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ABSTRACT

Polycyclic aromatic hydrocarbon (PAH) molecules belong to a large and diverse chemical family in the interstellar medium (ISM).
We study the formation and photochemistry of covalently bonded large functional PAH clusters, dicoronylene (DC, CssH,)/9-
vinylanthracene (C;¢H;,) and dicoronylene/9-methylanthracene (C;sH;,) cluster cations, in the gas phase, and we offer an approach
to the evolution of different types of large (covalently bonded) PAH clusters in the ISM. The experiments, which we combined with
a quadrupole ion trap and time-of-flight mass spectrometry, show that large functional PAH cluster cations can form by gas-phase
condensation through molecular-ion reactions. One group of functional PAH cluster cations contain the vinyl group (-CHCHy,), that
is, from C;cH;;DDC” (e.g., Ci6H12CasHjy, m/z = 799) to (Ci¢H;2).DDC* (e.g., (Ci6H12)2CasH]y, m/z = 1002). The other group
of functional PAH cluster cations contain the methyl group (—CH3), that is, from C;sH;;DDC* (e.g., C;sH,CygH}y, m/z = 787) to
(CisH,2),DDC* (e.g., (CisH;2),CasHy, m/z = 990). With laser irradiation, the DC/9-vinylanthracene and DC/9-methylanthracene
cluster cations show a very complicated dissociation process (e.g., dehydrogenation, —CH; or —CHCH, unit losses). We investigate
the structure of newly formed PAH cluster cations, the bond energy, and the photodissociation energy for these reaction pathways with
quantumchemical calculations. The obtained results provide a general molecular growth route toward large PAH cluster cations (e.g.,
functional PAH clusters) in a bottom-up formation process and the insight of the functional group (e.g., vinyl, —C,H3 and methyl,
—CHj3) effect on their evolutionary behavior. In addition, the studies of DC/9-vinylanthracene and DC/9-methylanthracene clusters
(94-123 atoms, ~2nm in size) also provide a possible way of interpreting the formation processes of nanometer-sized grains in the

ISM, especially when functional PAHs are included.
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1. Introduction

Mid-infrared spectra of most objects in the interstellar medium
(ISM) are dominated by broad features (3.3, 6.2, 7.7, 8.6, and
11.2 um) such as the aromatic infrared bands (AIBs). These IR
vibrational signature features are generally attributed to IR fluo-
rescence of large (50-100 C-atoms) polycyclic aromatic hydro-
carbon (PAH) molecules and their derivatives (Tielens 2008,
and references therein). Interstellar IR spectra also show evi-
dence of PAH clusters and very small dust grains (Sellgren 1984;
Rapacioli et al. 2005; Bernéetal. 2007; Pilleri et al. 2012).
These PAH species are found to be ubiquitous and abundant.
They contain 10% of the elemental carbon in space and are
thought of as the key contributors to the energy and ion-
ization balance of the gas in the ISM (Puget & Léger 1989;
Allamandola et al. 1989; Tielens 2013; Montillaud et al. 2013).

Large PAH molecules are thought to be formed in pro-
cesses similar to soot formation in the cooling ejecta of carbon-
rich red giant stars as they flow from the stellar photosphere
into the ISM of the Milky Way (Frenklach & Feigelson 1989;
Cherchneff et al. 1992; Croiset et al. 2016). PAHs can further be
processed for some hundred million years in the harsh envi-
ronment of the ISM. As part of this chemical evolution, PAHs
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may acquire functional groups and functionalize, such as methyl
(—CH3), vinyl (—~CHCH,), methoxy (—OCH3), amino (—-NHo),
cyano/isocyano (—CN, —NC), acid (-COOH), and hydroxyl
(—OH) (Hollenbach & Tielens 1999). Experimental studies have
shown that PAH mixture irradiates with some other small
molecule (e.g., CO, H,O) in interstellar ice at a very low temper-
ature (e.g., 10-50 K) that is analogous to ultraviolet light (e.g.,
121.6nm, Lya, 10.2eV) or high-energy particles, which gives
rise to the addition functional groups of PAHs (Bernstein et al.
1999, 2002; Cook et al. 2015; Kofman et al. 2017). Moreover,
upon heating of these ice mantles in regions of star and planet
formation, the functionalized PAHs evaporate with the ice and
are then thought to be further processed (e.g., photodissocia-
tion) by abundant ultraviolet (UV) photons from nearby lumi-
nous stars. Driven by this astrophysical interest, early studies
have analyzed the photolytic behavior of functionalized PAHs
based upon molecular bond energies (Geballe et al. 1989).
Experiments focusing on the photoexcitation of functionalized
PAHs have attracted much interest in recent years (Zhen et al.
2016; Chen et al. 2018). Particularly, processes that change the
nature of the carbon skeleton have been a topic of recent studies
because carbon skeleton modification may offer a way to form

AS57,page 1 of 11


https://doi.org/10.1051/0004-6361/201935824
https://www.aanda.org
http://www.edpsciences.org

A&A 628, A57 (2019)

9-Vinylanthracene
(CisHj2)
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(CisHi2)
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Fig. 1. Molecular geometry of 9-vinylanthracene (Ci¢H;2), 9-
methylanthracene (C;sH);), and dicoronylene (DC, C4gHyo).

species that might act as building blocks of cages and fullerenes
(Chuvilin et al. 2010; Pietrucci & Andreoni 2014).

It is clear that partial interstellar PAHs contain functional
groups (Bernstein et al. 2002). This species contains highly
active reaction centers that will affect the photodissociation effi-
ciency and photoisomerization process (Bernstein et al. 2002;
Walsh 2008; Zhen et al. 2016). That is, functional groups will
also affect the formation and photochemistry process of PAH
clusters, and therefore have to be considered as well. However,
little information is available on how the functional groups affect
the formation and photoevolution of PAH cluster cations.

We have recently explored dicoronylene (DC, CasgHjg)/
anthracene (C4Hjo) and hexa-peri-hexabenzocoronene (HBC,
CypoHg)/anthracene (C4Hjo) cluster cations (Zhen 2019;
Zhen et al. 2019). They revive an efficient formation process of
large molecules (~100 atoms, e.g., PAH clusters or graphene)
under laser irradiation. In order to characterize the effect of
functional group on the formation (reactivity) and photostability
behavior of PAH cluster cations, we here present a systematic
study of methyl- and vinyl-substituted derivatives of anthracene,
9-methylanthracene (C;sHj;), and 9-vinylanthracene (C;¢H;»2)
with dicoronylene (DC, C4gH;0) using a quadrupole mass fil-
ter (quadrupole ion trap) time-of-flight (QMF-QIT-TOF) mass
spectrometry setup. In order to test the main hypothesis to inter-
pret the obtained mass spectra, quantumchemical calculations
are carried out on these relatively large compounds. We have
selected 9-methylanthracene and 9-vinylanthracene as examples
of functional PAHs, as shown in Fig. 1, for this study because
these two are of potential astrophysical interest (Tielens 2005),
and because their vapor pressure at room temperature is rela-
tively high.

This paper is organized as follows: The experimental tech-
niques are described in Sect. 2, the experimental and theoreti-
cal results are analyzed and discussed in Sects 3 and 4, and the
astronomical implications of the results are illustrated in Sect. 5.
A brief conclusion is provided in Sect. 6.
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2. Experimental methods

The experiments and the information on experimental proce-
dures are available in Zhen et al. (2019). We briefly recall the
relevant detail here. DC is evaporated by heating the powder
(Kentax, with purity better than 99.5%) in the oven at a tempera-
ture of ~633 K. Subsequently, evaporated molecules are ionized
using electron impact ionization, and they are transported into
the ion trap through an ion gate and quadrupole mass filter. A
second oven (neutral molecules source, ~300 K) is located below
the trap so that the vapor-phase molecules (9-vinylanthracene or
9-methylanthracene power, J&K, with purity better than 99%)
effuse continuously toward the center of the trap. In the trap,
PAH cluster cations are formed by collision reaction between
cations and neutral molecule. Helium gas is introduced contin-
uously into the trap to thermalize the ion cloud through colli-
sions with a leak valve. Adduct formation presumably occurs
under our experimental operating conditions, possibly assisted
by collisional stabilization of the chemically bonded intermedi-
ate complex by helium atoms. The third harmonic of an Nd: YAG
laser (INDI, Spectra-Physics), 355 nm, ~6 ns, operated at 10 Hz,
is used to irradiate newly formed ion clusters that are trapped. A
beam shutter (Uniblitz, XRS—4) acts as a physical shield inside
in the chamber and determines the interaction time of the light
with the trapped ion clusters. The shutter is externally triggered
to guarantee that the ion cloud is irradiated only for a specified
amount of time during each cycle. A high-precision delay gen-
erator (SRS DG535) controls the full timing sequence.

Our setup operated at a typical frequency of 0.2 Hz, that is,
one full measuring cycle lasted 5 s. At the leading edge of the mas-
ter trigger, the ion gate opened (0—4.0s), allowing the ion trap to
fill with a certain amount of ions. In this period, the trapped ions
reacted with 9-vinylanthracene or 9-methylanthracene molecules
to form new cluster cations. Then after a short time-delay
(~0.2s), the beam shutter opened and the ion cloud was irradi-
ated (4.2—4.8 s). At the end of the irradiation, a negative square
pulse (4.88 s) was applied to the end cap of the ion trap, acceler-
ating the ions out of the trap and into the field-free TOF region
where the resulting mass fragments were measured. The result-
ing mass spectra are shown in Fig. 2 for DC/9-vinylanthracene
cluster cations and Fig. 3 for DC/9-methylanthracene cluster
cations.

3. Experimental results and discussion

A typical mass spectrum of DC/9-vinylanthracene -cluster
cations without laser irradiation is shown in Fig. 2A. A series
of DC/9-vinylanthracene cluster cations were produced, simi-
larly to what was observed for DC/anthracene in Zhen (2019).
In addition to the main DC mass peak (CygHyg, m/z = 596),
some mainly residual DC fragments are also measured, such
as C48HT@/17/18/19» m/z = 592, 593, 594, and 595, which are
dehydrogenated DC (DDC) cations, generated from the electron
impact ionization (Zhen et al. 2015). We only considered these
fragments in the reaction pathway. The DC/9-vinylanthracene
(covalently bonded) cluster cations are labeled in detail in a
zoomed-in mass spectrum in Fig. 2A. The theoretical results we
describe below provide a very good justification for the PAH
clusters, which react to form covalently bound cluster cations
in the experiments. The inset spectrum provides more detail
on the newly formed DC/9-vinylanthracene cluster cations: all
of them are dehydrogenated, that is, partially H-stripped ion
species are the most abundant species, that is, C;cH;;DDC*
(e.g., C16H12C48HT9, I’l’l/Z = 799) and (C16H12)2DDC+ (e.g.,
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Fig. 2. Panel A: mass spectrum of DC/9-vinylanthracene cluster cations trapped in QIT without laser irradiation. The inset is a zoom-in of the mass
spectrum, revealing newly formed clusters: C;¢H;,DDC" and (C ¢H;,),DDC". Panel B: mass spectrum of DC/9-vinylanthracene cluster cations
trapped in QIT with and without laser irradiation upon 355 nm irradiation at 0.7 and 1.3 mJ laser energy (the irradiation times were 0.6 s, from

4.2-4.8s).

(C16H12)2CysH]g, m/z = 1002). In addition, we also observed
one additional peak (m/z = 864), although no assignments can
be provided. We assume that this peak formed as a side-product
and was caused by contamination in the ion trap chamber.
Based on our previous work in Zhen (2019) and Zhen et al.
(2019), we propose that DC/9-vinylanthracene cluster cations
are formed through formation reaction between DC dehy-
drogenation fragmented cations and neutral 9-vinylanthracene

molecules. This occurs in a step-by-step reaction pathway. We
show the formation reaction pathway for C;cH;;,DDC* and
(C16H12),DDC* below (Egs. (1) and (2)):

C]6H]2 + DDC+ —> C]éH[gl)I)CJr (1)
Ci6Hiz + C16H;2DDC* — (Ci6H;2),DDC™. ()

Figure 2B shows the resulting mass spectrum of trapped DC/9-
vinylanthracene cluster cations upon 355 nm irradiation at 0.7
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Fig. 3. Panel A: mass spectrum of DC/9-methylanthracene cluster cations trapped in QIT without laser irradiation. The inset is a zoom-in of the
mass spectrum, revealing newly formed clusters: C;sH;;DDC* and (C;sH;,),DDC"*. Panel B: mass spectrum of DC/9-methylanthracene cluster
cations trapped in QIT with and without laser irradiation upon 355 nm irradiation at 0.5 and 1.1 mJ laser energy (the irradiation times were 0.6,

from 4.2—4.8 s).

and 1.3 mJ laser energy (the irradiation times were 0.6s; i.e., typ-
ically about six pulses, from 4.2—4.8 s). Upon laser irradiation,
the mass spectra reveal a variety of fragmented ions. The dehy-
drogenation and carbon-unit loss behavior are illustrated, and the
terminal photofragmentation pattern clearly depends directly on
the incident radiation flux.

The observed fragmentation trend shows that at low energy
(e.g., 0.7ml], red line), the DC/9-vinylanthracene cluster cations
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dehydrogenated, together with C,Hj loss, and they continue
with a higher degree of dehydrogenation. With increasing laser
energy (e.g., 1.3 mlJ, blue line), the peaks due to multiple frag-
mentation steps become more prominent and some graphene
products (e.g., C{,, C{, and C/,, blue line) become acces-
sible. The photochemical behavior in these two spectra sug-
gests that after direct dehydrogenation or loss of its C,H3 unit

and then with further dehydrogenation, DC/9-vinylanthracene
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cluster cations convert into aromatic species (Castellanos et al.
2018; West et al. 2018).

Based on this discussion, we propose a photodissoci-
ation channel upon laser irradiation for C;cH;;DDC (e.g.,
C16H12C48H1*9) cluster cations as shown below (Egs. (3)-(6)).
We discuss the structure intended for these large molecules in
the next section with the theoretical calculations.

Ci6H12CygHio™ + hv — Ci6H;1CysHio" + H 3)
Ci6Hi1CysHio" + hv — Ce4H,, ", n = [0-30] 4
Ci6H12CasHig™ + hv — C14HoCysHyo" + CoH3 ©)
C14H9C48H19+ +hy — C62Hm+, m = [0-28]. (6)

A typical mass spectrum of DC/9-methylanthracene (covalently
bonded) cluster cations without laser irradiation is shown in
Fig. 3A. A series of DC/9-methylanthracene cluster cations is
produced, similarly to what was observed for DC/anthracene in
Zhen (2019) and for DC/9-vinylanthracene cluster cations as
shown above. The DC/9-methylanthracene cluster cations are
labeled in detail in a zoomed-in mass spectrum in Fig. 3A.
The inset spectrum provides more detail on the newly formed
DC/9-methylanthracene cluster cations: all of them are dehydro-
genated, i.e., partially H-stripped ion species are the most abun-
dant species, that is C;sH;,DDC* (e.g., C15H12C48HI'9, mjz =
787) and (C15H12)2DDCJr (e.g., (C15H12)2C48HT87 m/z = 978)
Similar to the DC/9-vinylanthracene cluster cations experiments,
we also observed one additional peak (m/z = 864), although no
assignments can be provided. We assume that this peak formed
as a side-product and was caused by contamination in the ion
trap chamber.

Based on our previous work in Zhen (2019) and Zhen et al.
(2019), we propose that DC/9-methylanthracene cluster cations
are formed through a formation reaction between DC dehy-
drogenation fragmented cations and neutral 9-methylanthracene
molecules and that it occurs in a step-by-step reaction pathway.
We show the formation reaction pathway for C;sH;;DDC* and
(C15H12),DDC* below (Egs. (7) and (8)):

C|5H|2 + I)DCJr —> C]5H]2DDCJr (7)
CisHy, + CsH;,DDC* — (C;sHj»),DDC™. ()

Figure 3B shows the resulting mass spectrum of trapped DC/9-
methylanthracene cluster cations upon 355 nm irradiation at 0.5
and 1.1 m]J laser energy (the irradiation times were 0.6 s; i.e., typ-
ically about six pulses, from 4.2—4.8 s). Upon laser irradiation,
the mass spectra reveal a variety of fragment ions. The dehydro-
genation and carbon-unit loss behavior are illustrated, and the
terminal photofragmentation pattern clearly depends directly on
the incident radiation flux.

The observed trend shows that at low energy (e.g., 0.5mlJ,
red line), the DC/9-methylanthracene cluster cations dehydro-
genated, together with CHj3 loss, and they continue with a higher
degree of dehydrogenation. With increasing laser energy (e.g.,
1.1 mJ, blue line), the peaks due to multiple fragmentation steps
become more prominent, and some graphene products (e.g.,
C;, and C¢,, blue line) become accessible. The photochemical
behavior in these two spectra suggests that after direct dehy-
drogenation or loss of its CH3 unit and then with further dehy-
drogenation, DC/9-methylanthracene cluster cations convert into
aromatic species (Castellanos et al. 2018; West et al. 2018).

Based on this discussion, we propose a photodissoci-
ation channel upon laser irradiation for C;sH;;DDC (e.g.,
C15H12C43Hf9) cluster cations as shown below (Egs. (9)—(12)).

We discuss the structure intended for these large molecules in
the next section with the theoretical calculations.

CisH2CssHi9" + hv — CisH;1CssHig" + H )

CisH;1CasHio" + hy — Co3H, ", n = [0-30] (10)
CisHi2CagHig™ + hv — C14HoCysHyo" + CH; (11)
Ci14HoCysHyo" + hv — CeyH,, ", m = [0-28]. (12)

4. Results of the theoretical calculation and
discussion

We observed a series of mass peaks, as shown in Figs. 2 and 3,
and we employed quantumchemistry to link these observations
to the structures of these peaks and identify the possible forma-
tion and photodissociation pathways because peaks in a mass
spectrum can refer to more than one isomer, and it is difficult
to infer reaction products and pathways from the experiments
alone. To interpret the experimental data, we therefore further
investigated them with density functional theory (DFT) calcu-
lations. The theoretical calculations were carried out with the
hybrid density functional B3LYP (Becke 1992; Lee et al. 1988)
as implemented in the Gaussian 16 program (Frisch et al. 2015).
The basis set of 6-311++ G(d, p) was used for all calculations.
To account for the intermolecular interaction, we also considered
a dispersion correction (D3, Grimme et al. 2011) for each sys-
tem. Our results do not include the basis set-superposition error
(BSSE) correction, which usually results in slightly reduced
bond energies (Basiuk & Tahuilan-Anguiano 2019).

We carried out theoretical calculations for the DC/9-
methylanthracene and DC/9-vinylanthracene cluster cations
system, and we illustrate each system in detail and discuss the
functional group effect. In addition, we also performed the the-
oretical calculations for the DC/anthracene cluster cation sys-
tem. Its formation and photofragmentation behavior has been
studied in detail before in Zhen (2019). Therefore, it is possi-
ble to compare the functional PAH clusters obtained here (site-
substituted PAH cluster cations) with the normal PAH cluster
cations reported earlier.

4.1. DC/anthracene cluster cation system

The results for the DC/anthracene cluster cation system have
been presented in Zhen (2019). We show the optimized car-
bon skeletons after the theoretical calculations, as we did in
Zhang et al. (2019), in Fig. 4. C14H;(DDC" is a cationic clus-
ter of mono-anthracene and DDC that is connected by one C—C
single bond. Here, DDC consists of dehydrogenated cations with
different dehydrogenated level (i.e., C4gH{ /17/18/10)- Accord-
ingly, the cationic clusters are [C14H g—CysHy9]" (m/z = 773),
[Ci4H0—CysHig]" (m/z = 772), [C14H 0—CagH7]" (m/z =
771), and [C14H10—C48H16]+ (m/z = 770) For the C—C sin-
gle bond in the C;4H;(DDC" cluster, one carbon from DDC is
in sp? hybridization, and the other carbon from anthracene is in
sp? hybridization with an additional C-H bond.

As one typical example, we discuss below the formation
pathway of [Ci14H;o—Cy4gHi9]", which is a cationic cluster con-
sisting of neutral anthracene and C43Hf9. The five isomer
structure of CygHJ, (five dehydrogenation sites) and the three
positions of C4Hjo mean that there are 15 possible reaction
pathways. We present here one typical structure for C43Hj, and
two typical positions for Ci4Hjy (as shown in Fig. 4), with
two more favorable possible reaction pathways and isomers
(P1 and Pz).

AS57, page Sof 11



A&A 628, A57 (2019)

e ¢ e ¢ : 5 A
e .
[3 ee e of “‘a,;:i,“ »
¢ o€ 0€ o€ eo-c -2.7eV o9 :‘4v :‘4»‘,‘4‘: o
|3 ee ee e ) .29 2,00 5. 09.%%
| »@ € o€ O a0, .29 3.0 3
e ee ee¢ eoeo +'€YY 3 e R 3
¢ ee °© ¢ - 95%9%9% Fa
" CuHit . [C1eH1—CueHo1(Py)
487119 147 '10 48" '19 1
»
e ¢ e ¢ N Ha
e a J v
> bl ok ol 316V NJ‘,‘J«“, 3 3‘4,43‘
6 ee ee¢ eoe ec -5.1€ 0% Y 0a°% 0o’ 0
‘e R °a° %
e ee e e —_ 32’09 009° %09 4,
6 e€ 06 o€ © Petete 7T0a%% 0 a% 9 e »
+ s 0% ¥ L,a o
e ee eoe e 3 tete® P Y 54,
€ o€ ¢ e ° r'e J
& G & %
— +
CugHig [C1aH1—CgH19*1(P,)
B
s 3 3
PL R 3 B L sz ‘9893508 4 2 B
2" by 297500 %0 %9 +1.7eV N ‘o59,0.0 & ¥ %
> > >9 g Py 99 o %A 8 4
9 5 > . 25% 979 %90,0. 0,7 Y94 4
34°F 379 379707 hv 2.0 0 b A g
bl a ¥y,
Fos 201 :“J :J“““‘
3 9959,
b
—CigHyg" CeH
[C1H1—CugH101(Py) 62" 728
N
2 3y N 03
> > 5 a2 20 a N
N 09’ 2 & s 2 23 ‘2o 94
229 54,9 :,a‘a‘,a,“‘ +5.5eV .f"‘aa,‘oa‘:a,?é‘,@)g" s
g b 2 oy %0 2a_ #59%,0
“J‘: ‘o‘: g T hv "f}‘;a‘"fa 29, bR o
2973 5 " > P, P,
9
= *9 O
.
— +
[c14H10 c48H19 ](Pl) CGZHZS
>
X *
o, Py o C
1 hd »a®e " 9
5‘34“ > 3o’ o4 A W TN Sy |
AT YTk YR SN\ ST WA X S
Q0% Do ) a9 0a%°9" 090 o + 9
;Ja“oadd“aada“ 4. hv y Ja“‘! ,‘J“‘,“: '
”e 444“50‘1 Y *av S 29,
h
— +
[C14H10 C48H19 ](PZ) C62H28
<4 . a ’
2 Do’ e, 2 Do’ 4,
2’9 o’ L 2wk da’ o2
PRSP N LN 1506V 3PS B S £
& o ° ° % a =
%a va 9993, 4 P Bav e Ha 9, >
s >N PR hd > o & ? 9 +
oats ““““‘J‘ ‘J h S “‘!“‘ 4“2“
9 %, h
3
— +
[C14H10 C48H19 ](PZ) CGZHZS

Fig. 4. Panel A: formation reaction pathway for C;4H;(DDC", e.g.,
C14H10C48H1*9 (P, and P,). Panel B: photodissociation pathway for P;.
Panel C: photodissociation pathway for P,.

We present in Fig. 4A two possible reaction pathways and
the optimized structures of [Ci4H9g—CagHjg]* from the single
C43H_f9 and C4H| to the cationic cluster of [C;4H9g—CsgHio]*
(P; and Py). Clearly, all the reactions are exothermic, with -2.7
eV for P, and —3.1¢eV for P,. The formation pathway of P, has
a lower energy than that for P; possibly because the single-H C
atoms in anthracene are much more reactive than other C-atoms
(Zhen et al. 2019). The formation energy is similar, and we also
considered that the DC/anthracene cluster cations, which we pro-
duced through an ion-molecular reaction, are a mixture of com-
ponents with all possible 15 different isomers.

In the subsequent photodissociation pathway, we calculated
two channels for (C;4H;(DDC™, P;), as shown in Fig. 4B. The
dissociation energy is 1.7eV for H loss from the aliphatic car-
bon, which is the dominant dissociation channel for P;. In con-
trast, H loss from the pure aromatic carbon rings located in
anthracene molecules group takes around 5.5eV (Chen et al.
2015; West et al. 2018). As shown in Fig. 4C, we also calcu-
lated two dissociation channels for (C14H;(DDC?*, P,). The dis-
sociation energy is 2.1 eV for H loss from the aliphatic carbon,
which is the dominant dissociation channel for P,. In contrast, H
loss from the pure aromatic carbon rings located in anthracene
molecules group takes around 5.0eV (Chen et al. 2015). The
obtained dissociation energies for DC/anthracene cluster cations
are similar to our previous result for fluorene cluster cations
(Zhang et al. 2019).

On the basis of this discussion, we propose a photodis-
sociation channel upon laser irradiation for C14H;o(DDC (e.g.,
[C14H19—C4sH19]™) cluster cations as shown below (equations
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13). The calculation result agrees with the experimental obser-
vation reported in Zhen (2019),

Ci4H9CysHio" + hv — C14HyCysHio™ + H (13)
C14H9C48H19+ +hy — C62Hn+,n = [0-28]. (14)

The continued dehydrogenation process for DC/anthracene clus-
ter cations, for example, CoyHj, ([C14Ho—CygHyo]*) formed
from P; or P,, which is first converted into large PAHs and then
transformed into C{, (graphene) upon irradiation, followed by
full dehydrogenation (Eq. (14)) also agrees with the experimen-
tal observation reported in Zhen (2019).

4.2. DC/9-vinylanthracene cluster cation system

The DC/anthracene cluster cation, which is similar to the
DC/9-vinylanthracene cluster cation system shown in Fig. 5,
CicH;,DDC" is a cationic cluster of mono-9-vinylanthracene
and DDC, connected by one C—-C single bond. Accordingly,
the cationic clusters are [CigH;p—CssHiol™ (m/z = 799),
[CisHi12—CusHis1™ (m/z = 798), [Ci6Hia—CasHi71* (m/z =
797), and [CigH12—CysgHi6]* (m/z = 796). For the C—C sin-
gle bond in C;¢H;DDC™* cluster, one carbon from DDC is in
sp? hybridization, and the other carbon from 9-vinylanthracene
is in sp? hybridization with an additional C—H bond. The exper-
imental formation reaction pathways of C;sH;,DDC group clus-
ter cations are shown in Eq. (1).

As one typical example, we discuss below the formation
pathway of [C1¢H2—CygHi9]™, which is a cationic cluster con-
sisting of a neutral 9-vinylanthracene and CygH{,. C4gH{, has
a five-isomer structure and C;¢H;, has eight positions, which
means that 40 reaction pathways are possible. We present one
typical structure for C4gH{, and four typical positions for CicHj,
here (as shown in Fig. 5A), with four more favorable possible
reaction pathways and isomers (Py, P,, P3, and Py).

We present in Fig. SA the four possible reaction pathways
of Eq. (1) and the optimized structures of [CicH;2—CygHi9]™,
that from C48HT9 and C;¢H;, to the cationic cluster of
[C14H g—Cy4gHi9]" (Py, P, P3 and P,), respectively. Clearly,
all the reactions are exothermic, with —2.8 eV for P;, —3.3eV
for P,, —2.9eV for P;, and —-3.5eV for Ps. The forma-
tion pathway of P, has the lowest energy all the forma-
tion pathways. A possible reason might be that the single-
H C atoms in 9-vinylanthracene are much more reactive than
other C-atoms (Zhenetal. 2019). The formation energy for
DC/9-vinylanthracene cluster cations is similar to that of the
DC/anthracene cluster. We therefore consider that the DC/9-
vinylanthracene cluster cations that we produced through the
ion-molecular reaction are a mixture of components that include
all possible 40 different isomers.

In the subsequent dissociation pathway, we calculated three
dissociation channels for (C;gH;,DDC*, P;), as shown in
Fig. 5B. The dissociation energy is 1.7eV for H loss from the
aliphatic carbon, which is the dominant dissociation channel for
P;. In contrast, H loss from the vinyl group takes around 5.1 eV,
and CHCHj; loss from the 9-vinylanthracene molecules group
takes around 5.1eV. As shown in Fig. 5C, we calculated one
dissociation channel for (C;¢H;,DDC?*, P,). The dissociation
energy is 2.2eV for H loss from the aliphatic carbon, which is
the dominant dissociation channel for P,. As shown in Fig. 5D,
we also calculated one dissociation channel for (C;gH;,DDC",
P3). The dissociation energy is 1.7eV for CHCH, loss from
the aliphatic carbon, which is the dominant dissociation channel
for P;. As shown in Fig. SE, we also calculated one dissocia-
tion channel for (C;cH;;DDC*, P4). The dissociation energy is
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Fig. 5. Panel A: formation reaction pathway for C;sH;,DDC", e.g.,
C]6H]2C48Hl*9 (Py, Py, P; and P,). Panel B: photodissociation pathway
for P,. Panel C: photodissociation pathway for P,. Panel D: photodis-
sociation pathway for P;. Panel E: photodissociation pathway for P,.

2.3eV for H loss from the vinyl group, which is the dominant
dissociation channel for Py.

The lowest dissociation energy for each DC/9-
vinylanthracene cluster cation isomers is H loss with 1.7eV
for Py, H loss with 2.2¢eV for P,, and H loss with 2.3eV for
P, for dissociation Eq. (3), CHCH; loss with 1.7eV for P3 for
dissociation Eq. (5). This agrees with the experimental results,
which indicated that this is the dominant dissociation channel.
The dissociation energy for DC/9-vinylanthracene cluster

cations is similar to that of DC/anthracene and our previous
fluorene cluster cation result (Zhang et al. 2019).

The continued dehydrogenation process for DC/9-
vinylanthracene cluster cations is shown in Fig. 5B-E. It
shows that C64H;r0 ([Ci6H11—C4gHi9]*) forms from P;, P,,
or P4 for experimental photodissociation Eq. (4), and CeyHJg
([C14Hy—CygHjo]*) forms from P for experimental photodisso-
ciation Eq. (6), which will first converted into large PAHs. After
that, the newly formed large PAHs will transformed into Cg4, or
C¢, upon irradiation following with fully dehydrogenation, then
with further C, losing chemical pathways. The photochemical
behavior of DC/9-vinylanthracene cluster cations are similar to
fluorene cluster cations and large PAH cations (Zhen et al. 2015;
Castellanos et al. 2018; West et al. 2018; Zhang et al. 2019).

In all, the calculation results are agree with the experimen-
tal results that observation in Fig. 2. Especially, except for dehy-
drogenation, particular photodissociation processes are observed
that can change the nature of the carbon skeleton of PAH
molecules, i.e., the m/z = 772 (CHCH, loss with 1.7eV from
P3) mass peak is determined as the main signal peak.

4.3. DC/9-methylanthracene cluster cation system

The DC/9-methylanthracene cluster cation system shown in
Fig. 6 is similar to DC/anthracen and the DC/9-vinylanthracene
cluster cations. C;5sH;,DDC™" is a cationic cluster of mono-9-
methylanthracene and DDC, connected by one C—C single bond.
Accordingly, the cationic clusters are [C;sH,—CygHio]" (m/z =
787), [CisHi2—CasHigl* (m/z = 786), [CisHj2—CagHi7]*
(m/Z = 785), and [C[5H12—C48H]6]Jr (m/z = 784) For the
C—C single bond in the C;5sH;;DDC™ cluster, one carbon from
DDC is in sp?> hybridization, and the other carbon from 9-
methylanthracene is in sp? hybridization with an additional C—H
bond. The experimental formation reaction pathways of the
C5sH;2DDC group cluster cations are shown in Eq. (7).

As one typical example, we discuss below the formation
pathway of [Cy;sH,—CygHj9]™, which is a cationic cluster con-
sisting of a neutral 9-methylanthracene and CysH7,. C4sH7, has
a five-isomer structure and C;sHj, has seven positions, which
means that 35 reaction pathways are possible. We present one
typical structure for C4gH{, and three typical position for C;sH,
(as shown in Fig. 6A), with three more favorable possible reac-
tion pathway and isomers (P, P, and P3).

In Fig. 6A, we present the three possible reaction pathways
of Eq. (7) and the optimized structures of [C;5H;;—C4gHi9]",
that from (C43HT9 and C;sH|» to the cationic cluster of
[CisH,—Cy4gHi9]" (Py, P,, and Pj3), respectively. Clearly, all
the reactions are exothermic, with —2.8 eV for P;, —2.9¢V for
P,, and —3.3eV for P;. The energy of the formation pathway
of P3 is lower than that for P; and P,. A possible reason may
be that the single-H C atoms in 9-methylanthracene are much
more reactive than other C-atoms (Zhen et al. 2019). The for-
mation energy for DC/9-methylanthracene cluster cations agrees
with that of DC/9-vinylanthracene cluster cations, therefore we
consider that the DC/9-methylanthracene cluster cations that we
produced through ion-molecular reaction are a mixture of com-
ponents that inlcudes all possible 35 different isomers.

In the subsequent dissociation pathway, we calculated four
dissociation channel for (C;sH;,DDC", P}), as shown in Fig. 6B.
The dissociation energy is 1.7eV for H loss from the aliphatic
carbon, which is the dominant dissociation channel for P;. In
contrast, H loss from the methyl group takes around 4.0eV,
H loss from the pure aromatic carbon rings located in the
9-methylanthracene molecules group takes around 5.2 eV, and
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Fig. 6. Panel A: formation reaction pathway for C;sH;,DDC", e.g.,
C 5H12C48H1*9 (Py, P, and P3). Panel B: photodissociation pathway for
P,. Panel C: photodissociation pathway for P,. Panel D: photodissocia-
tion pathway for Ps.

CHj; loss from the 9-methylanthracene molecules group takes
around 5.4eV. As shown in Fig. 6C, we also calculated one
dissociation channel for (C;sH;,DDC*, P,). The dissociation
energy is 1.9 eV for CHj loss from aliphatic carbon, which is the
dominant dissociation channel for P,. As shown in Fig. 6D, we
calculated two dissociation channels for (C{sH;,DDC", P3). The
dissociation energy is 2.2eV for H loss from the aliphatic
carbon, which is the dominant dissociation channel for Pj;.
In contrast, CHs loss from the pure aromatic carbon rings
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that are located in the anthracene molecule group takes
around 5.2 eV.

The lowest obtained dissociation energy for each DC/9-
methylanthracene cluster cation isomers, H loss with 1.7eV
for Py, H loss with 2.2eV for P; for dissociation Eq. (9),
and CHj loss with 1.9eV for P, for dissociation Eq. (11),
which agrees with the experimental results that showed that this
is the dominant dissociation channel. The dissociation energy
we obtained for DC/9-methylanthracene cluster cations is sim-
ilar to that of DC/9-vinylanthracene, DC/anthracene, and to
our previous result for fluorene cluster cations (Zhang et al.
2019). The continued dehydrogenation process for DC/9-
methylanthracene cluster cations, as shown in Fig. 6B-D, is
Ce3Hj, ([C1sHi1—CygHyo]") from Py or P4 for the experimen-
tal photodissociation Eq. (10), Cs2H3g ([C14Hg—CygH19]™) from
P, for the experimental photodissociation Eq. (12), which is
first converted into large PAHs. After that, the newly formed
large PAHs will transformed into C{, upon irradiation following
full dehydrogenation, then with further C, losing chemical path-
ways. The photochemical behavior of DC/9-methylanthracene
cluster cations are similar to fluorene cluster cations and
large PAH cations (Zhen et al. 2015; Castellanos et al. 2018;
West et al. 2018; Zhang et al. 2019). We do not observe C¢,
in the mass spectra in Fig. 3, which may suggest Ce3Hj, may
involved some other dissociation channels.

The calculation result agrees with the experimental observa-
tion in Fig. 3. Especially, except dehydrogenation, particularly
processes changing the nature of the carbon skeleton that the
m/z = 772 (CHs loss with 1.9eV for P,) mass peak is deter-
mined as the main signal peak.

In addition, we note that to these newly formed species,
such as CuHY, n = [0-30] and CeH;,, m = [0-28] in
Egs. (4) and (6) for DC/9-vinylanthracene cluster cation system;
CeH;, n = [0-30] and CsH;,, m = [0-28] in Egs. (10) and (12)
for DC/9-methylanthracene cluster cation system and CeH},
n = [0-28] in Eq. (14) for DC/anthracene cluster cation system,
there is no attempt to predict which specific hydrogens in the
original structure are the ones being lost or the resulting struc-
ture of the molecule after these multiple hydrogens are lost, more
theoretical chemistry calculations are needed to confirm and give
their structural information.

4.4. Functional group effect

We plot for the formation processin Fig. 7A the calculated exother-
mic energy of each DC/anthracene, DC/9-vinylanthracene, and
DC/9-methylanthracene cluster cation isomer. The exothermic
energies are very similar, around —3.0 eV. This may suggest that
the vinyl and methyl functional groups have a weaker effect on
the evolution process of the PAH cluster systems, that is, substi-
tute groups do not have a strong effect that would stabilize PAH
cluster cations. All the polymerization between PAHs through
ion-molecular reaction pathway is expected to have a similar
exothermic energy. This also suggests that the formation of mixed
multi-types of PAH cluster cations (e.g., [(CisH2)(Ci6Hin)—
CygHig]?) in the gas phase is possible. More experiments are
required to address the formation and evolution of PAH reactions
with multi-types of small PAHs.

We plot the subsequent dissociation pathway that is initiated
by the laser irradiation in Fig. 7B for the calculated lowest dis-
sociation energy of each DC/anthracene, DC/9-vinylanthracene,
and DC/9-methylanthracene cluster cation isomers. The pho-
toevolution of DC/anthracene cluster cations has been pre-
sented in Zhen (2019). The DC/9-vinylanthracene cluster cations


https://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201935824&pdf_id=6

J. Zhen et al.: Functional PAH clusters

0 T T T T
m  DDC’ + 9-vinylanthracene A
e DDC" + 9-methylanthracene
= -1+ 4 DDC' + anthracene 1
L
>
=
o
& 2f ;
Q
£
@
< A
S o
g -3t * = .
m a
" °
| |
-4 1 1 1 L
P, P, P; Py
4 T 1 § T T
m  DDC" + 9-vinylanthracene
e DDC" + 9-methylanthracene B
A DDC" + anthracene
3L 4
>
2
>
o
@ "
c n ®
2 2+ = i
§e] B [ ]
©
[5]
o
81t .
a
0 1 | | Il
P, P, P3 Py

Formed isomers

Fig. 7. Panel A: calculated exothermic energy of each DC/anthracene,
DC/9-vinylanthracene, DC/9-methylanthracene cluster cations isomer.
Panel B: calculated lowest dissociation energy of each DC/anthracene,
DC/9-vinylanthracene, DC/9-methylanthracene cluster cations isomer.

are shown in Fig. 2B, and the DC/9-methylanthracene clus-
ter cations are shown in Fig. 3B. With laser irradiation, they
all have a very complex fragmentation process (e.g., dehy-
drogenation, or —CH3 or —CHCH, unit losses), and result as
more aromatic molecular properties, and the substituted group
plays an important role in the photolysis process. The dis-
sociation energy of H-loss is generally ~2.0eV, and that of
—CHCH, or —CHj3 loss is ~1.7eV from the aliphatic car-
bon of PAHs cluster cations. This is lower than the calculated
bond energy of the DC/anthracene, DC/9-vinylanthracene, or
DC/9-methylanthracene cluster cations (~3.0eV). This result
agrees with the experimental observation. We stress here that the
derived dissociation energy (Fig. 7B) for all the dehydrogenation
and functional group loss steps is lower than the dehydrogena-
tion energy barrier of pure PAHs (Chen et al. 2015; Croiset et al.
2016; Castellanos et al. 2018; West et al. 2018).

However, the functional group causes the structure of formed
PAH clusters, or the final formed PAHs become more uniform
and divers. The structure of the PAH clusters that formed ini-
tially becomes more divers, as shown in Figs. 4-6, especially
with functional groups.

We present in Fig. 8 three possible formed large PAHs.
The upper panel shows uniform behavior, and the lower two
panels show divers behavior. One typical example of formed
large PAHs from C14H;,DDC* (P,), CicH;2DDC* (after P loss

Fig. 8. Upper PAH: formed from C14H12DDC+ (Pz), C16H12DDC+
(after P3 loss CHCH,) or C;sH;,DDC* (after P, loss CH3). Mid-
dle PAH: formed from C;cH;,DDC* (P;). Lower PAH: formed from
CisH2DDC* (Py).

CHCH,) or C;5H;DDC™ (after P, loss CH3) is shown in Fig. 8
(upper panel). The red carbon ring stands for the intramolecular
photoaromatic process between C43Hj, and the other adducted
molecules. One typical example of formed large PAHs from
C16H2DDC™* (P,) is shown in Fig. 8 (middle panel). The red and
blue carbon rings stand for the newly formed c-rings. It is inter-
esting that [C;¢H2—CygHjo]*, P, and P4 contain two dehydro-
genation centers for further dehydrogenation. As shown in Fig. 8
(middle panel), the red carbon ring stands for the intramolecular
photoaromatic process between Cy;sHj, and 9-vinylanthracene
molecules, and the blue carbon ring stands for the intermolecular
photoaromatic process in 9-vinylanthracene molecule itself. One
other example of formed large PAHs from CicH;,DDC* (Py) is
shown in Fig. 8 (lower panel), which contains a hydrated carbon
chain (C—CH—-CH-C) that maybe retain its carbon chain, or lost
and further convert to large PAHs, the four red carbon rings stand
for the hydrated carbon chain (bridge) in the PAHs, which repre-
sents one important structure in hydrogenated amorphous carbon
(HAC), and offers an approach to the HAC formation process in
the ISM (Tielens 2008).

5. Astronomical implications

Most PAH clusters in the ISM are probably chemically bound
because of their reactivity, and the astronomical PAH population
is expected to exist in different charge and (de)hydrogenation
states depending on the environment. They therefore influ-
ence the formation of other species through ion-molecule
reaction (Tielens 2013; Zhang et al. 2019). Consequently, we
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experimentally and theoretically studied the formation processes
that result in a series of large PAH clusters. Gas-phase reactions
between PAH cations (e.g., DDC or DHBC) and PAHs (e.g.,
anthracene, 9-vinylanthracene or 9-methylanthracene) readily
occur (Zhen 2019; Zhen et al. 2019). Based on the obtained
results from quantumchemistry calculations, we demonstrate the
formation process of large PAH cluster cations, which helps to
understand the effect of the functional group on their formation
behaviors.

The rate of PAH cluster formation might be a bottleneck
in the formation process of larger PAHs or carbonaceous dust
grains in the ISM, and cluster of PAHs are believed to be a
key step in the formation of soot in terrestrial combustion pro-
cesses. However, the binding energy for DC/anthracene, DC/9-
vinylanthracene, and DC/9-methylanthracene cluster cations is
around ~3.0eV, which means that the fundamental reactions
between PAHs species (e.g., cationic+neutral, exothermic reac-
tion) are able to produce a probably significant class of cosmic
molecules in the ISM. Clearly, when conditions are favorable,
these molecules can be formed efficiently. These molecules have
a complex configuration, as well as an internal composition,
and are large, which can be a good example and first formation
step of carbonaceous dust grains in the ISM (Kroto et al. 1985;
Henning & Salama 1998; Jager et al. 2009, 2011). This can offer
a good approach to carbonaceous dust grains, which provide a
basic understanding (e.g., composition and structural properties)
about the grain formation processes in the gas phase (Bohme
1992; Clayton et al. 1999; Petrie & Bohme 2009).

In addition, the importance of functionalized PAHs for the
formation of these larger cluster cations is limited if the life-
time of the functionalized PAHs is very short in the ISM.
Because the functional group is easily lost by UV irradia-
tion (Zhen et al. 2016; Chen et al. 2018), functionalized PAHs
would not seem to be particularly important in energetic regions
where the AIBs typically appear in the ISM (Li & Draine 2012).
These species contain highly reactive reaction centers because
of the functional groups, which facilitates molecular adduct
aggregation, as shown in Figs. 5SA and 6A. More isomers
are therefore formed in the DC/9-vinylanthracene and DC/9-
methylanthracene cluster cation system. After cluster formation,
the functional groups still play an important role in the photoiso-
merization and photodissociation of functional PAH clusters, as
shown in Figs. SB—E and 6B—D. More experiments are required
for a broader range of functional groups, such as methoxy
(—OCH3;), amino (-NH;), cyano/isocyano (—CN, —NC), acid
(-COOH), or hydroxyl (-OH) (Hollenbach & Tielens 1999;
Bernstein et al. 2002), to assess whether this can be used to
quantitatively probe the contribution of these chemical routes
toward the complexity of regions that are illuminated by strong
stellar radiation fields in space.

We studied the photochemically evolution of PAH clusters.
These PAH clusters are more fragile in the beginning. Partial
PAH clusters will lose their functional group and then convert
into large PAHs. Different from the energetic ions (as an energy-
driving source), they induce intracluster reactions to form large
molecules, that is, they are ion driven (Zettergren et al. 2010,
2013; Delaunay et al. 2015). The experimental results we pre-
sented here provide further insight into the photoevolution pro-
cess of large molecules in the ISM. New larger molecules can
be built with stronger irradiation by UV photons (as an energy-
driving source), that is, they are photo driven. The conversion
is suggested to take place in the areas of high luminosity where
PAH clusters absorb multiple photons. Multile photon absorp-
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tion leads to dehydrogenation of PAHs, followed by polymeriza-
tion of smaller PAHs (Hollenbach & Tielens 1999).
Furthermore, after photochemical process, different PAH
clusters will form the same PAHs. We show one typical example
of large PAHs (CgHye) in the upper panel of Fig. 8. These
can form from DC/anthracene cluster cations (C4H;,DDC",
P;), DC/9-vinylanthracene cluster cations (C;¢H;;DDC", after
P; loss CHCH;), or DC/9-methylanthracene cluster cations
(C15H1,DDC™, after P, loss CH3). Therefore, we may conclude
that larger PAHs or possibly better with same or similar carbon
frame PAHs (Fig. 8), will be formed from the photoevolution of
different types of large PAH cluster that may exist in the ISM.

6. Conclusions

We presented the experimental and theoretical study of
the formation process of the covalently bonded large PAH
cluster cations DC/9-vinylanthracene (C;¢Hjp) and DC/9-
methylanthracene (C;5H;) in the gas phase, and studied their
photodissociation behaviors. We showed with quantumchemical
calculations that these newly formed cluster species can be quite
stable (the binding energy is ~3.0eV for DC/anthracene, DC/9-
vinylanthracene, and DC/9-methylanthracene cluster cations).
Subsequent photoprocessing either directly converts these PAH
cluster cations into their most stable forms, that is, large PAHs,
or removes their functional groups and then converts these PAH
cluster cations into their most stable forms, that is, large PAHs.

From an astrochemical perspective, together with the
DC/anthracene (Ci4H;¢) cluster cations we studied previously
(Zhen 2019), we experimentally and theoretically revealed a
general formation process for covalently bonded PAH cluster
cations in the ISM. As initial precursor molecules, the forma-
tion mechanism (gas-phase condensation) and photodissociation
behavior we obtained from covalently bonded DC/PAH cluster
cations can be generalized and provides a reasonable explana-
tion for the formation and evolution of large molecules in space.
Astronomical models for (covalently bonded) PAH cluster evo-
lution in the ISM based upon our results will help to elucidate
whether the formation process can indeed occur, and our results
act as an important model to understand the physical and chem-
ical processes involved in the formation and evolution of carbon
dust grains in space.
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