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Abstract

Development of New Modulation Methods Using the Pulse Valve Modulator for Multi-
Dimensional Gas Chromatography

Derrick V. Gough

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

The potential efficiency and applicability of gas chromatography is advanced through the
continued development and use of the pulse valve modulator. New advancements in modulation
techniques are reported with the pulse valve modulator concurrently with the use of commercial
chemometric algorithms and new data visualization techniques. First, the application of partial
modulation in the negative pulse mode (NPM) is demonstrated. The NPM is developed for high-
speed, one-dimensional gas chromatography (1D-GC), comprehensive two-dimensional (2D) gas
chromatography (GCxGC), and comprehensive three-dimensional gas chromatography (GC?).
This modulation technique is shown to be more beneficial than previous work with partial
modulation in the positive pulse mode (PPM). The NPM produces comparable analyte peak
widths-at-base (wp) as the PPM but does so with greater S/N and with less data processing required.

In the 1D-GC mode, 8 analytes are baseline resolved (Rs > 1.5) in a 200 ms window, providing a



peak capacity, nc, of 14 at unit resolution (Rs = 1.0). Demonstrating this higher efficiency to a
GCxGC, a 20-component test mixture is separated. Analytes were separated on the second-
dimension column, 2D, with *wy, ranging from 7 to 12 ms, providing an exceptional ?D peak
capacity, 2nc of ~12 using a Py of 100 ms. Next, the NPM is applied to a GC® with time-of-flight
mass spectrometry detection (TOFMS). Narrow third dimension, 3D, peaks *wp, ~ 15 ms were
obtained, resulting in a GC® peak capacity, nc3p, of ~35,000, in a 45 min separation. While high
peak capacity has been produced, there are challenges that needed to be addressed regarding the
use of commercially available data analysis techniques to ensure method translation can occur.
The NPM data has the appearance of 2D separations superimposed on top of the D separation,
which is unique. Multivariate curve resolution — alternating least squares (MCR-ALYS) is used to
demonstrate the potential for method translation with the NPM technique. A mixture of 15 similar
analytes was isothermally separated to purposefully create several scenarios of peak overlap within
20 s. Despite the high degree of overlap, the NPM data is shown to be amenable to MCR-ALS,
with all 15 analytes able to be decomposed, separated, and identified. The potential for
quantification is demonstrated for two representative analytes, with percent deviation values of -
5.6% (£ 2.2%) for 1-hexene, and 1.8% (* 3.4%) for 2-pentanone. Next, the pulse valve modulator
was used in the full modulation mode to demonstrate further advancements and quantifiable gains
in S/N with GC? instruments. The detector response enhancement factor (DREF) is a quantifiable
measure of the increase in S/N ratio of analyte signal as the number of dimensions is increased.
We calculated DREF values of ~ 37 for dodecene and ~ 21 for tridecane. Additionally, the 2Dx°D
peak capacity was demonstrated at 30 peaks per 1.5 s. Last, a method to visualize the ?Dx°D
chromatogram is presented, in which four successive modulations are lined up and one can “see”

analytes arriving at and eluting from the TOFMS detector.
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Chapter 1. Introduction to Multidimensional Gas Chromatography
and the Pulse Valve Modulator.

1.1 INTRODUCTION TO GAS CHROMATOGRAPHY

1.1.1 History of and Introduction to Gas Chromatography

Chromatography, as an analytical technique, was introduced around 1899 by M.S. Tswett
with his work studying the physico-chemical structures of plant chlorophylls.t All chromatography
is based upon a two-phase flow system, a mobile phase and a stationary phase; separation occurs
due to the differences in affinity to both phases by the chemicals being separated. Following a half
century of advances into chromatographic practices and theories, a milestone study by James and
Martin was published in 1952.2 This work was the first to detail a gas-liquid partition
chromatography of volatile fatty acids and helped usher in the idea of modern, high performance
gas chromatography. Since its inception, gas chromatography (GC) has undergone a myriad of
evolutions and breakthroughs, enabling its continued use into an ever-increasingly complex array
of samples. There are numerous publications can provide a more complete history to
chromatography in general and GC in particular,® in addition to the included references.

Gas chromatography is a common analytical technique that can be found in industry and
research laboratories around the world.®> Typically, the mobile phase used is an inert gas, such as
hydrogen or helium, referred to as a carrier gas. Samples are injected into an inlet where they are
vaporized and join the mobile phase gas. The mobile phase gas carries the analytes through a
column and terminates at a detector. The column, often termed a separation column, can be made
with a variety of materials, come in a variety of sizes, and contains the stationary phase. The
stationary phase can be selective for a plethora of desired separation conditions, such as polarity,

1



chirality, and specific functional groups, to name a few. Moreover, analytes in the gas phase are
amenable to a wide-variety of detectors that can be switched in and out of the GC instrumental
platform depending on specific needs. One commonly used detector, the flame ionization detector
(FID), measures the response of ions produced during the combustion of compounds in a hydrogen
flame. This detector can be both extremely fast and quantitative. Another commonly used detector
is the mass spectrometer (MS). There are many ways in which an MS can operate, but generally
for GC the MS will ionize and fragment the analytes as they enter the detector via electron impact
ionization, and then the fragments are separated and detected by their mass-to-charge (m/z) ratio.
Each analyte displays a unique fragmentation pattern, enabling unknown analyte identification in
addition to analyte quantification through MS techniques. Such wide-ranging applications has

made GC a very attractive analytical tool that is used in nearly every industry.

1.1.2  Comprehensive, Two-Dimensional Gas Chromatography (GCxGC)

The first 50 years of GC instrumentation brought many improvements to the field of
analytical chemistry, enhancing the separation power and broadening GC’s applicability. One of
the largest single jumps in GC evolution came with the advent of comprehensive, two-dimensional
gas chromatography (GCxGC), first theorized by Giddings® and then experimentally pioneered by
Lui and Phillips in 1991.6 The general concept behind GCxGC is to use two different (i.e.
orthogonal polarities) separation columns during a single GC run, thus having “two-dimensions”
of separation. Essentially, the first column of a GC separation remains the same, but the effluent,
as it reaches the end of the first separation column, is “re-injected” onto a shorter, quicker second
column for a subsequent separation. Ideally, the second column will have either a much different
type of stationary phase from the first column or a specific type of stationary phase for known

functional groups.



This second separation is possible due to a new piece of equipment called a modulator.
Modulators act essentially like a second injector within the GC instrument, trapping analytes as
they exit the first column (*D), focusing them at the point of modulation, and then reinjecting the
analytes for the shorter, quicker separation on the second column (?D). A more in-depth description
of modulators, and modulation, will be discussed in this chapter. Visually, traditional, one-
dimensional GC (1D-GC) instruments return data in which a single analyte produces a single peak
that nominally looks like a Gaussian curve, with an x-axis in the time domain and the y-axis in the
signal intensity domain (Figure 1.1A). The output of D peaks for a given modulated analyte with
a GCxGC instrument first appears as a series of narrower, taller Gaussians that follow the same
general shape as the 1D profile (Figure 1.1B). The modulations occur at constant intervals referred
to as the modulation period (Pw), indicated by the dotted lines in Figures 1.1A-B. Once processed
to incorporate the two time axes, by cutting and folding the modulated data at each Pv, the GCxGC
data appears more akin to a topological map where the x-axis is the D column time, and the y-

axis is the 2D column time (Figure 1.1C), which is equivalent to the Pwm.
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Figure 1.1. Representation of GC data. A) Modeled Gaussian curve for a 1D-GC system. B)
Modeled GCxGC data (blue outline) for the curve in Figure 1.1A. Notice how the narrower, blue
peaks are significantly taller than the red, 1D-GC outline. C) Processed data from Figure 1.1B.
This contour plot is one means of displaying 2D GCxGC data after data processing.

1.2 PRINCIPLES OF MODULATION

There are several types of modulators, and numerous reviews have been conducted to keep
pace with their evolution.”® Despite the wide variety, nearly all modulators operate by a very
similar set of principles. First, the modulator traps/focuses eluate containing the analyte as it exits
the D column for a set period. Then, the modulator actuates, or releases/injects the eluate onto the
2D column, and the process repeats. This period of time, that determines the frequency at which
this process occurs (trap, focus, and injection), is termed the modulation period (Pm). The Pwm is

determined by the user and is limited by the hardware of the modulator. There are numerous



commercially available modulators, but they fall into two general categories: thermal and flow-
based modulators.

Thermal modulators rely upon a difference in temperature to modulate the D effluent.
There are two sub-categories for thermal modulators: cryogen-based and cryogen-free thermal
modulators. The earliest modulators were cryogen-based, and they remain popular and widely
available today.®**" Cryogen-based modulators use a cryogenic fluid, like liquid nitrogen, to
create a cold zone on a separation column at the point of modulation, essentially freezing effluent
at this section of column. During actuation, the cold zone is turned off and a jet of hot air is used
to rapidly vaporize and desorb the effluent from the D column for subsequent separation on the
2D column. There are some inherent limitations with this technique, with the prominent ones being
the limited volatility range, the extra equipment and consumable materials, and increased cost
required. Cryogen-free thermal modulators operate under the same principle, just without the
required cryogenic liquids.”*® While this reduces the equipment footprint required, it does further
decrease the volatility range of analytes that can be modulated.

Flow-based modulators use a second stream of auxiliary carrier gas to control and divert
smaller aliquots of effluent from the D column to the 2D column. This can be done mechanically
as in the case when implementing a suitable valve. When using a valve, effluent is trapped in a
sample loop attached to the valve, and the valve is actuated periodically (per the Pwm) to transfer
the D effluent from the sample loop to the 2D column for separation.'®2* This can also be done
by a difference in pressures at a junction, which is broadly termed flow modulation. Flow
modulators trap, compress, and divert effluent from the 'D to the 2D in a similar manner, but
without any mechanical means as with a valve.!?>3% The main drawback to flow modulators is

the potential lack of a total transfer of effluent (duty cycle < 1.0) from the D to the 2D, with some



modulators operating only as a low duty cycle modulator (duty cycle < 0.5).7%133 Despite zonal
compression offsetting some of this negative, this is often seen as disadvantageous as all thermal
modulators have a duty cycle = 1.0 (100% mass transfer), and thus typically have a lower limit of
detection (LOD) due to the higher S/N ratio. However, flow modulators are less equipment heavy,
have a smaller footprint (no cryogenic liquids), and modulate all gas-phase analytes freely.

In 2004, a new type of modulation, coined partial modulation, was introduced by Cai and
Stearn.®® This novel method uses a flow modulator and a 3-way union to serially connect the two
separation dimensions (ensuring a duty cycle = 1.0) and only modulate a fraction of the D effluent.
Until this work, all forms of modulation relied upon “full modulation,” i.e. the entire analyte signal
is modulated, breaking up the D profile into a series of successive, narrower 2D peaks that
generally follow the same pattern as the 1D profile, as illustrated in Figure 1.1. The D profile can
be mathematically reconstructed by fitting a Gaussian function to the maxima of the 2D profiles
for an analyte, but this does entail some undesired mathematical constraints as has been described
by previous work.® 4% By only modulating a fraction of the analyte signal, partial modulation
provides the detector with information on the *D and 2D profiles simultaneously. Despite the huge
promise of this new modulation technique, it remained an unexplored advancement until our group
recently returned to this technique with a new pulse valve modulator.**#°

Partial modulation can operate in two modes, the positive and negative pulse modes. As
previously mentioned, a 3-way union is used the connect the D and 2D columns, with the 3@ way
in the union connecting to an auxiliary supply of carrier gas through a pulse valve. The actuation
of the pulse valve occurs for a user-selected period, termed the pulse width (pw). In the positive
pulse mode (PPM), the auxiliary carrier gas is kept off for the majority of the Pwm, and is only

turned on for a small segment, denoted by the difference in Pwm - pw. Thus, in the PPM, a pulse of



carrier gas is sent into the stream of analytes eluting from the D column, injecting a vacancy into
the 1D effluent as it enters the 2D column. This vacancy ultimately produces chromatographic
information following the 2D separation, and when combined with the principles of frontal
analysis, can be analyzed as traditional GCxGC data. Previous research by the Synovec group
details the steps required to conduct this analysis,** and is not the subject of this dissertation. In
contrast, in the negative pulse mode (NPM), the auxiliary gas from the pulse valve is kept on for
the majority of the Pm, and is only turned off for a small segment, denoted as the pw. This
dissertation is primarily aimed at pioneering efforts in the development of the NPM.

The NPM employs a steady stream of auxiliary carrier gas from the pulse valve that dilutes
the effluent departing the D column. During actuation for time interval pw, the stream of auxiliary
carrier gas is stopped, so a brief segment of the effluent departing the *D column is not diluted.
This un-diluted segment of D effluent, ultimately appears as a narrow 2D peak on top of the 'D
peak profile, is then separated on the 2D column. This process is explained in more detail in a
subsequent chapter. The NPM provides numerous benefits over the PPM. First, it provides positive
2D peaks, improving the S/N compared to the PPM. Secondly, the data analysis with NPM is
simpler; there is no differentiation nor inversion step in handling the raw data as is the case with
PPM. This enables a quicker and easier mathematical separation of the *D and 2D profiles. These
benefits, without any loss in °D peak widths, are a few of the reasons that the NPM is the focus of

my research.

1.3 FIGURES OF MERIT FOR IMPROVED PERFORMANCE

1.3.1 Peak Capacity

There are a few figures-of-merit (FOM) that can be used to compare various forms of

modulation, and different modulators, to each other. These FOMs are necessary in order to gauge



the overall separating strength of different types of modulation, and to see if new modulators can
meet and exceed current benchmarks set by the current generation of modulators. A few FOMs
have already been introduced: duty cycle, S/N ratio, and Pm. Modulators that connect the
successive separation columns serially, such as thermal modulators and the pulse valve, have a
duty cycle of 1.0. That is, all of the analyte injected onto the *D column will reach the detector
with zero potential for loss due to the modulation process. This is a huge benefit to these two types
of modulators, as most flow modulators, without proper synchronization, timing, or
implementation, have a duty cycle of less than 1.0, meaning that some 1D effluent is lost during
modulation. Higher duty cycles generally lead to a higher S/N, which is key to lowering possible
LODs with GCxGC systems. Additionally, a shorter, faster Pm is becoming possible with newer
modulators and new materials, which is a key factor in my research as | seek to reduce overall

separation time.
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Figure 1.2. Modeled Gaussian peak with markings indicating fractional peak heights at 26 and 4o.

All wp measurements are done at 4c to encompass 95% peak area.



One of the most common FOM s is a system’s peak capacity, Nc. The nc of a system can be
simply thought of as the total number of peaks that can “ideally” fit in a given separation time. To
calculate n, the separation time (tsep) Of a given separation dimension is divided by the average
peak width-at-base (40), wp, for that dimension (Equation 1.1), where the peak width is illustrated

in Figure 1.2.

*t
xWb

X

ne = (1.2

This is an appropriate equation for all instances in which the chromatographic resolution (Rs)
between any two neighboring peaks is 1.0. Equation 1.1 can be expanded for a GCxGC system by
taking the product of the two dimensions to equal the total system peak capacity, nc.2p.

Neop = 'nene (1.2)
Substituting Equation 1.1 into Equation 1.2, we can relate the nc2p to the tsep 0f each dimension

and the average wp produced in that dimension.

ot o2
N¢op = l_Wb 2w, (1.3)
One step further, since the tsep of the 2D is equal to the Py, then one obtains,
't 1p
Neap = 1—%% (1.4)

This gives a relationship that can be related directly to the possible Py of a modulator. Previous
studies®"*84%46 have shown that to ensure a comprehensive separation, each analyte D profile
must be modulated at least twice. The number of times an analyte peak is modulated (Figure 1.3)
is termed the sampling density, ps, defined as the wyw/Pm. Proper ps is important — too little (< 2

across a chromatogram) and the separation is not comprehensive and is not considered to properly



modulate every analyte. Too much (> 4 across a chromatogram), and the wy are too wide and total

Ne2p IS sacrificed with no offsetting gain.

Pu=2s

lw,=4s

Figure 1.3. Modeled 1D-GC peak with lines denoting the Pm. In this example, a ‘wp of 4 s,

modulated every 2 s, produces a ps of 2.

However, keeping in mind proper ps, we find a direct relationship between the ps of a separation

and the total nc2p achieved.

1 1t

—_ 15
T 15)

Neop =

Equations 1.4 and 1.5 are useful as they provide a means to directly compare potential nc2p
between various GCxGC systems, regardless of the type of modulator or modulation technique.
The equations also begin to demonstrate the value of applying a low (but not too low) ps. As
separations become quicker and more efficient, the *wy will become narrower, and thus the Py
provided by the modulator must further reduce to maintain appropriate ps to maximize nc2p while
providing a comprehensive separation. Additionally, another pertinent FOM for any modulator
will be how narrow the peaks are that are produced, as further reductions in 2w, will continue to

increase total nc2p.
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This concept can be further expanded for a 3D GC system (GC® or GCxGCxGC) in a
similar manner.
Nesp = neng3ng (1.6)
Going through the same process, Equation 1.6 can be converted into Equation 1.7.

1 1 1t

—_——— 1.7
1ps 2ps 3wy (2.7)

Nes3p =

Equation 1.7 shows that a GC2 system can be considered in a similar fashion to a GCxGC system.
The addition of the second modulator provides the ability to further increase the total nczp
compared to nczp or Ine, assuming the second modulator (from the 2D separation to the °D
separation) is fast enough (Pm < 250 ms), which then allows for the *D and D separations to be
fully optimized as well. If the second modulator is not fast enough, then the previous dimensions
cannot be optimized, and n¢3p will not be maximized, as previously shown.*"#8

As mentioned, nc is the total number of peaks (W, = 40) that can fit into a separation
dimension. In a 1D-GC separation, the visual representation of the ideal chromatogram appears as
the number of Gaussian peaks that can fit on the x-axis of a graph at a Rs = 1. In a GCxGC
separation, now there are two time axes, the x- and y-axis, and one can visualize the nc2p as fitting
concentric circles on a 2D plane. A GC? separation simply adds another time axis to this
visualization of a GCxGC separation. As one goes from 1D-GC to a GCxGC separations, previous
work has shown that with theoretically optimized conditions, a maximum gain in nc of 10-20 times
is possible.**-52 Current theoretical work has not been reported regarding the gains possible in a
GC? separation; although one can imagine a similar jump in potential nc3p when compared to a

1D-GC or GCxGC.
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1.3.2 Modulation Frequency

Gas chromatographs are incredibly efficient separation instruments. Long separation
columns can help ensure complete separation of individual analytes, but they also demand
extended separation run times. Additionally, the longer an analyte is on a column, under isothermal
separation conditions the concentration peak profile broadens (band broadening). Thus, for a
constant injected analyte concentration, quickly eluting peaks are narrower and relatively taller
(i.e. higher S/N), while later eluting peaks will be wider and relatively shorter (i.e. lower S/N).
Likewise, shorter separation columns lead to narrower peaks since there is less time for band
broadening to occur. Keeping all other experimental parameters the same, short separation
columns lead to generally narrower peaks than long separation columns. Coupling a shorter
separation column (with or without a faster oven temperature ramp) and/or higher carrier gas flow
rate will further reduce the band broadening experienced by analytes.

With GCxGC, the second-dimension separation provides a new time dimension to further
physically separate analytes from each other, that otherwise would not be separated in a 1D-GC
separation, leading to increased overall Rs between peaks. These incremental gains in shorter
separations and narrower peaks on 2D separations can be further advanced with the addition of a
high frequency modulator. The possible frequency of operation for a modulator, or how fast it can
modulate, is a key instrumental parameter for my work in shortening overall separation time
without losing any chemical information. As mentioned, shortening overall separation (analysis)
time leads to narrower ws. In order to maintain high system nc2p (or ncsp), we need a modulator
that can modulate at a high enough frequency to produce a ps of as close to 2 as possible regardless
of the analyte wy being modulated. Most commercially available modulators operate with a Py in

the timeframe of seconds,**3® which means they can only modulate peaks that are generally a few

12



to several seconds wide. This is generally insufficient when attempting to perform a 40 min
GCxGC separation in 10 min or less. Ideally, when designing a faster and more efficient GCxGC
separation, the *nc of the 10 min separation would equal the 40 min separation with minimal loss
of Rs despite the condensed separation window. Commercial modulators do not easily support this
goal, as their modulation frequency is too slow to produce the required peak capacity production,
or peak capacity per unit time, for rapid separations. Thus, a new modulator was needed to conduct
additional research into fast GCxGC (and GC?®) separations, and hopefully open new avenues of
interest for using a GC as an on-line monitoring instrument.

1.4 THE PULSE VALVE MODULATOR

The pulse valve modulator has proven to be an exceptional tool for our research. Although
the pulse valve was not initially developed for use with GC, it will be demonstrated to be an
incredibly versatile and rugged tool that required no modifications for our use. There are many
similarities between our pulse valve modulator and the home-made valve implemented by Cai and
Stearns in their initial report on partial modulation. Our pulse valve is set outside the GC oven,
one end connected to an auxiliary carrier gas line provided by the GC itself, and the other end
connected through custom tubing to a 3-way union. The pulse valve acts as a gateway for an
auxiliary flow of carrier gas into the GC instrument, controlling how much, or little, carrier gas
flow is introduced to a 3-way union, depending on the desired modulation technique.

Initial research with the pulse valve modulator explored the capabilities and some initial
uses™# that set it and the partial modulation in the PPM apart from other modulators and
modulation techniques. First, it was found that the pulse valve can consistently and reproducibly
modulate as quickly as every 50 ms and produce average peak wyp of ~10 ms. This fast Pm was

unheard of and enabled initial optimization of the ncsp for GC? that was, up to that point in time,
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previously unachievable. To this end, an n¢sp of 11,000 in 10 min of separation was reported.*?
This was a significant achievement as 1D-GC instruments typically provide a maximum nc of ~
600 to 900 in an hour, with most commercial GCxGC instruments then only able to provide a
maximum nc2p of ~ 6,000 to 9,000 in an hour separation. Subsequent research focused on
sustaining the high peak capacity production (~1,000 resolvable peaks per min) to a more
traditional separation time. During a 40 min separation, an nc3p of ~31,000 was achieved, or a
peak capacity production of ~800 per min.** This presented a huge gain in peak capacity
production due solely to this new pulse flow modulator.

Despite the performance of the pulse flow modulator, performing partial modulation in the
PPM had some drawbacks, requiring the combination of the principles of frontal analysis and
vacancy chromatography (coupled with tedious data analysis steps) to arrive at data that ultimately
appeared like traditional GCxGC data (and 2D plots). Thus, use of partial modulation in the PPM
requires more data preprocessing to extract the pertinent chemical information that is encoded in
the raw data.** This is a substantial barrier to the widespread acceptance and use of this new
modulation approach. However, there exists a way around this barrier, which is partial modulation
in the NPM. Where the PPM created local vacancies in the analyte D peak profiles, the NPM
creates localized concentration “enhancements” in the analyte D peak profiles as they enter the
2D column. Using this new mode of partial modulation in the NPM, analysts now can use a simple
baseline subtraction algorithm and immediately uncouple the D and 2D peak profiles from the raw
data. This powerful modulation technique will be introduced in Chapter 2 and expanded upon in

Chapter 3.

1.5 CHALLENGES AND MOTIVATIONS
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The pulse valve modulator has the potential to be a truly powerful tool for GC instruments,
and we are only scratching the surface. Up to this point, my research centered on the PPM and the
potential for increasing the data density possible (i.e. reducing total run time) and increasing peak
capacity utilizing the high-speed modulation method.*?** This goal was even more attractive as it
is built upon coupling existing commercially available GC instrumentation with an inexpensive
and readily available pulse vale modulator. It has been my belief that our instruments are already
incredibly powerful and efficient, but they can be combined or used in ways thus far not realized,
like the pulse valve itself. Thus, using a GC system and related equipment already in our lab, |
worked to improve the data we received from partial modulation. Partial modulation in the PPM
with the pulse valve modulator had already shown us how powerful of a technique it can be, but
the data was not user friendly and required multiple pre-processing steps to turn the data into usable
information. Chapter 2 will demonstrate partial modulation in the NPM, where we discovered how
to invert how the pulse valve is used to create local concentrations of analyte, as opposed to local
vacancies in the PPM. Additionally, some of the additional, powerful attributes of this modulation
technique for GCxGC and GC? instruments are demonstrated in Chapter 2. Chapter 3 will expand
upon this by factoring in the use of commercially available chemometric data analysis software.
Again, | believe the tools we already admirably perform, and my hypothesis was that the data
produced by the NPM is ideally amenable to current chemometric tools to deconvolute, identify
and guantify chromatographically overlapped analytes.

The pulse valve modulator’s utility was readily apparent. However, working in the partial
modulation realm, it would never have the same limits of detection for trace analysis as full
modulation methods. This limited some of the potential applications until we conducted additional

research into the pulse valve modulator itself, it’s means of actuation, and discovered how to use
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it as a more traditional flow modulator.>® Now the pulse valve modulator provides full modulation,
not just partial modulation. This concept will be further advanced from its initial publication in

Chapter 4, with the potential gains in S/N, and thus limits of detection, highlighted.
1.6 HYPOTHESES

The following chapters describe the research performed over the past two years, which
focus on new modulation techniques with the pulse valve modulator for GCxGC and GC?,
chemometric deconvolution and analysis of complex datasets with severely overlapped analyte
peaks, and recent developments with the GC as a sensor concept. A brief summary of each chapter

is provided below.

1.6.1 Chapter 2: Development of Ultrafast Separations Using Negative Pulse Partial

Modulation to Enable New Directions in Gas Chromatography

Partial modulation via a pulse flow valve operated in the NPM is developed for high-
speed one-dimensional gas chromatography (1D-GC), comprehensive two-dimensional (2D) gas
chromatography (GCxGC), and comprehensive three-dimensional gas chromatography (GC?).
The pulse flow valve readily provides very short modulation periods, Pm, demonstrated herein at
100, 200, and 300 ms, and holds significant promise to increase the scope and applicability of
GC instrumentation. The negative pulse mode creates an extremely narrow, local analyte
concentration pulse. The reproducibility of the negative pulse mode is validated in a 1D-GC
mode, where a pseudo-steady state analyte stream is modulated, and 8 analytes are baseline
resolved (Rs > 1.5) in a 200 ms window, providing a peak capacity, n¢, of 14 at unit resolution (Rs
= 1.0). Additionally, the pulse width, pw, of the pulse flow valve “injection” relationship to peak
width-at-base, wy, resolution between peaks, and detection sensitivity are studied. To

demonstrate the applicability to GCxGC, a high-speed separation of a 20-component test mixture

16



of similar, volatile analytes is shown. Analytes were separated on the second-dimension column,
2D, with 2wy ranging from 7 to 12 ms, providing an exceptional >D peak capacity, 2n. of ~12
using a Pv of 100 ms. Next, a 12 min separation of a diesel sample using a Pm of 300 ms is
presented. The wy is ~4 s, resulting in a nc of ~180, and 2wy is ~18 ms, resulting in a 2nc of ~17,
thus achieving a nc2p of ~3,000 in this rapid GCxGC diesel separation. Finally, GC? with time-
of-flight mass spectrometry detection (TOFMS) using a Pm of 100 ms applied between the 2D
and 3D columns is reported. Narrow third dimension, 3D, peaks 3wy ~ 15 ms were obtained,

resulting in a GC® peak capacity, ncsp, of ~35,000, in a 45 min separation.

1.6.2 Chapter 3: Chemometric Decomposition of Comprehensive Two-Dimensional Gas
Chromatography Time-of-Flight Mass Spectrometry Data Employing Partial Modulation
in the Negative Pulse Mode (NPM)

Partial modulation in the NPM was optimized for GCxGC coupled to TOFMS detection.
With partial modulation in the NPM, a flow of auxiliary carrier gas is applied through a pulse valve
to a T-junction joining the D and 2D columns for nearly all of the Pm. This results in dilution of
the D eluate, followed by briefly turning off the pulse valve for a specified pulse width (pw),
effectively “injecting” undiluted 1D eluate onto the 2D column. The raw data has the appearance
of 2D separations superimposed on top of the D separation. While high peak capacity GCxGC
data are produced, there are challenges that needed to be addressed regarding the use of
chemometrics for analyte decomposition, identification, and quantification. Herein, these data
analysis challenges are addressed using multivariate curve resolution - alternating least squares
(MCR-ALS). An isothermal separation of a 15-component mixture of similar compounds is
obtained in 20 s using a Pm = 250 ms and a pw = 6 ms. Various peak overlap situations were

purposely produced to facilitate the chemometric method demonstration. The MCR-ALS loadings
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were used to determine retention times (tr) and width-at-base (wp) in both separation dimensions.
MCR-ALS readily decomposed and deconvoluted Dx?D regions for analytes with severe D
overlap if they were fully resolved on ?D. Decomposition and deconvolution was more challenging
for analytes severely overlapped on both GCxGC dimensions when their spectra were similar,
though ultimately all 15 compounds were successfully separated. Additionally, the mass spectral
profiles obtained by MCR-ALS were used to demonstrate that the 2D concentration peak profiles
obtained are reliable for identification and quantifiable. The predicted versus prepared
concentration values are in good agreement for two representative analytes, with percent deviation

values of -5.6% (x 2.2%) for 1-hexene, and 1.8% (+ 3.4%) for 2-pentanone.

1.6.3 Chapter 4: Developments in Comprehensive Three-Dimensional Gas Chromatography
(GC?) using the Pulse Valve in Full Modulation Mode

The first three-dimensional gas chromatographic instrument was introduced by Watson et.
al. in 2007. At the time, it was only useful for the gains in chemical selectivity possible with a
third separation column. Now, with the pulse valve modulator, we can further increase the
applicability of GC? instruments by realizing additional gains in peak capacity and S/N. The
pulse valve modulator was used in the full modulation mode to demonstrate the potential
increases in S/N when we transition from 1D-GC up to GC3 on a TOFMS. The detector response
enhancement factor (DREF) is used to quantify the increases in S/N from 1D-GC to GCxGC to
GC3. We found that the DREF between 1D-GC and GC2 can be ~31, i.e., there is a gain of 31
times the signal. Additionally, the 2Dx3D peak capacity is demonstrated at 30 peaks per 1.5 s.
Last, a method to visualize the 2Dx3D chromatogram is presented, in which four successive
modulations are lined up and one can “see” analytes arriving at and eluting from the TOFMS

detector.
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Chapter 2. Development of Ultrafast Separations using Negative Pulse

Partial Modulation to Enable New Directions in Gas Chromatography

This chapter was reproduced from D.V. Gough, D.H. Song, S. Schoneich, S.E. Prebihalo, and R.E.
Synovec, “Development of Ultrafast Separations using Negative Pulse Partial Modulation to

Enable New Directions in Gas Chromatography” Anal. Chem. 91 (2019) 7328-35.

2.1 INTRODUCTION

Comprehensive, two-dimensional (2D) gas chromatography (GCxGC) has evolved a
great deal since its first description by Giddings! and first implementation by Lui and Phillips.?
Over the past 25-plus years, great strides have been made to improve and broadly apply GCxGC
to a host of ever-more complicated samples.® Availability of a wide range of stationary phases
ensure that complementary separations can be readily provided, greatly increasing the utility of
GCxGC compared to one-dimensional (1D) GC. Several reviews® > have been conducted to
capture advancements within this field, enabling researchers to maintain awareness of recent
advances in instrumentation and chemometric data analysis technigues.

The heart of the GCxGC instrument is the modulator, facilitating the conversion of the
1D separation to a comprehensive 2D separation. Design and implementation of most modern
GCxGC instrumentation relies on the use of “full modulation.” During full modulation, each
second-dimension separation (2D) peak arises from an isolated fraction of the larger first-
dimension separation (:D) peak following elution from the D column. Typically, each isolated
analyte fraction is trapped, compressed, and re-injected onto the 2D column. This is true whether
the modulated amount of eluate is 100% (duty cycle = 1.0) or if only a fraction of the eluate

makes it through the modulator (duty cycle < 1.0). Either way, the analyte D profile is divided
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into evenly spaced, narrower 2D peaks that follow the same general shape of the analyte
concentration profile as it departs from the *D column. Thus, a D peak profile can be
reconstructed, mathematically, by fitting a Gaussian function to the maxima of the 2D peaks for a
given analyte.’*> Absent placing a detector prior to the modulator, what has largely been
omitted from the practice of GCxGC is the ability to simultaneously obtain the complementary
1D and 2D separations without forfeiting the integrity of the D analyte peak profile. This is due
to application of separation conditions that result in a low sampling density (fewer points to fit a
Gaussian function), where sampling density is defined as the number of modulations across the
1D peak width-at-base. However, this challenge should be readily addressable using partial
modulation pioneered by Cai and Stearns.®

As the name implies, the main difference between partial and full modulation lays in the
amount of analyte modulated relative to the peak concentration profile eluting from the D
column. In contrast to full modulation, with partial modulation only a portion of the analyte
composition eluting from the D column is modulated, simultaneously leaving a suitable fraction
of analyte composition unmodulated also entering the 2D column. One can imagine this as
skimming off the top of an analyte peak and only modulating and separating on the 2D column
that portion skimmed. As originally illustrated with simulated data, use of partial modulation
provides the possibility of retaining the D peak profile for an analyte while adding a 2D
separation on top of the *D profile.'® This form of modulation remains in its infancy in
development despite showing the promise for some truly unique and beneficial attributes.

We previously studied one form of partial modulation, in the “positive pulse” mode,
where a small pulse of carrier gas, determined with a user-selected injection pulse width was

injected at a T-union between the D and 2D columns.”% Using a “pulse flow valve,” each pulse
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of carrier gas created a local vacancy in the analyte concentration profile. Combining the
principles of vacancy chromatography and frontal analysis chromatography, the raw data
produced required differentiation and inversion to produce what were termed an “apparent”
peaks (a detailed explanation to this is provided in a previous report).t” The apparent peaks were
shown to be amenable to being presented in traditional chromatographic plots such as 1D-GC,
GCxGC, and even comprehensive three-dimensional GC (GC?).1"~2° These apparent peaks,
especially when the GCxGC is combined with time-of-flight mass spectrometry (TOFMS)
detection and chemometrics, have been shown to provide reproducible and quantitative results.*®
Hence, use of partial modulation in the positive pulse mode has shown great promise in GCxGC
and GC2 due to the robustness of the modulator, the ultrafast modulation capability (modulation
period, Pm > 50 ms), and the narrow peak widths-at-base, wy (4 standard deviation width, as low
as single-digit ms. High peak capacity, nc, has been obtained for either 2D separations in GCxGC
(~11,000 in 11 min), or 3D separations in GC3-FID (~31,000 in 40 min).182°

While previous reports are promising, the performance of the partial modulation in the
positive pulse mode resulted in critical shortcomings in the concentration profiles of the
modulated peaks. Specifically, the need to differentiate the data to obtain the apparent peaks
(chromatographic information) resulted in a substantial loss in signal-to-noise ratio (S/N), and in
general is non-ideal for wide acceptance of the technology. To address this shortcoming, we have
begun exploring an alternative form of partial modulation, the “negative pulse” mode.® Partial
modulation in the negative pulse mode has hereto remained undeveloped beyond the original
report, especially for ultrafast GC separations, and will be the focus of this report.

It is hypothesized that use of the negative pulse mode will eliminate the need to

differentiate the data, thus substantially reducing the data processing requirements and increasing
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the S/N. Additionally, it is hypothesized that application of a suitable baseline correction
algorithm will be more amenable to the naturally produced positive peaks from the negative
pulse mode than to the vacancies produced by the positive pulse mode. In this report, the basic
principles and key applications of partial modulation in the negative pulse mode are reported.
First, with a 1D-GC study, we demonstrate the ability to obtain replicate chromatograms at a
high sampling frequency by introducing a steady-state analyte test mixture for continuous
analysis by the system. Applied herein, fast modulations (Pm > 50 ms) are readily achieved with
the pulse flow valve. We then study how the injected pulse width, pw, affects the detected peak
widths and signal intensity in the context of GCxGC. Next, the benefits of this technology for
GCxGC separations are demonstrated with a test mixture and diesel. Finally, GC*-TOFMS with
pulse flow valve modulation in the negative pulse mode is demonstrated using a Pm of 100 ms
applied between the 2D and *D columns. A 90-component test mixture is used for this
demonstration. By adding the pulse flow valve and D column to the end of a commonly applied
thermally modulated GCxGC-TOFMS instrument, high peak capacity GC?® separations are
achieved!®?° with TOFMS detection.?%%2

2.2 BASIC PRINCIPLES

In their original study, Cai and Stearns used a homemade pulsed flow modulator which
alternated between a high and low flow (not zero) of carrier gas at a Y-junction between the D
and °D in GCxGC.'® We have modified the negative pulse method described in this original
report in one subtle, yet key way: the auxiliary flow of carrier gas at a T-union is alternated
between either a fixed value or zero flow. This was done in order to use a commercially available
pulse flow valve that required zero adjustments aside from connections to the GC instrument. In

the positive pulse mode, a pulse of carrier gas is introduced into the main analyte stream. In the
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negative pulse mode, a complete absence of the auxiliary carrier gas flow at the T-union is
“introduced” into the main analyte stream (Figure 2.1).

During normal operation (Figure 2.1A), the pulse flow valve is left open, allowing a
stream of auxiliary carrier gas to enter at the T-union and “dilute” the analyte stream coming
from the D column onto the 2D column. During modulation, the pulse flow valve closes (Figure
2.1B), and there is now no flow of auxiliary carrier gas. This enables a section of analyte stream
from the *D column to enter the 2D column without being diluted at the T-union. Next, the pulse
valve reopens (Figure 2.1C), and the stream of carrier gas resumes. The auxiliary carrier gas
returns the majority of the D profile back to its “diluted” state, while simultaneously creating a
local concentration of the “injected” portion of the analyte stream. An example of peaks obtained
using the negative pulse mode for four pw can be compared in an overlay plot (Figure 2.1D),
which could be observed in either a 1D-GC, GCxGC, or GC? separation.

These data provide an impetus for the first two studies in this report, as there is a marked
impact of pw on Wy and signal intensity. Indeed, the “injected” portion of the analyte stream
produces a narrow 2D peak (e.g., in a GCxGC context), since it is the only segment of the analyte
stream to undergo visible separation on the 2D column. The rest of the analyte stream remains
“unmodulated” and essentially retains its 1D profile. The complementary D and 2D separations
are simultaneously obtained without forfeiting the integrity of the D analyte peak profiles, even
if a low modulation sampling density is applied (Figure Al). A simple baseline correction
algorithm can be applied to the raw negative pulse mode data (Figure A1A-C) to isolate each D
peak and the series of 2D peaks obtained are readily converted into the traditional 2D contour

plot for GCxGC (Figure A1D). Note that the “unmodulated” (diluted) portion of the analyte
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stream (Figure 2.1C) will also produce negative “peaks” due to a subtle vacancy modulation

effect.
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Figure 2.1. lllustration of the interaction of gas flows at the 3-way union during partial
modulation using the pulse flow valve in the negative pulse mode for GCxGC. (A) Most of the
time, the pulse flow valve is open, allowing an auxiliary flow of carrier gas into the 2D column,
diluting the carrier gas effluent entering the union. (B) When the pulse flow valve is actuated to
close, the flow of auxiliary carrier gas at the flow junction is temporarily stopped using a user-
selected pulse width, pw, and the carrier gas effluent entering the union is not diluted. (C) When
the pulse flow valve is actuated to open, the flow of auxiliary carrier gas returns to re-dilute the
analyte stream. (D) Baseline corrected data of four specified pw. Only the “injected” pulse is
visibly separated on the 2D column while the main flow of analyte from the D column continues

through the 2D column providing the baseline signal.

There are two extremes for partial modulation, the negative pulse and positive pulse

modes, with injection pulse widths defined by pw and Pm-pw, respectively. When Pm-pw >>pw, as
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in the negative pulse mode, positive peaks are obtained, as observed herein, and shallow negative
peaks are not readily observed and are essentially removed by the baseline correction.
Conversely, when Pm-pw<< pw, a narrow pulse of carrier gas is “injected” by the pulse flow
valve, the system would then be operating in the positive pulse mode.6-2

Further development of partial modulation in the negative pulse mode demands
validation of its theory of operation and the reproducibility of the data. At its core, a modulator
can be viewed as a secondary injector, taking the effluent from a previous dimension and re-
injecting it onto a successive dimension in a multidimensional GC instrument. Taking this a step
further, a modulator can be simply viewed as an injection system,?>?% and one can study the
modulator performance and characteristics for continuous 1D-GC separations. Previous work
focused on improving the ability of injectors/modulators to inject narrow pulses of
sample/effluent to reduce the overall band-broadening. Expanding upon this idea, we examine
the pulse flow valve in the negative pulse mode by rapidly performing successive modulations
onto a pseudo steady-state analyte test mixture stream, to mimic continuous process monitoring.
Each modulation provides an injection for a high-speed 1D-GC separation.

The flow ratio between the pulse flow valve modulator and the inlet column flow was
previously shown to impact the 2D signal intensity relative to the *D signal, and the total amount
of analyte partially modulated.'® This was studied at a constant pw of 30 ms. The pw dependence
in the negative pulse mode was studied in more detail (Figure A2 and Table A3). A steady
pressure ratio (and thus flow ratio) was maintained between the pulse flow valve and the inlet
column flow for each experiment, while the size of the pw was varied. The flow ratio is a critical
factor, and with the column sets (ID and length) applied herein the auxiliary flow pressure must

be held slightly higher than the column inlet pressure in order to obtain optimal results. Larger pw
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correlated to larger wy for a given analyte, as a larger analyte portion (i.e., volume and/or mol)
eluting from the D column became “undiluted” and then was “re-injected” and separated on the
2D column. The data obtained was analyte wy and signal height, both as a function of pw. A
“sweet spot” in the pw dependency was observed (pw in the 6 to 10 ms range), below which the
Wy is barely affected since chromatographic band broadening due to the column dominates, and
above which the wy, significantly increases with pw.? This sweet spot concurrently provided an
optimal signal height without introducing substantial peak broadening due to the injection.
Finding the sweet spot provided suitable conditions without modifying flow ratios for the high-

speed 1D-GC, GCxGC, and GC?® studies presented.
2.3 EXPERIMENTAL

Two GC instrumental configurations, one for 1D-GC (Figure 2.2A) and the other for
GCxGC (Figure 2.2B), were based upon an Agilent 7890A GC and 7683B auto-injector (Agilent
Technologies, Palo Alto, CA, USA) with a flame ionization detector (FID). The stock
electrometer for the Agilent FID was replaced with a high-speed electrometer, built in-house,
allowing the data to be collected at 100 kHz, then boxcar averaged to 1 kHz. The electrometer
was interfaced to a data acquisition board, and the resulting data was collected using an in-house
written LabVIEW program (National Instruments, Austin, TX, USA). Post-run data processing
was performed in MATLAB R2017b (The Mathworks, Inc., Natick, MA, USA). Two solvents,
acetone and hexane (Fisher Scientific, Hampton, NH, USA), were used in between experiments

for rinses. Ultra-high purity hydrogen (Grade 5, 99.999%) was used as the carrier gas (Praxair,
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Seattle, WA, USA). All experiments utilized an inlet temperature of 175 °C and FID temperature
of 255 °C. For all studies using a GCxGC configuration, the column sets were located in the
same oven and subjected to the same temperature conditions.

Both GC configurations were fitted with a high-speed pulse flow valve (Model 009-0347-
900, Parker Hannifin, Hollis, NH, USA). The pulse flow valve was mounted outside the oven
(Figure 2.2B), with a custom-built fitting to connect a 125 pum- inner diameter (ID) stainless steel
tubing (VICI model T5C5D, Valco Instruments Company Inc., Houston, TX, USA) to a 3- way
T-union (Model MT.5CXS6, Valco Instruments Company Inc., Houston, TX, USA) mounted
inside the oven. The 3-way T-union served as the point of modulation for the pulse flow valve.

The pulse flow valve was controlled by an lota One Microfluidic Valve Driver (Model 060-

lota One Pulse Valve
Controller
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Figure 2.2 Schematic of the two instrumental configurations used for the studies. (A) 1D-GC in a
headspace sampling mode. The highlighted region depicts the setup used to create the steady-
state analyte mixture stream that is introduced to the T-union. (B) GCxGC mode. The

highlighted region contains the custom tubing linking the pulse flow valve to the T-union.
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0010-900, Parker Hannifin, Hollis, NH, USA). All pressures and flow rates were controlled by
the stock gauges in the GC platform.

The 1D-GC configuration (Figure 2.2A) was implemented using a pseudo steady-state
analyte test mixture (Table A1A). Lists of all four analyte test mixtures used are provided in
Supporting Information (Tables A1A-D). A guard column (Restek, 25 cm %100 pm ID) was
used to connect the auto-injector to a headspace sampling vial (Part Number 8010-0412, Agilent
Technologies, Palo Alto, CA, USA), and a second guard column (Restek, 25 cm %100 pm ID)
connected the vial to the 3-way T-union, followed by the separation column (DB-5, 1.0 m x 100
pm dc x 0.10 um dy). Isothermal conditions were applied at 90 °C. The inlet flow rate was set to
6.5 mL/min, equating to 47.6 psig at the inlet. The auxiliary flow from the pulse flow valve was
set to 49.0 psig with a pw of 6 ms. The auto-injector for the GC was utilized to inject 5 pL of the
analyte test mixture ten times (totaling 50 pL injected) to establish a pseudo steady-state analyte
stream emitted from the headspace vial.

The GCxGC study with the 20-component test mixture (Table A1C) used a “normal”
column configuration, with a non-polar D column (DB-5, 3.0 m x 100 um *dc x 0.10 pum *dy)
followed by a polar 2D column (DB-WAX, 1.0 m x 100 pum 2dc x 0.10 um 2ds). An isothermal
temperature of 90 °C was applied. The inlet flow rate was set to 3.0 mL/min, equating to 52.6
psig at the inlet, with a split of 100:1. The split ratios in this study were selected to provide
adequate S/N. The auxiliary flow from the pulse flow valve was set to 52.6 psig with a pw of 10
ms.

The pulse width study and the diesel GCxGC separation study used the same GCxGC
“reverse” column configuration, with a polar !D column (DB-WAX, 3.0 m x 100 um d. x 0.10

um 1d) followed by a non-polar 2D column (DB-5, 1.0 m x 100 pm 2dc x 0.10 um 2ds). For the
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pulse width study, an isothermal temperature of 90 °C was applied. The inlet flow rate was set to
3.0 mL/min, equating to 52.6 psig at the inlet, with a split of 300:1. The pulse flow valve
auxiliary pressure was set to 49.0 psig with variable pulse widths. For the GCxGC diesel study, a
temperature program was used. The oven was initially set to 40 °C for 1 min, ramped at 20
°C/min to 240 °C, and held for 2 min. The inlet flow rate was held at 1 mL/min, going from 21.8
psig to 38.1 psig, with a split of 10:1. Auxiliary flow from the pulse flow valve was set to a
pressure ramp to match the D column inlet, going from 22.5 psig to 38.7 psig at 1.62 psi/min.

Finally, the pulse flow valve and column assembly were attached to the end of a GCxGC
but prior to a TOFMS, creating a GC3-TOFMS instrument based on an Agilent 6890N GC and
LECO Pegasus 11l TOFMS (LECO Corporation, St. Joseph, MI). The D column was non-polar
(DB-5 ms, 40.0 m x 180 um 2dc x 0.18 pm 2ds) followed by a semi-polar 2D column (RTX-200,
2.5 m x 180 um 2dc x 0.18 pm 2ds), followed by a more polar *D column (DB-HeavyWax, 1.0 m
x 180 pm 2dc x 0.18 pm 2ds). The switch from 100 pm to 180 um ID columns ensured adequate
flow rates could be used within the allowable parameters of the GC instrument and the TOFMS
vacuum. The pulse flow valve was mounted as previously described, but in between the 2D and
3D columns, with the stock thermal modulator between the D and 2D columns. The oven was set
to 40 °C for 1 min, ramped by 5 °C/min to 250 °C and held for 2 min. The inlet flow rate was
held at 1.1 mL/min, going from 31.4 to 67.7 psig. The pulse flow valve auxiliary pressure was
ramped from 6 to 14 psig at 0.19 psi/min. The GC3-TOFMS study utilized a 90-component test
mixture (Table A1D).

2.4 RESULTS AND DISCUSSION

We begin by studying partial modulation in the negative pulse mode using the 1D-GC

configuration (Figure 2.2A), to demonstrate the ability to obtain replicate chromatograms at a
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high sampling frequency using a pseudo steady-state analyte test mixture. In doing so, each
partial modulation “reinjects” a small portion (pw of 6 ms applied) of the steady-state analyte
stream onto the GC column while a large fraction of the stream remains relatively unchanged for
the raw data of 7 representative and reproducible replicate chromatograms (i.e. injections) prior
to baseline correction (Figure 2.3A), and for one chromatogram (Figure 2.3B). The “baseline”
FID signal of 2.0 V is from the pseudo steady-state analyte stream that is constantly evaporating
from the ~50 pL injected into the headspace vial. Using an in-house written code, the original
chromatogram (Figure 2.3B) is baseline corrected (Figure 2.3C). The separating and resolving
capability using partial modulation in the negative pulse mode is apparent. The 8 analytes in the
test mixture (Table A1A) are separated with baseline resolution (i.e. a resolution Rs > 1.5)
between them. Following baseline correction, the wi2 and retention time, tr, for each analyte was
measured for the 7 displayed chromatograms (Figure 2.3A). The wy (1.7 wis2) and retention
factors, k’, were calculated in relation to acetone, which is taken as an unretained analyte (Table
A2). Next, a plot of wp asa function of k> was obtained (Figure 2.3D). As expected for an
isothermal separation,?® later eluting analytes are wider (wy ~26 ms for benzyl alcohol versus
~6.5 ms for acetone), and the wp, increases linearly with k* (R? of 0.9778). Using this linear fit,
one can estimate the peak capacity, ne, at unit resolution (Rs = 1).2” Indeed, a remarkable nc of 14
is achieved for this 200 ms separation window. If used in GCxGC mode, a Pm of 200 ms could

be applied and this high peak capacity would be provided.
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Figure 2.3. With partial modulation in the negative pulse mode, the pulse flow valve acts as an
“injector” on a steady-state analyte mixture stream (Figure 2.1A, Table A1A). (A) Raw data of 7
successive “injections” of the steady-state analyte stream. (B) Zoomed in view of the first
injection. The 8 analytes in the test mixture emerge within 200 ms of each other with baseline
resolution. Order of elution for the analytes is: acetone, heptane, octane, chlorobenzene, nonane,
butyl benzene, decane, benzyl alcohol. (C) Each chromatogram is baseline corrected using an in-
house algorithm (rolling ball minimum). (D) Plot of wy as a function of k* for the 8 analytes (data

summarized in Table A2).

This 1D-GC study presents an intriguing way to envisage the use of high-speed GC
separations for continuous monitoring and related measurement applications. In this study,

enough analyte is initially injected into the headspace vial to maintain a pseudo steady-stream of
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signal that was modulated to investigate the repeatability of this modulation approach. Viewing
this another way, any chemical reaction, or process, that emits volatiles (or semi-volatiles) could
be monitored by a GC in such a way. Modifications to the headspace vial setup to divert a stream
of volatile products from a reaction or process to this modulator could enable near-real time
analyses to be performed. This is an area that we intend to continue to explore.

Evaluation of high-speed partial modulation in the negative pulse mode for GCxGC was
performed next, using a 20-component test mixture (Table A1C), a Pm of 100 ms, and a pw of 8
ms (Figure 2.4). The raw data (Figure 2.4A) appears to exhibit ~5 D peaks (everything below
the modulated 2D peaks) in this 12 s separation region. Baseline correction was applied to the
raw data (Figure Al) to provide the typically appearing, modulated GCxGC data in the unfolded
D format (Figure 2.4B). A 1 s window, centered at 32 s, shows 6 modulated 2D chromatograms
(Figure 2.4C). Five analytes are separated in a 60 ms window in each 2D separation, while they
are all co-eluting on the D separation: methylcyclopentane, hexyne, benzene, thiophene, and
1,2-dichloromethane. Cutting and folding the raw data in the traditional GCxGC format (Figure
2.4B) provides a 2D contour plot (Figure 2.4D). Identification of each analyte was determined
through serial addition of each analyte prior to the combination of the test mixture. The 2wy
obtained are quite narrow (Figure 2.4D). Indeed, 2w, ranged from 7 ms (acetone, isopropyl
alcohol) to 12 ms (thiophene, toluene), providing a remarkable ?nc of ~12 with a Pwm of only 100
ms. This GCxGC separation illustrates the power of partial modulation in the negative pulse
mode.

Nonetheless, the D peaks in Figure 2.4 are oversampled relative to most GCxGC
applications. Each analyte is between 1-2 s wide on D, resulting in about 10-20 modulations per

analyte. Typically with GCxGC, D peaks are (should be) sampled between 2-4 times by the

37



modulator,?® enabling the analyst to maximize the 2D peak capacity, nc2p, while still providing
comprehensive separations. Oversampling generally means that !D peaks are excessively wide,
and the analyst is losing D peak capacity as a result. However, that is not the case here. One
may infer that the use of partial modulation is not producing oversampling for the same reason.
In fact, the performance of the modulator speaks to the need to improve the performance of GC
so much more efficient 'D separations are achieved, such as providing ‘wy ~200-400 ms
concurrently with a Pm of ~100 ms, so the sampling density is more appropriate. Recent

advances in GC technology have been very promising in this regard,?®*° such as
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Figure 2.4. GCxGC separation of the 20-component mixture (Table A1C). (A) Raw data
collected showing the D peaks riding on top of the *D chromatographic profile. (B) Baseline

corrected data where the D chromatographic profile is subtracted. (C) Zoom-in view of (B) at
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the 32 s mark in a complex region showing 6 modulations with a Pm = 100 ms, to highlight the
performance of partial modulation in the negative pulse mode. (D) The data in (B) is cut and fold

into a traditional GCxGC chromatogram. The 2wy, range is ~7-12 ms, resulting in a ?nc ~12.

resistively heated temperature programming,?’*132 with extension to micro-GC formats.33-
Developments in axial thermal gradient GC3® and flow field thermal gradient GC* are also very
promising platforms for potential integration with pulse flow valve modulation. Additionally,
modulation from the 2D to D dimensions in GC? is naturally well suited to take advantage of
partial modulation, as the second dimension peaks of 2w, ~200 to 400 ms are readily

achieved.”820 Indeed, this direction with GC3-TOFMS is reported herein.
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Figure 2.5. (A) GCxGC chromatogram of a diesel sample. (B) A zoom in of the highlighted area
in the top right corner of the alkane and cycloalkane band. (C) A zoom in of the beginning of the

monoaromatic band. (D) A zoom in of the beginning of the polyaromatic band. Individual
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analyte 2wy ranges (numbered 1-4 in (C) and (D)) from 16-19 ms (average of ~18 ms). This

affords us an approximated 2nc of ~17 per 300 ms modulation period.

Next, a more extreme test of the separating power using partial modulation in the
negative pulse mode was performed on a diesel sample. A rapid (12 min) GCxGC separation
with a reverse column configuration and a Pm of 300 ms is provided (Figure 2.5). Distinct
compound classes within the fuel are separated (Figure 2.5A). The large band at the top (most
retained on the 2D) includes the alkanes and the cycloalkanes, the middle band includes the
monoaromatics, and the lower band (least retained on the ?D) contains the polyaromatics. For
additional insight, Figures 2.5B-D provide a zoom in view of highlighted regions of the
separation (Figure 2.5A). In each zoomed-in region, single analyte peaks are visible for
additional examination. Of note, since the alkane and cycloalkane band is comprised of very
wide 2D peaks, with a range of ~60-100 ms, a majority of these peaks are likely not single
analytes, but rather closely eluting isomers. Clearly resolved individual analyte peaks were
retrieved from the two aromatic regions (numbered 1-4, Figure 2.5C-D) to provide estimates for
wp and 2wy, for the sake of estimating peak capacities. The wp range is 3.5-4 s (average of 4 s,
nc of ~180) and 2wy, range is 16-19 ms (average of 18 ms, 2n. of ~17) for the aromatic bands,
resulting in a n¢2p of ~3,000 in this high-speed GCxGC separation. The raw data for this
separation, as well as two zoomed in regions, are also provided (Figure A3).

Finally, GC3-TOFMS with pulse flow valve modulation between the 2D and 3D columns
(Pwm of 100 ms) is demonstrated using a 90-component test mixture (Table A1D). The full, 45-
min separation in the raw, 1D vector format and traditional *Dx?D GCxGC (TIC) chromatogram,

with the 3D summed away, are provided (Figures 2.6A-B). A zoom in of 9 modulations (18 s)
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near the 15 min D time is also provided (Figure 2.6C), revealing four analytes in a 3D
isosurface plot. Alternatively, the analyst can sum away the D time data, and utilize the mass
spectral data provided. Doing so, we can plot all four analytes in a 2Dx3D GCxGC
chromatogram, using selective m/z for each analyte (Figure 2.6D). This format is easier to view

and analyze than the 3D isosurface plot format.
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Figure 2.6. (A) Raw, vector chromatogram for the GC3-TOFMS separation of the 90-component
sample (Table A1D). (B) A traditional, 'Dx?D GCxGC (TIC) chromatogram where the 3D data
is summed away. (C) A zoom-in of 9 modulations on the 1D (i.e. 18 s), where four test analytes
elute with unique tr, %tr, and 3tr. (D) Using the mass spectral data, selective m/z for each analyte
were used to create a 2Dx3D overlay, displaying the selectivity afforded by this 4D data set.
These four analytes, with their selective m/z are: (1) 5-decyne (m/z 55), (2) methyl caproate (m/z

74), (3) anisole (m/z 78), and (4) cyclooctane (m/z 56).

In addition to the gains in chemical selectivity provided by three separation dimensions
with GC?, a substantial peak capacity is also provided. Using representative peak width data

(Table A4), for the 1D separation time (45 min) producing average wy of 4 s, a near optimal 1D-
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GC peak capacity *nc of 675 was obtained. This high 'n. was achieved concurrent with
reasonably high peak capacities for the 2D and 3D separations. For each 2D separation with a run
time of 2 s, an average ?wp of 255 ms produced a 2nc of 8. Thus, the ideal GCxGC peak capacity,
taken as the product nex?nc is 5,400, which is near optimal. Similarly, for each 3D separation
with an average 3wy of 15 ms, a ®n¢ of 6.5 was achieved. The product *nex?nex®nc provides a total
‘ideal” peak capacity for GC?, n¢3p, of 35,100, now with TOFMS detection. This impressive
Nc,3p IS made possible by coupling an optimized GCxGC instrument with high speed 100 ms

modulations to the 3D column, which produced extremely narrow 3D peaks.
2.5 CONCLUSION

In this study, further development of partial modulation in the negative pulse mode was
reported. With GCxGC, partial modulation provided the ability to readily obtain the peak
profiles of the D peaks without requiring peak fitting. As the 2D peaks are superimposed upon
the 1D profile, the 2D peaks were uncoupled from the D peaks via baseline subtraction. The
negative pulse mode produced consistently narrow peaks (wy in the 6-20 ms range). While this
study focused on a Pw range of 100-300 ms, a Pm of 50 ms can be applied.t’8 The pulse flow
valve was also used to create a GC3-TOFMS instrument to demonstrate effective use of the short
Pwm. In doing so, the peak capacity produced for a 45 min separation was 35,100. Since the *D
peak widths were typically ~ 15 ms, a Pm of 100 ms provided a peak capacity approaching 10,
which has been determined to be the optimal theoretical and experimental gain in peak capacity
if comprehensive separation conditions are optimized.3®*! While the pulse flow valve and
associated hardware is straight forward to implement, there is much room for continued

exploration into the properties of, and uses for, partial modulation (and pulse flow valve
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modulation) for 1D-GC (continuous monitoring), high-speed GCxGC, GC3, and related

methods.
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Chapter 3. Chemometric Decomposition of Comprehensive Two-Dimensional
Gas Chromatography Time-of-Flight Mass Spectrometry Data Employing

Partial Modulation in the Negative Pulse Mode

This chapter was reproduced from D.V. Gough, S. Schoneich, R.E. Synovec, “Chemometric
Decomposition of Comprehensive Two-Dimensional Gas Chromatography Time-of-Flight Mass
Spectrometry Data Employing Partial Modulation in the Negative Pulse Mode” accepted in

Talanta, in press.

3.1 INTRODUCTION

Gas chromatography (GC) is a powerful separation tool that enables the gas phase
separation of volatile and semi-volatile analytes. The efficacy of GC has significantly increased
with the advent of comprehensive, two-dimensional (2D) gas chromatography (GCxGC)
pioneered by Liu and Phillips,* since significantly more peak capacity? and chemical selectivity®-
® are provided by GCxGC relative to one-dimensional GC. GCxGC instruments require a
modulator between two successive capillary columns in order to comprehensively couple the
second dimension (°D) separation to the first dimension (*D) separation.®® Furthermore, the 2D
column must be equipped with a stationary phase sufficiently different from the D column so as
to provide orthogonal selectivity.> The growth of GCxGC has been significant in recent years,
especially when coupled with time-of-flight mass spectrometry (TOFMS) detection.>8:9-16

The modulator is the key instrument component that enabled the jump from one-
dimensional GC to GCxGC. Currently, there are two broad categories of modulators: thermal
and flow-based modulators.®81217-2! Both modulator categories generally provide “full”

modulation,*’ resulting in a series of 2D peaks for a given D peak in which baseline is observed
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between adjacent 2D peaks for a given analyte. The series of narrow 2D peaks follow the same
general shape of the 'D peak. When each analyte is modulated at least 2 or more times, the
GCxGC separation is considered “comprehensive” as it retains the 'D separation peak
profiles.>?22 The number of times an analyte is modulated, defined as the *D width-at-base
(*Wy) divided by the modulation period (Pw), is termed the sampling density (ps), or
alternatively the modulation ratio (Mg).>?? Currently, modulators typically run in the seconds
timeframe,>®#°12 though some have been able to operate as quickly as every 250-500 ms.82425
Further research towards shorter and more efficient GCxGC separations to expand applicability
requires a modulator capable of operating at a suitably higher frequency.

Recently, we have been exploring an alternative modulation approach, referred to as
partial modulation,!’ that employs a pulse valve and is capable of higher frequency sampling
rates with Py as low as 50 ms.262° As the name implies, partial modulation differs from full
modulation by only modulating a portion of the D eluate. The fraction of a modulated analyte
becomes a series of 2D peaks superimposed on the D peak profile. Overall, the D separation is
comprehensively obtained by 2D separations, simultaneous with also measuring the 1D
separation. Note that although the 1D eluate is only partially modulated, the duty cycle is
technically 100% since all of the D eluate is detected.

Partial modulation can be operated in two modes, either the negative pulse mode (NPM),
or the positive pulse mode (PPM).1"?® With partial modulation in the NPM, a flow of auxiliary
carrier gas at a suitable pressure (Paux) is applied through a pulse valve to a T-junction joining the
D and 2D columns for nearly all of the Pw, resulting in dilution of the D eluate. This is
followed by briefly turning off the pulse valve for a specified pulse width (pw), effectively

“injecting” undiluted ‘D eluate onto the 2D column. The resulting raw data has the appearance of
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2D separations superimposed on top of the D separation.?® Application of a rolling ball
minimum baseline correction to the raw data uncouples the 2D separation from the 1D separation,
and the uncoupled 2D chromatograms can then be cut and folded into a GCxGC chromatogram.
Extremely narrow 2D peak widths-at-base W (46) of about 10 ms with a Py of 100 ms were
obtained.?® In contrast, in the PPM, the flow of auxiliary carrier gas from the pulse valve is
turned off for nearly all of the Pm (pw approaching Pwm), and then is briefly turned on for a short
time interval of Pw - pw, creating a local analyte vacancy in the D eluate as it enters the 2D
column. Although the raw data collected in the PPM can be converted into traditional appearing
GCxGC chromatograms, the data analysis steps were overly complex and the resulting signal-to-
noise ratio (S/N) suffered.?6-2 The overall consensus was that the partial modulation in the NPM
has superior potential relative to the PPM, by achieving extremely narrow peaks using a very
short Pwm, concurrent with a much higher S/N post data processing. In the recent report, we
introduced the potential for coupling GCxGC using partial modulation in the NPM to a
TOFMS.? In this initial report we did not address the challenges that would arise due to the
necessity to uncouple the D and 2D contributions to the overall detected signal at each mass
channel (m/z) for overlapped peaks. In this current study we focus our attention on this challenge
by employing chemometric decomposition.10-%0-33

The data produced by GCxGC-TOFMS instruments is inherently complex. Numerous
computational tools (broadly termed chemometrics) have been developed to adequately and
quickly process and analyze the data. There are numerous useful chemometric tools available for
use.%33-38 For GCxGC-TOFMS, using partial modulation in the NPM, the data are inherently
not trilinear because of the nature in which the *D separation is coupled to the D separations

prior to applying chemometric decomposition. Essentially, in the workflow the signal as a
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function of m/z for each analyte must first be separated from the other analytes and/or
interferences. Following this step, the *D separation can be uncoupled from the 2D separations
using a rolling ball minimum baseline correction step. For this purpose multivariate curve
resolution — alternating least squares (MCR-ALS) is ideally suited for the chemometric
decomposition step of the workflow.31*844 While partial modulation in the NPM is a
chromatographically efficient method that produces narrow peaks, the potential drawback is that
the GCxGC data produced is intrinsically non-bilinear. MCR-ALS is robust to shifts in 2D
retention time shifts and less sensitive to peak shape differences than other chemometric
techniques that require the data to be bilinear, which makes it an advantageous algorithm to use
for the non-bilinear data produced by this modulation technique. MCR-ALS also allows for the
use of common constraints such as non-negativity, unimodality, convergence, and selectivity
across the entire data set or just selected components, as desired. An important consideration
when applying MCR-ALS is that the solutions are subject to rotational ambiguity. This can often
be minimized by applying harsher constraints, building augmented data matrices, and hard
modeling.*® Augmented data matrices can be built by concatenating each unfolded 2D data array
either column-wise or row-wise. Uniqueness of the solutions may be evaluated by various
methods including MCR-BANDS* software or other soft modelling methods.*®

MCR-ALS splits the instrumental response of the sample matrix into the concentration
peak profiles and the spectral information, and uses the alternating least-squares process to fit the
data.*?** The algorithm calculates the total variance explained in the data set as well as the
residuals, or the part of the data set that was not modeled. An initial estimate of the pure analytes
is first determined and the ALS process adjusts the elution profiles and spectra iteratively to

maximize the explained variance of the data being modeled.** GCxGC-TOFMS data can be
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decomposed computationally by MCR-ALS along the 1D elution time (*tr), 2D elution time (?tr),
and mass spectral data dimensions. In addition to selecting a time window of the raw sample
data, the number of chemical components present in this selected region must be estimated prior
to decomposition, though knowing the identity of the components is not necessary.** This
assigns the number of response profiles the model generates and the number of predicted
chemical components that can be edited according to the modeled results. Computing an MCR-
ALS model decomposes the raw data matrix into a matrix containing the D and 2D elution peak
profiles, herein referred to as the loadings, for each analyte.?34%45 These loadings contain the
concentration information of the pure response peak profiles that allows for the quantification of
analytes that are susceptible to co-elution with similar compounds. The MCR-ALS model also
provides a matrix containing the mass spectral profiles, corresponding to each loading, that can
be matched to established libraries to identify analytes. An advantage of including spectral data
as one of the model variables includes the ability to chemometrically decompose complex
samples based upon selective m/z. The details of this algorithm and its applications are described
more extensively in the literature, 31:3%42-44

GCxGC-TOFMS using more “traditional” modulation approaches produces a series of
modulated peaks that follow the same general shape of the D analyte peak profile. From a single
1D analyte peak, a series of 2D peaks are produced, which can be summed for quantification.
Partial modulation in the NPM creates a similar set of modulated 2D peaks, but also retains the
D peak profile underneath the 2D peak profile. These D peaks were shown to be reproducible
with very narrow W, and the 2D peaks are relatively easily isolated from the D peaks for
comparison and calculation of figures-of-merit.?° However, analyte quantification, either with or

without peak overlap, was not previously addressed. A goal of the current study is to determine if
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data produced using partial modulation in the NPM is quantifiable using a chemometric
decomposition approach. The quantification task at hand bares similarity to that presented by
Carabahal et al.*’ that describes an elegant method using MCR-ALS to quantify data with two
coupled instrumental modes. They reported an approach that models augmented data matrices
containing concatenated test samples and calibration samples, whereby the peak area under the
entire resolved concatenated profiles is calculated for quantification. In our study, the D peak
for each analyte is modulated by the same ratio, the resulting 2D peak areas can be summed
(without concern for the remaining, overlapped D signals) in a similar manner as traditional
one-dimensional GC and GCxGC data, and yield reliable identification and accurate
quantification.*® For this purpose, an isothermal separation of a 15-component mixture of similar
compounds is studied, with a 20 s separation time window using a Pm of 250 ms and a short
pulse width pw of 6 ms in order to produce very narrow 2D peaks. Various peak overlap

situations were purposely produced to facilitate the chemometric method demonstration.

3.2 EXPERIMENTAL

The GCxGC-TOFMS instrument using partial modulation in the NPM was based upon
an Agilent 6890N GC (Agilent Technologies, Palo Alto, CA, USA) and a LECO Pegasus |11
TOFMS (LECO Corporation, St. Joseph, MI), with the schematic provided in Fig. 3.1. The
carrier gas (Praxair, Seattle, WA, USA) was ultra-high purity helium (Grade 5, 99.999%). The

inlet
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Figure 3.1. Schematic of the GCxGC-TOFMS instrumental setup used for all data collection.
Partial modulation in the negative pulse mode by the pulse valve occurs at the 3-way T-union,

where eluate from the D column is “re-injected” onto the 2D column.

temperature was 175 °C and the transfer line temperature was 240 °C. The oven temperature was
set to 100 °C. Post-run data processing was performed in MATLAB R2017b (The Mathworks,
Inc., Natick, MA, USA). The Agilent 6890N GC was fitted with a high-speed pulse valve
(Model 009-0347-900, Parker Hannifin, Hollis, NH, USA) to facilitate the GCxGC operation.
The pulse valve was mounted outside the oven (Fig. 3.1), with a custom-built fitting to connect a
0.005-inch inner diameter (I1D) stainless steel tubing (VICI model T5C5D, Valco Instruments
Company Inc., Houston, TX, USA) to a 3-way T-union (Model MT.5CXS6, Valco Instruments
Company Inc., Houston, TX, USA) mounted inside the oven. The 3-way T-union served as the

point of modulation for the pulse valve, coupling the D and 2D columns. The pulse valve was
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controlled by an lota One Microfluidic Valve Driver (Model 060-0010-900, Parker Hannifin,
Hollis, NH, USA). The auxiliary pressure was controlled by the Agilent 6890N GC.

The study was conducted with a 15-component mixture (Table 3.1) measured by volume

in octane. Octane served as a common solvent that did not elute in the same 1D time window as

Peak Number Analyte Name Boiling Point (°C)
1 Pentane 36.1
2 Acetone 56
3 Isopropyl Alcohol 82.6
4 1-Hexene 62-63
5 1-Hexyne 69-71
6 2-Butanone 79.6
7 2-Butanol 98
8 Methylcyclopentane 71.8
9 1,2-Dichloroethane 83
10 Heptane 98.4
11 Cyclohexene 83
12 Benzene 80.1
13 2-Pentanone 101
14 Thiophene 84
15 1-Heptyne 98-99

Table 3.1. The fifteen-component test mixture is listed here, with peak number and boiling point
for each analyte. The analytes are ordered by 2tz within the time window input for MCR-ALS
decomposition. The compounds were selected to create separation regions of overlap that

required chemometric decomposition.

the rest of the analytes. For the quantification study, a second test mixture with the same
compounds was prepared varying the concentrations of 1-hexene (4), and 2-pentanone (13). The
concentration of 1-hexene (4) injected for one test mixture was 34 parts-per-thousand by volume
(ul/ml) and 39 pl/ml for the other mixture, and concentrations for 2-pentanone (13) were 48 pl/ml
and 81 pl/ml, respectively. The studies used a “normal” column configuration: a non-polar D

column coated with DB-5 stationary phase (3.0 m length x 100 um *d¢ x 0.10 pm *ds), followed
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by a polar 2D column coated with DB-WAX stationary phase (1.0 m length x 100 um 2d. x 0.10
um 2ds). The inlet flow rate was set to 1.5 ml/min, equating to a Piner of 384.7 kPa (55.8 psig) at
the inlet. The auxiliary flow to the pulse flow valve was set to a Paux 0f 393.7 kPa (57.1 psig) with
a pw of 6 ms and a Pm of 250 ms. A sample volume of 1 pul was injected with a split of 150:1 at the
inlet. The TOFMS was set to collect m/z 15-150 at a collection frequency of 500 Hz. The heaviest
component of the test mixture was octane, with a molar mass of 114 g/mol, allowing for use of the
narrow m/z range. A relatively narrow m/z range was also beneficial to reduce the size of the data
obtained with this high collection frequency. An electron impact ionization voltage of -70 eV was

used with a detector voltage of 1562 V.

3.3 RESULTS AND DISCUSSION

The compounds in the 15-component mixture were chosen to create a heavily overlapped
GCxGC chromatogram to evaluate the ability to analyze the data using MCR-ALS. The raw total
ion current (TIC) chromatographic data obtained from a 20 s window of the separation of the 15-
component mixture is shown in Fig. 3.2A, while an overlay of the individual m/z raw
chromatographic data are shown in Fig. 3.2B. In order to provide an approximate GCxGC
chromatogram, the raw TIC chromatographic data in Fig. 3.2A was baseline corrected using a
rolling ball minimum algorithm,?%2° with the result provided in Fig. 3.2C. The baseline
correction effectively subtracted the underlying *D chromatogram from the raw TIC data to
isolate the 2D data (albeit with some artifacts at this stage due to peak overlaps). Analogous to
full modulation methods, the data in Fig. 3.2C was then cut-and-folded into a 2D contour plot
(Fig. 3.2D), which has the appearance of a typical GCxGC chromatogram. Although the image
in Fig. 3.2D contains artifacts due to the peak overlaps that have not been properly handled via

chemometric decomposition, and hence is an approximate GCxGC chromatogram, the image
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provides a suitable starting point to initiate the chemometric analysis. One can see that the 15
analytes are heavily overlapped along the 1D separation, with only one analyte, 1-heptyne,
having any substantial amount of its D peak elute alone (}tr = 98.75 s). Due to this heavy
overlap, and in order to apply MCR-ALS with a suitable rank for any given decomposition
analysis, the data was divided into five “time windows” along the D axis. The accuracy of the
decomposition was increased along with a reduction of the computational load. The five time
windows were: 80.0-87.5 s (pentane, acetone, isopropyl alcohol), 86.5-92.0 s (1-hexene, 1-
hexyne, 2-butanone, and 2-butanol), 89.0-97.5 s (methylcyclopentane and 1,2-dichlororethane),
92.0-101.0 s (heptane, cyclohexene, benzene, 2-pentanone, and thiophene), and 96.0-102.0 s (1-
heptyne). The five time windows overlap such that each analyte is completely decomposed in the
window indicated, although some analytes are also partially observed in the decomposition of an

adjacent window.
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Figure 3.2. (A) The total ion current (TIC) raw data for the separation of the 15-component

mixture by GCxGC-TOFMS using partial modulation in the negative pulse mode. (B) The raw

data in (A) showing mass channels (m/z) 15-150 with the regions 3.3A and 3.3B corresponding

to heavily overlapped regions selected for demonstrating decomposition by MCR-ALS. (C)

Baseline corrected TIC obtained by subtracting the underlying 1D profile from (A) prior to

decomposition. (D) Two-dimensional contour plot for visualization purposes, obtained by

treating the baseline corrected data in (C) as raw GCxGC data, and cutting and folding on the Pwm

=250 ms intervals (only 120 of 250 ms on 2D is shown).

In order to better visualize the 2D separations in Fig. 3.2B, the signals for all m/z for

specific modulations along the D separation for two of the time windows are provided in Fig.
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3.3A for pentane (1), acetone (2), and isopropy! alcohol (3) nominally centered at a tg = 84.75 s,
and in Fig. 3.3B for heptane (10), cyclohexene (11), benzene (12), 2-pentanone (13), and
thiophene (14) centered at a tr = 94.25 s. In Fig. 3.3A, pentane (1), acetone (2), and isopropyl
alcohol (3) appear within a 60 ms window on the 2D separation. Due to the narrow Wy achieved
by the partial modulation in the NPM, the peaks in this window should be readily decomposed
by MCR-ALS. A more challenging region for MCR-ALS decomposition is shown in Fig. 3.3B,
where there is less resolution on the 2D separation and apparently fewer selective m/z. Both of

these time windows will serve to illustrate the chemometric data analysis workflow.
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Figure 3.3. Sections highlighted in Fig. 3.2B for demonstration of decomposition by MCR-ALS.
(A) Plot of m/z the first 60 ms in a single 2D modulation at 'tr = 84.75 s in the first time window
(80.0-87.5 s). From left to right: pentane (1), acetone (2), and isopropyl alcohol (3). (B) Plot of
m/z the first 120 ms in a single 2D modulation at *tr = 94.25 s in the fourth time window (92.0-
101.0 s). From left to right: heptane (10), cyclohexene (11), benzene (12), 2-pentanone (13),

thiophene (14), and 1,2-dichloroethane (9).

The raw, three-dimensional (3D) data (‘tr, %tr, M/z), as illustrated in Figs. 3.2 and 3.3A, is

fed into MCR-ALS in a series of the defined D time windows. The first time window, from 80.0
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to 87.5 s, covering the first three analytes (pentane, acetone, isopropyl alcohol) is shown in Fig.
3.4A. The data was entered into MCR-ALS as a 2-column array for decomposition after m/z 18,
28, and 32, that are affected by atmospheric contamination, were set to zero. To avoid negative
elution profiles and spectra, the algorithm was initialized by applying non-negativity constraints.
All MCR-ALS analyses were non-targeted with no additional filters or thresholds applied using
the functions available in MATLAB R2017b. The MCR-ALS algorithm returns the decomposed
analyte peak profiles i.e., loadings (Fig. 3.4B), yet still in the form provided by partial
modulation in the NPM with the 2D peaks superimposed on the D peak background (which is
relatively small). Not shown are the noise loadings, or the sum of all m/z with essentially zero
analyte signal. MCR-ALS also returns the mass spectral profiles for each of the decomposed
analytes (Fig. 3.4C). The mass spectral profiles can be directly compared with NIST library
standards (or in-house collected mass spectral standards) for match value (MV) calculations to

assist analyte identification. This MV was calculated by the match spectral matching algorithm

defined by
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Figure 3.4. (A) The raw data (all m/z) of the first time window (80.0-87.5 s), input into MCR-
ALS for decomposition. (B) Loadings obtained, providing concurrent 1D and 2D separation

information for each individual analyte: pentane (1), acetone (2), and isopropyl alcohol (3). (C)
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Mass spectral profiles obtained. These were compared against the NIST library for match value
(MV) comparisons. The average MV obtained with excellent accuracy (RSD < 1.35 %) are

included in the scores plot for the respective analyte.

Stein® using MS Search 2.0 (NIST, Gaithersburg, MD, U.S.A.) applying no limits to the mass
range of NIST that was searched. A forward match value of 800 was accepted for identification.
To address the issue of rotational ambiguity when using MCR-ALS for a single data matrix,
augmented data matrices were created containing each replicate for each time window. MCR-
ALS analysis of the augmented data matrices was performed four times, providing a unique
solution that was essentially the same as each single data matrix solution. This included the
explained variance (R?), with values 99.93% or higher for each, and the percent fit for each
component that was modeled in the given time window.

The individual analyte peak loadings in Fig. 3.4B contain both the naturally coupled D
and 2D peak profiles, which must be uncoupled for further analysis. Application of a rolling
minimum baseline subtraction algorithm as previously described (written in-house),?®%° and
Savitsky-Golay smoothing readily provides the uncoupling, producing two “sub-loadings,”
referred to as loading 1.1 (°D peak profiles) in Fig. 3.5A, and loading 1.2 (:D peak profile) in
Fig. 3.5B. A zoom in of one modulation from each individual analyte in Fig. 3.5A (loading 1.1)
is provided in Fig. 3.5C to assist in visualizing the narrow 2D peaks. All peaks in Fig. 3.5C are
taken at 84 s in Fig. 3.5A. From here, pertinent figures-of-merit for both dimensions, such as tr
and Wy, can be readily obtained without any mathematical peak reconstruction. After uncoupling
the elution time modes by baseline subtraction, the loading 1.1 (Fig. 3.5A) can be treated

analogous to traditional GCxGC data, and can be cut-and-folded into a contour plot (Fig. 3.5D)
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for visual interpretation.?®2° Note that Fig. 3.5D is an overlay of the individual contour plots for

each analyte from Fig. 3.5A.
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Figure 3.5. Presentation of data processing steps, starting with the MCR-ALS loadings from Fig.
3.4B. (A) Stacked baseline-corrected response profiles (loading 1.1) for pentane (1, blue),
acetone (2, red), and isopropyl alcohol (3, black) achieved by baseline correcting the loadings in
Fig. 3.4B. (B) The 1D analyte profiles (loading 1.2) are obtained for each analyte by Savitsky-
Golay smoothing the baseline subtracted data from (A), or (3.4B)-(3.5A). These plots were used
to determine tr and W (4c), presented in Table 3.2. (C) The first 60 ms of a single 2D
modulation, showing the differences in 2tz and narrow >Wj obtained, obtained by zooming in on
a single modulation at 84 s in (A) as indicated by the arrows. These plots were used to determine
’tr and ?Wj, (40) in Table 3.2. (D) Overlay of individual analyte 2D contour plots created by

cutting and folding the loading 1.1 profiles in (A).

The first three analytes, pentane (1), acetone (2), and isopropyl alcohol (3), are severely
overlapped in the 1D separation, as can be seen in Fig. 3.5B. The difference in 'tr is 0.25 s
between analytes, and with a *W, of 5 s, these analytes would normally remain inseparable to

chemometric decomposition due to their low D resolution (*Rs) of 0.05. Due to the short, 1.0 m
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2D column, the difference in %tr between each of these three analytes is never greater than 20 ms.
However, due to the high 2D separating power facilitated by partial modulation in the NPM, an
average W, of 15 ms was produced. The resulting 2Rs for pentane (1) and acetone (2) is 1.6 and
for acetone (2) and isopropyl alcohol (3) the ?Rs is 1.1, i.e., there is near baseline separation on
2D between adjacent analyte pairs. The 2Rs was sufficiently high that it compensated for the low
1R, of 0.05, for the two analyte pairs, resulting in a 2D resolution (Rs2p) of 1.6 between pentane
(1) and acetone (2), and Rs2p of 1.1 between acetone (2) and isopropyl alcohol (3). Here, the 2D
resolution, Rs2p, is defined as the Euclidean norm of the resolution in each dimension.>® The
significantly higher Rs enabled a successful MCR-ALS decomposition, albeit with some noise,
of the individual analyte peak profiles, observed in Fig. 3.5C.

Next, the MCR-ALS analysis of the most complicated *D time window (92.0-101.0 s)
that fully contained heptane (10), cyclohexene (11), benzene (12), 2-pentanone (13), and
thiophene (14), and partially contained 1,2-dichloroethane (9) is presented. The most challenging
analytes to separate in this time window were benzene (12) and 2-pentanone (13) due the severe
overlap on both dimensions. The 'Rs was determined to be 0.19 and the ?Rs is 0.56, resulting in a
Rs,2p 0f 0.6. The lack of 1D resolution was overcome by a sufficiently high 2D resolution,
facilitating decomposition by MCR-ALS. The raw, 3D data (*tr, %tr, m/z) for this section was
illustrated in Figs. 3.2 and 3.3B. The MCR-ALS results are summarized in Fig. 3.6 at the same
level of processing as in Fig. 3.5 for the first 1D time window. In Fig. 3.6A are 2D peak profiles
(loading 1.1) following the baseline correction of the full peak loadings, and in Fig. 3.6B are the
1D peak profiles (loading 1.2). A zoom in of one of the 2D peak profiles from Fig. 3.6A is
provided in Fig. 3.6C to better judge the performance of the decomposition and to assess 2D peak

widths. Once again, the 2D peak profiles in Fig. 3.6A (loading 1.1) were cut-and-folded into
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individual contour plots and added together to produce a traditional appearing GCxGC plot for
this time window, presented in Fig. 3.6D. Although 1,2-dichloroethane (9) appears in Fig. 3.6D,
note that part of the peak is missing in this time window. For the purpose of providing an
accurate analysis for 1,2-dichloroethane (9), it is fully analyzed in the D time window of 89.0-

97.5 s that fully contains methylcyclopentane (8) and 1,2-dichlororethane (9).
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Figure 3.6. MCR-ALS decomposition of the fourth time window (Fig. 3.3B), illustrating a more
complex separation region. The same processing approach applied in Figs. 3.4 and 3.5 was used.
(A) Stacked plots of each baseline corrected loading 1.1 of heptane (10), cyclohexene (11),
benzene (12), 2-pentanone (13), thiophene (14), and 1,2-dichloroethane (9). (B) The D analyte
profiles (loading 1.2) are obtained for each analyte by Savitsky-Golay smoothing the baseline
subtracted data from (A). The 1Rs between adjacent peaks is never greater than 0.35 (1,2-
dichloroethane and benzene). (C) Stacked plots of the first 120 ms of a single 2D modulation.

The D and 2D overlap between 2-pentanone (13) and benzene (12) is evident in (B) and (C). (D)
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Overlay of the 2D contour plots for each analyte obtained by cutting and folding each loading

1.1in (A).

The same analytical workflow was applied to the three remaining D time windows.
Using the isolated loadings for each analyte, each analyte was individually processed to form an
overlay 2D contour plot presented in Fig. 3.7, providing clear detail regarding the extent of
overlap in both separation dimensions. As previously mentioned, the only analyte to have any
significant amount of its peak profile elute alone is 1-heptyne (15). The most challenging analyte

to fully resolve was 1-hexene (4) due to D overlap with two other analytes, pentane (1) and
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Figure 3.7. Overlay of the 2D contour plots for each analyte of the 15-component mixture

obtained by MCR-ALS decomposition. All components were decomposed in a 20 s *D window
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with the analytes ordered according to Table 3.2. The 2D contour plot clearly shows the severe

overlap on both dimensions.

methylcyclopentane (8), with both adjacent pairs producing a ?Rs of 0.36. Similar to previous
examples, the analytes were resolved due to the relatively higher Rs of 0.8 resulting in a Rs2p of
0.85 for both adjacent analyte pairs. Despite this high degree of overlap, all 15 analytes were
successfully decomposed by MCR-ALS, with each mass spectral profile subsequently compared
to the NIST library for MV comparison, as provided in Table 3.2. The average MVs obtained
from the mass spectral profiles of the decomposed analytes matched to the NIST library are
remarkably all > 800, with average values for four analytes above 900. These high MVs obtained
from MCR-ALS decomposition prove to be excellent for accurate identification. Table 3.2 shows
the calculated tg, *Wh, 2tg, and W, values, obtained by using sub-loadings 1.1 and 1.2 for each
individual analyte, reported for a single representative run. We found the average W of all
analytes is 5 s (+ 0.5 s), and the average Wy is 15 ms (+ 3 ms). Fully resolving all 15 compounds
with such narrow W, despite low Rs values, produced by the partially modulated data in the

NPM highlights the quality of the response profiles obtained by MCR-ALS.

Peak MV 1 1 2 2
Number Analyte Name average (xsd) | &®) | W, () | 7 (ms) | W, (ms)
1 Pentane 871 (£5) 84.50 4.7 8 10
2 Acetone 912 (£ 7) 84.75 5.0 28 15
3 Isopropyl Alcohol 903 (= 12) 85.00 4.7 44 15
4 1-Hexene 800 (£27) 88.00 4.5 12 10
5 1-Hexyne 874 (+£9) 90.00 4.5 28 12
6 2-Butanone 876 (£ 16) 88.50 4.8 44 18
7 2-Butanol 813 (£ 45) 88.75 5.0 74 18
8 Methylcyclopentane 910 (£ 5) 91.75 5.0 16 12
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9 1,2-Dichloroethane 885 (£ 14) 92.50 5.9 100 17
10  |Heptane 827 (£ 11) 96.75 5.5 16 12
11 Cyclohexene 882 (£27) 96.25 5.6 28 14
12 |Benzene 906 (£ 6) 94.25 5.5 56 16
13 2-Pentanone 837 (£ 24) 95.25 5.0 66 20
14 [Thiophene 884 (£ 6) 95.00 5.8 86 18
15 1-Heptyne 863 (£ 11) 98.75 4.9 46 15

Table 3.2. All 15 components in the mixture are listed in order by %t within the time window
used for MCR-ALS decomposition. Average MV from comparison of mass spectral profiles to
NIST library spectra and corresponding figures-of-merit are listed, with standard deviation (sd).
All MVs are for six runs and are > 800. All tr and Wy, values reported are for a representative

replicate. The average Wy is 5 s (+ 0.5 s) and the average >Wp is 15 ms (+ 3 ms).

Last, we report on the ability to use the isolated 2D peaks (i.e. loadings 1.1) to
demonstrate how quantitative analysis is performed. Two test mixtures composed of the analytes
in Table 1 were prepared for the quantification study with two different concentrations of 1-
hexene (4) and 2-pentanone (13) injected. Peak areas were calculated for a given analyte by the
“two-step method” for GCxGC, where the 2D peaks were uncoupled from the D profile and the
peak area for the analyte was calculated as the sum of the area of all 2D peaks 228, The
average peak areas (n=3 replicates) calculated for the highest concentration for each analyte were
fitted to the origin, generating a calibration line used to predict their lower concentration. As can
be seen in Fig. 3.7, 1-hexene is severely overlapped on 2D between pentane (1) and
methylcyclopentane (8), and all of these analytes share several m/z with high signal. The

predicted versus prepared concentration for 1-hexene was found to be in relatively good
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agreement, albeit with a slight negative bias quantified by the percent deviation of -5.6% (+
2.2%). The challenge in resolving the 1-hexene peak on ?D and many shared m/z may have
contributed to the slight negative bias observed. Meanwhile, the percent deviation for the
prediction of the concentration of 2-pentanone was 1.8% ( 3.4%), possibly due to the D and 2D
overlap with benzene (12) as seen in the decomposition of the time window in Fig. 3.6. Overall,
the predicted and prepared concentration values are in good agreement with percent deviation
values of -5.6% (z 2.2%) for 1-hexene and 1.8% (£ 3.4%) for 2-pentanone, providing promising

results supporting the notion that NPM produces quantifiable data.

3.4 CONCLUSION

Partial modulation in the NPM is demonstrated to be a powerful form of modulation for
GCxGC-TOFMS. The method is amenable to commercial chemometric tools, demonstrated
with MCR-ALS, for analyte decomposition, identification, and quantification. This fast
modulation technique readily separated similar, volatile organic compounds over two short
separation columns and provided sufficient Rs in the 2D separation space. The 15-component
mixture eluted within a 20 s time window with no Rs in the D separation being greater than 0.38
(1-heptyne to heptane). Despite the severe overlap in the 1D, the excellent separation efficiency
on the 2D separation produced narrow ?D peaks (average ?Wp = 15 ms) with TOFMS detection,
facilitating successful MCR-ALS decomposition of the peak profiles. Further, we demonstrated
how the loadings produced by MCR-ALS can be further analyzed to extract the *D and 2D peak
profiles in order to obtain pertinent chemical measurements (retention times and peak widths)
without the typical mathematical reconstruction of the D peak profile from modulated data.

Last, the 2D peak profiles isolated from the MCR-ALS data were shown to be quantifiable and
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accurate with excellent mass spectral match values. This study provides further impetus into fast

GC research for high throughput analysis as modulation techniques are beginning to easily

achieve sub-second separations and push the limit of detector collection frequencies.
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Chapter 4. Developments in Comprehensive Three-Dimensional
Gas Chromatography (GC?) Using the Pulse Valve in the Full
Modulation Mode

4.1 INTRODUCTION

The field of multidimensional gas chromatography (MDGC), principally the techniques of
GCxGC and GC3, has experienced a large evolution of technologies and methodologies, enabling
a significantly higher fraction of the analytes in extremely complex and challenging samples to be
separated for detection.’”” Gains discovered in the instrumentation advancements, such as through
the injector and modulator innovations,® 2 have enabled a wider and more diverse array of analytes
to be chromatographically separated. Specifically, the modulator has undergone the most
significant series of evolutions and upgrades, as the modulator(s) can be viewed as the heart of the
MDGC instrument. The modulator is the single piece of equipment that bridges the gap between
a one-dimensional and a multidimensional GC instrument.

The modulator can be viewed as a second (or third) injector within an GC-based
instrument, connecting two (or three) successive separation columns. There are numerous types of
modulators, such as thermal®**° and flow-based modulators,26-2° but they generally operate by
the same principles. For example, with GCxGC, the analyte compounds in the eluate departing the
first-dimension column (D) are trapped and often focused by the modulator. Next, the modulator
re-injects the trapped analytes on to the second-dimension column (?D). This modulation process
nominally breaks up the analyte Gaussian-like D peak profile into a series of successive,
significantly narrower 2D peaks; the peak maximum of the 2D peaks follow the same overall shape

as the original D peak profile but at higher signal intensities due to the trapping and focusing
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effect. An important factor in multidimensional separation performance is the number of times that
a modulator samples an analyte peak, termed the sampling density (ps). Again, using GCxGC as
the example, the sampling density is calculated by dividing the width-at-base (wp) of the analyte
D profile (*wp) by the time interval between modulations, termed the modulation period (Pw).
Previous work has shown that a minimum ps of at least 2 will yield a comprehensive
multidimensional separation, i.e., the envelope of 2D profile maxima sufficiently retain the analyte
characteristics within a sample (*D figures-of-merit such as peak width, height and area) while
providing a quantitative signal for accurate and precise analysis.

Recent improvements to modulation frequency, i.e., how quickly a modulator can actuate
defined as the inverse of the modulation period (1/Pwm), have continued to emerge at a rapid pace.
Commercial modulators are designed for typical use with Py in the 1-10 s range,%2%-2? with fast
modulators able to actuate as quickly as every ~ 250 ms, although these reports were not using the
modulator in the specified operation range.'?'°2% Introduction of the pulse valve modulator for
partial modulation was pioneered by Cai and Stearns.?* More recently, partial modulation was
advanced by our group,>>2?° facilitated by a new modulator that could mechanically actuate as
quickly as every 50 ms. Initially, this new high frequency modulator gave very promising GCxGC
results, although modulation at the higher frequencies was unnecessary due to the excessive ps
achieved for typical timescale GCxGC. If the ps is excessive, additional chemical information for
an analyte is not provided and the 2D peak capacity, nc, is restricted.>®-2 The exorbitantly high ps
possible (in excess of 10-20) for ‘wy in the 1-2 s range, meant that the modulator performance was
not fully utilized for GCxGC. Indeed, the pulse valve modulator could not be used to its utmost

potential due to the peak widths provided by the D separations.
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While research can, and should, go into improving 1D separations with new advancements
to injectors and *D column performance to reduce ws to approximately 200-500 ms wide. This
would ensure a ps in the range of 2-5 (with a Pm of 100 ms or so), providing a comprehensive
separation with maximum peak capacity. However, a more direct path to more fully utilize pulse
valve modulation is to add it to the end of a traditional comprehensive GCxGC instrument, creating
a multidimensional GC instrument with three separation dimensions (°D). Current GCxGC
instruments already produce analyte 2D peak widths (°wy) in the range of 200-500 ms
wide,>1921:2333 which is suitable for further modulation, and separation, by the pulse valve,
between the 2D and 3D columns to produce a comprehensive three-dimensional GC instrument
(GCxGCxGC or GC?). Indeed, we have reported on this topic with partial modulation in the
positive pulse mode (PPM) and negative pulse mode (NPM).2>2° One-dimensional gas
chromatography (1D-GC) instruments produce a single vector of data, relating time and signal
intensity. Two-dimensional GC instruments produce the same single vector of data from the
detector, but the raw data can be “cut-and-folded” along the Pwm into a 2D contour plot. The raw
data from three-dimensional GC instruments (GC®) (Figure 4.1A), can be cut-and-folded along
both 'Pwm and 2P to create a data cube (Figure 4.1B), with the signal from the detector being a
fourth dimension of data. The third separation column allows analytes to undergo an additional
column of separation to further differentiate between similar species. Additionally, this provides
another axis in time to physically separate closely eluting analytes, increasing the resolution (Rs)

between any two analytes and the total peak capacity of the run.
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Figure 4.1. A) Raw, GC? data as it appears at a detector. In this example, a single analyte was
chosen from a larger separation and the total ion chromatogram (TIC) is displayed. B) Fully
analyzed, i.e. cut-and-folded, data for a GC? instrument appears as a “data cube” with each axis
being a time dimension. The analyte from A, being alone on the D time axis, would appear as the
ellipsoid highlighted in blue, with later eluting analytes (on the D) being shown as the black

ellipsoids. This figure is a representation of what a 3D plot can look like and is not actual data.

One of the primary reasons for this research into a GC® instrument is to greatly increase
the total separation peak capacity to handle the ever-increasing complexity of samples presented
to GC analysts. The ideal peak capacity (nc) can be defined as the run time in the x' dimension

divided by the average wy in the x" dimension (Equation 4.1).
n, =— (4.2)

To find the total “ideal” peak capacity of a GC® instrument (nc3p), one multiplies each of the

individual *nc together (Equation 4.2).

Nesp = 1nc X ch X 3nc 4.2)
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Equation 2 can be modified to provide a more useful version to aid in planning experimental
parameters before an experiment. The 2D separation time is the same as the Pw for that dimension,
i.e., °t = 'Pm. Likewise, the D separation time is the same as the ?Pw for that dimension, i.e., 3 =
2Py Substituting in 1Py and 2Pwm for 2t and 3t, respectively, yields Equation 4.3.

1 1 2
t Py Py

n =—X X
c,3D 1y 2y 3w

(4.3)

Equation 4.3 provides a framework for planning how to maximize the peak capacity for
GC3. Ideally, the goal is to maximize the peak capacity production (peaks/min) over a suitably
long D separation. This thinking process begins (and is limited by) the average peak width
produced on the 3D separations, *wp. Previous work with the pulse valve in the NPM has shown
that 3wy between 7-15 ms can be readily produced. Thus, for an average 3wy of 10 ms with a 2P
of 100 ms, a 3nc of 10 is produced. The average 2wy for the 2D separations, modulated with a ps of
2, would then be 200 ms. Accordingly, to achieve a 2n¢ at 10, the Pum would have to be 2 s.
Repeating this process, the 'w, would have to be at least 4 s to have a ps of at least 2. If the
separation run time is 40 min (2,400 s), this would produce a n. of 600, and an nc¢sp of 60,000.
This works out to a sustained peak capacity production of 1,500 peaks/min for the 40 min
separation. In previous work?2° these equations have been used to attempt to achieve this lofty
goal, and thus far (for 40 min separations), the GC® instrument has been able to produce a peak
capacity of ~880 peaks/min with TOFMS detection.

While previous work has focused on the potential gains in nc3p possible due to the third
dimension in GC3, more recent research into GC? instrumentation has been aimed at improving
the gains in signal intensity (S/N). The pulse valve is a truly powerful modulator that can be used
in both partial and full modulation modes.3* In the full modulation mode, the pulse valve in the

T-union configuration using a suitably matched auxiliary pressure, pw and Pwm, behaves much like
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a thermal modulator, since it can focus the entire *D eluate (in time) for modulation, at a much
higher frequency than any thermal modulator, and retains a duty cycle of 1.0 (100% analyte mass
transfer). Additionally, pulse valve modulation can do so without the same limitations that are
inherent to a thermal modulator (such as analyte volatility ranges). Second, GC? instruments
provide a plethora of unstudied ways to view and analyze data, before we even consider the
kinds of chemometric analyses tools that can be applied to the data. The complete utility of three
time dimensions of separation is truly unknown, but there are a multitude of unique ways to
simplify this data, take it out of a cube, and display it in more “bite-sized” chunks of manageable
information. This chapter will primarily focus on the S/N enhancement of a 100% duty cycle
GC? instrument, which has not been previously reported with a GC3-TOFMS instrument, and to

do so using various approaches to visualize the GC? data set.

4.2 EXPERIMENTAL

The GC3-TOFMS instrumental platform (Figure 4.2) consisted of an Agilent 6890N GC
(Agilent Technologies, Palo Alto, CA, USA) connected to a LECO Pegasus 111 TOFMS (LECO
Corporation, St. Joseph, MI, USA). The stock, 4D thermal modulator within the Pegasus 111 was
used. The electron impact energy for the TOFMS was set to -70 eV with a detector voltage of
1600 V. The TOFMS detector scan rate was operated at 500 Hz. The pulse valve (Model 009-
0347-900, Parker Hannifin, Hollis, NH, USA) was mounted outside of the GC oven with a
custom-built fitting to connect a 125 pm inner diameter (ID) stainless steel tubing (VICI model
T5C5D, Valco Instruments Company Inc., Houston, TX, USA) to a 3-way T-union (model
MT.5CXS6, Valco Instruments Company Inc., Houston, TX, USA).

The T-union was mounted inside the oven and served as the point of modulation for the

pulse valve. The pulse valve was controlled by an lota One Microfluidic Driver (Model 060-
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0010-900, Parker Hannifin, Hollis, NH, USA). All pressures and flow rates were controlled by
the stock gauges on the GC instrument platform. Post-run data processing was completed by
transferring the data to MATLAB 2018a (The Mathworks Inc., Natick, MA, USA) using an in-
house written script. All experiments covered in this chapter utilized this same experimental
setup with a *Pm of 1.5 s and a 2Py of 300 ms, with an oven temperature ramp of 10 °C/min from

40 °C to 250 °C with a temperature hold of 2 min at the start and end of the separation.

Pulse Valve
Controller

Column 3
Pulse Valve - | /

auto
injector

SN401

Thermal
modulator

Figure 4.2. GC3-TOFMS instrument schematic. The first modulator is the stock thermal
modulator provided by LECO within the Agilent 6890N. The second modulator is the pulse

valve modulator.

4.3 RESULTS AND DISCUSSION

The raw 3D data that comes from the TOFMS detector is a single row vector per mass channel
(m/z). For a single, chromatographically isolated analyte, this data appears as a series of sets of
small peaks, where the maxima of the 3D peak profiles each follow an overall 2D peak profile,

and all of the maxima of the 2D peak profiles follow the larger D peak profile (Figure 4.3A).

78



One can imagine (or calculate mathematically) connecting the maxima of each 3D peak together
to form a larger 2D peak. Taking this one more step, connecting the maxima of each of these 2D
peaks would then mathematically recreate the *D peak. The instrumental design and
implementation for the data presented in this first study was planned using Eq. 4.3. For the data
in Fig. 4.3, the pulse valve in full modulation mode created data with 3w, ~ 25 ms. With a 2Pm of
300 ms, this resulted in a ®nc of 12 (Figure 4.3B). Concurrently, the >wy of ~600 ms using the >Pwm
of 300 ms enabled a ?ps ~ 2 for a comprehensive GCxGC separation from the D separation to
the 3D separation. The wj of ~4 s enabled a 1ps = 2, using the *Pw of 2 s, again providing a
comprehensive GCxGC separation from the *D separation to the 2D separation. Using Equation

4.3, we find an nc3p of = 10,350 for this 25 min separation, or ~415 peaks/min. Previously, in

2
12 . 12 Py
= = 300 ms
2] 1 2]
S 8t Py S 8}
= — =
) 15s [0}
= =
® 4 ] ® 4
E E L25 ms
T — =
0 " M M L i i 1 M L 0 M 1
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Figure 4.3. Raw, unfolded GC?® data from a GC3-TOFMS. A) The full profile (one-, two-, and
three-dimensions) of 1-chlorohexane. The analyte wy is ~ 4 s wide and was modulated ~2-3
times by the thermal modulator (*ps = 2). B) A zoom in of ~750 ms of the separation. The analyte
2Wp is ~600 ms wide and was modulated ~2 times by the pulse valve (?ps = 2). One can visualize
connecting the maxima of these 3D peaks to mathematically reconstruct a single 2D peak. This

process could be repeated to reconstruct the D peak from 2D peaks in (A).
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Chpt 2, when using the NPM with a GC3-TOFMS an n¢3p (Equation 4.3) of ~35,000 was
produced in a 45 min separation, or ~780 peaks/min. The wy, produced by the pulse valve in the
full modulation mode are generally wider than the wy’s provided by the NPM. This currently
presents some difficulty in the optimization of peak capacity with a GC3>-TOFMS, as optimizing
®n. can detract from either the nc or 2nc and further research is needed to address this
shortcoming. However, this shortcoming is overshadowed by other gains realized with the full
modulation method.

Mathematical reconstruction of peaks (as just described) to compare figures-of-merit
does not sufficiently convey the gains in focusing achieved by GC® compared to GCxGC and
1D-GC, as connecting the dots between peak maxima does not display the actual gains in signal
enhancement realized. In order to clearly evaluate the gains obtained by GC? in full modulation
mode for both modulation processes, the GC? instrument was operated as a 1D-GC instrument
(with both the thermal and pulse valve modulators turned off), then as a GCxGC instrument
(thermal modulator on, pulse valve off), and then as a full GC2 instrument. By running these
three instrumental conditions, the full set of benefits provided by sequential focusing by in-
series, high frequency modulators with 100% duty cycle is apparent. Figure 4.4 demonstrates the
results of this experimental comparison. Two analytes (dodecene and tridecane) from a 90-
analyte mixture are shown eluting from the three GC-based conditions previously described. In
this experiment, the Py (modulation period for the thermal modulator from the D column to 2D
column) was 1.5 s and the 2Pm (modulation period for the pulse valve from the 2D column to the
3D column) was 300 ms. The raw data in Figure 4.4 is overlaid without any retention time

correction. The analyte peak heights (one for each analyte) from the platform operating as a 1D-
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GC instrument (black trace), obtained with both the thermal and pulse valve modulators are
turned off, were lower than the maximum peak heights obtained in either the GCxGC (red trace)
and GC2 (blue trace) modes. In GCxGC mode the thermal modulator is on while the pulse valve
is turned off; there is only modulation from the D column to the 2D column (with additional
retention of the 3D column occurring along with the 2D separation). In the GC® mode, all the

modulators are operating.

) %10°
tridecane
dodecene

15¢

1

tridecane
0.5 -
dodecene
L\L Lo I o ST PN [T T
0 L | |
1045 1050 1055 1060 1065 1070
Time (s)

Figure 4.4. Comparison of raw, TIC data for dodecene and tridecane eluting on 1D-GC (black
trace), GCxGC (red trace), and GC? (blue trace) with TOFMS detection. Note that the pulse

valve modulator slightly shifted the retention time of peaks in the GC2 mode.

Using the data in Fig. 4.4, the detector response enhancement factors (DREF) were

calculated for both modulation stages for both of these representative analytes.3® The DREF is

81



defined as the height of the tallest modulated peak (*h) divided by the height of the unmodulated
peak (*h). Here, | expand upon this concept to factor the height of the tallest second-modulated
peak (3h) to account for the second modulator. Thus, the following three equations were used to

determine signal enhancement.

2p

'DREF =+ (4.4)
2 *h
DREF =~ (4.5)
3 *h
DREF =+ (4.6)

The baseline level was steady for all three experimental conditions at ~ 78,000 (arbitrary
units). The 1D-GC peak height (black trace) for dodecene was ~115,000 and for tridecane was
~163,000, prior to baseline correction. For GCxGC, the peak height of the largest 2D peak (red
trace) for dodecene was ~240,000 and for tridecane was ~510,000. Likewise, for GC?, the peak
height of the largest 3D peak height (blue trace) for dodecene was ~1,470,000 and for tridecane
was ~1,870,000. After subtracting the baseline from the peak heights, level the gains in detection
sensitivity enhancement due to the 100% duty cycle for both modulation stages were determined
as the DREF for each modulation stage and compared for 1D-GC, GCxGC, and GC?.

As expected of the gains in signal intensity from 1D-GC to GCxGC with thermal
modulation,?>36-38 'DREF of 4.4 and 5.1 were obtained for dodecene and tridecane, respectively.
Going from GCxGC to GC2 using the pulse valve modulation with a 100% duty cycle in full
modulation mode produced 2DREF of 8.6 and 4.1 for dodecene and tridecane, respectively.
Thus, the addition of the second modulator produced overall 3DREF values of 37.6 and 21.1 for

dodecene and tridecane, respectively, going from 1D-GC to GC2. While these overall DREF for
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GC?3 are in the same range as those obtained for GCxGC,** the current study with GC? is very
promising for future improvements, most notably separation condition improvements to reduce
the 2D and 3D band broadening will result in higher overall DREF.

Correcting for retention time shifting for dodecene, we can more easily compare the
improvements in signal intensity between 1D-GC, GCxGC, and GC? in Figure 4.5, as they relate
to the issue of peak widths on the three separation dimensions. The previously noted gains in
signal intensity going to successively higher dimensions are even more apparent. These gains are
possible by the focusing of the analytes as they pass through each modulator, which is
manifested by the decreasing wy of each analyte peak for each successive dimension. For
dodecene, the wp was ~ 4 s, the 2w, was ~600 ms, and the 3wy, was ~25-30 ms. Using Equation
4.1, the *Pm of 1.5 s and 2Pwm of 300 ms, we calculate an ?nc of ~2.5 and ®n. of ~12, or a 2Dx*D
peak capacity of ~30 for every 1.5 s of separation. Using Equation 4.3, factoring a run time of 25
min, the n¢3p is calculated as 10,350, or 415 peaks/min. Furthermore, to ensure that quantitative
accuracy is retained, the sum of the peak areas obtained from one separation dimension to the
next were compared. Doing so, we found that 97.7% of the peak area was retained going from
the 1D-GC separation (area of the single 1D peak) to the GC? separation (sum of the areas of all

the 3D peaks). This supports the use of the GC? instrument for quantification.
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Figure 4.5. Overlay of 1D-GC (black trace), GCxGC (red trace), and GC?* (blue trace) data for

dodecene from Figure 4.4, corrected for retention time shifting.

In addition to the improved detection S/N, 3D data provides a plethora of novel ways to
look at the three dimensions of GC separations. In its raw form, GC? data is very informative, but
can be challenging to interpret without training and experience. Hence, the raw data are cut-and-
folded based on the number of modulated dimensions, i.e., at the modulation intervals going
from D to 2D, and then 2D to ®D. Just as GCxGC data can be cut-and-folded at the Pw intervals
to yield a 2D graph (surface plot), GC® data can be cut-and-folded twice, at both sets of Pw
intervals, to yield a 3D graph (isosurface plot). When the isosurface plot is uncrowded (as in

Figure 4.6),
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Figure 4.6. A zoom-in of the same GC3-TOFMS separation as conducted in Figure 4.4, but at a
different time point. This experiment utilized a 90-analyte mixture. Shown is a 40 s segment of
time (from 490-530 s) along the D separation in which several analytes elute at various t;, 2,
and 3t.. Labeled in the figure are (a) cyclohexane, (b) benzene, (c) carbon tetrachloride, (d)

2,2,4-trimethyl pentane, and (e) 2-pentanone.

this plot is straightforward to visualize, and one can imagine to internally rotate and adjust the
3D image about the three separation dimensions. However, even in this uncrowded 3D
chromatogram, there are multiple peak overlaps. For example, within the first 20 s of this
isosurface plot are what appears to be three main analyte peaks (‘“blobs”). These three main blobs
are actually 5 analytes: A) cyclohexane B) benzene C) carbon tetrachloride D) 2,2,4-trimethyl
pentane and E) 2-pentanone. The inability to rotate the image in 3D makes it overly challenging
to distinguish these analytes from each other and they appear to be just larger analyte signals.

Also, without the ability to manipulate and rotate the 3D image, the viewer cannot determine if
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the rest of the small analyte blobs are analytes that wrapped around either the 'D, 2D, or 3D axes,
or if they are errant noise in separation. This complication is further compounded when there are
dozens to hundreds of analytes, and as this visualization approach becomes much more
challenging, alternative visualization approaches can be taken.

Complicated data with many analyte peaks, beyond the data presented in Figure 4.6, can
be broken down and visualized with fewer dimensions. As there are three separation dimensions
in time, the GC2 data can be broken down by sequentially considering each modulation from the
D column to the 2D column as a 2-s GCxGC separation. To refresh, each P is the interval
between when the first modulator, in this case a thermal modulator, actuates and “re-injects”
analyte from the 1D separation onto the 2D column for separation. By the time the next
modulation occurs, analytes will have essentially gone through a very quick GCxGC separation
on the 2D and 3D columns. This approach simplifies the visualization process, so the analyst can
literally “watch” analyte peaks with rapid GCxGC separations as the analytes emerge from the
D separation. Doing so, using the GC® data in Figure 4.6 to illustrate the concept, four
sequential modulations along D at 'Pwm intervals produce a series of four GCxGC
chromatograms (Figure 4.7). These four sequential modulations occur from 10-12 s (Figure
4.7A), 12-14 s (Figure 4.7B), 14-16 s (Figure 4.7C), and 16-18 s (Figure 4.7D) in relation to

Figure 4.6.
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Figure 4.7. A series four sequential *D from Figure 4.6, going from A) 10-12 s, B) 12-14 s, C)
14-16 s, and D) 16-18 s. One can see how analytes elute from the D column, with new analytes
appearing in (C) and (D) relative to (A) and (B). Each of these modulations is defined by the
specific D time that the modulations took place to aid in identification of analytes and

placement of these chromatograms in the overall GC? separation.

In this manner, we observe an analyte that is initially of very strong signal intensity and decays

away from the detector within 4 s (Figure 4.7A-B), and then a new analyte appears during the 3™

88



modulation (Figure 4.7C). Then, that analyte continues to elute from the GC2 separation into the
TOFMS detector as a second eluting analyte begins to appear (Figure 4.7D). This is a relatively
simple way to view GC? data, and is complementary for complex samples, than the more

vigorous task of rotating a mental 3D image (data cube)
4.4 CONCLUSION

The GC3-TOFMS appears to hold great promise to provide unique attributes and
capabilities that may be unmatched by 1D-GC and GCxGC. This proof-of-principle study
highlights the gains possible with the addition of a third dimension providing incredibly narrow
3wp, on the order of 20 to 30 ms. The pulse valve modulator is able to serve as the second
modulator, in the full modulation mode, greatly increasing the potential nc3p and detection
sensitivity. The potential for an nc3p approaching 60,000 in a 40 min separation was
demonstrated. Using the DREF as the quantitative metric, the gains in signal intensity between
1D-GC and GC2 were in the range of 20 to 40. This high degree of signal enhancement is
brought about by employing full modulation with 100% duty cycle in both modulation stages.
Previous reports on GC® focused on only improving the nc3p possible, with past efforts reaching
an ne3p of ~10,000 in 11 min?® and ~30,000 in 40 min.?® This current study is the first report of
experimentally achieving this previously achieved high level of peak capacity, but now coupled
with much higher signal enhancement, and bodes well for future improvements to concurrently
narrowing peak widths in both the D and 3D separation dimensions. This study points toward
decreasing the limits of detection and enhancing the identification and quantification for trace
analysis of complex samples that are ideally suited for GC3, along with the added chemical
selectivity with the three separation dimensions as previously explored.3*4° Additionally, by

presenting the GC2 data in a sequential order along the *D separation as a series of 2Dx3D
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separations provide a simple and effective means to analyze and visualize the complex data sets.
The analyst can literally watch analyte peaks as they elute from the 1D separation as a series of
“mini” GCxGC runs. Moreover, each of these 2Dx3D chromatograms had a peak capacity of 30
in a 1.5 s timeframe. However, it should be noted that this capability can only be realized with
the selection of a proper modulator. Advent of the pulse valve modulator applied in the full
modulation mode with a 100% duty cycle®* has enabled a third dimension to be added to an
optimized GCxGC instrument (using the commercial thermal modulator) enabling more

significant studies into the capabilities and applications of GC2.
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Chapter 5. Conclusion

5.1 SUMMARY OF PRESENTED WORK

Since the inception of multidimensional GC nearly 30 years ago, there have been great
strides to improve the interface, i.e. the modulator, between successive GC columns. That is
because modulators are the heart of GCxGC instruments. With this mindset, my work has
primarily revolved around advancements to the modulator to improve the performance and
applicability of GC instruments. I’ve worked to introduce new versatility to GC instrumentation
and to enable more creative thinking in the application of the GC systems that have already been
invested in as opposed to creating a completely brand new system from scratch that would require
heavier investment to use.

Chapter 2 focused on the use of the pulse valve modulator in a new form of modulation,
partial modulation in the negative pulse mode (NPM). Prior to these studies, my work focused on
partial modulation in the positive pulse mode (PPM), which enabled incredibly high peak
capacities (~30,000 in 40 min) due to the ability of the pulse valve modulator to produce very
narrow peak wy (as low as 7 ms wide). The NPM improved upon the PPM by reducing the data
processing requirements and increasing the S/N by creating local concentrations of analytes, while
maintaining narrow wy (as low as 6 ms) and high peak capacities (~35,000 in 45 min), but with a
time-of-flight mass spectrometer (TOFMS). Additionally, the pulse valve modulator was used as
an injector. We applied the NPM to 1D-GC and continuous monitoring applications, with a steady-
state stream of analytes entering the GC instrument and being repeatedly “re-injected” by the pulse

valve modulator for fast, successive separations. This demonstrated utility and versatility of the
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pulse valve modulator and the NPM bode well for the advancement of GC technologies for quicker
analyses and for the novel application of GC instruments for other industrial and commercial uses.

Chapter 3 focused on ability to use commercial chemometric software for the
decomposition, separation, identification, and quantification of analytes with TOFMS detection.
The high-speed nature of the pulse valve modulator enables it to quickly and efficiently separate
very similar analytes in complex mixtures. The actual separation power, and ease-of-use, of the
raw data was studied with a mixture of 15 analytes (between pentane and 1-heptyne) in a short (20
sec) separation. This separation produced highly overlapped analytes on the D and mass spectral
dimensions. However, multivariate curve resolution-alternating least squares (MCR-ALS)
analysis was able to decompose the low resolution between analytes (as low as ~0.05 *Rs), separate
and identify each analyte, and show the potential for accurate quantification. Despite the unusual
visual representation of NPM data, this study highlighted its utility to potential industrial
applications and confirmed that commercial chemometric techniques can utilize the raw data
without additional pre-processing steps.

Chapter 4 looked at the application of the pulse valve modulator in the full modulation
mode. We had just recently discovered a new application of the pulse valve modulator: the same
instrumental setup can yield partial modulation in the PPM or NPM, or it can operate in the full
modulation mode. In the full modulation mode, the entire analyte signal is modulated, which can
be positively compounded in a GC® instrument. Previous GC? research with the pulse valve
modulator used partial modulation techniques, which enabled unprecedented gains in peak
capacity without meaningful gains in S/N or limits of detection (LOD), thus reducing their value.
The pulse valve modulator in the full modulation mode produced comparably narrow peak wy (~10

ms) with demonstrably higher S/N than previously possible. Using the detector response
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enhancement factor (DREF) as a quantitative measurement, we showed a marked gain in S/N from
a 1D-GC instrument to a GC? instrument. An increase between 21 and 40 times the DREF was
shown between 1D-GC and GC3, which is well above the theoretical (let alone actual
experimental) gains possible in going from 1D-GC to GCxGC. Added utility of the GC? instrument
was shown through a creative way to view the data. Viewing snippets of 1D time as successive
2Dx3D chromatograms, researchers can observe analytes as they elute at and pass beyond a
detector in multiple dimensions. These advancements to the pulse valve modulator and
multidimensional GC instrumentation show the potential improvements to the possible speed of
separations that can be obtained as well as the continued lowering of detection limits for trace

analyte detection in complex samples.
5.2 FUTURE DIRECTION

There are still several unique directions for future research into advancements in the GC
field. The pulse valve modulator has been shown to be an incredibly versatile tool for
multidimensional GC instruments, and it’s potential to improve the field has only just been
scratched. Many new proposals have already been started by current graduate students in the
Synovec Group. One of the most exciting prospects for continued research is the application of the
pulse valve modulator in 1D-GC as a high-speed injector for continuous monitoring applications.
For example, reactive analytes can be added to a sample introduction device and the progress of
the reaction can be monitored in real time by a detector. Additionally, one can envisage placing a
commercial GC in line on an industrial process using modern flow chemistry to provide real time
analytics during reagent mixing or product synthesis.

Much of the presented research focused on the high-speed nature of the pulse valve

modulator and its capabilities for producing large peak capacity gains for longer (40 min +)
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separations. Looking at this another way, a similar separation to what is currently possible is now
able to be conducted in much less time. That is, the density of the data has been increased. Future
work can expand upon this idea to reliably demonstrate how current methods in use for government
regulation and industry quality control can be drastically shortened, increasing efficiency and
lowering costs through time savings. Adding in the creative ways presented to view the complex
3D data, a multitude of new avenues open up for future research using technigques such as PLS,

PCA, and F-ratio analyses to turn raw data into usable information, faster.
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Appendix A

This Appendix is reproduced from the Supporting Information of D.V. Gough, D.H. Song, S.
Schoneich, S.E. Prebihalo, R.E. Synovec, “Development of Ultrafast Separations Using Negative
Pulse Partial Modulation to Enable New Directions in Gas Chromatography” Analytical Chemistry

(2019), 91, 11, 7328-7335.
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Figure Al. Example of separating the negative pulse mode raw data into its component D and

2D chromatographic peak profiles. A GCxGC instrument setup with a DB-5 D column (3.0 m x
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180 pum d¢ x 0.18 pum dr) coupled to a DB-WAX 2D column (1.0 m x 180 pum d¢ x 0.18 pum df)
was used to demonstrate this with hexane and heptane. Oven temperature was set to 80 °C. The
D column flow was set to 3.0 mL/min, equating to 9.9 psig at the inlet and auxiliary flow was
set to 18.6 psig with a pw of 5 ms. (A) Raw data for hexane and heptane. The red line is the 1D
“baseline” that is subtracted, using a rolling-ball baseline correction algorithm. (B) The D
chromatogram is isolated using a baseline correction algorithm, equivalent to the red line in (A).
(C) The resulting 2D peaks that are obtained from the baseline subtraction. (D) The 2D peaks

from (C) are cut-and-folded into a traditional GCxGC contour plot chromatogram.

99



Table Al. (A) Table of the 8 analytes used in the 1D-GC study, shown in their order of elution.
(B) Table of the 4 analytes used in the pulse width study. (C) The 20 analytes used in the first
GCxGC study. (D) Table of the 90-component mixture, sorted by compound classes, for the
GC3-TOFMS proof-of-concept study. All analytes from S1A-C were obtained from Sigma-

Aldrich. Vendors for specific analytes in S1D are provided.

(A) Boiling Point (C) Boiling Point
8 mix (°C) 20 mix (°C)
Acetone 56 Acetone 56
Heptane 98.4 Pentane 36.1
Octane 125 Heptane 98.4
Chloro-
benzene 132 Octane 125
Nonane 151 1-Propanol 97
Butyl-benzene 183 2-Butanol 98
Decane 173-174 Thiophene 84
Benzyl Alcohol]  203-205 Pentanol 138
(B) Pulse |Boiling Point Benzene 80.1
Width Study (°C)
1-Hexene 62-63
Acetone 56
1-Hexyne 69-71
Octane 125
1-Heptyne 98-99
Nonane 151
Propyl Cyclohexene 83
benzene 157-159 Methyl
Cyclopentane 71.8
Isopropyl
alcohol 82.6
2-Butanone 79.6
2-Pentanone 101
Toluene 110-111
1,2-Dichloro-
ethane 83
Pyridine 115
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Boiling Point

Boiling Point

D) Alkanes (°c) Vendor Esters (°C) Vendor
hexane 69 Sigma-Aldrich ethyl formate 54 Sigma-Aldrich
heptane 98 Sigma-Aldrich methyl decanoate 224 Eastman Chemicals
octane 126 Sigma-Aldrich methyl caprylate 193 Sigma-Aldrich
nonane 151 Sigma-Aldrich methyl salicylate 223 Alfa-Aesar
decane 174 Sigma-Aldrich ethyl salicylate 233 Alfa-Aesar
undecane 196 Sigma-Aldrich methyl laurate 262 Sigma-Aldrich
dodecane 216 Sigma-Aldrich methly caproate 151 Sigma-Aldrich
tridecane 235 Fluka diethyl phthalate 299 Sigma-Aldrich
tetradecane 254 Fluka Ketones BP (°C) Vendor
pentadecane 271 Alfa-Aesar 2-butanone 80 Sigma-Aldrich
hexadecane 287 Sigma-Aldrich 2-pentanone 102 Sigma-Aldrich
pristane 296 Sigma-Aldrich 3-hexanone 128 Sigma-Aldrich
octadecane 316 Fluka 2-hexanone 128 Sigma-Aldrich
eicosane 343 Sigma-Aldrich 2-heptanone 152 Sigma-Aldrich
Halogenated Alkanes BP (°C) Vendor 3-heptanone 141 Sigma-Aldrich
1.5-dichloropentane 179 Sigma-Aldrich 3-octanone 167 Sigma-Aldrich
1-chlorohexane 135 Sigma-Aldrich 2-decanone 209 Sigma-Aldrich
1-bromohexane 155 Sigma-Aldrich 2-undecanone 231 Sigma-Aldrich
1-bromoheptane 179 Sigma-Aldrich 2-dodecanone 245 Sigma-Aldrich
1-bromooctane 200 Sigma-Aldrich Aromatics BP(°C) Vendor
1-chlorobutane 78 Sigma-Aldrich benzene 80 Fischer
1,1,1-trichloroethane 74 Sigma-Aldrich toluene 111 Sigma-Aldrich
1,2-dichloroethane 84 Sigma-Aldrich 3-ethyltoluene 161 Sigma-Aldrich
carbon tetrachloride 77 Sigma-Aldrich 4-ethyltoluene 162 Fluka
Cyclics BP(°C) Vendor mesitylene 165 Sigma-Aldrich
methylcyclopentane 72 Fluka ethylbenzene 136 Sigma-Aldrich
cyclohexane 81 Sigma-Aldrich butylbenzene 183 Sigma-Aldrich
cyclooctane 150 Sigma-Aldrich isobutylbenzene 170 Sigma-Aldrich
butyleyclohexane 181 Sigma-Aldrich tert-butyl benzene 167 Sigma-Aldrich
bicyclohexyl 227 Sigma-Aldrich propylbenzene 159 Sigma-Aldrich
2.2 4-trimethylpentane 99 Sigma-Aldrich 1-ethylnapthelene 260 Sigma-Aldrich
Alkenes BP(°C) Vendor bromobenzene 155 Sigma-Aldrich
1-hexene 63 Sigma-Aldrich cyclohexylbenzene 239 Sigma-Aldrich
cyclohexene 83 Sigma-Aldrich diphenylmethane 265 Sigma-Aldrich
dodecene 214 Sigma-Aldrich p-xylene 189 Sigma-Aldrich
1-undecene 194 Fluka o-xylene 145 Sigma-Aldrich
Alkynes BP(°C) Vendor m-xylene 128 Sigma-Aldrich
. . 1,2.4- . .
1-hexyne 71 Sigma-Aldrich (rime thylbenzcnc 169 Sigma-Aldrich
1-heptyne 109 Sigma-Aldrich anisole 154 Sigma-Aldrich
1-nonyne 151 Sigma-Aldrich dibutyl phthalate 340 Sigma-Aldrich
5-decyne 177 Sigma-Aldrich a-terpineol (90%) 219 Sigma-Aldrich
Alcohols BP (°C) Vendor
1-propanol 97 Sigma-Aldrich
2-butanol 117 Sigma-Aldrich
1-pentanol 137 Sigma-Aldrich
2-pentanol 158 Sigma-Aldrich
hexyl alcohol 158 Sigma-Aldrich
2-heptanol 160 Fluka
1-octanol 194 Sigma-Aldrich
1-nonanol 215 Sigma-Aldrich
1-decanol 229 Sigma-Aldrich
1-tetradecanol 289 Sigma-Aldrich
1-octadecanol 210 Sigma-Aldrich
1-eicosanol 372 Sigma-Aldrich
benzyl alcohol 205 Sigma-Aldrich
2-ethyl-1-hexanol 185 Fluka
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Table A2. Full widths at half maximum (FWHM, wi2) were measured for the data collected
from the pseudo-steady state analyte stream study (Figure 2.3), and then converted to wy, with wy
= 1.7xwzp. The final analyte, benzyl alcohol, exited the column 164 ms after the first analyte,
acetone. All analytes display baseline resolution within this sub-200 ms window. There is a dead

time of 108 ms between injection and acetone exiting the column.

Acetone Heptane | Octane Chloro- Nonane Butyl Decane Benzyl
benzene Benzene Alcohol
w,, (Ms) 3.81 4,94 6.44 6.81 8.69 11.06 14.81 15.44
w,, (ms)
Standard 0.26 0.18 0.32 0.26 0.26 0.02 0.59 1.15
Deviation
w, (ms) 6.48 8.40 10.95 11.58 14.77 18.80 25.18 26.25
t, (ms) 108.1 122.9 140.0 158.0 173.6 209.3 237.3 272.1
t (ms)
Standard 0.4 0.4 0.0 0.0 0.5 0.7 0.7 0.6
Deviation
Retention
0.00 0.14 0.29 0.46 0.61 0.94 1.19 1.52
Factor (k”)
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Pulse Width Study

The relationship between the pw applied and the detected peak width and signal height
was studied in more detail, as previously highlighted (Figure 2.1D). Four test analytes were
selected (Table A1B) for this purpose. Using the GCxGC mode (Figure 2.1B), each analyte was
individually injected, keeping the flow ratio constant while tuning the pw applied. For each
analyte, 1 pL with a split of 300:1 was injected with a Pm of 200 ms, and the data was baseline
corrected (Figure Al). The resulting w, were measured across 3 replicates and averaged (Table
A3). When 2w, was plotted as a function of pw, a consistent relationship was observed for the
three most retained analytes (Figure A2A). Specifically, below a pw of 8 ms the 2wy, remains
relatively constant (slope being generally flat), and above a pw of 8 ms the 2wy increases
approximately linearly. For lower pw than those studied, a similar regime for the least retained
analyte, acetone, may also be observed. This was not performed due to the inability to maintain
consistent auxiliary pressures at a pw < 5 ms. Meanwhile, the average signal intensity also
increases with pw (Figure A2B), linearly with pw up to about 8 ms, then increases more slowly
above 8 ms due to the concurrent increase in wp. Accordingly, a pw of 8-10 ms was selected as
the “sweet spot” where the benefits of injecting more as pw is increased due to the increasing
signal intensity is offset by what may be deemed significant additional peak broadening due to
the injection process. To create this plot (Figure A2B), the signal intensity for each analyte was
normalized to its signal intensity at a pw of 5 ms to account for within analyte variation. Then,
the signal intensity of each analyte was averaged together, by pw. The increasing size of error
bars is due to each analyte increasing in intensity by varying amounts at increasing pw. For
example, at a pw of 15 ms, the signal intensity for acetone increased only 3-fold while the signal

intensity for nonane increased 6-fold.
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Figure A2. (A) Plot of the 2D width-at-base, 2w, as a function of injected pulse width, pw, for
four test analytes (Table A1B). Shown is the average of 3 replicates, error bars are smaller than
each symbol. Octane, nonane, and propyl benzene are relatively constant in 2wy below a pw of 8
ms and increase in 2wy, above a pw of 8 ms. The data was collected in GCxGC mode (Figure
2.2B). (B) Plot of the average signal intensity (peak height) for all analytes as a function of pw.
The signal intensity for each analyte was normalized to its own signal at pw = 5 ms, and the four
normalized signals were averaged together (standard deviation error bars). An 8-10 ms pw was

determined to be a suitable “sweet spot” for the conditions applied.
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Table A3. The measured 2wy, in ms, as a function of pyw for all analytes presented (Figure A2).

Each analyte was injected 3 times, with no less than 4 modulations per injection used for the

calculations.

Pulse Width, [ 2w, (ms) 2Wp (MS) 2Wp (mMs) 2Wp (Ms)
Pw (Ms) Acetone Octane Nonane Propyl
Benzene

5 8.00 13.00 19.50 25.75

6 8.33 13.25 19.75 26.00

7 9.00 13.25 19.75 26.25

8 9.33 14.00 20.75 26.25

10 10.33 14.75 21.75 27.50

12 11.33 16.75 23.25 28.75

15 14.00 18.75 25.75 31.25
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Figure A3. (A) Raw data collected on the diesel (Figure 5). (B) The data is baseline corrected to
remove the D profile as in Figure Al. (C) A 1.5 s region between 7-8 min is zoomed in to show
the performance of the negative pulse method (5 modulations, with Py =300 ms. (D) A1.5s

region between 9-10 min is zoomed in to show three distinct peaks.
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Table A4. Chromatographic peak measurements and figures-of-merit for 10 analytes from the

90-component test mixture separated by the GC3-TOFMS instrument. Analytes were chosen to

span the majority of the retention time range on all three dimensions. A total ideal peak capacity,

ne3p, of 35,100 was obtained for this separation. The average performance gain, nc x 3n, is 51

peaks per 2 s modulation, when compared to a traditional 1D-GC instrument.

P YIS \@&% & /&S &
S S S S S S S E
&S TS LS SV VE VA
'\,«

Ytae) | 719 | 830 | 866 988 991 | 1071 | 1074 | 1272 | 1612 | 2139 -
W, ) | 41 4 375 | 42 | 375 | 375 | 375 4 4.2 42 | 397
L 205 | 200 | 188 | 210 | 18 | 18 | 18 | 200 | 210 [ 210 | 199

2ta(s) | 1220 | 0.250 | 0.566 | 0.986 | 1.640 | 1.766 | 0.646 | 0.680 | 0.410 | 1.332 -
2w, (ms) | 204 | 238 224 | 300 | 300 [ 200 | 232 | 236 | 200 | 238 | 255.20
2, 294 | 238 | 224 3 3 2 232 | 236 | 29 238 | 255
2n, 680 | 840 | 893 | 667 | 667 | 1000 | 862 | 847 | 690 | 840 [ 7.99

Stp(ms) | 54 36 62 54 56 24 62 58 56 36 -
Wy, (ms)| 16 15 16 16 18 14 14 15 17 16 15.70
%n ¢ 6.25 6.67 6.25 6.25 5.56 7.14 7.14 6.67 5.88 6.25 6.41
2n.*%n, | 4252 | 56.02 | 55.80 | 41.67 | 37.04 | 71.43 | 6158 | 56.50 | 40.57 | 5252 | 51.56
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