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ABSTRACT. This work reports experiments on the catalytic interaction occurring between
Polycyclic Aromatic Hydrocarbon (PAH) molecules TiO, and dust grain surfaces under vacuum
conditions. The investigation sheds light on the potential catalytic pathways TiO, dust surfaces
provide in the hydrogenation of PAH molecules, and the chemistry that can be driven by PAH-
dust interactions under vacuum conditions. Naphthalene, anthracene, and coronene were chosen
as the PAH molecules, while titanium dioxide was selected as the dust analog. PAH samples and

dust analog mixtures were studied under vacuum for 24 hours while monitored via Diffuse



Reflectance Infrared Fourier Transform Spectroscopy (DRIFTS). The acquired spectra show that
PAH molecules are hydrogenated when in contact with TiO, dust particles without the need for
external energy or hydrogen sources. Our results suggest that linear PAHs undergo a similar
hydrogenation process where the dominant species are fully hydrogenated PAHs. For condensed
PAHs, the hydrogenation process yields partially hydrogenated molecules. Fully hydrogenated
species can be identified by a band around 2960 cm™, while partially hydrogenated species
produce a band around 2825 cm™. In the case of the production of hydrogenated species, our

results suggest that smaller the PAH the faster the hydrogenation rate.

INTRODUCTION

Polycyclic Aromatic Hydrocarbons (PAHs) are detected through their near- and mid-infrared
features in the Interstellar Medium (ISM)'”". They are considered to be responsible for almost
20% of all the carbon in the universe. In protoplanetary disks, PAHs are assumed to contain
about 10% of the total carbon®. PAHs are often detected around more evolved stars; for example,
PAHs have been detected in almost 60% of disks surrounding intermediate-mass stars, like
Herbig Ae/Be, while in only 8% of the disks surrounding T Tauri stars®’. The infrared spectra of
star and planet formation regions often show the presence of PAH emission features. This PAH

emission originates from either the disk or the envelope, in regions with radii of 10 to 60 AU*'*
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", PAHs have also been detected in carbonaceous chondrites'*™", asteroids'", interplanetary

dust particles, comets™”'

, and tentatively identified in the planetary satellites lapetus and
Phoebe™. The fact that they have been detected ubiquitously in space is why it is essential to

study and understand the physics and chemistry involved in their life cycle.



The hydrogenation of PAH molecules has been the target of recent research to understand the

1.>* and Thrower

formation and current abundance of H, in the interstellar medium. Mennella et a
et al.”* investigated the hydrogenation of coronene thin films under ultra-high-vacuum conditions
(but not the interaction between PAH and dust particles); they exposed the films to an atomic
deuterium gas flow and recorded the thermal desorption of coronene and its dehydrogenated and
hydrogenated counterparts. They concluded that neutral PAHs could play an essential catalytic
role in the H, formation in dark clouds. Ferullo et al.” used a Density Functional Theory (DFT)
approximation to study the formation of molecules using hydrogenated PAH molecules as
catalysts. They not only observed the formation of H, but also the formation of H,O molecules,
arguing that the catalytic formation of water on hydrogenated PAH molecules could be a
possible route for water formation in the cold interstellar medium. Cazaux et al.”**" exposed
coronene molecules to a constant flux of H atoms to study the hydrogenation of coronene in gas-

phase. Cazaux et al.”’

found that a favorable abundance for some configurations of hydrogenated
coronene could exist in space. They also noted that the hydrogenation of coronene was not
random; on the contrary, it follows a specific hydrogenation pattern.

PAHs have been used to explain the observed 3.3 um band as aromatic compounds present C-
H stretching bands around this frequency'**>'. Likewise, bands observed between 3.4 to 3.6 um
have been attributed to the aliphatic C-H stretching modes. The addition of a hydrogen atom to

PAH molecules breaks their aromaticity, creating two C-H bonds, which at the same time

produce bands in the 3.4 to 3.6 pm region’*'. Nevertheless, it is still under debate if those



astronomical bands are the result of hydrogenated or substituted (a methyl group attached to the
PAH molecule) compounds. Pauzat and Ellinger”” modeled the gas-phase hydrogenation of
different PAHs with different configurations. They compared their results with observations,
concluding that only the hydrogenated family seems to contribute efficiently to the 3.4 to 3.6 um
bands, with this result nominating the hydrogenated PAHs as tentative carriers for the aliphatic
bands observed in space. Mackie et al.* included anharmonicities in their theoretical calculations
to better understand the aliphatic IR features of substituted PAHs and accurately predict the
bands appearing between 3.1 to 3.6 um. With their study, Mackie et al.** confirmed that the
features at 3.40, 3.46, and 3.51 um can be reproduced by a hydrogenated PAH. Then, they
argued that the feature at 3.40 pm was attributed to in-plane CH-stretching modes, and the two
features at 3.46, and 3.51 pum were attributed to out-of-plane CH-stretching modes in strong
resonance with combination bands of paired CH-bending modes.

PAHs are often mentioned alongside dust particles, and sometimes they are even considered as
dust itself” . Even though they seem to share an intricate relation, little is known about the
interactions between PAH molecules and dust particles, even when they have been detected in
carbonaceous chondrites, asteroids, interplanetary dust particles, and comets. Zhao et al.*
studied the catalytic conversion of acetylene on SiC grain surfaces under vacuum conditions.
They found that catalytic reactions using acetylene produced a surface PAH (ring-like structure)

on SiC surfaces, mimicking the chemical processes in certain astrophysical environments. They

concluded that PAH molecules could be formed through decomposition of a graphene-like



material, formed on the surface of SiC grains in carbon-rich circumstellar envelopes. These
results highlight the importance of catalytic reactions on dust grains surfaces since they can play
an essential role in space chemistry.

On Earth, PAHs can be native to the environment and also due to man-made pollution. They
can be found in oil seeps, are produced by volcanic eruptions, forest fires, and by burning fossil

fuels, coal, and are found in used lubricant oil™

. PAHs do not degrade quickly; the larger their
mass, the more difficult it is to degrade them. Due to their carcinogenic nature, it is essential to
know how to transform them into less hazardous forms. In nature, PAHs can be degraded by
volatilization, adsorption onto soil particles, photo-oxidation, and chemical oxidation, however
microbial degradation is the primary (most prolific) process. Algae, bacteria, and fungi are
microorganisms that breakdown the organic compounds by biotransformation and
mineralization™.

Alumina, active carbon, zeolites, and metal oxides are among the most commonly used
catalyst in the industry, with Titanium dioxide (TiO,) being the most common catalyst in the
industry. It possesses high mechanical strength and thermal stability, as well as a highly-porous
surface. TiO, has been continuously used in mineralizing toxic and nonbiodegradable hazardous
materials due to its nontoxicity and high effectiveness® ™. TiO, exists in three physical states,
namely anatase, rutile, and brookite. Anatase is the state most utilized for a broad range of

catalytic processes. As a first step, this work focuses on the interaction of PAH molecules and a

“simple” dust analog TiO, in its anatase form, given its catalytic properties. In future works,



PAH-mineral interactions will be studied utilizing more astrophysically relevant dust analogs,
like olivines and pyroxenes, known to be present in meteorites alongside PAHs>*. Hence, TiO,
serves here as a tool to study the catalytic hydrogenation of PAHs. Nevertheless, TiO, has been

suggested to be present in interstellar dust particles’®”’

, and it has been proved that one grain of
TiO, could be enough to kick-start the nucleation of silicate dust particles™.

In this work, we analyze the interaction between the PAH molecules naphthalene, anthracene,
and coronene, and TiO, surfaces under vacuum conditions. To further investigate our
experimental data, existing and new theoretical calculations were used. The experimental data

are compared with theoretical calculations. In the experimental protocol section, the sample

preparation, the data collection, and the method used for calculations are described.

EXPERIMENTAL PROTOCOL

Sample preparation

Experiments were performed using a high-vacuum and low-temperature reaction chamber
from Harrick Scientific Products. The set-up is composed of a modified high-vacuum chamber
capable of achieving 1x107 torr. It is designed to perform DRIFTS (Diffus Reflectance Infrared
Fourier Transform Spectroscopy) to monitor the evolution of dust particles in situ. A Praying
Mantis DRIFTS accessory was used to focus and collect the IR beam probing the dust sample,

see Figure 1.



Naphthalene (C,oHs, 99% purity from Sigma Aldrich), anthracene (C,4H,o, 99% purity from
Sigma Aldrich), and coronene (C,Hi,, 97% purity from Sigma Aldrich) were used in the
experiments. Titanium(IV) dioxide (TiO, anatase, 99.6% from Alfa Aesar) was selected as the
mineral/dust analog because of its catalytic properties. TiO, powder was ground using a mortar
and pestle. This powder was then sieving using a 270 grid-size mesh limiting the size of dust
particles in this study to about 53 um and smaller. After sieving, the TiO, was weighed using a
microbalance (JF Series, model JF2004, Analytical Balance). The weighed TiO, was then mixed
with methanol (enough to soak the TiO, sample) in a glass beaker to remove any organic
contaminant. The mixture of methanol and TiO, was put into an ultrasonic bath (FS20, Fisher
Scientific) for 30 min. Methanol molecules attached to TiO, produce IR bands between 2840 -
2860 cm” and 2950 - 2965 cm’ *. However, temperature-programmed desorption (TPD)
experiments show that the bulk of methanol sublimates from the TiO, surface before reaching
400 K (126.85 °C)®. Thus, as a final step, the beaker containing the TiO, dust and the remaining
methanol was heated to approximately 200 °C inside a furnace, to remove any remaining
methanol and water molecules (from air exposure) on the dust particle surfaces. Naphthalene,
anthracene, and coronene are solid compounds at room temperature. The previously treated TiO,
powder was weighed for a second time selecting 0.1 grams. Similarly, an amount of 0.01 grams
of PAH was weighed out. The TiO, powder and the PAH were mixed, maintaining a ratio of 10
to 1 by mass, respectively, and ground together using a mortar and pestle. The mixture was then

deposited in the sample holder for analysis, see the image on the left in Figure 1.



Every PAH-TiO, experiment was conducted in triplicate to verify the reproducibility of the
results. Following the steps described in the experimental protocol section, the PAH-mineral
mixtures were placed under vacuum (1x107 torr) for 24 hours and regularly monitored (every 10
minutes for naphthalene and anthracene and every hour for coronene) via DRIFTS. The samples
were kept at room temperature (i.e. no heating or cooling) and no UV irradiation was performed
during this time. Thus any spectral changes observed are due to the interactions between the dust
surfaces and the PAH molecules.

To avoid cross-contamination in the experiments, after the conclusion of each experiment, the
vacuum chamber was cleaned in the following manner: the sample holder was emptied, and the
entire chamber was rinsed with methanol. Next, the chamber was sealed, pumped out. The
temperature inside the chamber was raised to 200 °C, removing any volatile molecules. The

chamber was pumped until a vacuum of 1x107 torr was again achieved.

Figure 1. Left: Harrick’s low-temperature reaction chamber used for this study.




Right: close-up of the sample holder. The chamber is placed inside the Praying
Mantis DRIFTS attachment, which, in turn, is located inside the FTIR
spectrometer’s sample compartment. Parabolic mirrors focus the infrared beam
onto the sample surface and collect the scattered radiation for analysis. 1: Sample
inside the vacuum chamber holder. 2: Dome used to seal the sample holder. 3:
Praying Mantis’ parabolic mirrors, which focus the IR beam on the sample. 4: Low
temperature chamber inside the Praying Mantis DRIFTS unit. 5: Gas inlets/outlets.
6: Dewar for liquid N,. 7: UV guidance tube. 8: Microwave-discharge hydrogen-

flow lamp. 9: Ion gauge. 10: Vacuum bellow hose.

Data collection

The spectroscopic evolution of the sample was monitored in situ via DRIFTS. DRIFT
spectroscopy is a technique developed for measurements of non-IR-transparent materials like
dust grains®'. Infrared spectra were recorded from 4000 to 450 cm™' using a Biorad Excalibur
FTS 4000 FTIR spectrometer, equipped with a potassium bromide (KBr) beamsplitter and an
LN,-cooled MCT detector. The Praying Mantis accessory is inserted into the sample
compartment of the IR spectrometer. The light coming from the infrared source is focused onto
the surface of the sample. This light can be absorbed, reflected (specular reflection), or diffuse
reflected by the sample surface and bulk, see Figure 2. The likelihood of the process depends on

the intrinsic characteristics of the material. The photons useful for DRIFTS are the ones that



diffuse through the sample containing information about the absorption properties of the

material.

Diffuse Reflection

Figure 2. Different paths are taken by infrared light during DRIFTS. Light
absorption is shown in blue. Light’s specular reflection is shown in yellow. In red,

the light undergoes a diffuse reflection carrying the desired information.

Theoretical Calculations

The molecular geometries have been fully optimized, and their harmonic frequencies
computed using Density Functional Theory (DFT) and the Gaussian 16% suite of programs. All
the structures are minima, i.e., they have no imaginary frequencies. The hybrid B3LYP***
functional and the 4-31G basis set® have been used to be consistent with the spectra of
hydrogenated PAHs already available in the NASA Ames PAH IR Spectroscopic Database

(PAHdb, https://www.astrochemistry.org/pahdb/)**¥. The harmonic frequencies have been
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scaled using a single scaling factor of 0.958, which has been shown to bring the computed
spectra in agreement with matrix-isolation spectra®. Synthetic spectra were obtained by
broadening the integrated band intensities in wavenumber space by 5 cm™, consistent with the
experimental bandwidths. The calculations do not include overtones, combination bands, or
resonances (such as Fermi). The vibrational modes have been visualized using the Jmol
(http://jmol.sourceforge.net) software to aid in the assignment of the infrared bands. The
theoretical spectra of hydrogenated naphthalene and partially hydrogenated coronene were taken
from the PAHdb database®, whereas those for hydrogenated anthracene and fully hydrogenated

coronene were computed as described above.

RESULTS

This study investigated catalytic interactions between PAH molecules and TiO, dust particle
surfaces to understand the role particle surfaces play in the processing of PAH molecules, under
vacuum conditions, with no external energy sources (i.e., UV photons).

Prior to the PAH-mineral experiments, naphthalene, anthracene, and coronene powders and the
dust analog used in this investigation were mixed independently with potassium bromide (KBr)
in a 1:10 mass ratio to obtain spectral baselines (see Figures 3 to 5). Given its low molecular
weight, anthracene (as well as naphthalene) sublimates under vacuum hence, its spectral bands
decrease as a function of time. In the case of coronene, a negligible sublimation occurs under

vacuum conditions, as evidenced by the lack of a band decrease in the spectra of Figure 4. The
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3000 to 2700 cm™ aromatic and aliphatic C-H stretching region of both anthracene and coronene
do not show the formation and growth of any new bands over time. In the case of titanium
dioxide mixed with KBr, as shown in Figure 5, there is no loss of sample or growth of new
features in the 3000 to 2700 cm™ region over 24 hours. TiO, presents a strong and broad
absorption band that extends from 1300 cm™ to lower frequencies, peaking at 727 cm™', which
obscures any other feature in this region. The observed changes for the PAH-mineral

experiments are discussed in the following sections.
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Figure 3. Anthracene mixed with KBr powder. The black spectrum marks the beginning
of the experiment, while the red spectrum marks the end after 24 hours. The gray spectra
are measurements in between. The inset shows an enhancement of the aromatic and

aliphatic C-H stretching region.
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Figure 4. Coronene mixed with KBr powder. The black spectrum marks the beginning
of the experiment, while the red spectrum marks the end after 24 hours. The gray spectra
are measurements in between. The inset shows an enhancement of the aromatic and

aliphatic C-H stretching region.
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Figure 5. TiO, mixed with KBr powder. The black spectrum marks the beginning of the

experiment, while the red spectrum marks the end after 24 hours. The gray spectra are
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measurements in between. The inset shows an enhancement of the aliphatic C-H

stretching region showing no evolution over time.

Naphthalene hydrogenation

In the top panel of Figure 6, the subtraction spectra of the naphthalene experiment are shown.
Each subtraction spectrum was obtained by subtracting off the initial spectrum at time 0 minutes
from the spectrum at T (T = 10 minutes to 24 hours). A subtraction factor of 1 (i.e., the full initial
spectrum was subtracted off) resulted in part of the spectrum having ‘“negative” absorbance
bands. These negative bands are due to the loss of PAH molecules, as represented by the
aromatic C-H stretching bands located above the 3000 cm™ part of the spectrum. In this instance,
the loss of PAH molecules is due to both the sublimation of naphthalene under vacuum
conditions and the PAH’s hydrogenation.

Although naphthalene sublimation occurs in these experiments, it does not impact the analysis

or interpretation of the catalytic hydrogenation process. Even though, quantifying observed

reactions using DRIFTS is difficult, as a reflectance standard is needed for quantiﬁcati0n61’69, an

approximation for the rate of change (decrease) in the naphthalene spectra (by sublimation and
hydrogenation) can be calculated. Integrating the naphthalene experimental aromatic bands in
Figure 6 and using the A-values (band strength) listed in Sandford et al”’, the decreasing rate of

naphthalene molecules is 9.3x10" molecules cm™ per minute.
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New bands were observed growing at 2960, 2932, and 2861 cm™ during the experiment, with
shoulders detected at 2907, 2871, 2843, and 2825 cm' see Figure 6. Spectral features in this
region of the spectrum are well known aliphatic C-H stretching bands. The presence of these
bands indicates that hydrogenation of the naphthalene molecules occurs. In the bottom panel of
Figure 6, the theoretical spectra for the various hydrogenated forms of naphthalene are shown.
These theory data were taken from the NASA Ames PAHdb database to assign the
experimentally observed bands. Table S1 shows the aliphatic bands' positions in the different
hydrogenation products of naphthalene, drawn in Figure 6. These positions depend on the
number of hydrogen atoms involved in the hydrogenation as well as where in the molecules they
are positioned. The theoretical spectra shown in the bottom panel of Figure 6 and the values
given in Table S1 were computed for PAHs in the gas phase. In contrast, the experimental band
positions in the top panel of Figure 6 are solid-phase values with potential interactions with the
TiO, surfaces. This difference can potentially explain the variations in band position between the
solid phase experiments and the theoretical, gas phase, values. Nevertheless, theoretical spectra
provide a good indication of the overall shape and intensities of the aliphatic C-H stretching
bands making the identification of the experimental bands possible. To assign the experimental
bands, the theoretical spectra of the hydrogenation products were compared one by one to the
experimental spectra. Rather than fitting band by band, comparisons were made by taking into

account the overall spectra profiles of the theoretical and experimental spectra.
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The most intense experimental bands centered at 2960, 2932, and 2861 cm™, and the shoulder
at 2907 cm™' can be reproduced by hydrogenation products F,, G,, and H, (see Figure 6 and Table
S1), indicating the formation of peripherally hydrogenated naphthalene molecules (hydrogen
atoms added to peripheral carbons) and fully hydrogenated molecules (hydrogen atoms added to
all the carbons in the PAH). Products B, and C, are required to reproduce the shoulders centered
at 2825 (theoretical values of 2807 and 2798 cm™) and 2843 cm™' (theoretical values of 2833 and
2831 cm™), respectively, since those hydrogenation products are the only ones showing bands
below 2850 cm™. Products D, and E, produce a band close to 2871 cm™ (theoretical values of
2878 cm™' for product D, and 2880 cm™ for product E,). Based on Table S1, the band at 2960
cm’ can be assigned to antisymmetric aliphatic C-H stretching modes from hydrogenated
molecules, the bands around at 2932 cm™ are produce by antisymmetric and symmetric aliphatic
C-H stretching modes, and the bands around 2861 cm™ are considered to be symmetric aliphatic
C-H stretching modes.

The degree of hydrogenation can be determined using Figure 6. Full hydrogenation produces
intense aliphatic bands around 2960 cm™ and between 2930 to 2900 cm™. Complete peripheral
hydrogenation of one or two rings of the naphthalene molecule produces bands between 2950
and 2850 cm™', as evidenced by product E, and F,. When the peripheral hydrogenation is only
partial (products B, and C,), aliphatic bands are present bellow 2850 cm’. However,

hydrogenation products B, and C, contain one unpaired electron making them more susceptible
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to react with neighboring atoms and molecules. These hydrogenation products could bond to

vacancies at the TiO, surface. This is explained in more detail in the discussion section.
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Figure 6. Top panel: Subtraction spectra of the naphthalene and TiO, mixture
experiments. The IR data was collected over 24 hours at 10 minutes intervals. The
black spectrum marks the beginning of the experiment, while the red spectrum marks
the end. The gray spectra are selected measurements in between. Dashed vertical blue

lines mark the new bands detected. Bottom panel: Theoretical spectra of the different

hydrogenation products of naphthalene, partially, peripheral, and fully hydrogenated,
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taken from the PAHdb database. Each hydrogenation product is marked with a letter
that illustrates the corresponding molecular structure drawn on the right. Hydrogen
positions for naphthalene are numbered in drawing A, in red. Original hydrogen atoms
are white, while the hydrogenation atoms are colored in blue when above the plane of

the PAH, and red when below the plane of the PAH.

Hydrogenation rates have been calculated for three degrees of hydrogenation: a partial
hydrogenation involving the addition of only a few hydrogen atoms (products B,, C,, and D, are
used for this rate), partial hydrogenation caused by a higher number of hydrogen atoms including
complete peripheral hydrogenation of one or two rings (products E, and F, are used for this rate),
and full hydrogenation where all the carbon atoms have a hydrogen atom attached (products G,
and H, are used for this rate). This provides upper and lower limits in the production of aliphatic
compounds. The theoretical A-values (integrated cross-section column in Table S1) of the
hydrogenation products mentioned above were added into a single A-value for each
hydrogenation rate in the aliphatic region of 3000 to 2780 cm™. Integrating the aliphatic region in
the experimental data, a hydrogenation rate of 1.6x10" molecules cm™ per minute was found for
a partial hydrogenation, 5.8x10" molecules cm™ per minute for partial, including complete

peripheral, hydrogenation, and 1.7x10" molecules cm™ per minute for full hydrogenation.

Anthracene hydrogenation
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The top panel in Figure 7 shows the subtraction spectra of the anthracene and TiO, experiment.
As in the previous section, the aromatic bands appear as “negative” absorbance because of both
the loss of anthracene due to sublimation (as evidenced by Figure 3) and the hydrogenation of
the PAH. The decreasing rate of anthracene calculated by integrating the experimental aromatic
bands is 8.1x10"* molecules cm™ per minute, using the anthracene A-values from Szczepanski
and Vala”. In the case of anthracene mixed with KBr, the decreasing rate was 1.4x10"
molecules cm™ per minute. Thus, anthracene on TiO, sublimates 17 times slower than anthracene
on KBr, implying a significant interaction between TiO, and anthracene.

Focusing in on the C-H stretching region, new bands grow over time at 2978, 2962, 2929, and
2857 cm™, as well as shoulders at 2905, 2876, and 2835 cm™ (see Figure 7). Figure 8 shows the
spectrum of anthracene and TiO, mixture at time 0 minutes and 360 minutes, as well as the
subtraction spectrum for the 3200 to 1000 cm™ region. New bands grow in the aliphatic C-H
stretching region (around 3000 to 2700 cm™) as well as in the aliphatic C-H bending region
(between 1475 to 1350 cm™), indicating that hydrogenation is taking place. Recall that
anthracene in KBr (Figure 3) did not show any change in the spectra over time, indicating that
the newly observed bands are a product of anthracene molecules interacting with the surface of
TiO, dust particles.

Table S2 shows the positions and strengths of the aliphatic bands in the different
hydrogenation products of anthracene drawn in Figure 7. As discussed in the naphthalene

experiment, the aliphatic bands depend on the number of hydrogen atoms involved in the
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hydrogenation as well as the position they occupy in the molecule. The different hydrogenation
products drawn in Figure 7 start with the solo (no adjacent hydrogen atoms) positions 9 and 10
being the first positions to be hydrogenated. These positions are preferred sites on the anthracene
molecule, meaning they have the highest probability of being hydrogenated first. This
characteristic is based on the molecule’s enthalpy of formation’”. The rest of the positions are
then subsequently hydrogenated, starting from the ones next to positions 9 and 10, i.e., positions
1,4, 5, and 8 in Figure 7.

Similarly to the naphthalene experiments, and base on Table S2, the band at 2978 and 2962
cm’ are antisymmetric aliphatic C-H stretching modes, the bands around at 2932 cm™ are
antisymmetric and symmetric aliphatic C-H stretching modes, and the bands around 2861 cm™
are symmetric aliphatic C-H stretching modes. The double peak centered at 2978 and 2962 cm™,
the bands centered at 2929 and 2857 cm’, and the shoulder at 2905 cm™ in the experimental
spectra are representative of complete peripheral and fully hydrogenated anthracene molecules as
evidenced by hydrogenation products E,, H,, 1, J., K., L., M,, and N,, see Figure 7. Shoulders at
2876 and 2835 cm™ can be reproduce by the partially hydrogenated products B,, C,, D,, F,, and
G,. It is worth noticing that like the previous experiments, the fully hydrogenated products
present a blue shift compared to the partially hydrogenated products in Figure 7. There is a small
feature at 2991 cm™ that could indicate a band, but it is most likely an artifact caused by the

subtraction of the aromatic bands.
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Figure 7. Top panel: Subtraction spectra of the anthracene and TiO, mixture experiments.
The IR data was collected over 24 hours at 10 minutes intervals. The black spectrum marks
the beginning of the experiment, while the red spectrum marks the end. The gray spectra
are selected measurements in between. Dashed vertical blue lines mark the new bands
detected. Bottom panel: Theoretical spectra of the different hydrogenation products of
anthracene, partially, peripheral, and fully hydrogenated. Each hydrogenation product is
marked with a letter corresponding to a molecular structure drawn on the right. Hydrogen
positions for regular anthracene are numbered in drawing A, in red. Original hydrogen

atoms are in white, additional hydrogenation atoms are colored in blue when above the
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plane of the PAH, and red when below the plane of the PAH. The synthetic spectra for

anthracene products were calculated for this work using DFT calculations.
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Figure 8. Anthracene mixed with TiO, at time 0 minutes (black) and after 360 minutes
(red). The blue spectrum is the subtraction between the spectra previously mentioned. The
subtraction spectrum was multiplied by 5 to highlight the new bands growing in the

aliphatic C-H stretching and bending regions marked by the dashed vertical lines.

As calculated for naphthalene, the hydrogenation rates were calculated using products B,, C,,
and D, for a partial hydrogenation of the anthracene molecules by a few hydrogen atoms,
products E,, F,, G,, H,, 1,, and J, where selected for a partial hydrogenation caused by a higher
number of hydrogen atoms including complete peripheral hydrogenation, and products K,, L,,
M,, and N,, where used for a full hydrogenation where all the carbon atoms are hydrogenated.
The theoretical A-values in Table S2 were added into a single A-value for each hydrogenation

rate in the aliphatic region of 3000 to 2800 cm™. Integrating the aliphatic bands in the
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experimental data, a hydrogenation rate of 5.1x10" molecules cm™ per minute was calculated for
a partial hydrogenation, a hydrogenation rate of 8.2x10'> molecules cm™ per minute for a partial
hydrogenation including complete peripheral hydrogenation, and a hydrogenation rate of

9.1x10"* molecules cm™ per minute for a full hydrogenation.

Coronene hydrogenation

Two new bands can be observed growing in the aliphatic C-H stretching region at 2930 and
2822 cm™' (see top panel of Figure 9). Because of their slow growth rate, spectra were acquired
every hour for coronene, versus every 10 minutes for naphthalene and anthracene. The new
bands are ten and eight times less intense than the ones detected in the naphthalene and
anthracene experiments, respectively, raising the question of whether aliphatic coronene bands
are intrinsically weaker than naphthalene and anthracene aliphatic C-H stretches or is this due to
a lower amount of hydrogenation. Table S3 shows the positions of the aliphatic bands in the
different hydrogenation products of coronene drawn in Figure 9 as well as their band strength.
Comparing the band strengths for product F, in Table S1, product H, in Table S2, and product F.
in Table S3 (i.e., peripherally hydrogenated naphthalene, anthracene, and coronene), it is worth
noticing that the band strength values are generally on the same order of magnitude for the three
hydrogenation products. This similarity indicates that it is not an intrinsic issue but more likely a
lower degree of hydrogenation for the coronene molecule. Coronene is a compact molecule with

high thermodynamic stability. At equilibrium, there should be more aromatics than aliphatics
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i.e., the equilibrium ratio K is less than one’. Thus, hydrogenation is unfavorable and the
aliphatic band yield is expected to be low.

Focusing on the aliphatic C-H bending region, a weak band (less than 10% of the intensity of
the band at 2929 cm™) was tentatively detected at 1365 cm™. Nevertheless, this band is close to
noise level since it appears near the broad TiO, absorption band showed in Figure 5. Comparing
experimental with theoretical spectra in Figure 9 and the band positions listed in Table S3, it can
be noted that all coronene hydrogenation products but E. and G,, present bands close to the two
new bands in the experimental data as product E. does not have active antisymmetric bands, and
product G, bands are closer to the 2930 cm™ band. The lack of antisymmetric features in product
E. is due to the high molecular symmetry of its planar structure. Hydrogen atoms have been
added at positions 2, 3, 8, and 9 but, since a carbon atom separates those positions, the E.
molecule is planar and symmetric. For product E., its antisymmetric modes are inactive as they
do not produce a change in the dipole moment of the coronene molecule. (see reference " for a
more detailed explanation).

Symmetric stretches require lower energy (the antisymmetric stretches will always occur at the
higher wavenumbers) than asymmetric stretches. Thus the band centered at 2930 cm™ can be
assigned to antisymmetric C-H stretching modes while the band 2822 cm™ can be assigned to
symmetric C-H stretching modes, see Figure 9 and Table S3. In the case of the 2930 cm™ band,
hydrogenation products D, and F. present antisymmetric modes closer to the experimental data.

The same case for the 2822 cm™ band, where the symmetric modes of products D, and F. are
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more in line with the experiments. However, comparing the two experimental bands shows that
the 2822 cm™ band is broader and more intense than the 2930 cm™ band. Additionally, this broad
band could be produced by three bands centered at 2827, 2822, and 2810 cm™, see Figure 9.
This suggests that product D, is the strongest candidate in the identification of the coronene
hydrogenation pattern because the symmetric modes of product D, resemble this broad and more
intense characteristic the 2822 cm™ band present. Overall, coronene molecules are preferably
partially hydrogenated with only a few hydrogen atoms added, explaining the observed low
hydrogenation yield of coronene molecules in the presence of TiO,. Hydrogenation of coronene
follows the pattern in product D., where hydrogenation positions are subsequently filled one by
one alongside each other. However, product D. contains one unpaired electron, like the
hydrogenation products B, and C, mentioned in the naphthalene section. D, is more susceptible
to react. Thus, it should be attached to a vacancy site (see discussion section). Besides proving
that coronene is partially hydrogenated, product G. (fully hydrogenated coronene) in Figure 9
presents the same pattern seen in the naphthalene and anthracene experiments. Fully
hydrogenated bands are blue shifted compared with the partial hydrogenation of the PAH.

In this case, coronene is partially hydrogenated which means the hydrogenation rates are
calculated for partial hydrogenation of the coronene molecules (products B, C., D. were used for
this rate) and complete peripheral hydrogenation (product F. was used for this rate). The
theoretical A-values in Table S3 were added into a single A-value for each hydrogenation rate in

the aliphatic region of 2970 to 2760 cm™. Integrating the aliphatic bands in the experimental
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data, a hydrogenation rate of 1.7x10" molecules cm™ per minute was calculated for partial

hydrogenation and a rate of 1.8x10"” molecules cm™ per minute for a complete peripheral

hydrogenation.
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Figure 9. Top panel: Subtraction spectra of the coronene and TiO, mixture
experiments. Data was collected over 24 hours taking a spectrum every hour. The
black spectrum marks the beginning of the experiment, while the red spectrum
marks the end. The gray spectra are selected measurements in between. The
spectra has been baseline corrected. Bottom panel: Theoretical spectra of the

different hydrogenation products of coronene, partially and peripherally

hydrogenated, taken from the PAHdb database. The synthetic spectra for fully
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hydrogenated coronene was calculated for this work using DFT calculations.
Each hydrogenation product is marked with a letter corresponding to the
molecular structure drawn on the right. Hydrogen positions for coronene are
numbered in drawing A, in red. Original hydrogen atoms are white,
hydrogenation atoms are colored in blue when above the plane of the PAH, and

red when below the plane of the PAH.

To summarize the results, based on the naphthalene and anthracene experiments, linear PAHs
present similar hydrogenation patterns. The hydrogenation ranges from partial hydrogenation to
full hydrogenation of the PAH. Full hydrogenation produces aliphatic bands at higher
frequencies than partial hydrogenation. Thus, bands detected around 2960 cm™ and above are an
indication of a full hydrogenation of the PAH while bands around 2850 cm™ and bellow indicate
a partial hydrogenation, as evidenced by Figure 6, 7, and 9, and correlation plots in Figures S1,
S2, and S3. The hydrogenation rate also changes depending on the molecule size. Naphthalene,
the smallest PAH studied, exhibits the quickest hydrogenation followed by anthracene, and then
coronene, the largest, which exhibits the slowest hydrogenation rate and does not undergo a

complete hydrogenation.

DISCUSSION
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Here we report on the catalytic hydrogenation of PAHs on TiO, dust grain surfaces under
vacuum conditions without needing an external energy source or gas flow. Past studies focused
on the degradation of PAHs through catalytic hydrogenation for environmental purposes because
of the molecules' carcinogenic nature. Those experiments were performed in the presence of a
heating source (raising the temperature higher than room temperature) and several atmospheres
of H, and CO, gases’*™.

Hydrogenation in our experiments can be explained by the Horiuti—Polanyi mechanism®’,
which has been widely used to explain hydrogenation reactions. It is based on the dissociation of
molecular hydrogen (generating an abundance of hydrogen atoms), followed by the addition of
these hydrogen atoms to unsaturated molecules like PAHs.

In our experiments, H, is not used to hydrogenate PAHs. However, water molecules are
chemisorbed on the TiO, surface. Solid TiO, is arranged with a lattice containing Ti ions (Tis.)
and so-called bridging oxygen ions (O, in Figure 10). However, defects in the lattice generate an
absence of O, atoms producing a vacancy (VO) site, see the top left panel in Figure 10. It is in
this VO sites where water molecules can be dissociated. At room temperature, water molecules
have enough thermal mobility to reach those sites. Once water molecules reach the grain surface,
two distinct hydroxyl molecules can be formed: one as a terminal hydroxyl at the Ti site (OH-
Tis.) and the other as a bridging hydroxyl (H-O,), see top right panel in Figure 10***". After this
catalytic dissociation, there would be a hydrogen pool available to react with the PAH molecules.

The mobility of these hydrogen atoms is governed by thermal diffusion at room temperature.
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TiO, anatase and rutile are used for catalysis purposes. Both forms present vacancies in their
structures, but in the case of anatase, the vacancies are located in the subsurface and bulk while
in rutile, they remain on the surface® ™. Figure 10 is an example of what could happen on the
surface of TiO, grains. Nevertheless, the TiO, sample could present complex surfaces because of
the grinding of the material, making the hydrogenation process more complex than the simplified
version in Figure 10.

PAH molecules need to be adsorbed on the surface of the dust particle to be hydrogenated.
This surface absorption can occur by chemisorption in which the PAH’s C=C bonds rehybridize
to form two metal-carbon covalent bonds or by physisorption occurring via weak it bonds with a
minimum rearrangement of the molecular electronic density distribution”’. The assumption of
Horiuti-Polanyi mechanism, as responsible for the PAH hydrogenation on the surface of dust
particles, implies that the hydrogen on the dust surfaces will react with the o bonded PAHs. An
external hydrogen atom induces a local sp® to sp’ transition, breaking the PAH molecule's
aromaticity. This addition delocalizes the positive charge in the & bond, making the PAH more
reactive’™”. After adsorption, the unsaturated bonds of the reactant molecule (in our case PAHs)
can incorporate those hydrogen atoms in a step-wise manner, forming half-hydrogenated
intermediate species along the way, see Figure 10.

The presence of water molecules on the surface of TiO, grains is confirmed by a close up of
the TiO, spectrum (see Figure 11) that shows the water bands at 3300 and 1650 cm™. After

integrating the water O-H stretching mode centered at 3300 cm™ and using the water band

29



strength from Hudgins et al.”* we estimate that a total of 2.3x10"> molecules cm™ are adsorbed on

the TiO, surface.

Figure 10. Top left, adsorption of water on the surface of TiO,. Top right, dissociation of the
water molecule where a hydrogen atom has been donated to the bridging O atom (O,). A
vacancy (VO) is also indicated, water molecules dissociate in such vacancies forming one H-

O, and one HO-Tis. molecule. Bottom, hydrogenation of coronene on TiO, (yellow

background) over time. OH molecules are represented by connected blue (O) and light-blue
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(H) balls. Hydrogen atoms are represented by light-blue balls to differentiate them from the

hydrogen in the coronene molecule. The yellow substrate represents TiO, powder.
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Figure 11. Close up of the TiO, spectrum. The strong absorption
starting at 1200 cm’™ belongs to the TiO,. Water spectral bands are
detected at 3300 cm™ (O-H stretching with an intensity of 0.0014 in
Kulbeka-Monk units) and 1650 cm™ (O-H bending with an intensity
of 0.0013 in Kulbeka-Monk units) proving the presence of water

molecules on the grain surface.

PAHs are effectively hydrogenated when in contact with grain surfaces as evidenced by
Figures 6, 7, and 9. The hydrogenation can be partial (a few hydrogen atoms attached to the

PAH), peripheral (hydrogenation on the outside of the rings), and full (all carbon atoms in the
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PAH have a hydrogen atom attached). Figure 12 shows the naphthalene, anthracene, and
coronene spectrum after 24 hours of hydrogenation. When comparing the experimental data, it is
easy to see that naphthalene aliphatic bands fall in the same region as anthracene aliphatic bands.
Their asymmetric C-H stretching modes fall around 2970 cm™, the symmetric C-H stretching
modes are around 2860 cm’, and a combination of antisymmetric and symmetric modes are
present around 2930 cm™', see Tables S1 and S2. All the aliphatic modes fall in the same region
as naphthalene and anthracene are small linear PAHs that present a similar hydrogenation
process, where peripheral and fully hydrogenation is preferred. Nevertheless, some differences
between the two-hydrogenation processes can be found. Anthracene presents a double peak at
2978 and 2962 cm™ while naphthalene has one broad band at 2960 cm™'. Naphthalene has a small
band at 2825 cm™' that does not seem to appear in the anthracene spectrum. However, this small

band is the most intense feature in coronene, a partially hydrogenated PAH.
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Figure 12. Naphthalene (black), anthracene (red), and coronene (blue) on
TiO, after 24 hours. Coronene spectrum has been multiplied by a factor

of 2.5 to match the shoulder at 2825 cm™ in the naphthalene spectrum.

It is important to recall that fully hydrogenated bands are blue shifted compared to partial
hydrogenated bands, see Figures 6, 7, and 9. Based on this effect, and the experimental features
mentioned above, it is safe to argue that the dominant hydrogenated product in the anthracene
experiment is fully hydrogenated anthracene. The lack of the 2825 cm™ band and the peak at
2978 cm’ in the anthracene spectrum could be an indication of fully hydrogenated anthracene
molecules. Naphthalene undergoes a full hydrogenation process resembling the hydrogenation
process of anthracene but partially hydrogenated naphthalene is still present, as evidenced by the
shoulder at 2825 cm’. Unlike the other two PAHs, coronene presents only a partial
hydrogenation where the band at 2825 cm™ is stronger than the one at 2930 cm™. However, this
partial hydrogenation is not random since neighboring carbon atoms in coronene have to be
hydrogenated sequentially, as evidence by product D, in Figure 9. The hydrogenation rates of the
PAHs appear to be size dependent, with naphthalene hydrogenation occurring at the fastest rate

and coronene the slowest, see Table 1.
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Table 1. Upper and lower hydrogenation production rates for naphthalene, anthracene, and

coronene calculated for three different scenarios.

Hydrogenation production rate [molecules cm™” minute™]
PAH Case 1* Case 2 Case 3
Naphthalene 1.6x10" 5.8x10" 1.7x10"
Anthracene 5.1x10" 8.1x10" 9.1x10"
Coronene 1.7x10" 1.8x10" -

a) Partial hydrogenation where a few hydrogen atoms are attached to the PAH. b) Partial
hydrogenation caused by a higher number of hydrogen molecules attached to the PAH including
complete hydrogenation of rings. ¢) Full hydrogenation where all the carbon atoms have a
hydrogen atom attached.

CONCLUSION

In this work we have presented experimental and theoretical results on the -catalytic
hydrogenation of PAH molecules on the surface of dust particles under vacuum conditions.
Three different PAH samples (naphthalene, anthracene, and coronene), mixed with titanium
dioxide powder, were analyzed using DRIFTS. New bands, growing as a function of time, were
detected in all three samples in the aliphatic C-H stretching region, and with the help of
theoretical calculations, the experimental spectra were interpreted and bands were assigned to

antisymmetric and symmetric aliphatic C-H modes of various hydrogenation products.
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PAHs studied here present different hydrogenation processes, anthracene molecules undergo a
fully hydrogenation of the anthracene molecule, naphthalene molecules are fully hydrogenated as
well but some partial hydrogenated molecules remained, and coronene can only be partially
hydrogenated. In the case of coronene, its hydrogenation is sequential. Bands detected around
and above 2960 cm™ are an indication of a full hydrogenation of the PAH while bands around
and bellow 2850 cm™" indicate a partial hydrogenation. The carbon atoms are subsequently filled
one by one alongside each other. The hydrogenation production rate depends on the size of the

PAH, the smaller the higher its hydrogenation rate will be.
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