (other than GC-TOFMS) would be useful for others

users who may not have the exact instrumentation the software was developed for.
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6.3  Figures
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Figure 6.1 LTM-GC-FID separation of an 11 component hydrocarbon mixture (n-alkanes from
hexane (Cs) to hexadecane (Cis) injected with a high temperature valve. The peak widths range
from 101.5 ms to 141 ms.
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Figure 6.2 (A) Simulated GC-TOFMS TIC chromatogram of 50 components with a 50%
saturation value (50% of the separation space is occupied with peaks). Only 46% of peaks were
successfully identified with a traditional peak finder. (B) Two-dimensional mass cluster plot of
(A). Clusters are 30 ms wide which provides a saturation value of only 0.003 (0.3% of space is
occupied with peaks). 92 % of components were successfully identified.
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Figure 6.3 (A) TIC chromatogram of TMS derivatized M. Extorquens AML1 bacterial metabolite
extract. 101 peaks are detected using a peak finding algorithm. (B) 2D m/z cluster plot of the data
from (A). 50% more peaks are detected than conventional peak finding.
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