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This work is the first part of a project aiming to specifically design gas chromatographic microcolumns for space
exploration. In particular, this study explored the functionalization and characterization of silicon/glass
microchip gas chromatographic columns designed with a serpentine-shaped channel having an internal square
cross-section. This microcolumn can be connected using a robust fluidic manifold with removable capillary
connections to a conventional gas chromatograph or implemented in a prototype instrument for space explo-
ration. First, benchtop gas chromatographic system was optimized in terms of injector liner volume, internal
diameter (I.D.) of the capillary connections and data frequency of detection to ensure an optimal evaluation of
column efficiency. Junction capillaries of 100 pm L.D., a liner of 1.2 mm I.D. and a detection acquisition fre-
quency of 100 Hz were found to be the optimal set-up and parameters. Moreover, the stationary phase coating
velocity was slowed-down to increase column efficiency by 100 %. Then, the performances of a square cross-
section capillary column were compared with those of a conventional circular cross-section column. The
coating efficiencies were estimated at 55 % and 42 % for circular and square internal cross-section geometries
respectively, demonstrating that the square section geometry did not affect significantly the column perfor-
mances. Stationary phase films of different thicknesses, from 0.032 to 0.260 um, were coated on different mi-
crochips of the same production batch to assess the influence of film thickness on the chromatographic
performances. Microchips performance was evaluated through Golay’s plots, and some of the microchips were
also studied by optical microscopy. The efficiency and retention capacity of our microchip column is shown to be
highly dependent on the film thickness (9,000 plates.m™ with k = 0.12 for the thinnest film and up to almost
4,000 plates.m™ with k = 0.93 for the thickest film). Finally, the coating process repeatability was validated by
producing three identical microchips with RSD of 4.8 % for the average number of theoretical plates.

1. Introduction

Gas chromatography is a powerful analytical technique that has been
used for decades in the field of solar system exploration, as evidenced
during the mission studying the Mars atmosphere and organic soil
composition [1-3] and seeking possible traces of life. For future space
missions, it is of high interest to reduce the mass of rovers and drones as
much as possible to improve their flight, landing, and maneuverability
capabilities, to reduce energy consumption and to access different types

of environments. This reduction in payload resources requires mini-
mizing the on-board gas chromatograph resource consumption, which
starts with miniaturizing each part of the gas chromatograph, i.e. the
injection system, the column, the detector and the electronic (but not
part of this study). Interest in miniaturizing gas chromatography col-
umns has grown considerably in recent years with the emergence of
microchip columns based on MEMS (Micro Electro Mechanical System)
technology. In 2018, a review about the state-of-the-art for such col-
umns was published [4] presenting a column classification in terms of
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coating, column geometry, column dimensions, column interface, and
performances. Other reviews reported the advances in gas chromato-
graph microdevice research, component by component, from the
injector to the detector, and showed the complexity of integrating such
components together [5-7]. Another review focused on the variety of
stationary phases coated on microchip columns [8-9], and the two main
microchip channel geometries (serpentine and spiral) were compared
[10]. Several microchip designs and functionalization methods have
been reported in the literature [5-7,10-11]. Different studies have
explored various materials and supports for stationary phase prepara-
tion [12-14]. According to these works [7,10-11], efficiency values for
mono-channel microchip coated with polydimethylsiloxane (PDMS) in
isothermal conditions were ranged from 2193 to 17,500 theoretical
plates, depending on shape design and geometry of the microcolumns.
The reason why microchip columns do not have the same performance
as conventional columns might be due to the microchip design and
channel geometry, which could disrupt the gas flow and/or the ability to
coat a homogeneous film. In particular, most of the cross-section chan-
nels are square ones, which can make the coating of the stationary phase
film more heterogenous because the right angles are less accessible to it
than the rest of the surface or on the contrary the right angles could pool
the stationary phase on the channel corner. Therefore, homogeneous
films could be much more difficult to coat onto the inner wall of columns
containing square channels compared to cylindrical columns. In addi-
tion, serpentine-shaped columns affect the carrier gas flow and pressure
distribution [10]. Concerning, the microchip substrates, they are mainly
micromachined in silicon wafers with a top cover made in glass, and this
material difference can be a source of heterogeneity in the stationary
phase coating depending of the wettability of the surfaces. Finally, most
microchip setups have high temperature limitations, which constrain
efficient deactivation and other chemical treatment steps as well as the
analysis of low volatile compounds.

In the field of space exploration, a research team developed MEMS
columns and used them in experimental GC prototype coupled to a MS
for the analysis of organic molecules in space environments [15-17]. In
their works, the column chips were designed with fluidic inlet and outlet
positioned laterally on the chip side, and the connections to the other
parts of the GC were usually done using capillary tubes fixed with ad-
hesives or epoxy glue. Considering space instrumentation constraints,
this design is not mechanically the most robust and not well-suited to
space applications. To our knowledge, only one study [18] reported a
metal box, metal nuts and graphite ferrules for interfacing the column
with the other components, but the whole set-up does not meet me-
chanical constraints of space instrumentation because a major compo-
nent is made of glass.

In this context, our teams are involved for more than eight years in
the development of MEMS columns designed for space exploration with
fluidic inlet and outlet drilled in the upper part of the chip. This fluidic
design allows a more robust integration of the column onto a fluidic
interface based on a patented design [19] suited to space instrumental
constraints. GC systems based on MEMS technology for space explora-
tion can allow a jump of scale in system dimensions, weight, and power
consumption. Moreover, this technology should remain mechanically
robust. The fluidic interface is based on the use of screwed connections
with capillaries that can be easily changed in case of clogging without
damaging the microchip column. The dead volume was optimized and is
<1 pL to preserve the column efficiency. Nevertheless, this interface is
limited to a maximum temperature of 150 °C due to the use of a gas-tight
seal made of a polymer (Tefzel).

Thus, the main objective of this work was to develop and optimize a
method for stationary phase coating on microchips implemented in this
fluidic manifold specifically designed to space exploration [19,20] and
considering its temperature limit. The experimental chromatographic
setup (i.e. the manifold used with the column microchip connected with
capillaries to the injector and detector of a commercial GC) was opti-
mized to evaluate the most representative performance for the
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microchip, and to determine the influence of each part of the set-up
(from the injector to the detector) contributing to extra-column vol-
umes. Then, chromatographic column performances were compared
using the optimized manifold and calculating the coating efficiency. In
addition, a discussion about the influence on stationary coating of
square cross-section columns compared to circular cross-section col-
umns (conventional columns) was provided.

2. Material
2.1. Microchips, fluidic interface and capillaries junction

The square cross-section channel columns (microchips) used in this
study were fabricated by ESIEE (Ecole Supérieure d’Ingénieurs en
Electrotechnique et Electronique, Paris) and were based on MEMS
technology. These microchips (3.5 x 3 cm) were micromachined in
silicon substrates with a square cross-section channel etched by photo-
lithography and plasma ion collision (deep reactive-ion etching) and
then covered with a Borofloat® glass plate (SiOz 81 %, B2O3 13 %,
Naz0/K30 4 %, Al;03 2 %). All microchip channels were 5 m long, and
the square cross-section was 115 x 115 pm, resulting in a column vol-
ume of 66 pL. Microchip surface oxidation allowed the formation of an
oxidated layer of 200 nm for the two batches of microchips used. The
fluidic inlet and outlet were perpendicular to the microchip (through the
channels). A schematic representation and a picture of the column are
shown in Fig. 1, and a X-ray tomography 3D image is shown in Fig. 2. X-
ray tomography images were recorded on an EasyTom160 instrument
from RX Solutions (Chavanod, France) using a voltage of 100 kV and a
current of 100 pA.

The microchip was integrated during the coating process and chro-
matographic tests, onto the fluidic manifold designed and fabricated by
LATMOS (Laboratoire Atmospheres et Observations Spatiales, Guyan-
court). The manifold design is based on a patented manifold used for a
prototype of space GC (Fig. 3) [16]. The inlet and outlet connections on
the fluidic interface were done using silica capillaries for deactivation
and coating steps and polyetheretherketone (PEEK) (25 cm long, 100 pm
internal diameter 1.D.) for the chromatographic tests. Commercially
PEEK nuts supplied from VICI company and gas-tight seals (Tefzel) were
used to ensure airtight connections.

2.2. Gas chromatograph

Chromatographic analyses were performed on Agilent 7890B gas
chromatograph equipped with a split/splitless injector, an Agilent
G4513A autosampler and a flame ionization detector (FID) (300 mL.
min’! of air, 30 mL.min"! of Hs and 10 mL.min"! of N, for makeup). For
the chromatographic tests, the injection volume was set at 0.1 pL.
Different detector acquisition frequencies were tested between 10 and
200 Hz). The carrier gas was selected as Hy (supplied by Air Liquide,
Paris) at a purity of 99.995 % to minimize the column pressure drop and
reach a higher optimal velocity. The temperatures of the injector and the
detector were set at a maximum of 200 °C for PEEK junction capillaries
and 250 °C for fused silica capillaries. Chromatograms were acquired
with Agilent OpenLAB software but were reprocessed with Chromeleon
(version 7.2.10) after exporting the AIA file.

2.3. Chemicals

1,1,1,3,3,3-hexamethyldisilazane (HMDS), N-(trimethylsilyl)imid-
azole, N,N-dimethyltrimethylsilylamine (TMSDMA), methyltriethox-
ysilane (MTEOS), 2,2,4-trimethylpentane (isooctane), methanol and
diethyl ether were purchased from Acros Organics (Morris Plains, New
Jersey, USA). Pentane and dichloromethane were obtained from VWR
International (West Chester, USA). Hydrochloric acid (HCl) and tri-
fluoroacetic acid (TFA) were purchased from Fisher Chemical (Wal-
tham, Massachusetts, USA). OV-1 (PDMS) was purchased from MEGA
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Fig. 1. Schematic representation of the microchips used with a view of the cross-section (top). Picture of the microchip from above (bottom).

Fig. 2. 3D image of the microchip section. This image was provided by the
CNES (Centre National d’Etudes Spatiales, Toulouse, France) using X-ray to-
mography instrument.

(Legnano, Italy). Polyethylene glycol (PEG) 20 M was purchased from
Ohio Valley Specialty Company (Marietta, United States). Silica tubes
were provided by MicroQuartz (Munich, Germany).

Outlet Capillary

Microchip

2.4. Other materials

Channel visualization was carried out using a Nikon Eclipse LV100
microscope equipped with a Nikon Digital Sight DS-Ril camera. Images
were analyzed using NIS-Elements D 3.1 software.

The precision balance used for stationary phase solution preparation
was a Sartorius BP 210 S. The nanobaume used for stationary phase
coating was connected to the inlet of the manifold via a FEP (fluorinated
ethylene propylene) tube, a 0.2 pm inox filter and a fused silica capillary.
The syringe pump used for silanization was an AL-1000 from World
Precision Instruments.

3. Method
3.1. Stationary phase coating

The static coating method was selected because this process is well
known in our team [21] and allows controlling the film thickness (ds) as
commonly be used for microchips [22-24] and provides better effi-
ciencies than the dynamic method [9,25]. This method adapted for the
use of microchip with the manifold developed for space application was
patented [16].

First, the microchip was deactivated with HMDS at 150 °C for 24 h
using a dynamic method established for chemical treatment of micro-
chips at low temperature. For the coating, the microchip was filled with
a solution of PDMS in a dichloromethane/pentane 50/50 v/v mixture.
Stationary phase solutions were prepared by weighing a precise mass of

Inlet Capillary

Manifold

Fig. 3. Picture of the manifold and the junction capillaries.
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polymer and dissolving it in the solvent mixture. The solution was then
ultrasonicated until complete dissolution of the polymer. The solution
was then filtered through a 0.2 ym PTFE (polytetrafluoroethylene) filter.
The film thickness was directly related to the polymer concentration
according to Eq. (1).

Csp x ID.

df =———— (D)
4 X psp

where ggp is the polymer density (1 g.cm™ for PDMS), Cgp is the polymer
concentration and L.D. is the internal diameter of column.

The stationary phase used in this study is the PDMS because it is a
nonpolar phase usually used for space GCs [26-28]. Moreover, PDMS
stationary phases have already been used for microchip coating [8,11,
29-31] and are known to have good chemical inertness, high thermal
stability and film homogeneity.

The microchip filling was performed using a nanobaume and Ny to
push the stationary phase solution into the microchip. Once the micro-
chip was completely filled, the outlet tube was sealed with a septum, and
the manifold was connected to a vacuum pump for solvent evaporation
at a fixed reduced pressure (4 mbar or 400 mbar) and within a water
bath set at 20 °C. The removal of the solvent led to the stationary phase
coating onto the microchip internal surfaces. After a final step of 12 h of
thermal maturation at 150 °C (rising to 1 °C.min’1), the microchip was
ready for testing.

3.2. Chromatographic system and experimental condition optimization

Chromatograph system and experimental conditions should be
optimized because the microchip volume is reduced compared to con-
ventional columns, and the microchip junction capillaries have addi-
tional and extra-column volumes must be considered. Furthermore, the
injection volume must be reduced as much as possible while ensuring
injection efficiency and repeatability [32]. Each analytical module
including fluidic interface, junction capillaries, GC inlet and GC detector
parameters, were optimized to reduce the loss of performance due to
extra-column dispersion.

The fluidic interface with the lowest dead-volume was designed to
limit extra-column variance. This volume was <1 pL and was negligible
compared to the 66 pL microchip volume. For each batch comparison
(each batch contains 3 tested columns), only the microchip was removed
from the manifold and replaced, and the other parts of the analytical
systems (liner, capillaries) were kept identical to ensure the reliability of
the comparison. The column performances were measured with a classic
liner (4.0 mm ID) and compared to those obtained with a thinner liner
(1.2 mm ID) in order to limit the variance due to the injection. The split
ratio was set at 1:100 to limit the sample volume transferred into the
microchip (the lower injection pulse) while ensuring injection repeat-
ability. A comparison of different FID acquisition frequencies was also
achieved, and the optimal frequency was set to 100 Hz to obtain a suf-
ficient number of data points to correctly define the peak shape while
avoiding a decrease in sensitivity and a larger amount of data. Then, the
influence of junction capillary L.D. on efficiency was studied. For this
part, PEEK capillaries of 50, 100 and 250 pm I.D. were connected to the
fluidic interface with an uncoated microchip. For each diameter tested,
both capillaries connected to the fluidic inlet and outlet were 25 cm
long. Microchip efficiencies were measured by plotting Golay’s plots
(Eq. 2) obtained by three injections of 0.1 pL of 2,2,4-trimethylpentane
(isooctane) with a 1:100 split ratio at 100 °C, and using different linear

gas velocities (1) from 15 to 130 cm.st.

H=B/u(C)u &)

H is the height equivalent to a theoretical plate, B the longitudinal
diffusion and C is the mass transfer term. Hy, is defined as the plate
height at the Golay’s plot minimum.

The efficiencies were evaluated by the calculation of the number of
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theoretical plates (N) from Eq. (3):
N = 5.54(tr / wh)2 3
with wy the peak width at half height and t, the retention time. All

microchip retention factors given were measured at 100 °C.
All microchip retention factors (k) were calculated using Eq. (4):

(tr — to)
to

k= )

with ¢t the retention time of a non-retained compound (n-butane).
3.3. Square/circular cross-section column comparison

To estimate the possible performance losses induced by the square
cross-section shape, a comparison between square and circular cross-
section capillary silica columns was carried out using a 5-meter silica
tube for both section shapes. The circular tube I.D. was 100 pm, and the
square tube section was 100 x 100 pm. Stationary phase coating on both
tubes was performed following strictly similar protocols (described in
Section 3.1) with a PDMS concentration of 4 g.L'l. Film thickness was
estimated using Eq. (1) and the nominal channel inner diameter (nd,) for
the square cross-section which was calculated through the following Eq.
(5) [33]:

ndc = 2(S/7)1/2 6))

where S is the area of the channel section.

The film thickness was estimated at 0.115 pm and 0.1 pm for the
square cross-section column and the circular cross-section column
respectively.

Efficiencies were compared by plotting the Golay’s plots with data
measured by the injection of isooctane. The retention factors were
calculated by injection of isooctane and butane. All the other chro-
matographic conditions are described in Section 3.2. The isooctane was
selected because was already used to evaluate column performances as
quasi non-retained compounds [21,34].

3.4. Microchip coating evaluation

Three microchip batches were used to evaluate the success of
microchip coating. First, the influence of the coating rate (solvent
evaporation rate) on the film homogeneity and efficiency was studied.
With this aim, two microchips from the same batch were prepared while
varying the pressure of the vacuum pump, to allow solvent evaporation
from 4 mbar to 400 mbar. Microchips were functionalized with a 4 g.L1
PDMS solution resulting in a film thickness of 0.130 pm, while keeping
all other conditions unchanged. Secondly, the influence of the film
thickness on chromatographic performances (efficiency and retention)
was studied. For this purpose, three microchips from the same batch
were prepared while varying the PDMS concentration from 1 to 8 g.L'! to
have different film thicknesses from 0.032 to 0.260 pum. Finally, the
repeatability of microchip coating was investigated by preparing three
microchips from the same batch with a PDMS concentration of 8 g.L'!,
resulting in a film thickness of 0.260 pm. Chromatographic measure-
ments were performed according to the chromatographic conditions
described in the result section. Some coatings were also observed by
optical microscopy, and the channels were photographed.

It should be noted that the comparison of microchips from different
batches may introduce some variability because each batch is manu-
factured separately, which may cause slight differences in the channel
surface state. Manufacturing constraints do not allow all columns to be
produced in one batch but all batches were visually controlled by ESIEE
after manufacturing.
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4. Results and discussion
4.1. Chromatographic system and experimental condition optimization

4.1.1. Selection of the internal diameter of the injection liner

The results obtained with the two liners tested are shown in Table 1,
and the corresponding chromatograms are shown in Fig. 4. The smaller
liner volume limited the gas diffusion generated during the injection,
resulting in less band broadening and therefore a better chromato-
graphic efficiency. However, it is important to inject very small amounts
to ensure that the volume of gas generated does not exceed the liner
volume. In addition, the retention time was shifted and reduced for the
thinner liner (1.2 mm), because the analytes stay less longer in the liner
(the gas velocity on the thinner liner was increased due to its lower
volume, so the retention time was slightly decreased). The area mea-
surements ensured that the amounts vaporized in the liner and injected
into the microchip were similar. Thus, a liner of 1.2 mm I.D. was used for
the remainder of the analyses performed in this work.

4.1.2. Selection of the data acquisition frequency

The results for each data acquisition frequency tested from 10 to 200
Hz are listed in Table 2, and the corresponding chromatograms are
shown in Fig. 5. It is worth noting that, it was not possible to access to
the time constant of the detector which affects the efficiency. These
results showed that chromatographic efficiency was improved signifi-
cantly with increasing data acquisition frequency. However, the peak
broadening and thus the efficiency gain from 100 Hz to 200 Hz remained
negligible and produced a larger data volume, which is preferable to
limit in the context of miniaturization and space exploration. Thus, a
data acquisition frequency of 100 Hz was used for the remaining ana-
lyses performed in this work.

4.1.3. Selection of junction capillaries internal diameter

Fig. 6 shows a comparison of Golay’s plots using inlet and outlet
PEEK capillary connections with different 1.D. (liner I.D. and data
acquisition frequency were 1.2 mm and 100 Hz, respectively). The plot
comparison showed that reducing the L.D. of the capillaries from 250 pm
to 100 pm improved the efficiency, which was expected since the extra-
column variance was reduced. Furthermore, with 50 pm L.D. capillary
connections, the resulting pressure drop prevented us from exploring the
highest linear velocities to clearly determine the corresponding profile
and then the analyte diffusion (C) value. Nevertheless, Hy,;, appeared
higher than that obtained with the 100 pm LD. junctions. It can be
assumed that when the internal diameters of junction capillaries and
microchips were similar (=100 um), the best efficiency was obtained. In
this case, a uniform gradient of pressure (and thus the velocity) was
maintained along the entire system. Thus, any funnel effect was
observed. With 50 ym LD. capillaries, the velocity was limited by the
pressure drop despite the use of dihydrogen as carrier gas. Thus, 100 pm
L.D. capillaries were selected for the following analyses as their I.D. was
close to the internal diameter of the microchip channel.

Table 1

Comparison of isooctane peak efficiency as a function of the tested liner I.D. The
data acquisition frequency, junction capillary I.D. and injected volume were 100
Hz, 100 pm and 0.1 pL, respectively.

Liner I Liner Peak Half height Number of theoretical
D. volume area width plates
(mm) (uL) (pA. (min)
min)
4.0 990 41.4 0.0057 5150
1.2 90 44.3 0.0032 14,450

Journal of Chromatography Open 6 (2024) 100180

pA
195
1.2 mm L.D.
4.0 mm L.D.
0 - min
0.140 0.200

Fig. 4. Chromatograms obtained by the injection of isooctane at 100 °C ac-
cording to the conditions specified in the method with the liner of 1.2 mm I.D.
(in black) and the liner of 4.0 mm L.D. (in blue).

Table 2

Comparison of isooctane peak efficiency as a function of data acquisition fre-
quency. Liner L.D. and connection capillary I.D. are 1.2 mm and 100 pm,
respectively.

Acquisition frequency Half height width Number of theoretical plates
(Hz) (min)

10 0.00567 4780

20 0.00395 9770

100 0.00328 14,180

200 0.00320 14,920

A
220 P
0 min
0.155 0.178

Fig. 5. Chromatographic profiles obtained by the injection of isooctane ac-
cording to conditions specified in the method and using the following data
frequency acquisition (red) 10 Hz, (blue) 20 Hz, (black) 100 Hz and (green)
200 Hz.

4.2. Square/circular cross-section comparison

Experimental Golay’s plots obtained for capillary tubes with circular
and square internal cross-section geometries are shown in Fig. 7. As
expected, the minimum H value, i.e. 70 pm, was obtained for the circular
cross-section of 100 pm L.D., while the square cross-section was less
efficient, with a minimum H value of 107 pm for a nd. of 115 um. The
retention factors calculated for isooctane on both tubes were similar
(0.19 and 0.18), indicating that the amount of coated stationary phase
was almost the same for both columns. The coating efficiency (E%) can
be estimated by using the Eq. (6):
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Fig. 6. Evolution of H versus the mean linear carrier gas velocity for all the junction capillaries tested by the injection of isooctane at 100 °C in triplicate with the

corresponding RSD.

400
H (um)
350 e
300
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200 ¢
150 o

100 : °

50

® Square cross section tube (k=0.19)

® Circular cross section tube (k=0.18)

80 100 120 140 160

linear gas velocity (cm.s™)

Fig. 7. Comparison of Golay plots of circular and square cross-section tubes coated with PDMS film obtained by the injection of isooctane at 100 °C in triplicate (RSD

on H values for each velocity were <5 %).

Eop— Lieoricd 00 (6)

experimental

With Hp,i, was deduced from Golay’s plot and Hneoretical Was estimated
using the Eq. (7):

1+ 6k + 11k

3 x (1+k)? @

Hiheoretical = T

Where r is the internal radius of the column.
It should be noted that there is a slight difference of surface between
the circular section (100 pm I.D.) and the square section (100 x 100 pm

corresponding to a nd. of 115 um) and so the film thicknesses were 0.1
um for the circular section and 0.115 um for the square cross section.
Consequently, the coating efficiencies were estimated to be 55 % and 42
% for the circular and square internal cross-section geometries respec-
tively, demonstrating that the square section geometry slightly affected
the coating efficiency compared to the conventional circular cross-
section.

The determination of C term was estimated by a graphical estimation
using an in-house Excel program developed in-house. Moreover, the C
term values were different and were estimated to be 1.3 x 107 s for the
circular cross-section and 1.6 x 10~* s for the square cross-section. Since
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the retention factors were similar, the higher C term value obtained for
the square cross-section tube could be attributed to a difference of film
homogeneity and/or film thickness.

4.3. Influence of the coating rate

In this part, two reduced pressured (4 mbar and 400 mbar) were
applied to the vacuum pump to generate two different microchip coating
rates. Chromatographic measurements and optical microscopy were
performed to evaluate the influence of the coating rate on the film
homogeneity.

4.3.1. Reduced pressure for column coating

Table 3 shows that a reduced pressure set at 400 mbar during the
stationary phase coating allowed a better efficiency than a pressure set
at 4 mbar according to the obtained number of theoretical plates.
Reducing the coating speed of the stationary phase by slowing down the
evaporation rate seems to reduce the coating heterogeneity. The similar
retention factors obtained for microchips 1 and 2 indicated that the
amount of coated PDMS was similar. So, the difference of efficiency can
be attributed to the coating quality.

4.3.2. Optical microscopy observations

Optical microscopy was used to investigate the PDMS coating inside
the microchip channels. Three areas of the channel were observed
(Fig. 8): the “microchip part near inlet”, the “microchip middle part” and
the “microchip part near outlet”.

Images (Fig. 9) showed that the PDMS coating on microchip 1 was
heterogeneous. Fig. 9(a, ¢ and e) showed clearly the presence of PDMS
droplets on the silicon surface, while the appearance of the coating was
different on the glass surface (pictures 9 (b) and (d), where the droplet
sizes were smaller. This difference may simply be explained by the dif-
ference in the wettability of both surfaces (silicon and glass) towards the
PDMS, and the deactivation reaction may also be different between both
materials. Likewise, differences were observed among the three
observed parts of the microchip. The droplet diameter decreased until
disappearing from the inlet to the outlet of the microchip, suggesting
that the coating was better at the end of the microchip where the
evaporation has slowed down.

Optical microscopy images obtained on the microchip 2 (Fig. 10)
show similar results. The coating of the microchip part near the inlet was
heterogeneous with many cracks along the glass side (Fig. 10a) while,
the coating of the microchip middle part has a better appearance with
cracks along only one direction on the glass side (Fig. 10b). Finally, the
coating of the microchip part near the outlet was homogeneous,
(Fig. 10c). These results confirm the previous observation done on the
microchip 1 and the evolution of the coating quality as a function of the
location within the microchip channels.

Experimentally, evaporation is faster at the beginning of the micro-
chip and is slowed down gradually due to the distance from vacuum
pump. The observed film cracking can be explained by the fact that the
pooling of polymer could occur at the right-angle of the channel and the
coated film may be broken or form stationary phase droplets due to a

Table 3

Theoretical plate numbers and retention factors as a function of the solvent
evaporation rate controlled by the reduces pressure set at 400 mbar and 4 mbar.
The carrier gas velocity was set at 60 cm.s™. Values of width at half height and
efficiency were the average values obtained over 3 injections of isooctane at 80
°C, and the RSD values are provided in brackets.

Microchip ~ Reduced pressure Retention Number of theoretical
Number (mbar) factor (k) plates
isooctane
1 4 0.30 11,500 (0.7 %)
2 400 0.26 21,000 (3.0 %)

Journal of Chromatography Open 6 (2024) 100180

bad wettability of the surface towards PDMS.

Overall, it seems that the control of the evaporation rate during the
static coating method and reducing it was very important. The micro-
chip 2 coating obtained with solvent evaporation at 400 mbar was much
more homogeneous than the microchip 1 coating. Reducing the coating
rate was beneficial and limited droplet formation. The difference in the
PDMS affinity for both surfaces (silicon and glass) could explain the
differences in droplet size observed on both materials. Furthermore,
both microchip coatings appeared to be better near the outlet than at the
inlet especially on the glass surface due to the coating rate evolution. To
overcome this problem, the reduced pressure could be controlled during
the evaporation in order to keep it slow and constant during the whole
process. However, it is technically difficult to adjust manually the
pressure and this regulation was not performed during this study.

4.4. Influence of the stationary phase film thickness

For this part of the work, three microchips from the same production
batch, called in the following microchip 3, 4 and 5, were coated with
three different film thicknesses. The maximal efficiencies shown on the
Golay’s plots (Fig. 11) for each film thickness tested are listed in Table 4,
and the graphical estimation of the B and C terms of the Golay’s plots is
presented in Table 5.

The results in Table 4 show that the efficiency increased with
decreasing the film thickness, and an efficiency of 45,900 theoretical
plates was obtained for the thinnest film which was an excellent result
for mono-channel micro-columns compared to the literature [4-8,11].
Nevertheless, when a more concentrated solutions were injected or the
split ratio was decreased, an overloading of the stationary phase quickly
occurred (peak fronting). The retention factors (k) calculated for
isooctane injection at 80 °C were proportional to the film thickness.
These results indicated that our microchip functionalization method was
consistent and reliable. As expected, the best coating efficiency (42 %)
was obtained for the thinnest stationary film. The coating efficiency
observed for square cross section capillary column was 42 % comparing
to 35 % for microchip with comparable film thicknesses. This result
could be explained by the serpentine design leading to heterogeneity in
gas velocity [10] and/or the presence of glass surface for the microchip.

The calculated B and C terms were graphically estimated. The C
terms values increased with the film thickness, as theoretically expected.
Additionally, the C term value observed for microchip 4 was similar to
the C term value obtained for the square cross-section tube (Section 4.2).
As microchip 4 and the square cross-section tube tested have similar
geometric parameters (115 x 115 pm versus100 x 100 pm) and were
functionalized with the same protocol and the same amount of sta-
tionary phase, this result was expected. The longitudinal diffusion (B
term), specific to the compound diffusion in the gas phase, was constant.

In comparison to commercially available cylindrical open tubular
columns, having a number of theoretical plates per meter varying
approximately from 7300 to 12,500 (internal diameter I.D. =0.1 mm)
and from 4000 to 6600 (I.D.=0.18 mm), our column presented a value
varying between 3980 and 9180 which was consistent and promising for
in-situ space applications. In this field, only a recent study on experi-
mental MEMS GC developed for space environments [13] reported an
average number of theoretical plates of 1624 per meter over the column
temperature range of the separation. Therefore, the average number of
theoretical plates per meter for our tested column is 2.4 to 5.6 times.
Nonetheless, microchip GC column technology is not yet standardized or
commercialized. It is still under development and the current literature
is replete with various column geometries and different cross section
parameters. Besides, the test temperature conditions, the setup used
(injection system, extra-column tube volumes), the nature of analytes
and the nature of stationary coating (static or dynamic) are to consider
in the comparison of columns efficiency and any direct comparison is
not obvious and sometimes irrelevant. Nevertheless, a microchip
exhibiting about 45,000 theoretical plates in isothermal conditions was
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| Microchip "middle"

Microchip "start"

Microchip outlet Microchip inlet

Fig. 8. Photograph of the microchips used with the different investigated zones.

Fig. 9. Optical microscope pictures obtained for microchip 1. (a) lower surface start (silicon), (b) upper surface start (glass), (c) lower surface middle (silicon), (d)
upper surface middle (glass), (e) lower surface (silicon) end, and (f) upper surface end (glass) of the microchip.
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Fig. 10. Optical microscope pictures obtained for microchip 2. (a) upper surface start (silicon), (b) lower surface middle (silicon), and (c) upper surface end (silicon)
of the microchip and an (d) upper surface uncoated microchip.

350
H (um) : ®0.032pm ®0.130pm  ® 0.260 pm
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20 40 60 80 100 120
linear gas velocity (cm.s!)

Fig. 11. Golay’s plots of the three microchips detailed in Table 5 obtained by the injection of isooctane at 100 °C in triplicate (RSD on H values for each velocity were
<10 %) d. Each curve corresponds to a PDMS film thickness.

an excellent result for mono-channel micro-columns compared to the 4.5. Coating repeatability
literature [4-8,11]
Three microchips from the same production batch called in the
following, microchip 6, 7 and 8, were prepared according to the same



A. Philippart et al.

Table 4
Maximal number of theoretical plates determined with Golay’s plots as a func-
tion of film thickness. Values of half height width and efficiency were the
average value obtained from 3 injections, and the RSD values are provided in
brackets.

Microchip  PDMS df Retention Maximal E
number concentration (pm) factor (k) number of %
(mg.mL™") isooctane- (80  theoretical
°C) plates
3 1 0.032  0.12 45,900 (10 %) 42
%
4 4 0.130  0.39 29,000 (2.1 35
%) %
5 8 0.260  0.93 19,900 (1.6 31
%) %
Table 5

B and C terms of the Golay’s equation as a function of film thickness.

Microchip d¢ Longitudinal diffusion (B term)(pm.s’l) Mass transfer

number (pm) C term) (s)

3 0.032 7.107 1.10*

4 0.130 7.107 1.7.10*

5 0.260 7.107 2.3.107*
Table 6

Number of theoretical plates measured on batch 3 microchips
with the injection of isooctane at 80 °C at a linear gas velocity of
60 cm.s™'. The efficiency values were the average of 5 injections,
and all RSD values were <5 %. The global RSD of the 3 microchip
efficiency values was 4.8 %.

Microchip Number of theoretical plates
number

6 17,085

7 17,730

8 16,110

Table 7

Average retention factors of batch 3 microchips for each n-alkane with a single
microchip injection of n-alkane mixture at 120 °C and at a linear gas velocity of
60 cm.s! and the corresponding RSD values.

Alkane Kaverage RSD(k) %
Cg 0.7 2.4
Cy 1.9 2.1
Cio 4.5 2.0
Ci1 10.2 2.2

protocol and using the same conditions (400 mbar evaporation rate and
0.260 pm film thickness) to evaluate the process repeatability.

The efficiencies of the microchips were very close (Table 6), and
retention factors measured with n-alkanes (Table 7) were similar be-
tween tested microchips, with an RSD lower than 3 %. Results were
comparable to those obtained for microchip 5 prepared with another
batch. The chromatogram of n-alkane separation is shown in Fig. 12.
These results demonstrated the repeatability of the microchip coating
method.

The stationary phase stability was evaluated over 240 days by peri-
odic injection of isooctane (Fig. 13). A slight decrease of k factor was
observed demonstrating a good stationary phase stability.

5. Conclusion
The aim of this work was to adapt and optimize a static coating

method applied for microchips designed for space exploration applica-
tions and integrated onto a robust fluidic interface with removable
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capillary connections and limited high temperature (150 °C). First,
extra-column variances were minimized during chromatographic tests
of coated microchips using a commercial chromatographic system. In
particular, a small liner internal diameter (1.2 mm), a high data acqui-
sition frequency (100 Hz) and an internal diameter geometry of capillary
connections (100 pm) were selected.

Additionally, a stationary phase coating on these microchips was
successfully performed using the conventional static method adapted
with a lower temperature (150 °C) and reduced pressure (400 mbar).
Reducing the coating velocity allowed an increase the efficiency by 100
%. Moreover, the efficiency measured varies from about 45,000 theo-
retical plates for the thinnest film (0.032 um), to 19,900 plates for the
thickest film (0.260 um), and the retention is linearly correlated to the
film thickness. Finally, the repeatability of the process was evaluated.
The efficiency and retention of three identically coated microchips were
shown to be reproducible with a thick film of 0.260 pm. The film
thickness can then be selected according to the volatility and polarity of
the target compounds being analyzed, but when using a column length
of only five meters, a greater film thickness could be better to separate
complex mixtures as expected during space exploration missions.

In the future, we plan to use our microchips for in situ exploration
missions to study planetary environments. For this the effect of the
temperature variation on the stationary phase stability, during cruise
flight or spatial mission, will be investigated. An immobilized and
higher-temperature-resistance stationary phase will also be coated on a
microchip for a longer life-time during space missions. Further work
carried out by our team on the separation of more complex mixtures and
their comparison with conventional columns used on space GCs will also
be discussed.
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Fig. 12. Chromatogram obtained with microchip 6 for a mixture of n-alkane (isooctane (i-C8), octane (n-C8), nonane (n-C9), decane (n-C10) and undecane (n-C11)
with pentane (n-C5) as solvent; the concentration of each n-alkane is 10 pL.mL'l) at a linear gas velocity of 60 cm.s”! and an isotherm oven temperature of 120 °C.
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Fig. 13. Evolution of retention factor of isooctane (average of 5 injections without measurable deviation) measured at 80 °C on microchip 6 as a function of time.
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