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ABSTRACT: The mass spectrometer for planetary exploration (MASPEX) is a
versatile mass spectrometer with unprecedented mass resolution designed for
spaceflight. However, the current version of MASPEX is designed for continuous
sampling during flybys of planetary bodies and does not include gas chromatography,
which can improve the analysis of complex mixtures of organic compounds in space
environments. Here, micro-electro-mechanical system (MEMS) gas chromatography
(GC) linearity, reproducibility, and column analytical performance were first
demonstrated prior to the coupling to MASPEX for MEMS GC−mass spectrometer
(MS) analyses. Linearity of response was demonstrated for n-hexane over 2 orders of
magnitude of on-column mass (concentration). Retention time reproducibility in the
MEMS GC was ≤2% relative standard deviation (RSD). MEMS GC column analytical
performance calculations showed the average number of theoretical plates, N, and the
height equivalent to a theoretical plate, HETP, to be 16 239 (1623 plates per meter)
and 0.062 cm, respectively. N defines a chromatographic centroid peak apex divided by the peak width at half height, similar to mass
resolution. When coupled to MASPEX, the retention time reproducibility was in a similar range of 1−2% relative standard deviation
with a slightly larger deviation seen from the mass spectrometer detector due to start trigger variations with a manual start trigger in
the FastFlight software compared to the LabView code used for the MEMS GC−MS testing. The collected mass spectra showed
close consistency with National Institute of Standards and Technology (NIST) reference mass spectra providing confidence in
chemical compound identification. We present the first data generated from the coupling of these devices.

■ INTRODUCTION

Mass spectrometers (MS) have long been regarded as the
“gold standard” in analytical chemistry for chemical compound
identification. However, as sample matrix complexity increases
a variety of near isobaric and sometimes completely isobaric
ion interferences congest the mass spectrum. These interfer-
ences make deconvolution of the mass spectrum difficult, at
best, and more often than not, impossible. Separation science
then comes to the rescue. The separation of complex sample
matrix components prior to mass spectrometry analysis
provides a powerful analytical tool. Various separation science
capabilities in conjunction with continuous improvements in
mass accuracy, mass resolution, selectivity, and sensitivity have
further solidified this gold standard reputation in a variety of
analytical applications (Table 1).
Gas chromatography (GC), the main separation science

capability that is the focus of this paper, has been employed for
decades. In space science, GC has been used for atmospheric
composition measurements in the missions Pioneer Venus14

and Venera 11 and 12.15 The use of mass spectrometers (MS)
in space missions has been well documented in three review
articles.16−18 In the laboratory, GC was coupled with MS in

1955 and 1956, with publications on these works appearing in
19572 and 1959.3 GC−MS has also been employed in space
science investigations including Viking,19 Cassini−Huygens,20

Ptolemy on the Philae Lander as part of Rosetta,21 and Sample
Analysis at Mars (SAM), part of the Mars Science
Laboratory22 on Curiosity. One promising, upcoming work is
a GC−MS to investigate volatile species in the lunar soil on the
Luna−Resurs mission.23 The GC separation allows for
molecular species to be introduced into a mass spectrometer
in a nearly compound-by-compound fashion, much like a
single file line. The orthogonality of the two separation
mechanisms improves the ability to identify specific com-
pounds and determine precisely their abundances by increasing
resolution, sensitivity, selectivity, and hence detectability.

Received: May 15, 2020
Revised: July 31, 2020
Accepted: August 26, 2020
Published: August 26, 2020

Articlehttp://pubs.acs.org/journal/aesccq

© 2020 American Chemical Society
1718

https://dx.doi.org/10.1021/acsearthspacechem.0c00131
ACS Earth Space Chem. 2020, 4, 1718−1729

D
ow

nl
oa

de
d 

vi
a 

U
N

IV
 O

F 
M

IC
H

IG
A

N
 A

N
N

 A
R

B
O

R
 o

n 
N

ov
em

be
r 

3,
 2

02
0 

at
 2

2:
12

:0
3 

(U
T

C
).

Se
e 

ht
tp

s:
//p

ub
s.

ac
s.

or
g/

sh
ar

in
gg

ui
de

lin
es

 f
or

 o
pt

io
ns

 o
n 

ho
w

 to
 le

gi
tim

at
el

y 
sh

ar
e 

pu
bl

is
he

d 
ar

tic
le

s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ryan+C.+Blase"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mark+J.+Libardoni"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Gregory+P.+Miller"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kelly+E.+Miller"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Charity+M.+Phillips-Lander"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="J.+Hunter+Waite"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="J.+Hunter+Waite"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Christopher+R.+Glein"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hongbo+Zhu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Abhishek+Ghosh"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Anandram+Venkatasubramanian"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xudong+Fan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xudong+Fan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Katsuo+Kurabayashi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsearthspacechem.0c00131&ref=pdf
https://pubs.acs.org/doi/10.1021/acsearthspacechem.0c00131?ref=pdf
https://pubs.acs.org/doi/10.1021/acsearthspacechem.0c00131?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsearthspacechem.0c00131?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsearthspacechem.0c00131?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsearthspacechem.0c00131?fig=abs1&ref=pdf
https://pubs.acs.org/toc/aesccq/4/10?ref=pdf
https://pubs.acs.org/toc/aesccq/4/10?ref=pdf
https://pubs.acs.org/toc/aesccq/4/10?ref=pdf
https://pubs.acs.org/toc/aesccq/4/10?ref=pdf
http://pubs.acs.org/journal/aesccq?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://dx.doi.org/10.1021/acsearthspacechem.0c00131?ref=pdf
https://http://pubs.acs.org/journal/aesccq?ref=pdf
https://http://pubs.acs.org/journal/aesccq?ref=pdf


The micro-electro-mechanical system (MEMS) GC tech-
nology described in this work has been developed at the
University of Michigan. Microfabricated GC columns at the
University of Michigan began in the laboratory of Richard
Sacks.24 Further developments of microfabricated GC columns
have continued in the laboratories of Katsuo Kurabayashi and
Xudong Fan.25−27 These systems have extended to different
detectors,28−31 multidimensional micro GC−GC systems
(two-dimensional (2D)32 and three-dimensional (3D)33

systems), microinjectors (preconcentrators),34,35 and micro
thermal modulators.36 We have previously demonstrated the
analytical utility of multidimensional gas chromatography for
in situ investigations of multiple harsh environments.37,38 In
this paper, work focuses on an adaptation for GC−MS of a
MEMS micro GC equipped with a 10 m long rectangular (150
μm × 240 μm) analytical column and micro-photoionization
detector (μ-PID) at the GC analytical column exit.

The mass spectrometer for planetary exploration (MAS-
PEX) is a multibounce time-of-flight (MBTOF) mass
spectrometer with unprecedented high mass resolution
capability for spaceflight.39 MASPEX incorporates variable
ion flight length, which allows to adjust the mass resolution as
needed. Because of its mass resolution and sensitivity,
MASPEX will be on the payload of NASA’s Europa Clipper,
a flyby mission investigating the composition and habitability
of Europa, a moon of Jupiter. Our team is continuing to
develop this technology for future landed missions, including a
potential Europa Lander mission under the Instrument
Concepts for Europa Exploration-2 (ICEE-2) program.40

There are numerous other, scientifically rich destinations in
the solar system.41 By enhancing capabilities to identify specific
components of complex natural mixtures, future MASPEX
implementations that include the MEMS GC have the
potential to provide further insight into the habitability42 and
potential presence of isotopic and organic biomarkers43 at

Table 1. Separation Science Methods, Their Inception or Invention Year, the Year of Inception with Mass Spectrometry, and
Their Impact on Analytical Applications Today

separation science
method inception

inception with mass
spectrometry gold standard application

gas chromatography 19521 1955−1956a 1957;2 19593 forensics, sports antidoping, oil and natural gas, food, flavors, beverage, perfume analysis
liquid chromatography 19414 19695 1972;6 19737,8 metabolomics, clinical and forensic toxicology, drug screening
capillary electrophoresis 19379 198710 proteomics (post-translationally modified peptides and proteins)
ion mobility
spectrometry

1896,11

190012
196213 proteomics (gas-phase protein structure), trace explosives detection (homeland security

applications)
aTwo separate efforts were performed: McLafferty and Gohlke with a gas chromatograph (GC) and Bendix mass spectrometer developed by Wiley
and Holmes; Morrell with a mass spectrometer from Consolidated Engineering Corp. in 1955−1956. The published papers, 1957 and 1959, after
these initial efforts are displayed in the table.

Figure 1. Photograph of the MEMS GC device (top) with the major components labeled. Block diagrams show (step 1) gas sampling with pathway
in blue (bottom left) and (step 2) GC analysis with carrier gas pathway in red (bottom right) to illustrate operation. The black lines show portions
of pathways not being used.

ACS Earth and Space Chemistry http://pubs.acs.org/journal/aesccq Article

https://dx.doi.org/10.1021/acsearthspacechem.0c00131
ACS Earth Space Chem. 2020, 4, 1718−1729

1719

https://pubs.acs.org/doi/10.1021/acsearthspacechem.0c00131?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsearthspacechem.0c00131?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsearthspacechem.0c00131?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsearthspacechem.0c00131?fig=fig1&ref=pdf
http://pubs.acs.org/journal/aesccq?ref=pdf
https://dx.doi.org/10.1021/acsearthspacechem.0c00131?ref=pdf


Enceladus, a moon of Saturn, as well as advance understanding
of the complex organic chemistry on Mars.44 Titan, another
moon of Saturn, has lakes and seas of liquid hydrocarbons,45

which may have accumulated significant amounts of other
organics that formed in its atmosphere. Moreover, the
application of the MEMS GC with MASPEX at small body
targets will be able to improve our understanding of solar
system formation and its evolution. As an example, the
ROSINA mass spectrometer aboard the Rosetta spacecraft
indicated a diversity of organic compounds in comet 67P/
Churyumov−Gerasimenko.46,47 The ALICE instrument
aboard New Horizons found that Pluto has a chemically
complex atmosphere that includes methane, ethane, acetylene,
and ethylene.48,49 Additional studies of comets, asteroids, and
Pluto and other Kuiper Belt objects over the coming decades
will provide key insight into the organic complexity of icy
worlds.

■ EXPERIMENTAL SECTION

The MEMS GC analytical column has a rectangular channel
with dimensions 150 μm × 240 μm and an overall length of 10
m. The MEMS GC device is displayed in Figure 1 with major
components labeled. Gas sampling (step 1 in Figure 1 bottom
left), normally of volatile organic compounds, is accomplished
via the sample inlet. The sampling valve opens and the
microswitching valve switches to allow the micro vacuum
pump to draw the sampled gases across the preconcentrator,
which is filled with sorbent materials Carbopack B and X, for a
fixed amount of time. The gas sampling pathway is depicted by
the blue lines and arrows. Once the sampling time has been
reached, the sampling valve closes and the microswitching
valve switches back to allow the helium carrier gas to push
through the preconcentrator and the analytical column. This is
depicted as step 2, GC analysis, with the carrier gas pathway in

red in the bottom right portion of Figure 1. A user-defined
waiting time is employed to allow equilibration of the helium
carrier gas through the analytical column. After the waiting
time has been reached, two voltage pulses are applied via pulse
width modulation to the preconcentrator to desorb the trapped
volatile species. The first pulse serves to rapidly heat the
preconcentrator and the second pulse serves to hold the
preconcentrator at the desired desorption temperature to
provide a narrow sample plug of analyte to the analytical
separation column. Once injected, the vaporized species
separate in the analytical column via interactions with the
stationary phase. As the separated components elute from the
analytical column, they pass by a micro-photoionization
detector (μ-PID), where a signal response can be registered.
For the MEMS GC−MS experiments, a guard column transfer
line with an inner diameter of 250 μm is connected after the μ-
PID and leads directly into the ion source of the MBTOF mass
spectrometer.

Linearity of Response. For experiments to measure the
linearity of response, the MEMS GC sample inlet was
connected to an Agilent 7890 commercial GC injector inlet
through a capillary column. A photograph of this experimental
setup is displayed in Figure 2. Liquid samples were manually
injected into the commercial injection port (step 1 in Figure 2)
at an inlet temperature of 250 °C and a helium inlet pressure
of ∼115 000 Pa (16.7 psia or 2 psig) to sweep the vaporized
sample to the MEMS GC sample inlet and across the
preconcentrator. Gas sampling was performed for 30 s to
ensure that the entire sample plug from the injector was swept
by helium and trapped on the preconcentrator. The sampling
valve was closed and the microswitching valve was switched to
provide helium carrier gas flow to the analytical column for GC
analysis (step 2 in Figure 2). A 6 s waiting (or equilibration)
time after switching the valve was used prior to desorbing the

Figure 2. Photograph of the experimental setup for the linearity of response experiments with n-hexane. The block diagrams show (step 1) liquid
injection into the injection port to vaporize the sample and push the sample gas through the gas sampling pathway in blue and (step 2) GC analysis
with carrier gas pathway in red.
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sample off the preconcentrator. The preconcentrator was then
rapidly heated with a high-voltage pulse for a duration of 0.8 s
to approximately 250−300 °C and then held at that
temperature with a second, lower-voltage pulse for 8 s. The
initial high-voltage pulse of the preconcentrator defines the
injection start time of the analytes onto the analytical column.
The column temperature profile was isothermal at 17.5 °C for
the first 75 s after injection and then heated at a rate of
approximately 14.7 °C min−1 from 75 to 130 s and 10.3 °C
min−1 from 130 to 300 s. The detector for these experiments
was the μ-PID as displayed in Figures 1 and 2. Dilutions of n-
hexane were performed with dichloromethane (DCM) as the
solvent to generate a calibration curve. Six sample concen-
trations with quadruplicate manual injections at each
concentration were performed with concentrations ranging
from 6.55 × 10−3 down to 2.05 × 10−4 g mL−1. This results in
an on-column mass of 4.91 × 10−6 down to 1.54 × 10−7 g per 1
μL injection. The calibration curve showed the peak area
response (in V·s) of the μ-PID versus the on-column injection
mass, or concentration in grams.
Individual Alkane and Alkane Mixture Injections on

the MEMS GC. A series of alkanes were run individually on
the MEMS GC and then run as a mixture to test the retention
time reproducibility. The alkanes run were n-pentane, hexanes
(3-methylpentane, n-hexane, cyclohexane), n-heptane, n-
octane, n-nonane, and n-decane. Hereafter, we will refer to
these as C5−C10. For these tests, the helium carrier gas flow
rate was 1.2 mL min−1. The headspace vapor was drawn
through the sample inlet using the micro vacuum pump for
varying amounts of time up to 6 s. The microswitching valve
then switched to allow helium to flow again through the
preconcentrator and the analytical column. A 6 s delay time, or

equilibration time, was used to allow helium to flow through
the preconcentrator and analytical column prior to the heating
of the preconcentrator. The preconcentrator was then rapidly
heated with a high-voltage pulse for a duration of 0.8 s to
approximately 250−300 °C and then held at that temperature
with a second, lower-voltage pulse for 8 s. The initial high-
voltage pulse of the preconcentrator defines the injection start
time of the analytes onto the analytical column. The column
temperature profile was isothermal at 17.5 °C for the first 75 s
after injection and then heated at a rate of approximately 14.7
°C min−1 from 75 to 130 s and 10.3 °C min−1 from 130 to 300
s. The detector for these experiments was the μ-PID.

Alkane Mixture Injections for the MEMS GC−MS
Experiments. The MEMS GC was later connected to a
prototype of the MASPEX instrument, MBTOF 3, through a
guard column and heated transfer line that was attached after
the μ-PID detector. In these MEMS GC−MS experiments, the
flow rate was decreased to reduce the helium carrier gas load
into the vacuum of the mass spectrometer. However, the
helium carrier gas velocity still increased overall due to the
vacuum outlet into the mass spectrometer, shifting the
retention times to shorter retention times relative to
experiments exhausted into the air. Headspace vapor sampling
time and helium equilibration time remained the same (6 s) as
in the first set of experiments with only the MEMS GC.
Preconcentrator settings and GC column temperature settings
also remained the same.
One major difference for the MEMS GC−MS experimental

setup, relative to just the MEMS GC, was the use of two
different software platforms controlling the two devices. The
MEMS GC and μ-PID detector are controlled by LabView and
are triggered by a user hitting the run button. MASPEX is

Figure 3. MASPEX instrument that utilizes multibounce time-of-flight (MBTOF) to lengthen the ion separation distance to achieve high-
resolution measurements. The time sequence diagram for instrument operation with the MEMS GC is displayed in the bottom portion.
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controlled by a FastFlight 12 bit analog-to-digital converter
(ADC) operating at a sampling frequency of 2 GHz (0.5 ns
time-of-flight (TOF) bin width), also requiring a user to hit the
start button for the data acquisition software to begin. The two
sets of software were triggered individually, resulting in a slight
time delay between the start trigger of the two programs. The
time delay was synchronized to the best consistency possible
for a manual start. Chromatographic data were taken with the
μ-PID from the LabView software and the microchannel plate
(MCP) detector from the FastFlight software. The FastFlight
software contains a total ion chromatogram (TIC) window
that averages the ion counts across all of the bins of the mass
spectrum over a defined number of mass spectra, in this case
500 spectra, and records those counts in the TIC. Mass
spectral data, 500 averaged mass spectra per data point, can be
accessed by clicking across the data points of the TIC.
Chromatographic data are presented for the MEMS GC−MS
experiments as recorded by the μ-PID and the MASPEX MCP
detector from the total ion chromatogram window from the
FastFlight software.
Operation of MASPEX Mass Spectrometer for MEMS

GC−MS Experiments. The MASPEX MBTOF and its
operation have been described in detail previously,39 so only
a brief summary is provided here. MBTOF enables ions to
travel long distances, providing increased mass resolution, in a
compact instrument by folding the flight path. It consists of
two opposing electrostatic reflectrons (R1, R2) that bounce
the ions in an electrostatic trap, associated buncher lenses, drift
tube, and ion optics that couple the ion source to the detector
(Figure 3). Ions are generated by electron ionization (EI) in
the ionization volume, a field-free region, defined by two
parallel high-transmission-gridded electrodes, the pusher and
extractor, held at ground potential. Electron paths follow tight
helical trajectories resulting from two collimating magnets. The
helical electron path increases the neutral−electron interaction
time to improve ionization efficiency and generates a weak
space-charge potential well that stores ions (storage ion
source), improving source sensitivity.50 To extract the ions into
the TOF analyzer, we apply two independent, fast, push/pull
pulses (∼5 ns rise-time for 3 μs) to energize the pusher grid
with a more positive voltage relative to the extractor grid and
provide constant energy per charge acceleration. The ion
packet is accelerated out of the ion source and a series of beam
defining optics guides the ions into the mass analyzer. When
first injected into the mass analyzer, R1 is off and R2 is on
(potential exceeds the ion extraction potential). After the
extracted ions have passed by R1 it is energized, or turned on.
The ions enter into the drift tube and are reflected by R2
(bounced back toward R1). The ions are trapped between R1
and R2, dispersing in time according to mass (t∼m1/2),
increasing flight length and flight time with each bounce.
Because the reflectrons are gridless and the ion mean free path
is much longer than even many reflected lengths of the
MBTOF flight path, there is minimal ion packet spreading and
loss. To maintain stable ion trajectories inside the analyzer, two
ion bunchers have been fitted on each of the reflectron
elements that provide transverse focusing of the ion packets
during multiple bounces. After a user-determined time has
been reached, R2 turns off and the ions are released to the
microchannel plate (MCP) detector. The extraction, trapping,
and mass analysis are performed at kHz rates to enable
detection of fast elution of gas chromatography peaks.51

For the MEMS GC−MS experiments, the MBTOF mass
spectrometer (Figure 3) is operated in a two bounce (three
passes or lengths of the analyzer) mode. This mode provides
increased mass resolution but reduces the collected mass range
versus linear mode, where the entire mass range is collected
per extraction. Ions are generated in the storage ion source
under the following conditions: electron energy of 35 eV,
electron emission current of 100 μA (collector current of 30−
40 μA due to elevated 10−3 Pa (10−5 Torr) pressure from
helium carrier gas), and extraction rate of 10 kHz using the
FastFlight data acquisition software as the trigger. The reduced
electron energy of 35 eV was used to decrease the ionization of
helium in the ion source. The pusher and extractor of the ion
source were pulsed for a duration of 3 μs. The rising edge of
this pulse defines the ion injection and hence start clock for the
time-of-flight. Ions exit the source, but for the first 400 ns (0.4
μs), the potential on R1 deflects ions from entering the drift
tube. The main reason for deflecting (blanking) low mass ions
is to eliminate the large helium carrier gas ion signal from the
mass spectrum and reduce unnecessary charge extraction from
the MCP detector. After this time interval, R1 is pulsed down
to allow ions into the drift tube; these ions are then reflected
by R2 to increase the flight length and hence the mass
resolution. R1 is left down for 2.5 μs and then pulsed up to
reflect the ions back toward R2 and the detector. Before these
ions arrive at the detector, R2 is pulsed down 11 μs after ion
injection and all of the ions are allowed to strike the detector.
Due to the timing of the reflectrons, ion masses that arrive at
the detector are found in the mass range between 40 and 140
Da. A time sequence diagram is displayed at the bottom
portion of Figure 3 to clarify the operation of the mass
spectrometer.

■ RESULTS
Linearity of Response. This experiment was performed to

test for linear performance in terms of analyte sampling and
desorption with the preconcentrator as a function of analyte
concentration, or on-column mass. This experiment is not an
investigation of the sensitivity of the μ-PID as these studies
have been published previously.30 The volume of n-hexane per
1 μL manual injection considering dilution in dichloromethane
(DCM) and the density of n-hexane were used to calculate the
on-column mass. Peak areas in units of V·s were integrated
over the peak width at the base. Results of the linearity of
response experiments for n-hexane are displayed in the log−log
plot of Figure 4. The best fit is a power law (y = a*xb) with the
exponent, b, near unity, which represents a linear relationship.
Thus, the data show relatively close consistency with a linear
relationship over 2 orders of magnitude dynamic range, with a
correlation coefficient (R2) value of 0.9980. Variations in
injection volume due to manual injections are the most likely
cause for the error in the measurement, especially for the
highest concentration data point. The removal of this data
point improves the linear fit, yielding a correlation coefficient
(R2) value of 0.9999. A linear fit to the same data on a
nonlogarithmic scale is displayed in Figure S1 of the
Supporting Information.

Individual Alkane Injections on the MEMS GC.
Multiple samplings and injections were performed to
determine the retention times for each of the individual
alkanes, and the results are presented in Table 2. The
individual alkane injections are also plotted together in Figure
5. As mentioned in the Experimental Section, sampling times
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of the analyte were varied up to 6 s to vary the concentration of
the analyte and investigate any effects of sample concentration
on the retention time reproducibility. The heating rates of 14.7
°C min−1 from 75 to 130 s and 10.3 °C min−1 from 130 to 300
s were not perfectly linear and the column temperature profiles
for the individual and mixture injections are displayed in
Figure S2 of the Supporting Information. The average heating
rate from 75 to 300 s was 11.4 °C min−1. Retention time

reproducibility showed percent relative standard deviation (%
RSD) values of ≤2% for all of the individual alkane injections.
Peak broadening can be seen at higher concentrations in

Figure 5 and subsequent figures. Peak broadening results
mainly from one, or the combination, of two effects: (1)
injection peak width at the preconcentrator; (2) sample
overloading of the stationary phase. The first effect is due to
the physical size, or length, of the preconcentrator. As sample
concentration increases, more sites along the length of the
preconcentrator are filled thereby increasing the length, and
hence sample width, of the sample plug upon thermal
desorption. The second effect is due to sample overloading
of the stationary phase that results in fronting, or shoulders,
preceding the main peak and significant tailing of the peak.
This is evident for the chromatographic signals in Figure 5
where the peak is flat-topped, indicating that the μ-PID
detector is saturated (the dynamic range has been exceeded).
These two effects are common in gas chromatography, and the
MEMS GC shows that retention time reproducibility is still
quite good even with high sample concentrations.

Alkane Mixture Injections on the MEMS GC. A mixture
of the six straight-chain alkanes, C5−C10, including the isomers
of hexane (C6), was then prepared to test the retention time
reproducibility of the MEMS GC and make a comparison to
the individual analyte runs. The mixture was sampled in the
same way, and the helium carrier gas flow rate and column
oven temperature profile were also consistent with the
individual alkane runs. Five injections of the alkane mixture
with sampling times up to 6 s, to vary concentration, were
performed to investigate retention time reproducibility and the
results are presented in Table 3. The overlaid chromatograms

are also displayed in Figure 6. Retention time reproducibility
for the alkane mixture injections showed % RSD values at
≤1.5%. The RSD value of the MEMS GC (∼1%) is an order of
magnitude larger than that of the Agilent GC system (0.1%).
The commercial GC system incorporates electronic pneu-
matics control with real-time ambient pressure and temper-
ature compensation. This typically results in the high retention
time reproducibility of the commercial GC. The absence of
such sophisticated pneumatics control may cause the MEMS
GC to yield the higher RSD value.
To determine the MEMS GC column analytical perform-

ance, calculations were performed to determine the number of
theoretical plates, N, and the height equivalent to a theoretical
plate, HETP, based on the eluting chromatographic peak
widths. The idea of theoretical plates stems from distillation
chromatography (fractional distillation), where the plates or
trays represented a region where equilibrium was reached

Figure 4. Linearity of response data in peak area (V·s) versus on-
column mass (g) shown as black diamonds for n-hexane measured by
the μ-PID with the experimental setup displayed in Figure 2. The best
fit line, with equation, is shown in blue. The best fit line, with
equation, removing the highest concentration data point is shown in
green.

Table 2. Retention Time Reproducibility for the Individual
Alkane Injections on the MEMS GC

analyte
number of
injections

average
R.T. (s)

standard dev.
RT (s)

%
RSD

n-pentane 7 39.91 0.24 0.60
3-methylpentane 6 50.68 0.34 0.67
n-hexane 6 54.43 0.56 1.03
cyclohexane 6 61.60 0.46 0.75
n-heptane 10 90.26 1.62 1.79
n-octane 6 138.25 0.82 0.59
n-nonane 6 186.74 1.57 0.84
n-decane 6 246.27 4.5 1.83

Figure 5. Overlaid individual alkane injections corresponding to
results in Table 2.

Table 3. Retention Time Reproducibility for the Alkane
Mixture Injections on the MEMS GC

analyte
number of
injections

average
R.T. (s)

standard dev.
RT (s)

%
RSD

n-pentane 5 39.23 0.27 0.70
3-methylpentane 5 50.23 0.27 0.55
n-hexane 5 53.93 0.38 0.70
cyclohexane 5 61.18 0.38 0.62
n-heptane 5 91.12 0.51 0.56
n-octane 5 141.48 1.04 0.73
n-nonane 5 191.78 1.95 1.01
n-decane 5 248.33 3.52 1.42
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between the vapor and liquid phases. For GC and other forms
of chromatography a hypothetical stage, or zone, where vapor
and liquid phases of the analyte reach equilibrium are
considered a theoretical plate. The efficiency of the separation
increases with the number of theoretical plates. The height
equivalent to a theoretical plate, HETP, provides a numerical
representation of the length of the column divided by the
number of theoretical plates (L/N). The equation used for the
calculation of N was as follows

= ×
i
k
jjjjj

y
{
zzzzzN

t
W

5.545 R

0.5

2

where tR represents the retention time centroid andW0.5 stands
for the width of the chromatographic peak at half height (or
full width at half-maximum). The calculated number of
theoretical plates for each eluting analyte from the alkane
mixture is displayed in Table 4. For an isothermal separation,
the value of N should be similar for all eluting species as
evidenced by the first four eluting analytes. Chromato-
graphically speaking, the later eluting species would experience
significant band broadening and the much wider peaks would
give a similar theoretical plate value but at the expense of
separation efficiency. A column temperature program was used
to increase the efficiency of the overall separation of the
mixture, and as the column temperature increased, the number
of theoretical plates, N, showed an increasing trend. For a
graphical representation of the analyte retention (elution) time

versus the column temperature, see Figure S2 of the
Supporting Information. Since the separation was performed
with a column temperature ramp, the average number of N and
HETP are reported. The average number of theoretical plates,
N, was 16 239 and the average height equivalent to a
theoretical plate, HETP, was 0.062 cm over the column
temperature range of the separation (more information on
HETP given in the Supporting Information and Figure S3).
Compared to commercial open tubular columns presented
from Restek,52 Agilent,53 and Supelco54 of similar column area,
the number of theoretical plates per meter is approximately
3890 versus our average at 1623 and maximum of 3704.
Moreover, similar values of HETP have been reported as
compared to our minimum value of 0.0271 in the literature for
square and rectangular GC columns.55

Alkane Mixture Injections for the MEMS GC−MS
Experiments. The same alkane C5−C10 mixture was then run
on the MEMS GC−MS experimental setup to investigate
reproducibility and establish the first proof-of-concept
performance. The retention times recorded by the μ-PID
and the MASPEX microchannel plate (MCP) detector for the
MEMS GC−MS experiments are shown in Table 5. The
overlaid chromatograms produced from the μ-PID and MCP
detector are displayed in Figure 7 and in the Supporting
Information, Figure S4, respectively. Six chromatograms were
saved from six replicate injections as recorded by the μ-PID
detector and five chromatograms from the FastFlight data. One
run was unsuccessfully correlated in time, not started with
similar time delta between LabView and FastFlight. As
mentioned in the Experimental Section, there was a time
delay between the start clock of the LabView software and
FastFlight software. This time delay was on average 5.4 s
(standard deviation of 0.19 s). Retention time reproducibility
for the alkane mixture injections in the MEMS GC−MS
experiments showed % RSD values being ≤2%. The slightly
higher % RSD values recorded by the MCP detector are most
likely due to time variations in the manual start trigger of the
FastFlight software compared to the LabView software.
Mass spectra were collected at each analyte signal apex from

the total ion chromatogram (TIC) providing the largest ion
signals for all ions but some signals reaching saturation levels.
The mass spectra of 3-methylpentane, n-hexane, and cyclo-
hexane from MASPEX are displayed in Figure 8 with the TIC
in the top left. These three isomers of C6 are well separated by
the MEMS GC. Identification of these analytes can be
confirmed by their mass spectral fingerprint: parent and

Figure 6. Five overlaid injections of the C5−C10 alkane mixture
corresponding to Table 3.

Table 4. Calculated Number of Theoretical Plates, N, and Height Equivalent to a Theoretical Plate (HETP) to Indicate
Column Performance for the Analytes from the Alkane Mixturea

analyte N HETP (cm) column temp. at time of elution (°C)

n-pentane 5046 ± 75 0.198 ± 0.0030 17.47 ± 0.031
3-methylpentane 6266 ± 424 0.160 ± 0.011 17.50 ± 0.033
n-hexane 7468 ± 270 0.134 ± 0.0049 17.51 ± 0.035
cyclohexane 7317 ± 563 0.137 ± 0.012 17.52 ± 0.032
n-heptane 13 092 ± 2082 0.0779 ± 0.012 22.32 ± 0.17
n-octane 26 066 ± 4534 0.0395 ± 0.0084 35.23 ± 0.41
n-nonane 37 048 ± 2691 0.0271 ± 0.0020 49.06 ± 0.77
n-decane 27 607 ± 2625 0.0365 ± 0.0035 56.82 ± 0.77
average over temp. range 16 239 ± 1658 0.062 ± 0.0063 37.26 ± 0.49

aThe calculated N and HETP are the average of all five mixture runs. The average number of N and HETP over the column temperature profile
used for the separation are displayed in the bottom row of the table.
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fragment ion abundances that provide diagnostic information
on the chemical structure (Table 6). For instance, 3-
methylpentane and n-hexane share the same chemical formula
of C6H14 (average molecular weight = 86.175 Da, mono-
isotopic mass = 86.10955 Da), while cyclohexane has a
chemical formula of C6H12 (average molecular weight =
84.1597 Da, monoisotopic mass = 84.0939 Da). This mass
difference of the parent ion is the simplest diagnostic, and
cyclohexane is readily identified as the last compound to elute
of the C6 isomers (labeled with the red asterisk in Figure 8).
While not needed for identification, the ion fragmentation
patterns including relative abundance trends for m/z 41, 42,
43, 56, and 69 (Table 6) improve confidence in the
assignment. Both the National Institute of Standards and
Technology (NIST)56,57 database and MASPEX relative
abundances of m/z 41−43 show a stairstep decrease, m/z 56
is 100% in NIST and nearly that in MASPEX, and m/z 69 is

Table 5. Retention Time Reproducibility for the Alkane Mixture Injections on the MEMS GC Coupled with MASPEX, the
Mass Spectrometera

analyte number of injections average R.T. (s) standard dev. RT (s) % RSD

n-pentane 6/5 31.48/26.08 0.11/0.43 0.33/1.64
3-methylpentane 6/5 40.07/34.52 0.19/0.40 0.48/1.15
n-hexane 6/5 42.78/37.37 0.23/0.54 0.53/1.43
cyclohexane 6/5 48.53/43.03 0.28/0.41 0.57/0.96
n-heptane 6/5 74.13/68.65 0.94/1.20 1.27/1.75
n-octane 6/5 122.81/117.34 0.94/1.26 0.77/1.07
n-nonane 6/5 171.00/165.57 1.35/1.41 0.79/0.85
n-decane 6/5 220.32/215.38 2.05/2.13 0.93/0.99

aThese MEMS−GC−MS runs capture the retention times recorded by the μ-PID (values left of forward slash) and the MASPEX MCP detector
(total ion chromatogram from the FastFlight data acquisition software).

Figure 7. Overlay of six alkane mixture injections detected by the μ-
PID in the MEMS GC−MS analysis.

Figure 8. Mass spectra of the three isomers of C6: 3-methylpentane, n-hexane, and cyclohexane detected by MASPEX.
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31% in NIST and 38% in MASPEX. Signals at m/z 84 and 69
are not found in the mass spectra of either 3-methylpentane or
n-hexane, and their trends at m/z 41−43 and 56 and 57 are
significantly different.
To discriminate between 3-methylpentane and n-hexane,

parent and fragment ion abundances must be investigated.
According to the NIST reference mass spectra, the parent ion
abundance differs between these two species with 3% relative
abundance in 3-methylpentane versus 15% relative abundance
in n-hexane. MASPEX data showed relative abundance values
of 1% for 3-methylpentane and 3% for n-hexane. Further
confidence in identification can be found in fragment ion
abundances from m/z 41−43 and 56 and 57 (Table 6). The
large discrepancy in abundance between fragment ions at m/z
41 and 42 for 3-methylpentane and the more similar
abundances between 56 and 57 are seen in the top right
mass spectrum identifying 3-methylpentane as the first isomer
to elute from the GC column (labeled with blue asterisk in
Figure 8). The more similar abundances expected for fragment
ions at m/z 41−43 and difference in abundance between 56
and 57 are seen in the lower left mass spectrum identifying n-
hexane as the second isomer to elute (labeled with green
asterisk in Figure 8).
It should be noted that ion abundance differences between

MASPEX mass spectra and NIST reference spectra are
expected due to the following: (1) difference in electron
energy with our experiment at 35 eV and NIST reference
spectra at 70 eV; (2) ion source and overall mass spectrometer
instrument geometry differences. Rigorous tuning of the
MASPEX instrument could be performed in an attempt to
more closely match the NIST reference standards similar to
reference compound standards developed by the EPA for
calibrating ion abundance measurements in GC−MS sys-
tems.58 However, the spectra reported provide confident
analyte identification, and reference compound calibration is
not the main focus of this paper.
The mass spectra for the other analytes from the alkane

mixture (n-pentane, n-heptane, n-octane, n-nonane, and n-
decane) are presented in the Supporting Information, Figure
S5. The mass spectral trends (parent and fragment ion
abundances) for the other alkanes are similar to the NIST
reference mass spectra as previously discussed in depth for the
isomers of C6. For comparative purposes, mass spectra of all
eight compounds in the alkane mixture are plotted versus the
NIST reference mass spectra in the Supporting Information,

Figure S6. The NIST relative abundance data were normalized
to the base peak seen in each mass spectrum from the
MASPEX data to provide similar ion count scale windows.
Mass resolution values calculated from the mass spectra (R =
m/Δmfwhm) are on average 380, with resolution increasing as
the ion mass increases. These resolution values are respectable
considering the elevated pressure in the analyzer due to the
helium carrier gas. Improvements could be made in the future
utilizing a gas jet separator to reduce the helium carrier gas
load into the mass spectrometer. Mass resolution could be
increased by increasing the flight length (number of bounces)
but at the expense of truncating the collected mass range.

■ CONCLUSIONS
The first successful coupling and proof-of-concept perform-
ance validation of the MEMS GC and MASPEX was achieved.
MEMS GC linearity, reproducibility, and column analytical
performance were first demonstrated prior to the coupling to
MASPEX for MEMS GC−MS analyses. MEMS GC linearity
was observed over 2 orders of magnitude dynamic range (on-
column mass) with a high R2 value of 0.9980. MEMS GC
retention time reproducibility was seen to be at or below 2%
RSD for individual alkane injections and alkane mixture
injections. The column analytical performance in terms of
number of theoretical plates, N, and the height equivalent to a
theoretical plate, HETP, was found to be 16 239 (1623 plates
per meter) and 0.062 cm on average over the column
temperature range of the separation. MEMS GC−MS analyses
showed very little change in retention time reproducibility (%
RSD) values verifying successful proof-of-concept performance
of the hyphenated separation technique. Mass spectra
produced from MASPEX in the MEMS GC−MS analyses
confidently identified each analyte with the structural chemical
fingerprint closely resembling what is expected when
comparing to the NIST reference mass spectra.
The MEMS GC provides reduced size, weight, and power

(SWaP) compared to traditional GC analytical columns
previously used in spaceflight applications, and MASPEX
provides high mass resolution and high mass accuracy
measurements compared to previous spaceflight heritage
mass spectrometers. The successful coupling of the MEMS
GC with MASPEX provides a strong foundation for a potential
analytical tool in planetary science applications, where
separation of complex sample matrices is required to address
fundamental science questions. MEMS multidimensional gas

Table 6. Selected Ion (Parent and Fragment) Relative Abundance Values (Peak Heights) of the C6 Isomers from their NIST
Reference Mass Spectrum Standards at 70 eV Ionization Energy Versus the Abundance Values Acquired from MASPEX at 35
eV Ionization Energy Prior to Saturation

normalized relative abundance of NIST reference versus MASPEX (this work) data

3-methylpentane n-hexane cyclohexane

ion NIST MASPEX NIST MASPEX NIST MASPEX
86 3%b 1%b 15%b 3%b N/A N/A
84 N/A N/A N/A N/A 82%b 6%b

69 N/A N/A N/A N/A 31% 38%
57 100%a 60% 100%a 51% 5% 2%
56 77% 62% 45% 33% 100%a 97%
43 25% 40% 81% 81% 9% 16%
42 4% 10% 41% 44% 20% 40%
41 53% 100%a 70% 100%a 50% 100%a

a100% relative abundance is base peak (most abundant ion species in the mass spectrum). bParent (or molecular) ion species. All other ions in the
table are fragment ions.
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chromatography (GC−GC) improves analytical capabilities
even further, and its coupling with mass spectrometry will be
the focus of future publications.
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