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*Highlights (for review)

e Formation of iron pentacarbonyl in a pressurized CO cylinder changes the photoreaction path
e Photoreaction highly depends on the UV wavelength under atmospheric pressure
e Fe(CO) and Fe are substantial species which play the role of catalytic initiators
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Shedding Light on Iron Pentacarbonyl Photochemistry Through A CVD
Case Study

Hamed Nasri LariT, Donya FarhanianT, Daria C Boffito, Gregory S Patience,
Gregory De Crescenzo, Jamal Chaouki, Jason R. Tavares'

Department of Chemical Engineering, Ecole Polytechnique de Montréal, C.P. 6079, Succ. Centre -
Ville, Montreal, Quebec Canada H3C 3A7

Abstract

During our studies on surface engineering, we photopolymerize syngas onto silicon surfaces. XPS and
TOF-SIMS analyses show that the syngas-derived oligomer covalently bonds to free silanol sites. Iron
atoms appear in the coating, despite the fact that no iron was (intentionally) added to the system. GC-MS
analysis reveals low concentrations of iron pentacarbonyl (IPC) are generated within the carbon
monoxide cylinder. Its presence plays a determinant photocatalytic role in the reaction.

Keywords: photochemistry, iron pentacarbonyl, syngas, photo-initiated chemical vapor deposition (PICVD),
photopolymerization.

1. Introduction

Iron pentacarbonyl (IPC — Fe(CO)s) is a monomeric metal carbonyl that is sensitive to air, heat, and light.
Iron reacts with carbon monoxide to form IPC at high pressure (> 20 MPa) and temperature below

200 °C, and decomposes above 230 °C into Fe, CO and secondary carbonyls. When syngas, or carbon
monoxide is stored at high pressure, iron can foul heat transfer surfaces and other process equipment
when IPC decomposes [1, 2]. IPC, like most metal carbonyls, is volatile and, when exposed to sunlight,
liquid IPC solidifies [3]. This property opened up a dedicated field of research devoted to organotransition
metal complexes [4-6]. Metal carbonyls have been used as photocatalysts in various liquid [7, 8] and gas
phase [9-12] UV reactions where light removes ligands to generate a coordinatively unsaturated catalyst.
IPC-photocatalyzed reactions in the liquid phase have been extensively studied in 1) isomerization, ii)
hydrogenation of olefins, and iii) hydroformylation of alkenes [10-12]. Fe(CO); [13] or Fe(CO),[8] are
the active species. [somerization and hydrogenation of olefins and alkenes have also been investigated in
the gas phase in the presence of metal carbonyl compounds. Cr(CO)e and 1-butene isomerizes n-butane to
2-butene in the presence of 248-nm exciplex laser light. They react differently in the gas phase compared
to the liquid phase due to higher photofragmentation degree [10]. Whetten et al. [11], through kinetic
studies, showed that the gas phase catalytic pattern was analogous to that found in liquids. However,
quantum yields are higher in the gas phase. Poliakoff and Weitz [8] also reported that more CO groups
dissociate in the gas phase compared to the liquid phase: more than one CO groups dissociate from IPC
by absorption of single UV photon, due to collisional relaxation efficiency [14]. Therefore, the higher the
unsaturated intermediates, the greater the yield. Hence, through direct monitoring of intermediate
transient species, all studies concluded that the coordinatively unsaturated catalysts are in the form of
Fe(CO), in the liquid phase, and Fe(CO);/Fe(CO), in the gas phase.

! Corresponding author. Tel: +1-514-340-4711 Ext. 2326; fax: +1-514-340-4159
E-mail address: jason.tavares@polymtl.ca
T These authors contributed equally to the study.
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So far, the photocatalytic behavior of IPC has not been reported in the context of polymerization
reactions. Moreover, very little research has reported the photocatalytic behavior of IPC under normal
temperature and pressure (Fig. 1). Since the product distribution of metal carbonyl photolysis in the gas
phase is wavelength- and pressure-dependent [15], studying reactions under atmospheric pressure and
UVC radiation can provide a better understanding of IPC photoreactions.

During our studies on surface modification through photo-initiated chemical vapor deposition (PICVD)
[16-19], we observed that the reaction of syngas and hydrogen peroxide under UVC radiation provided by
low-pressure mercury (germicidal) lamps produced a yellowish film on the surface of silicon wafer
substrates (110, type N) and the quartz reactor walls. Although operating conditions, molar ratio of
reactants, and reaction time remained constant through a series of experiments, the color of silicon wafer
would change to a darker brown-yellow color over time (Fig. 2¢/top). XPS analyses revealed the presence
of iron in the film (Supporting Information Fig. 1S, Table 1S), and FTIR spectroscopy identified the
presence of functional groups in the deposited layer (Supporting Information Fig. 2S).

Here, we report evidence that small concentrations of IPC in the gas phase accelerate the polymerization
of syngas through generating active intermediates in the gas phase. Further, the molecular structure of the
film showed that oligomer chains were dominantly bonded to the silicon surface through Fe(CO)
fragments.

Fig. 1 Operating conditions of previous photolytic reactions [20].

2. Experimental

The experimental protocol for PICVD treatment is reported in detail in previous works [19]. Briefly, to
prepare the substrates, silicon coupons were first cleaned by soaking in an ultrasonic bath of isopropanol
for 10 minutes, then drying with compressed air. In each PICVD experiment, a quartz tube reactor (225
cm’ internal volume, standard 24/40 taper joints, Montreal Glassblowing Inc.) was first purged with argon
for 5 minutes. H, and CO were introduced to the reactor at a constant molar ratio of one (total flow of 0.2
L/min). The reaction was initiated using 28 UVC germicidal lamps (irradiance of 0.012 W cm™ at a
distance of 33 cm). After two hours, the reaction was stopped by turning off the UVC lamps and
switching the reactant flows to argon for a final purge.

In order to identify the iron source, two high-pressure carbon monoxide cylinders (99.99% Air Liquide
Canada) were analyzed using GC-MS (Agilent 5975C VL MSD Triple Axis, equipped with a 30 m/ 0.25
mm /0.25 pm DB-wax column). One cylinder was recently purchased, whereas the other was six-months
old. Hereafter, these are referred to as the new and old cylinders, respectively. We sampled each cylinder
and injected 5 pL aliquots into the GC-MS. The injector and detector temperatures were 300 and 250 °C,
respectively. In the analytical protocol, the GC-MS oven temperature was kept constant at 45 °C for

20 min, followed by a ramp in 20 °C/min up to 230 °C, with 0.5 mL min™ He as the carrier gas. The GC-
MS signal was calibrated with (under carbon dioxide) 0.03, 0.05, 0.1, 0.3, and 0.5 ppm of IPC in toluene
[21]. The liquid IPC (> 99.99%) used to prepare the volatile standards was purchased from Sigma-
Aldrich.

TOF-SIMS (ION-TOF SIMS IV) depth profiling was performed to obtain the depth distribution and
chemical composition of deposited film as a function of IPC concentration in the feed. As the layer
coating the silicon substrate using the new cylinder is not sufficiently thick for reliable analysis (few
nanometers), both TOF-SIMS and XPS analyses were performed on samples produced with the old
cylinder. The TOF-SIMS analysis was carried out without any sample preparation or further pretreatment.
Depth profiling was measured using a 3.0 kV Cs+ ion source at a sputtering rate of 0.5 nm/min in a 50
pm x 50 pm analysis area, confined within a 500 um x 500 um sputter area. The ion dose densities were
5x 10" jons cm™. Negative ion depth profiles of various species were retained for analysis as they have
better sensitivity to oxide fragments.
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3. Results and Discussion

3.1. Gas Phase

To identify and quantify the IPC in both CO cylinders, the ion-level data was extracted from the total ion
chromatograms. The extracted ion chromatograms (EIC) show peaks for five ions with mass over charge
ratio (m/z) of 56, 84, 112, 140, and 168 at the same retention time of 1.22 min. These correspond to
different species derived by the fragmentation of the IPC in the mass spectrometer via ionization; in other
words, the fingerprint of IPC. For both the old and new cylinders, Fe (m/z = 56) and Fe(CO) (m/z = 84)
are the most abundant peaks at a retention time of 1.22 min (Fig. 2a and b). Based on the peak areas, in
six months, the IPC concentrations increased by an order of magnitude, from 0.020 + 0.005 ppm to

0.21 £ 0.06 ppm. CO reacts with the iron in the cylinder slowly with time [22, 23]. Given that IPC
concentration is the only parameter we found to vary over this six-month period, and that we observed a
significant increase in deposition rate (Fig. 2¢), we hypothesized that IPC has a determinant role in the
photochemical reactions taking place at the solid-gas interphase. In other words, IPC is likely to have
initiated or catalyzed the reaction and the reaction rate depends on its concentration in the CO feed.

Fig. 2 (a), (b) Extracted ion chromatograms of gas samples from new and old carbon monoxide cylinders and (c) coated
wafers using those cylinders (the narrow black margins on the right-hand side of the coupons show the pristine silicon
wafer surface were shielded by Kapton tape during treatment). The insets show the calibration of IPC concentration for
five standard samples quantified based on the same ions.

3.2. Solid Phase (film)

Fig.3 (a) and (b) represent inorganic/oxide and organic species abundance as a function of depth within
the film, respectively. Organometal and oligomer species were initially higher than silicon, indicating
formation of a 38 nm thick film on the substrate. Si signals (SiO,, Si, Si%, Si3') then start to increase
indicating the complete removal of deposited film and digging into the substrate. Presence of silica along
with other species during the layer-by-layer removal shows that the deposited film only partially covered
the substrate, in the form of isolated islands [17]. At depths of 40 nm and 45 nm, silicon oxide, silanol
groups and silicon appear, indicating a 5 nm layer of Si-OH, which is the main free reaction site on the
surface. The Si-C profile confirms the formation of a covalent bond between the oligomeric chains and
these silanol sites.

Fig. 3 TOF-SIMS depth profiles of (a) iron species, and (b) oligomer species deposited on the surface of silicon
substrate.

Using the silicon species’ intensity as a reference (substrate), iron carbonyl fragments appear dominant:
namely Fe(CO), Fe(CO), and their derivatives (e.g. FeCOH). This is confirmed by comparing the UVC
emission lines to the energy levels determined by Poliakoff and Weitz [8]: UVC has enough energy to
dissociate Fe(CO)s to its various carbonyl fragments (Fig.4).

These short-lived species must bond with other molecules to form stable compounds. Thus, ligand
replacement of CO for other components, e.g. hydrogen and oligomer carbon chains, could occur through
a photo-dissociation of Fe(CO)s. The TOF-SIMS analysis indicated that Fe(CO) is the dominant species
formed — this covalently unsaturated species plays the role of a catalytic initiator in the reaction. This
contrasts with previous studies performed under lower energy light sources where, as expected,
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dissociation could only go to Fe(CO), and Fe(CO); [8, 13]. This demonstrates that the reaction depends
on the wavelength of light source.

The determinant role played by Fe(CO), species in photochemical process is evidenced by the presence of
elemental iron and its derivatives (e.g. FeC and FeH) (Fig.3a) in the film. Moreover, carbon compounds
in different forms (from C1 to C7, formed in the photoreactor [19]) are attached to at least one iron atom
(Fig.3b). It is pertinent to note that the presence of pure Fe atoms in the film confirms the involvement of
the VUV peak (185 nm) from the mercury lamps (Fig.4) [24].

Fig. 4 Energy levels of the UVC lamp at 184.5 and 253.7 nm along with the energy levels required for the formation of Fe(CO)n
fragments extracted from Poliakoff and Weitz [8].

4. Conclusion

The unexpected presence of photoreactive IPC in the syngas feed modifies the photo-initiated CVD
polymerization mechanism under UVC light, serving as a homogeneous catalyst. The iron detected in the
oligomer film is traced back to IPC formed in the high-pressure carbon monoxide cylinder, and its effects
are concentration-dependent (which implies time dependency). At atmospheric pressure and ambient
temperature, UV C irradiation of the IPC-containing syngas predominantly forms Fe(CO), which initiates
the reaction. Further experiments are required to understand the kinetics of the surface reaction and the
reaction rate dependency to the IPC concentration and irradiance of UVC lamps. With this knowledge,
control over the IPC concentration in the CO stream will be possible. This case study should serve as
warning to researchers making use of CO cylinders to feed a variety of reactions: IPC may be playing an
unexpected role in your research.
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