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ABSTRACT
A solid understanding of and a reliable model for the formation pathways of polycyclic aromatic

(nitrogen containing) hydrocarbons (PA(N)HS) is needed to account for their abundance in the
interstellar medium and in Titan’s atmosphere and to mitigate the emission of these carcinogens
in our terrestrial environment. We investigate the phenyl + acrylonitrile reaction mechanism
between 600 and 1200 K in a hot microreactor. Radical intermediates (CoHsN-), formed by
addition, and closed-shell CoH;N products, formed by subsequent hydrogen elimination, are
isomer-selectively identified using photoion mass-selected threshold photoelectron spectroscopy
in conjunction with Franck—Condon simulations. Although quinoline is the most stable product,
the calculated potential energy surface and a kinetic model confirm that the reaction is kinetically
controlled and yields four open-chain isomers instead. The absence of quinoline is in stark contrast
with the isoelectronic phenyl + vinylacetylene reaction that produces naphthalene. Ab initio
calculations suggest that this change is brought about by the stability of the nitrile group, which
inhibits ring formation. Therefore, it is unlikely that nitrile precursors form nitrogen-containing
rings, which calls for alternative pathways by which nitrogen atoms can be incorporated in

aromatic systems to explain their presence in the ISM and Titan’s atmosphere.
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1 Introduction

Polyaromatic hydrocarbons (PAHs) and, presumably, their nitrogen containing analogues
(PANHSs) are abundant in the Interstellar Medium (ISM) as evidenced by their characteristic mid-
infrared bands.!* Up to 15% of the total cosmic carbon is locked up in these species, underlining
their interstellar importance. They are also present in planetary atmospheres, such as that of planet
Earth and of Saturn’s largest moon, Titan. Terrestrially, PA(N)Hs are emitted as byproducts of
combustion reactions and are considered to be harmful carcinogenic pollutants.®>” In Titan’s
atmosphere, the presence of PA(N)HSs has been derived from mass spectrometric and spectroscopic
data.®2° They are thought to be formed from traces of hydrocarbons (up to 2%, with methane being

the dominant species) in the predominantly (=98%) nitrogen containing atmosphere, 113

The formation of PAHSs in the aforementioned, widely different environments has been a source
of debate over the past decades. Different chemical mechanisms have been proposed for the
formation of homocyclic aromatics, for instance the hydrogen abstraction carbon addition (HACA)
mechanism, and the phenyl addition mechanism among them.'**® A mechanism involving
reactions between (poly)cyclic aromatic radicals (such as phenyl or naphthyl) and vinylacetylene
has also been proposed as an efficient pathway to form PAHSs.2%%2 It was recently shown that the
phenyl + vinylacetylene reaction indeed yields the polyaromatic naphthalene among other
products.?® The formation of N-substituted analogs is much less understood and only few reactions
have been investigated so far that could potentially yield heterocyclic molecules. For example,
Parker et al. reported a ring growth step connecting pyridine with quinoline,?* 2> which explains
PANH growth, but not the introduction of nitrogen into the PAH scaffold. Unveiling the formation

pathways of PANHs helps mitigate the emissions of these carcinogens in our terrestrial



environment and understand their formation and large abundance in the interstellar medium and

in Titan’s atmosphere.

In this work, we focus on the possible formation of N-substituted polyaromatics from the
reaction between acrylonitrile (vinyl cyanide, C3HsN) and phenyl radicals (CsHse) in a hot
microreactor as a function of the temperature. This system is isoelectronic with the recently studied
phenyl + vinylacetylene reaction to naphthalene and may offer a novel pathway for the

incorporation of nitrogen in polyaromatic molecules:
CesHse + C3HsN > CoHgNe* > CoH7N + He. 1)

Intermediates and reaction products leaving the reactor expand into high vacuum to form a
molecular beam and are analyzed using photoelectron photoion coincidence (PEPICO)
spectroscopy.?® 2" Photoion mass-selected threshold photoelectron spectra (ms-TPES) allow for
isomer-selective detection, when combined with Franck—Condon modeling of the band profiles
and intensities. This approach has been used in the identification and characterization of elusive
reactive intermediates,?® which help unveil complex reaction mechanisms in diverse reactive
environments.?*3! Ab initio calculations and kinetic modeling are performed to explore the
potential energy surface and rationalize the experimental data.®> Contrary to our expectations,
based primarily on naphthalene formation in the analogous phenyl + vinylacetylene reaction,? we
did not detect quinoline and argue that it may only be a minor reaction product. We point out the
extraordinary stability of the nitrile group as an underlying reason inhibiting ring formation and
raise the possibility that, analogously to the yet unknown quinoline formation mechanism, further

reactive pathways could yield PAHSs, as well.



2 Methods

2.1 Experimental

The experiments have been performed in a pyrolysis reactor coupled to the CRF-PEPICO double
imaging photoelectron photoion coincidence (i?PEPICO) endstation at the Vacuum Ultraviolet
beamline of the Swiss Light Source (SLS) at Paul Scherer Institute (PSI). The PEPICO system and

beamline have been discussed in detail in the literature 33 and only a summary is presented here.

Nitrosobenzene is used as a phenyl radical precursor, as has been extensively reported in the
literature %3¢ and acrylonitrile is introduced as a reactant (see Figure 1 for molecular structures).
Both were purchased from Sigma—Aldrich (>97% and >99% for Ce¢HsNO and CsHsN,
respectively) and used without further purification. Two separate bubblers are connected in series
and contain nitrosobenzene and acrylonitrile. An Ar flow of 70 sccm at a pressure of 0.5 bar picks
up the vapor of both species, yielding a mixture of ~2% nitrosobenzene and 20% acrylonitrile in
argon. Additional control measurements on 2.5% CsHsNO in argon and 20% acrylonitrile in argon
have been performed to confirm the products of the phenyl-acrylonitrile reaction. The gas mixture
is expanded through a 100 um pinhole into the pyrolysis tube reactor, which is a~3 cm long 1 mm
internal diameter resistively heated SiC tube. The surface temperature of the reactor was measured
by a Type C thermocouple, which is expected to represent the gas temperature inside the reactor
to within 100 K. We have estimated the temperature, pressure and residence time in the reactor
based on the extensive modeling study of Guan et al.3’ to be 500-1000 K, 10—40 mbar and ca. 100
us. The reactor is placed in the source vacuum chamber, where the pressure was 4x10° mbar
during measurements. The molecular beam exiting the pyrolysis reactor passes through a 1 mm

diameter skimmer into the detection chamber, which is kept at a pressure of 1x10°° mbar.
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Figure 1. (a) Molecular structure of the phenyl radical shown together with a rendering of the
highest occupied molecular orbital (HOMO). (b) Acrylonitrile with labeling of the carbon atoms.

Synchrotron VUV radiation is generated using a bending magnet, dispersed on a 150
grooves/mm grating and focused at the exit slit, resulting in an energy resolution 5 meV at 8 eV.
The VUV beam passes through a MgF> window to remove contributions by higher order radiation,
and ionizes the sample in the molecular beam at a 4x2 mm? spot size. The resulting photoelectrons
and -ions are extracted in opposite direction by a constant 250 V/cm field. The electrons are
velocity map imaged on a RoentDek delay line detector and also serve as the start signal for the
time-of-flight (TOF) measurement of the coincident ion. The position of the electron on the
detector reveals information on its lateral velocity with threshold electrons imaged onto the center
of the detector. The ions mass analysis is carried out in a Wiley—McLaren TOF tube and the ions

are also detected on a RoentDek delay line detector.

The photon energy was tuned between 7.2 to 10.0 eV in steps of 0.025 eV and all electron and
ion events were recorded in a multiple-start/multiple-stop setup.® Mass spectra are plotted by
finding delayed coincidences between all electrons and ions. Threshold, low kinetic energy (< 10
meV) photoelectrons were discriminated for®® 4° and selectively allowed as start signal to obtain
photoion mass-selected threshold photoelectron spectra by plotting the intensity of a mass channel

as a function of VUV energy.



2.2 Computational

Quantum chemical computations have been performed using the Gaussian09 and Gaussianl6
suites of programs*! to explore the CoHsN potential energy surface (PES) and compare it with that
of C1oHe. Molecular coordinates have been scanned at the B3LYP/6-311++G(d,p) level of theory
to locate stationary points and transition states. Transition states with a critical vibration that did
not obviously correspond to the assumed reaction coordinate have been further investigated using
intrinsic reaction coordinate (IRC) scans to confirm that they connect the proper stationary points
on the PES. Stationary points and transition states are subsequently re-evaluated at the CBS-QB3

level of theory to obtain more accurate energies.*? 43

Threshold photoelectron spectra of possible intermediates and products have been simulated
employing the eZspectrum* and Gaussian16 software packages to allow for isomer-selective
assignment.3% 324546 Franck—Condon factors have been calculated at 400 to 500 K, which are
typical final temperatures for species produced in hot pyrolysis reactors.? ¢ The stick spectra were
subsequently convoluted with a 30-50 meV broad Gaussian function to account for the rotational
envelope and to facilitate comparison with the experimental spectra. The adiabatic ionization
energy is determined from the CBS-QB3 calculated energies of the neutral and ionic product

species.*?

Harmonic vibrational frequencies obtained for the stationary points also allow us to calculate
Rice—Ramsperger—Kassel-Marcus (RRKM) unimolecular hydrogen atom loss rates as a function
of internal energy.*’ The rate curves can then be used to estimate the lifetime of an adduct with

respect to m/z 129 closed-shell product formation and to rationalize the missing quinoline signal.



3 Results and discussion

3.1 Mass spectrometry
A time-of-flight mass spectrum of 2.5% nitrosobenzene with 20% acrylonitrile in argon pyrolyzed
at 690 K and recorded at a photon energy of 10 eV is shown in Figure 2. The ionization energies

relevant to the discussion of these main products are listed in Table 1.

The unpyrolyzed phenyl radical precursor, nitrosobenzene, is observed at m/z 107. Further
peaks appear only upon pyrolysis. The products formed from the thermal decomposition of
nitrosobenzene, phenyl and nitric oxide, appear at m/z 77 and 30. Acrylonitrile is not observed in
the mass spectrum, as it is recorded below its ionization threshold of 10.91 eV. The main signals
at m/z 129 and 130 originate from bimolecular adduct formation and subsequent, predominantly
unimolecular, hydrogen atom loss according to reaction (1). The phenyl radical is an efficient
hydrogen scavenger, which explains the peak at m/z 78 corresponding to benzene. While a detailed
discussion of the possible side reactions is beyond our scope, most of the minor product peaks

could be assigned and are discussed in detail in the electronic supplementary information (ESI).
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Figure 2. (left) All-electron time-of-flight mass spectrum of 2.5% nitrosobenzene and 20%
acrylonitrile in argon, recorded at a photon energy of 10 eV and a pyrolysis reactor temperature of
690 K. The species are assigned in Table 1. (right) Evolution of the integrated m/z 107, 129 and
130 signal recorded at 9 eV as a function of pyrolysis temperature.

Table 1: List of ionization energies of species that are relevant for this work. The asterisk (*) marks
a computed adiabatic ionization energy reported in this work.

Species m/z name IP (eV) Ref.
NO 30 Nitric oxide 9.26 48
CsHsN 54 1-Cyanoethyl radical 9.28 *
CsHsN 55 Acrylonitrile 10.91 49
CeHsNO 107 Nitrosobenzene 8 50
CeHs 77 Phenyl radical 8.67 51
CeHs 78 Benzene 9.24 52
CeHsCN 103 Cyanobenzene 9.729 53
CsHsCHCH; 104 Styrene 8.464 54
CoH7N 129 Z-3-phenylacrylonitrile [P1] 8.90 *
E-3-phenylacrylonitrile [P2] 8.91 *
ortho-cyanostyrene [P3] 8.98 *
2-phenylacrylonitrile [P4] 9.03 *
Quinoline [P5] 8.61 5
C12H10 154 Biphenyl 8.20 %6




The most intense signals are detected at m/z 130 and 129, which are the products of the phenyl
+ acrylonitrile addition—elimination reaction (1), and exhibit peculiar temperature dependence. A
detailed view on the formation of these two products ionized at a photon energy of 9 eV is shown
in the right panel of Figure 2, where the (scaled) integrated ion intensities of the phenyl precursor
(nitrosobenzene) and the two most intense product species are shown as a function of reactor
temperature. This photon energy is chosen as it is sufficient to ionize both reaction products (vide
infra), yet low enough to suppress dissociative ionization. Both products grow in as soon as the

radical is formed via pyrolysis of the radical precursor according to the following reactions:

A
C¢HsNO — CgHse + NO 2)
C3H3N + CgHse —» CgHgNe (3)
CoHgNe - CoH/N + He (4)

The CyoHgNe+ adduct in reaction (3) (m/z 130) is only observed at low reactor temperatures and loses

a hydrogen atom as the temperature is increased to generate closed shell CoH7N species (4).

3.2 Intermediate and product identification

Photoion mass selected threshold photoelectron spectra (ms-TPES) have been recorded by
scanning the photon energy and considering only photoelectrons with less than 10 meV Kinetic
energy together with the coincident ion of the chosen m/z from the same ionization event. The
structure of the band profiles correspond to vibrational transitions from the neutral into the ionic
state and Franck—Condon simulations can thus be used to identify the reactive intermediates and

stable products. The identification of minor and side products is described in the ESI.
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Figure 3: Photoion mass selected threshold ionization spectra of the products with m/z 129 (top)
and the radical adduct with m/z 130 (bottom) formed from the reaction between phenyl and
acrylonitrile, shown together with Franck—Condon simulations Top: The m/z 129 TPE spectrum
can be modeled by Z-3-phenylacrylonitrile ([P1]), E-3-phenylacrylonitrile ([P2]), ortho-
cyanostyrene ([P3]) and 2-phenyl acrylonitrile ([P4]). Bottom: Simulated TPE spectra of the
potential radical contributors a-methyl-a-cyano-benzyl radical ([A], green curve), 2-cyano-1-
phenylethyl radical ([B], red curve) and 6-cyano-1-ethenylcyclohexa-2,4-dien-1-yl ([C], blue
curve) are plotted onto the m/z 130 spectrum.

3.2.1 m/z 129 closed shell reaction product

The ms-TPES of the m/z 129 product recorded at 1167 K is shown in the top panel of Figure 3. A
total of 17 product isomers have been considered as potential contributors to the TPE spectrum,
which are listed in the ESI. The best fit to the data is also shown in Error! Reference source not

found. and consists of a superposition of simulated TPES of four products, namely, 2-phenyl



acrylonitrile, E-3-phenylacrylonitrile, Z-3-phenylacrylonitrile and ortho-cyanostyrene. Quinoline
has a sharp ionization threshold at 8.61 eV and a broad vibrational band at 8.70 eV, i.e., below
the onset of the ms-TPE spectrum recorded in this study. Therefore, quinoline may only be present
in the reaction mixture below the PEPICO detection limit, if at all. While the spectral fit yields the
fractional contribution of each isomer, we do not report branching ratios because absolute
ionization cross sections are lacking. A mismatch between the measured and simulated m/z 129
TPES is apparent at photon energies exceeding 9.4 eV. This can be attributed to ionization into
higher lying electronic states of 2-phenyl acrylonitrile, E- and Z-3-phenylacrylonitrile, and ortho-
cyanostyrene cations, rather than contributions by other isomers. Indeed, TD-DFT calculations

revealed vertical excitation energies of all four isomers between 9.5 and 9.7 eV.

3.2.2 m/z 130 open shell adduct

An experimental ms-TPE spectrum of the radical intermediate at m/z 130, recorded at a reactor
temperature of 630 K is shown in the bottom panel of Figure 3. This temperature is chosen as the
intensity of the radical adduct reaches a maximum in the mass spectrum (Figure 2). According to
CBS-QB3 ionization energies (see ESI), up to eight different radicals may be the carrier of the ms-
TPES out of 40 evaluated isomers. In view of the calculated reaction pathways (vide infra) and
observed closed shell products, we assign the most abundant features of the TPES to a-methyl-
a-cyano-benzyl radical (green curve), 6-cyano-1-ethenylcyclohexa-2,4-dien-1-yl (blue curve) and
2-cyano-1-phenylethyl radical (red curve). The latter undergoes a moderate change in geometry
upon ionization with an out of plane (phenyl) rotation of the CH>—CN group, leading to a broad
and fairly unresolved photoelectron band. Due to the hardly resolved ms-TPE spectrum and
featureless calculated spectra, we have not fitted the sum of the individual simulations to the

experimental spectrum. However, from spectroscopic point of view, the individual isomers of the



radical adducts (m/z 130) and products (m/z 129) of the acrylonitrile + phenyl reaction can be

assigned and the presence of quinoline can clearly be ruled out.

3.3 Reaction mechanism and kinetic modeling

The absence of quinoline is in stark contrast to the isoelectronic phenyl + vinylacetylene reaction,
which yields the bicyclic naphthalene species along with open chain products. Thus, the CoHgN
potential energy surface (PES) has been explored to reveal the underlying reaction mechanism of
the phenyl + acrylonitrile reaction and to explain the absence of quinoline. A summary of the rate
limiting transition states and main products is shown in Figure 4, while the full PES results are

presented in the ESI.
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Figure 4: Summary of the CoHgN potential energy surface showing only the rate limiting transition
states. The rate limiting transition state to quinoline, T5, involves a hydrogen migration and is
explicitly shown.



Addition complex 1 (AC1) is formed without an entrance barrier. From ACL1, four product
channels are available, of which three involve rate limiting transition states that lie below the
entrance channel energy. Z-3-phenylacrylonitrile (P1) is formed over rate limiting transition state
(T1) located at —21.9 kJ/mol, while the channel to yield E-3-phenylacrylonitrile (P2) possesses a
slightly lower lying barrier (T2) at —26.2 kJ/mol. Transition state (T3) to ortho-cyanostyrene (P3)
is located at —5.2 kJ/mol relative to the starting material. Most notably, the lowest energy reaction
channel to quinoline (P5) starting from AC1 requires crossing of a rate limiting transition state
(T5) at +13.3 kJ/mol with respect to the entrance channel. An alternative pathway to 2-phenyl
acrylonitrile (P4) starts with the barrierless formation of addition complex 2 (AC2), followed by

a submerged barrier (T4) at —7.5 kJ/mol.

The PES in Figure 4 indicates that the pathway to quinoline is kinetically hindered compared
to the formation of the open chain isomers. We also constructed an RRKM model of the H-atom
elimination from the AC1 intermediate,*” as discussed in the ESI. The model predicts that the
lifetime of ACL1 is on the order of 10 us at the experimental temperatures, i.e., lower than the
residence time in the reactor. AC1 is predicted to form P2 and P1 predominantly, and the RRKM

branching ratio to quinoline is less than 1% up to 400 kJ/mol internal energy.

3.4 Difference between PANH and PAH formation

We found that the phenyl + acrylonitrile reaction does not lead to the thermodynamically most
stable isomer, quinoline, which is in stark contrast to the isoelectronic phenyl + vinylacetylene
reaction yielding 43.5% naphthalene.?® To reveal the differences between the two mechanisms, we
performed additional potential energy surface scans on both systems, which are shown in the ESI.

Here we focus only on the pathway that reveals the most pronounced difference between the two



isoelectronic reactions and the PES is shown in Figure 5. It is important to note here that the
pathway to quinoline shown in Figure 5 is not the lowest energy pathway as seen in Figure 4, but

rather the equivalent of the pathway to naphthalene with the lowest rate limiting barrier.
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Figure 5: Comparison between naphthalene and quinoline formation mechanisms. Both potential

energy surfaces show CBS-QB3 calculated energies relative to their respective reactants.
Transition states are available in the ESI.

A clear difference between naphthalene and quinoline formation is apparent from Figure 5.
For the case of quinoline, a rate limiting transition state for this transfer is found at +65.1 kJ/mol,
while this step is well below the entrance channel (-69.1 kJ/mol) for naphthalene. The potential
energy curves are quite similar up to the ring closure (N3 vs. Q3), as well as afterwards, past N4
and Q4. However, the reaction is less exothermic by about 150 kJ/mol in the case of quinoline,
and this difference manifests itself first in the ring closure transition state. In order to localize the

driving force behind this shift, we have calculated saturation transfer reaction energies using the



CBS-QB3 composite method, in which a nitrogen atom is exchanged for a CH group with methane

and ammonia as reaction partners:

R(N) + CHs » R(CH) + NHs. (5)

In most cases, reaction energies are small, indicating a large similarity in the electronic
structure and energetics of the N and CH containing species. This applies not only to
methylamine/ethane (=32 kJ/mol) and pyridine/benzene (23 kJ/mol), but also to
quinoline/naphthalene (—18 kJ/mol), which means that the difference in energetics is not on the
product, but probably on the reactant side in our case. As a matter of fact, when a C=N group is
exchanged for C=CH, as in acrylonitrile/vinylacetylene or hydrogen cyanide/acetylene, the
reaction energy jumps to 134 or 131 kJ/mol, respectively. In other words, the ethynyl group is
much more readily saturated than the nitrile group, which stabilizes acrylonitrile with respect to
vinylacetylene when it comes to ring formation. Although a lower energy pathway opens up in the
phenyl + acrylonitrile reaction over TS5 to yield quinoline, it still is too high in energy to have a
measurable branching ratio. Therefore, in the absence of reaction paths with only submerged
barriers, it appears unlikely that a nitrile group will contribute to ring formation or expansion
reactions. More saturated nitrogen compounds are more likely to do so, and such reaction pathways
or, alternatively, ion chemistry may play a dominant role leading to PANHSs in the interstellar

medium and Titan’s atmosphere. 1113

4 Conclusions
The main reaction products of the phenyl + acrylonitrile reaction are found to be Z-3-
phenylacrylonitrile [P1], E-3-phenylacrylonitrile [P2], ortho-cyanostyrene and 2-phenyl

acrylonitrile. Among them, the two constitutional isomers [P1] and [P2] are found to have the



lowest rate limiting barrier to formation. Quinoline has an overall rate limiting barrier well above
the entrance channel of the reaction and is not detected. This can be further understood by looking
at the competing pathways that are encountered in the formation of quinoline. Numerous
intermediates, and among them also the assigned 2-cyano-1-phenylethyl radical (see red curve in
Figure 3), have H-loss channels leading to E-3-phenylacrylonitrile and/or Z-3-phenylacrylonitrile

that efficiently compete with the pathway leading to quinoline.

The ms-TPE spectrum the m/z 130 product does not show contributions from the direct phenyl
+ acrylonitrile adduct complexes (AC1-AC3), but rather a combination of already isomerized
radical species A, B and C which are potentially only one hydrogen atom loss away from the
observed reaction products P1-P4. Thermalization may cause these species to be trapped under

the lower temperature conditions, while they likely proceed to products when hot.

The lowest energy pathway to quinoline identified here is different from the lowest energy
pathway to naphthalene with exclusively submerged transition states with respect to the reactants
reported in the isoelectronic phenyl + vinylacetylene reaction.?! The analogous pathway to
quinoline is found to be limited by a hydrogen migration barrier at 65.1 kJ/mol. We propose that
the extraordinary stability of the nitrile group and its resistance to saturation prohibits this pathway.
Although a lower-lying pathway was found, it still proceeds over a sizeable barrier and, as a
consequence, ring formation in the phenyl + acrylonitrile reaction is kinetically controlled and is

found not to be directly responsible for the production of PANHSs.

Although the phenyl + acrylonitrile reaction does not yield quinoline directly, the formed
products can still be important precursors for PANHSs. Particularly, the intermediate open shell
species of CoHgN composition may play an important role as these are likely in the form of

resonantly stabilized radicals (RSR). Subsequent reactions of these RSR may lead to polycyclic



(aromatic) hydrocarbons in combustion environments.?®> > Furthermore, similar to what was
suggested for the isoelectronic phenyl + C4Hs system, subsequent reactions of the products may
lead to closing of the second ring, thus providing additional pathways to PANHSs.2% 8 However,
the large stability of the nitrile group means that more saturated nitrogen-containing species are
more likely to participate in ring formation processes. The avenues to the products P1, P2, P3 and
P4 are de facto barrierless and are therefore expected to contribute to efficient molecular size

growth in low temperature environments, such as the interstellar medium or Titan’s atmosphere.
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