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Abstract

Designing mobile devices for the analysis of complex sample mixtures containing a variety of
analytes at different concentrations across a large dynamic range remains a challenging task in
many analytical scenarios. To meet this challenge, a compact hybrid analytical platform has been
developed combining Fourier transform infrared spectroscopy based on substrate-integrated
hollow waveguides (iIHWG-FTIR) with gas chromatography coupled differential mobility
spectrometry (GC-DMS). Due to the complementarity of these techniques regarding analyte type
and concentration, their combination provides a promising tool for the detection of complex
samples containing a broad range of molecules at different concentrations. To date, the
combination of infrared spectroscopy and ion mobility techniques remains expensive and bound to
a laboratory utilitizing e.g. IMS as prefilter or IR as ionization source. In the present study, a cost-
efficient and portable solution has been developed and characterized representing the first truly
hyphenated IR-DMS system. As a model analyte mixture, 5 ppm isopropylmercaptan (IPM) in
methane (CH,) were diluted, and the concentration-dependent DMS signal of IPM along with the
concentration-dependent IR signal of CH, were recorded for all three hybrid IR-DMS systems.
While guiding the sample through the iHWG-FTIR or the GC-DMS first did not affect the
obtained signals, optimizing the IR data acquisition parameters did benefit the analytical results

Introduction

Infrared spectroscopy
In mid-infrared (MIR) absorption spectroscopy, molecular vibrations are excited via the
absorption of photons in the 2—20 um spectral regime.! Thus, obtained specific absorption
patterns may serve as ‘molecular fingerprints’ for identifying and quantifying molecular
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analytes.2 While a broad range of molecular species are readily identified via their
vibrational fingerprint, complex real-world matrices demand complementary analytical
techniques and advanced data evaluation routines for selective identification, classification,
and quantification due to increasingly overlapping signals.

Substrate-integrated hollow waveguides pioneered by the Mizaikoff research team are
photon conduits that simultaneously serve as miniaturized gas cells.3-® MIR radiation is
guided via a hollow channel, which simultaneously accommodates minute volumes of gas or
vapor phase samples. Given the compact dimensions of iIHWGs, only few hundreds of
microliters are probed, thereby ensuring particularly short transient times, and facilitating
quasi-continuous measurements. Furthermore, iHWGs are robust and cost-efficient, and
their shape, absorption path length, and surface coating may readily be tailored to specific
application needs. Using iHWGs in combination with a variety of IR light sources ranging
from FTIR spectrometers to quantum cascade and interband cascade lasers (QCLs, ICLS),
detection limits (LOD) in the low percentage,® ppm3:6:8 or the medium ppb*7 range were
achieved.

Differential mobility spectrometry

Complementary analytical methods may provide significantly lower LODs such as
differential mobility spectrometry (DMS). In DMS, the sample molecules are ionized and
introduced into the space between two parallel planar electrodes by a carrier gas flow.10.11
An asymmetric high-frequency voltage (i.e., RF voltage) is applied between the electrodes
such that the time-averaged potential difference between the high and low field portion
equals zero. Due to the movement induced by the carrier gas flow and the RF voltage, the
ions are subject to a zig-zag trajectory in between the electrodes. They are either neutralized
upon impact with one of the electrodes, or they reach the appropriate positive- or negative-
ion detectors at the end of the drift tube, depending on their ion mobility at high and low
electric fields. By additionally applying a compensation voltage (CV), part of the movement
caused by the RF voltage may be compensated, thereby enabling different molecules (i.e.,
species with different ion mobilities) to reach the detector. In a chemical mixture, molecules
compete for the ionization energy and their presence mutually influences their signal
intensity. This issue can be accounted for in GC-DMS, where a GC column is coupled to the
inlet of the DMS.12 Here, the analytes are first temporally separated as they pass through the
GC column, and then they are detected by the DMS. Furthermore, GC-DMS does not
require continuous sample injection, and renders preconcentration feasible as chemicals are
accumulated over time periods and released in discrete bursts into the system. When the RF
voltage is constant, the obtained data is composed of the signal intensity (z) that depends on
the CV (x) and the GC retention time (y). GC-DMS provides highly sensitive detection
capabilities that is quantitative across the ppb and even ppt regime,13.14 and a twofold
separation!? inherently based on two orthogonal principles, i.e., chromatographic separation
and ion mobility. Therefore, GC-DMS4-19 is highly suitable for studying complex mixtures
at low concentrations, especially biological mixtures. Since the range of investigable
analytes is limited by is ionization potential, a combination with complementary methods
appears useful.

Analyst. Author manuscript; available in PMC 2019 November 19.
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Combined infrared spectroscopy - ion mobility techniques

Since GC-DMS and iHWG-FTIR detect molecules in complementary concentration ranges
based on orthogonal detection principles, the combination of these techniques provides a
promising analytical system for the investigation of complex samples containing a variety of
differently concentrated analytes such as those encountered in exhaled breath.

According to literature, IR techniques (e.g. FTIR,20-24 DRIFT,2> IRMPD26-29) and IM-
based techniques (e.g. IMS,30:31 DMS,32 FAIMS33:34) have readily been applied to the same
sample. The same sample was investigated separately by IR and IM providing orthogonal
information, yet without hyphenating these methods onto one compact device. Alternatively,
IR and an IM were combined utilizing e.g. the IR system as an ionization source serving the
IM, and vice versa treating the IM as a prefilter for recording IR spectra of IM-selected
molecules. Indeed, only Schindler et a/3* have used spectral information from both IR and
IM, yet in a laboratory-based setup.

Hence, to the best of our knowledge the present study represents the first integration of IR-
and IM-based techniques into a single analytical setup in a cost-efficient and portable device
format. The developed system enables complementary analysis of analytes at fundamentally
different concentration levels across a wide dynamic range. Its utility for gas analysis was
exemplarily demonstrated using mixtures of methane (CH,) and isopropylmercaptan (IPM).
IPM and CH,4 were specifically selected for demonstrating the orthogonality of the detection
concepts, as their mixture could not have been detected with either of the techniques
individually.

Experimental

Chemicals

iHWG-FTIR

IPM (5 ppm) dissolved in CH,4 was acquired from Matheson (Montgomeryville, PA, USA).
The compressed air used to dilute the analyte mixture was taken from an in-house gas line
and filtered with VVOC filters (Restek, cat.# 21991). The gases were mixed via mass flow
controllers (MFCs) from APEX (AX-MC-20SCCM-D/5M, AX-MC-100SCCM-D/5M, AX-
MC500SCCM-D/5M).

The IR detection of methane was performed via a shoebox-sized ALPHA FTIR
spectrometer (Bruker Optik GmbH, Ettlingen, Germany) using the software OPUS (version
7.2). Radiation emitted from the MIR source was coupled into an iHWG (see below for
specifications) and onto a deuterated triglycine sulfate (DTGS) detector using gold-coated
off-axis parabolic mirrors (Thorlabs, MPD254254-90-M01, 2” RFL) (see Figure S-1). An
aluminum iIHWG with an optical path length of 7.5 cm, a cross-section of 4x4 mm, and an
inlet funnel structure was simultaneously serving as a light pipe and miniaturized gas cell.
The channel was sealed via IR-transparent BaF, windows with a diameter of 6.65 mm and a
thickness of 0.5 mm (OEC GmbH, Zusmarshausen, Germany). With the GC-DMS-IR(60)
and the IR(60)-GC-DMS setup (see Hybrid Setups), the IR spectra were recorded in the
spectral range of 4000 to 400 cm™1 at a spectral resolution of 8 cm™1, with 10 scans

Analyst. Author manuscript; available in PMC 2019 November 19.
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averaged per measurement, and at a sample flow within the iHWG of 60 mL/min. With the
IR(300)-GC-DMS setup, 2 cm™~2 resolution, 20 averaged scans, and a flow rate of 300
mL/min were used. The Fourier transformation was executed using the Blackman-Harris 3-
Term apodization function in OPUS. The IR setup was entirely housed in a plastic bag and
permanently purged with VOC-filtered compressed air (Restek, cat.# 21991). PTFE tubing
was used for all connections to avoid analyte adsorption.

The GC-DMS analysis of IPM was performed using a suitcase-sized modified
MicroAnalyzer (Sionex Corporation; see Figure S-2) using the software EXPERT (version
2.4.3). The experimental procedure of the GC-DMS consisted of the following sequence: (i)
preconcentration, (ii) separation via the GC column, and (iii) detection by the DMS. First,
the sample was guided across a preconcentration trap filled with silica gel at 60 mL/min for
30 s. Traps were made of stainless steel tubes coated with SilcoNert® (SilcoTek, Bellefonte,
Pennsyvlania, USA) to reduce sulfur reactions. In contrast to IPM, CH4 was not
preconcentrated by the silica gel trap. After the preconcentration, the trap was purged with
room air for 5 s to avoid the accumulation of methane within the device. Directly after the
preconcentration, the trap was heated from 50 °C to 115 °C, and kept at 115 °C for
desorption and accumulation of analytes at the beginning of the GC column for 400 s.
Subsequently, the trap was cooled to 50 °C. 125 s after the preconcentration phase, the GC
column was heated from 50 °C to 150 °C at 50 °C/min, and kept at 150 °C for 650 s prior to
cooling again to 50 °C. After progressing through the GC column at 1-5 mL/min, the
analytes were led into the DMS for analytical identification. lonization was performed via a
63Ni source followed by detection by the DMS sensor (gap size 0.5 mm; RF waveform:
1250 V peak-to-peak-voltage, 1.2(x0.1) MHz, 30 % duty cycle; CV from -40 V to +15V
(200 steps and 2 s per full CV scan); flow 300 mL/min; sensor temperature 80 °C). In order
to regenerate the silica gel prior to the next experiment, the trap was heated from 50 °C to
160 °C 520 s after the preconcentration phase ensuring complete desorption of the remaining
molecules. The trap was then kept at 160 °C for 90 s before being cooled to 50 °C. The
DMS settings were identical for all three hybrid setups.

Hyphenated IR-DMS systems

Three hybrid setups were realized, as displayed in Figure 2. In the GC-DMS-IR(60) setup
(red), the sample was guided into the GC-DMS first (IPM detection) with the outlet of the
preconcentration trap being connected to the iIHWG (CH,4 detection). The FTIR settings for
the GC-DMS-IR(60) setup were selected such that within the preconcentration phase of 30
s, the gas volume between the GC-DMS trap outlet and the iIHWG was sufficiently purged
with the analyte gas (i.e., gas volume exchanged twice) and such that the IR measurement
was completed during the preconcentration phase for the GC-DMS.

In the IR(60)-GC-DMS and the IR(300)-GC-DMS setup (blue and blue/green, respectively),
the sample was guided through the iIHWG first, and then into the GC-DMS. In the GC-
DMS-IR(60) and the IR(60)-GC-DMS setup, the flow in the iIHWG and at the inlet of the
GC-DMS was always 60 mL/min. In contrast, a split flow (4:1) was introduced between
iHWG outlet and GC-DMS inlet in the IR(300)-GC-DMS setup, thereby enabling a higher

Analyst. Author manuscript; available in PMC 2019 November 19.
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flow rate of 300 mL/min into the iIHWG while keeping the flow at the GC-DMS inlet at 60
mL/min, by diverting the excess gas flow of 240 mL/min. Also, different IR settings were
used in the IR(300)-GC-DMS setup: in the GC-DMS-IR(60) setup, the IR analyte CHy4
leaves the GC-DMS at the GC-DMS sampling flow rate, and only during the DMS
preconcentration phase. Therefore, the time available for IR measurements (i.e., also
affecting the spectral resolution and number of averaged scans) and the flow in the iIHWG
are dictated by the preconcentration flow and the duration of the GC-DMS preconcentration
phase. In the alternative configuration (iHWG first, then GC-DMS), the sample can flow
through the iIHWG even after the DMS preconcentration phase is over. Hence, in the
IR(300)-GC-DMS setup, the experimental parameters in the IR were set to more
advantageous values, thereby enhancing the IR signals. In the GC-DMS-IR(60) and the
IR(60)-GC-DMS setup, all experimental parameters apart from the direction of the sample
flow were the same enabling a direct comparison of the two measurement configurations in
terms of their analytical performance.

Concentration-dependent studies

With all three hybrid setups, concentration dependent measurement series were done. For
each measurement series, a stock gas mixture of 5 ppm IPM in CH,4 was diluted to eight
concentrations between 0 and 8.3 % for CH,4, and between 0 and 417 ppb for IPM using
compressed air.

Accordingly, different MFCs were used in the IR(300)-GC-DMS setup versus the IR(60)-
GC-DMS and GC-DMS-IR(60) setup due to the demanded flow rates. MFC performance
was checked via a digital flow meter (Restek, cat.# 22656) prior to each measurement series,
and the total flow rate at the outlet of the gas mixing system was regularly checked during
the experiment. Throughout, all data points were recorded five times in a random sample
order that was different for the five repetitions of the measurement series. An air blank was
recorded before each sample measurement. Furthermore, after each blank and after each
sample measurement, a GC-DMS internal cleaning process was executed. During the GC-
DMS blank measurements, the IR background spectrum was recorded for the next sample.
During the cleaning process, all tubing was purged with air or the gas mixture of the
subsequent sample for at least 4 min. After connecting the sample flow to the inlet valve of
the GC-DMS, the GC-DMS measurement was started. 13 s later, the IR measurement was
started. After the GC-DMS preconcentration phase, the sample flow was disconnected from
the GC-DMS inlet.

iHWG-FTIR data processing

The evaluation of the IR data was done in Origin Pro 2017. Since the median of each data
set determined to suitable represent the baseline, each IR spectrum was shifted by the
median for baseline correction. The baseline-corrected IR peak of CH,4 at 3016 cm™ was
integrated across a spectral range from 3250 to 2600 cm™2, in order to include 13CH,
satellite peaks. For the IR measurement series, five replicates per concentration were
averaged and the averaged IR peak area was plotted against the CH4concentration, The data
were fitted with a Box-Lucas function (y = a-(1-exp(-bx))). The noise was calculated as the
standard deviation of the absorbance between 2600 to 3250 cm™1 at 0 % CH,, and the SNR

Analyst. Author manuscript; available in PMC 2019 November 19.
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as the absorbance at 3016 cm™! divided by the noise. The LOD and LOQ were calculated
based on the IUPAC Compendium of Analytical Nomenclature.3® Hence, the sum of the
mean peak area at 0 % methane and 3.29-ag (10- og for LOQ; with og being the standard
deviation of the signal at 0 % CHy, i.e. the blank) was inserted into the inverse of the Box-
Lucas fit function.

GC-DMS data processing

The evaluation of the GC-DMS data was done in AnalyzelMS (version 1.28).36 For baseline
correction, the AnalyzelMS baseline tool based on asymmetric least square smoothing was
used with the parameters A.=2 and p=0.01. For quantification of IPM, the volume of the
monomer and the dimer peak were approximated by adding up the intensity values between
467 and 499 s RT and between —1.86 and +7.81 V CV. The evaluation window was selected
large compared to the peak size (see Figure 4) for keeping the integration window constant
for all spectra despite slight shifts of the IPM double peak along the CV and the RT axis for
different spectra, and despite occasional tailing of the peak at higher concentrations. The
DMS peak volume was averaged for five repetitions, the averaged DMS peak volume was
plotted against the IPM concentration (see Figure 6), and a linear fit (y = A+B-x) was
applied. The noise was calculated as the standard deviation of the DMS signal intensities
between -1.86 and +7.81 V CV and between 467 and 499 s RT at an IPM concentration of 0
ppb. The SNR was calculated as the maximum signal intensity present within the integration
limits divided by the noise. The LOD and LOQ were calculated as described for the IR data;
it was assumed that the intercept of the linear fitting function was an adequate estimate for
the mean peak volume of the blank.3’

Results and Discussion

iHWG-FTIR spectra

In the recorded wavenumber regime, the absorption of CHy4 gave rise to peaks at 1304 cm™1
(va, asymmetric bending vibration), and at 3016 cm™1 (v, asymmetric stretching vibration).
38 The latter band was selected for quantification of CH, due to its higher intensity. Unlike
for the GC-DMS-IR(60) and IR(60)-GC-DMS measurements, the rotational fine structure of
the IR band was evident in the IR(300)-GC-DMS measurement due to the higher spectral
resolution of 2 cm™1 (see Figure 3). Theoretically, IPM also absorbs IR light between 4000
and 400 cm~1;3240 however, due to the relatively low concentration of IPM, its IR signal
was not discernible.

In the IR(300)-GC-DMS setup, the gas flow rate, the number of averaged scans, and the
spectral resolution were increased compared to the other two setups.

An overview on two exemplary absorbance values, the noise level, and the SNR obtained for
all three setups is given in Table 1. It is evident that the results for the GC-DMS-IR(60) and
the IR(60)-GC-DMS setup are in the same order of magnitude. That means, if the
experimental parameters are kept constant, it is irrelevant for the IR signal, noise level, and
SNR if the sample was analyzed first by the iHWG-FTIR or the GC-DMS.

Analyst. Author manuscript; available in PMC 2019 November 19.
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Table 1 indicates that the IR(300)-GC-DMS setup results in an increased IR signal. This is
due to the increased resolution.#! Furthermore, it is expected that a higher flow rate leads to
a slightly higher analyte concentration in the iIHWG resulting from the pressure difference
between inlet and outlet of the iIHWG, thus increasing the IR signal slightly further. As
displayed in Table 1, the noise level is increased in the IR(300)-GC-DMS setup. While the
increased number of averaged scans should have led to a lower noise level,*2 it is known that
at higher spectral resolution, the noise level is elevated.*3 Therefore, the noise increasing
impact of the increased resolution in the IR(300)-GC-DMS setup obviously outweighed the
noise decreasing impact of the increased number of averaged scans (assuming that the flow
rate did not have a significant influence on the noise level). Contradictory to Jaakkola et al.,
43 the SNR for the IR(300)-GC-DMS setup was increased vs. the other two setups (Table 1).
It was expected that at increased resolution, the signal intensity and the noise increase in a
way that the SNR

overall decreases. But in our experiment, the SNR increased when going from 8 cm™ to 2
cm™1 resolution, because we concurrently increased the number of averaged scans: the noise
decreasing influence of the increased number of averaged scans compensated the noise
increasing influence of the increased resolution to an extent that the noise was still higher,
but that, overall, the SNR was increased in the IR(300)-GC-DMS setup. Consequently, the
sequence iIHWG-FTIR-GC-DMS should be used, if maximum flexibility of the flow and the
IR parameters is required, e.g., for maximizing the signal and SNR during the detection of
low-concentrated analytes.

overall decreases. But in our experiment, the SNR increased when going from 8 cm™ to 2
cm~1 resolution, because we concurrently increased the number of averaged scans: the noise
decreasing influence of the increased number of averaged scans compensated the noise
increasing influence of the increased resolution to an extent that the noise was still higher,
but that, overall, the SNR was increased in the IR(300)-GC-DMS setup. Consequently, the
sequence iIHWG-FTIR-GC-DMS should be used, if maximum flexibility of the flow and the
IR parameters is required, e.g., for maximizing the signal and SNR during the detection of
low-concentrated analytes.

GC-DMS spectra

In the DMS background spectrum, ideally only the so-called reactant ion peak (RIP)
resulting from charged clusters built from the background gas components (N5, O,, H»0) is
evident. Having entered the DMS sensing zone, one or two analyte ions replace water
molecules in the RIP clusters, thereby leading to an intensity decrease of the RIP itself, and
to the appearance of an analyte (monomer/dimer, respectively) peak. The positive mode GC-
DMS spectrum of IPM is shown in Figure 4. As expected, the intensity of the reactant ion
peak (at approx. -23.5 V CV) decreases while IPM is present in the DMS sensing zone.*4
The IPM double peak appears at a slightly shifting retention time at 479.5 £ 2.5 s
comprising 30 s of preconcentration phase, and approx. 450 s of retention time at the GC
column. On the basis of Nazarov er a/,* the peak at 1.3 + 0.5 VV CV was tentatively
assigned to the protonated IPM monomer and the peak at 3.8 £ 0.4 VV CV to the proton-
bound IPM dimer. As the concentration increases, the dimer peak appears and then becomes

Analyst. Author manuscript; available in PMC 2019 November 19.
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even more intense than the monomer peak. The noise level was comparable for all three
setups.

Concentration-dependent IR measurements

As evident in Figure 5, the concentration dependent IR signal curves all deviate from the
straight line, which would be expected by the Beer-Lambert law.%6 In general, according to
Lothian et a/48, experimental data only obey the Beer-Lambert law, i.e. show a linear trend,
(a) if the incident radiation is perfectly monochromatic, (b) if no scattering occurs (optically
homogeneous sample), (c) if the light beam is strictly parallel and (d) if the sample is
sufficiently diluted. If the sample contains relatively high analyte concentrations, as in our
case, condition (d) is not met anymore which can lead to nonlinearities of the signal. A
possible pictorial explanation for the flattening of the concentration dependent IR signal
curve is that the incident radiation is absorbed by sample layer after sample layer. At high
concentrations, a significant portion of the light is absorbed in one sample layer, leading to a
reduced light intensity in the next layer. Eventually, all the incident light intensity has been
absorbed without the end of the absorption path length being reached. Therefore, a further
increase of the concentration will not lead to an increase of the IR signal to the extent
expected by the Beer-Lambert law, therefore leading to a flattened signal curve compared to
the linear Beer Lambert shape. Also, the incident light beam can never be perfectly
monochromatic (condition (a)). Furthermore, the rather moderate spectral resolution may
lead to non-linearities, as well.*3 From an analytical point of view, quantification of thus
obtained data is readily enabled via a non-linear curve fit. Like in Fig. 3, it can be seen in
Fig. 5 that the signal intensities recorded with the IR(300)-GC-DMS setup are systematically
higher than for the other two setups. The reasons — higher resolution and higher flow rate —
were discussed in the section iIHWG-FTIR spectra.

The applied Box-Lucas function (y=a-(1-exp(—bx))) resulted in R2 values > 0.99 for all three
setups. The error bars were plotted based on a single standard deviation of the five replicates
(as done for the DMS data), and are barely evident due to their The applied Box-Lucas
function (y=a-(1-exp(-bx))) resulted in R2 values > 0.99 for all three setups. The error bars
were plotted based on a single standard deviation of the five replicates (as done for the DMS
data), and are barely evident due to their small size. The sensitivity of the method encoded in
the slope of the IR signal curves3® is concentration dependent, and higher for the IR(300)-
GC-DMS setup versus the other two setups.

The concentration at the LOD unexpectedly was four times higher for the GC-DMS-IR(60)
setup than for the other two (Table 2). Also, given the highest SNR, the IR(300)-GC-DMS
setup would have been expected to result in a concentration at the LOD/LOQ that is
significantly lower than for the other two setups. However, according to the IUPAC, the
approximation for

LOD and LOQ concentrations are only reliable if the data are normally distributed, have
constant and known variance, if the probabilities for type | (false positive) and type 11 (false
negative) errors are both set to 0.05, and if the uncertainty of the fitting function and the
uncertainty of the blank can be neglected.3® Since the uncertainty of the blank is too high to
be negligible in the present case, the calculated mean peak area is only an estimate of its true

Analyst. Author manuscript; available in PMC 2019 November 19.
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value; likewise, the concentrations at the LOD and LOQ derived from these data are also
estimates.

Concentration-dependent GC-DMS measurements

The DMS signals of the GC-DMS-IR(60) and the IR(60)-GC-DMS setup are comparable,
whereas surprisingly, the DMS signals of the IR(300)-GC-DMS setup are higher even
though the GC-DMS parameters were unchanged for all three setups. Hence, the total
amount of IPM preconcentrated on the DMS preconcentration trap in the IR(300)-GC-DMS
setup was apparently higher vs. the other two setups. With 300 mL/min theoretically
available at the GC-DMS inlet, a larger amount of IPM may have initially reached the
preconcentration trap until the DMS sampling pump adjusted to the usual 60 mL/min
sampling flow (initial “overshoot” of the DMS sampling pump). Thus, more IPM appears to
be preconcentrated in the IR(300)-GC-DMS setup. In the other two arrangements, only 60
mL/min was consistently available to the DMS sampling pump, and thus, even with an
initial overshoot of the sampling pump, only these 60 mL/min, i.e. a lower amount of IPM
than in the IR(300)-GC-DMS setup, was preconcentrated. This demonstrates that
preconcentration may benefit from higher sampling rates; however, this variable is not
adjustable for this particular GC-DMS unit, which relies on a simple pump to generate the
flow.

Applying a linear fit to the data leads to R2 > 0.94 for all three setups. The concentrations at
the LOD/LOQ were different, yet, on the same order of magnitude (low ppb range). The
slope of the fit function reveals that the sensitivity of the DMS measurement in the IR(300)-
GC-DMS setup was higher versus the other two setups.

Several factors may have influenced the variance for each calibration point (Figure 6).
Thiols are highly reactive, rendering them difficult to detect in DMS.4” Another contribution
is the varying humidity levels within the GC-DMS, as reflected in the intensity fluctuations
of the RIP.4448 According to Kuklya et a/.,*8 the RIP intensity steeply increases in
dependence on humidity up to approx. 100 ppm of water prior to decreasing again, since
clusters of varying stability containing a different number of water molecules are formed at
varying humidity levels. In data herein, the RIP intensity decreased during an entire day of
measurements. Assuming that the humidity levels present in the system did not exceed 100
ppm, the GC-DMS recirculation loop was equilibrated with ambient air over night.
Therefore, an equilibrated humidity level was present at the beginning of each measurement
day.

During the day, this humidity level was gradually decreased by adsorption of water at the
silica gel within the preconcentration trap, and the humidity content in the gas samples was
insufficient to compensate for this reduction. Therefore, in the future, humidity levels could
be included in multivariate data evaluation strategies for addressing this issue.

Limitations of the developed hybrid iHWG-FTIR-GC-DMS method

Since the development of this hybrid technique is still in its infancy, several limitations
should be overcome during future evolvements.

Analyst. Author manuscript; available in PMC 2019 November 19.
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The GC-DMS measurement for each sample requires a comparatively long measurement
time (approx. 17 min) given the GC parameters used in these experiments. This limitation
could be overcome by optimizing the GC separation, which can greatly reduce the cycle
time down to just a few minutes. Furthermore, time-consuming blank air measurements and
internal GC-DMS cleaning processes could be avoided by a dual preconcentration trap
assembly (i.e., one enriching while one is regenerating). Furthermore, an optimized sorbent
material may be used optimizing the preconcentration routine, and stabilizing the humidity
levels.

The iIHWG-FTIR setup may benefit from an iHWG providing an extended optical path
length adapted to the molar absorptivity of the molecules of interest. In addition, brighter IR
light sources such as tunable quantum cascade lasers (tQCLS) and more sensitive detectors
(e.g., thermoelectrically cooled mercury-cadmium-telluride semiconductor devices) would
give rise to improved SNRs. Last but not least, a more constant gas flow rate throughout the
entire system will benefit the robustness and reproducibility of the measurements, and
minimize the associated error bars.

Conclusions

To the best of our knowledge, this study presents the first hyphenation of iHWG-FTIR and
GC-DMS into an integrated analytical device. In contrast to previous studies, the developed
tool is compact and robust. While other powerful techniques, such as GC-MS covering a
wide range of analytes or analyte concentrations are rather expensive, the costs for the
hybrid IR-DMS setup is rather moderate, especially given its analytical potential.

The presented technique takes advantage of orthogonal information provided by both
analytical methods. The complementarity of addressable concentration ranges and molecular
species was demonstrated using IPM and CH, as exemplary model analytes. Several
concentration dependent measurement series in three different hybrid setups address the
achievable signal intensities, SNRs, LODs, and LOQs, and illustrate strategies towards
optimizing such hyphenated tools.

Future studies aim at demonstrating combined measurements in more complex vapor phase
mixtures taking maximum advantage of the capabilities provided by the orthogonal
combination of GC-DMS and iHWG-FTIR. A potential application scenario is the
simultaneous multi-component detection and quantification of volatile exhaled breath
components

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

A gaseous sample mixture of low concentrated isopropylmercaptan (ppb range) and highly

concentrated methane (% range) was analyzed via the hybrid

analytical setup interfacing

GC-DMS and iHWG-FTIR taking advantage of the orthogonality of the two methods
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Fig. 2.

3300 V/em' 2700

IR(60)-GC-DMS  IR(300)-GC-DMS

Hybrid GC-DMS and iHWG-FTIR setups and respective model DMS and IR spectra. For
clarity, ,,iIHWG-FTIR” was simplified to ,,IR”. Numbers along the flow path are listed as
mL/min. In the IR(300)-GC-DMS setup, a different sample flow in the IR (300 mL/min
instead of 60 mL/min) as well as different IR settings (resolution, number of averaged IR
scans; symbolized by green star) were applied in order to maximize the IR signal. A detailed
view of the interior of the IR and GC-DMS setups can be found in the supporting

information
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Fig. 3.
IR peak at 3016 cm~1and 4.3 % CHy,. The peak recorded with IR(300)-GC-DMS setup

(green) shows rotational fine structure and higher signal intensities due to the higher
resolution of 2 cm™L. The peaks recorded with the IR(60)-GC-DMS and GC-DMS-IR(60)
setup overlap each other and therefore cannot be clearly distinguished from one another

here.
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Fig. 4.
DMS spectrum of 217 ppb IPM. Tentative peak assignment comprises the IPM monomer

(+1.3 V CV, 479 s RT) and the IPM dimer (+3.8 VV CV, 479 s RT) peak. As expected, the
RIP intensity (along —23.5 V CV) is decreased while IPM is present within the DMS sensing
region

Analyst. Author manuscript; available in PMC 2019 November 19.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Hagemann et al.

Page 19

= GC-DMS-IR(60)
= IR(60)-GC-DMS
= IR(300)-GC-DMS

w
o
!

N
(&)
!

N
o
|

-
o
!

()]
L

Integrated IR Peak Area of CH, [cm™]
2 2

0 2 4 6 8
CH, concentration [%)]

Fig. 5.

Results of the concentration dependent iIHWG-FTIR measurements are shown: averaged
peak areas fitted with a Box-Lucas function (all R? > 0.99). 1o error bars are plotted, yet
hardly visible due to their small size

Analyst. Author manuscript; available in PMC 2019 November 19.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Hagemann et al.

Page 20

(0))
L
]

GC-DMS-IR(60)
_ IR(60)-GC-DMS
IR(300)-GC-DMS

DMS Signal of IPM [a.u.]
N w

—
|

0 100 200 300 400
IPM concentration [ppb]

Figure 6.
Results of the concentration dependent GC-DMS measurements are shown: averaged DMS

peak volumes linearly fitted (all R2 > 0.94). 1o error bars are displayed
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Table 1.

Overview on experimental parameters for iHWG-FTIR and GC-DMS data.”

Setup GC-DMS-IR(60) | IR(60)-GC-DMS | IR(300)-GC-DMS
IR resolution [cm™] 8 8 2
# averaged IR scans 10 10 20
IR flow rate [mL/min] 60 60 300
IR absorbance at 4.3% CH, [a.u.]b'c 0.369 + 0.0008 0.361 + 0.006 1.104 + 0.005
IR absorbance at 8.3% CH, [a.u.]b’U 0.490 + 0.002 0.489 + 0.009 1.461 + 0.009
IR peak area at 4.3% CH, [a..] c 15.57 £ 0.06 15.13 £ 0.30 18.68 £ 0.11
IR peak area at 8.3% CH, [a.u] c 22.68 £ 0.09 22.58 +0.61 28.01 £ 0.04
IR Noise [a.u.] 1.924E-4 1.915E-4 2.823E-4
IR SNR at 4.3 % CH, bc 1926 1896 3915
IR SNR at 8.3 % CH, b.e 2557 2565 5180
DMS peak volume 217 ppb IPM [a.u.] ¢ 192+0.20 183+0.17 4.06+0.64
DMS peak volume 417 ppb IPM [a.u] c 3.08+1.14 248 £0.54 5.36 £ 0.44
DMS Inay at 217 ppb IPM [a.u] cd 0.060 + 0.009 0.052 +0.012 0.167 +£0.021
DMS I,,ay at 417 ppb IPM [a.u] cd 0.126 + 0.060 0.090 +0.031 0.230 £0.017
DMS Noise [a.u.] 1.19E-3 1.21E-3 1.19E-3
DMS SNR at Iy at 217 ppb © 51 43 141
108 74 194

DMS SNR at Iy at 417 ppb ©

a .
Errors are absolute standard deviations (1o)

bIR absorbance and SNR given at 3016 cm™

CIR absorbances, IR peak areas, Imax values, DMS peak volumes and SNR values are given for two exemplarily chosen samples (4.3% CH4 / 217

1

ppb IPM and 8.3% CH4 / 417ppb IPM), just to give the reader an idea of the respective order of magnitude

dlmax: max. DMS signal intensity within integration window
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Table 2.
IR fit parameters, R2 values, LOD and LOQ

Setup GC-DMS-IR(60) | IR(60)-GC-DMS | IR(300)-GC-DMS

Fit? parameter a [1] 27.225 27.312 36.035

Fit? parameter b [%71] 0.203 0.196 0.174

R2> 0.995 0.994 0.997

Lon% 0.107 0.029 0.026

Lon ] 0.287 0.074 0.083

A Box-Lucas fit (y=a-(1-exp(-bx))) was applied

bThe signal at the LOD and LOQ were calculated as pg+3.29-0B and pg+10-oB, respectively, with ug and oB being the mean peak area and

standard deviation of five blank measurements. The concentrations at the LOD and LOQ were calculated by inserting the signal at the LOD and
LOQ into the inverse of the Box-Lucas fitting function.
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DMS fit parameters, R2 values, LOD, and LOQ

Table 3.

Setup GC-DMS-IR(60) | IR(60)-GC-DMS | IR(300)-GC-DMS
Fit? parameter A 1.036 1.059 1.252
Fit? parameter B 0.0043 0.0035 0.0105
R2 linear fit > 0.942 0.969 0.973
Lon? [ppb] 32 92 14
Loo? [pob] 97 278 42

aA linear fit (y = A+B-x) was applied.

Page 23

bThe signals at the LOD and LOQ were calculated as 3.29-c+uB and 10-oB+uB, respectively, with ug and op being the mean peak volume and
standard deviation of five blank measurements. The concentrations at the LOD and LOQ were calculated by inserting the signal at the LOD and

LOQ into the inverse of the linear fitting function assuming that the intercept A was an adequate estimate for ug.
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