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ABSTRACT: Polycyclic aromatic hydrocarbons (PAHs) attract much
attention for applications to organic light-emitting diodes, ﬁeld-eﬀect
transistors, and photovoltaic cells. The current synthetic approaches to
PAHs involve high-temperature ﬂash pyrolysis or complicated step-bystep organic reactions, which lead to low yields of PAHs. Herein, we
report a facile and scalable synthesis of PAHs, which is carried out
simply by ﬂowing acetylene gas into zeolite under mild heating,
typically at 400 °C and generates the products of 0.30 g g−1 zeolite.
PAHs are synthesized via acetylene polymerization inside Ca2+-ionexchanged Linde type A (LTA) zeolite, of which the α-cage puts a limit
on the product molecular size as a conﬁned-space nanoreactor. The
resultant product after the removal of the zeolite framework exhibits
brilliant white ﬂuorescence emission in N-methylpyrrolidone solution. The product is separated into four diﬀerent color emitters
(violet, blue, green, and orange) by column chromatography. Detailed characterizations of the products by means of various
spectroscopic methods and mainly mass spectrometric analyses indicate that coronene (C24H12) is the main component of the
blue emitter, while the green emitter is a mixture of planar and curved PAHs. The orange can be attributed to curved PAHs larger
than ovalene, and the violet to smaller molecules than coronene. The PAH growth mechanism inside Ca2+-exchanged LTA
zeolite is proposed on the basis of mass spectral analyses and density functional theory calculations.

■

INTRODUCTION
Polycyclic aromatic hydrocarbons (PAHs) have a narrow
HOMO−LUMO gap due to a π-extended backbone. Depending on the orbital gap, PAH molecules exhibit characteristic
ﬂuorescence emissions. Often, the orbital gap can be modulated
by strong π−π interactions between adjacent PAH molecules.1−5 In some cases, the delocalized electrons over the πbackbone system can exhibit plasmonic characteristics in the
visible region.6,7 These optoelectronic properties attract great
interest for potential applications of the PAHs to advanced
organic devices, such as light-emitting diodes (LEDs), ﬁeldeﬀect transistors, and photovoltaic cells.1−5 In adition, they
have attracted much attention because they can serve as
synthetic precursors for rational synthesis of fullerenes, carbon
nanotubes, nanographene, and so on.8
PAHs can be synthesized through various organic reactions,
such as the Diels−Alder reaction,9−11 ring-closing oleﬁn
metathesis,12−14 benzannulation and electrophilic cyclization,15−17 and oxidative cyclo-dehydrogenation.18−22 In general,
the laboratory-scale organic syntheses of PAHs involve
multistep reactions with low product yields. On the other
hand, practical production of PAHs depends on ﬂash vacuum
© 2018 American Chemical Society

pyrolysis in a furnace at high temperature, around 1000
°C.23−26 In addition, the thermal pyrolysis route generates a
very wide range of carbonaceous products with various
molecular sizes, including soots and carbon nanotubes.
Here we report a catalyst-assisted ship-in-a-bottle-type
approach to the synthesis of PAH molecules, which is simply
to feed acetylene gas into Ca2+-ion-exchanged Linde type A
(LTA) zeolite (Figure 1) under mild heating. The Ca2+ ions
were embedded into LTA zeolite (i.e., CaA zeolite) to promote
polymerization of acetylene, based on our recent work which
showed the catalytic eﬀect of Ca2+ ions to achieve selective
carbon deposition inside the zeolite.27 The LTA zeolite has αcages with a wide cage diameter of 1.1 nm and narrow apertures
of only 0.5 nm. Thus, an acetylene molecule can enter the cage
aperture, but once it is polymerized even to a trimer (benzene),
the product cannot escape. In addition, we expected that the
nanocage diameter would impose a proper restriction onto the
growth of molecules, so that the resulting products should have
a narrow distribution of molecular sizes.
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Figure 2. (a) Photographs of NMP solutions, illuminated under white
light (left) and UV light (right, 365 nm), and (b) ﬂuorescence spectra
of the products synthesized at 400 and 520 °C.
Figure 1. Schematic representation of formation of PAHs in α-cages of
Ca2+-exchanged LTA zeolite.

We characterized the products synthesized at two diﬀerent
temperatures, 400 and 520 °C, using solid-state 13C NMR
spectroscopy, FT-IR spectroscopy (Figures S1 and S2), and
elemental analysis. The 13C NMR spectrum of the product
synthesized at 520 °C exhibited a broad peak from 100 to 140
ppm, corresponding to sp2-carbon, whereas the product formed
at 400 °C showed an additional sp3-carbon peak at 19.4 ppm,
besides the sp2-carbon peak.
Consistent with the NMR results, the FT-IR spectrum for
the product synthesized at 520 °C indicated the presence of sp2
C−H (3010 cm−1) and sp2 CC (1580 cm−1), while the
product obtained at 400 °C showed additional sp3 C−H (2920
cm−1) as well. Elemental analyses revealed that the products
contained only carbon and hydrogen atoms, and the carbon to
hydrogen molar ratios were also temperature-dependent: ∼2.0
to 1 and ∼2.8 to 1 for 400 and 520 °C, respectively. These
experimental results showed that the products were aromatic
hydrocarbons, composed of sp2-carbons, and they might have
additional alkyl groups at lower reaction temperature (400 °C).
Mass Spectrum Analyses. The products synthesized at
400 and 520 °C were further analyzed with their mass spectra,
which were obtained by using a matrix-assisted laser
desorption/ionization time-of-ﬂight mass spectrometer. The
measurement conditions were kept as soft as possible to avoid
fragmentation of the molecules. As shown in Figure 3a, the
mass spectra of the products indicated that the size distribution
of the products was strongly dependent on the reaction
temperature. The mass spectrum of the product synthesized at
520 °C displayed a simpliﬁed pattern of mass peaks, indicating
preferential formation of the molecules centering at speciﬁc
mass-to-charge ratios, m/z = 300, 374, 398, and 422. The
aromatic hydrocarbons with these molecular weights and the
obtained C/H ratios should be PAH molecules. Thus, we
assigned these mass peaks with corresponding PAH molecules,
C24H12 (m/z = 300), C30H14 (374), C32H14 (398), and C34H14
(422) (Figure S3).
In comparison, the mass spectrum of the products obtained
at 400 °C exhibits two distinct series of mass peaks around m/z
= 300 (C24H12) and 398 (C32H14), with a group of small peaks
extending into a wide range of high m/z region. Each group
consists of a series of peaks at regular intervals of 24 amu with
additional peaks of 14 amu larger than them (Figure S4 and a
comb-like indicator in Figure 3a). This spectral feature in mass
spectrum is quite similar to that of PAH products in
aromatization of acetylene pyrolysis, which also has a distinct
24 amu progression of peaks.28−33 This regular sequence of 24
amu is explained by a speciﬁc mechanism, which implies
consecutive reactions of hydrogen abstraction from the
aromatic hydrocarbon followed by acetylene addition to the

For the synthesis, acetylene gas was supplied into the CaA
nanoreactor and the ﬁnal products were collected after
dissolving the zeolite in an acid solution. Detailed characterizations of the products were performed by means of solid-state
13
C NMR spectroscopy, Fourier transform infrared (FT-IR)
spectroscopy, elemental analysis, and mainly mass spectrometry, with the support of density functional theory (DFT)
calculations. On the basis of the obtained results, we propose
the PAH growth mechanism inside the LTA nanocage reactor
containing Ca2+-ion catalysts.

■

RESULTS AND DISCUSSION
Polymerization of Acetylene in CaA Zeolite. The
polymerization of acetylene was carried out using CaA zeolite
as nanoreactors, which was prepared by Ca2+-ion exchange of a
Na+ form of LTA zeolite.27 The CaA zeolite was heated under
acetylene gas ﬂow (N2/C2H2/H2O) at 400 °C (see SI for the
experimental details). The saturated weight increase of the
product/zeolite composite was 0.30 g g−1 zeolite. The
composite exhibited a dark brown color, indicating that the
polymerization product was not carbonaceous materials, but
likely organic compounds. The product was not directly
extracted from the zeolite into organic solvents, but could be
released from the zeolite framework by dissolving the zeolite in
HF/HCl solution. The obtained product after the zeolite
removal was soluble in several organic solvents, such as Nmethyl-2-pyrrolidone (NMP), toluene, and 1-chloronaphthalene. These observations indicated that the polymerization of
acetylene occurred selectively inside the zeolite cages in a shipin-a-bottle-like manner, as we expected.
We attempted the polymerization of acetylene using CaA at
temperatures higher than 400 °C, to investigate the temperature eﬀect on the reaction. Above 520 °C, the nanocageconﬁned polymerization of acetylene was not possible: the
product was deposited not only inside the zeolite but also on
external surfaces of the zeolite. The product layer on the zeolite
surface blocked the zeolite pores, preventing the diﬀusion of
the acetylene into internal pores. The color of the composite
obtained at >520 °C was no longer dark brown, but black. The
products synthesized at 400 and 520 °C exhibited ﬂuorescence
of diﬀerent colors in NMP solution (after removal of the
zeolite), such as brilliant white and green, respectively, upon
exposure to a single ultraviolet-light (UV) excitation (Figure 2).
Nevertheless, their ﬂuorescence emission spectra had generally
similar features with the multiple peaks in a broad range of
wavelengths (350−600 nm).
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Figure 3. Diﬀerent mass distributions of the products depending on the reaction temperature. (a) Mass spectra of the products formed at diﬀerent
temperatures, 400 and 520 °C, were obtained. Additionally, the mass spectrum of the product, which was produced at 400 °C and further thermally
treated at 520 °C, was analyzed. (b) Upper colored panels show calculated relative abundance of each hydrogenated species. The three following
panels are the expanded view of the mass spectra for the selected peak regions including m/z = 300, 398, and 470 for the products at each reaction
temperature. Orange arrows point out strong peaks at +2 and +4 mass larger than the main masses.

400 °C, there are strong peaks at +2 and +4 mass larger than
the main masses with much higher intensity (pointed out by
orange arrows) than the theoretical isotopic values. We
assigned these peaks as hydrogenated PAHs with diﬀerent
degrees of hydrogenation. The degree of hydrogenation
becomes more signiﬁcant in the region of ∼470 amu
(C38H14). By comparison of the peak intensities, we derived
the relative abundance of each hydrogenated species (Figure
3b, upper colored panel). In particular, the presence of a
substantial amount of even-numbered hydrogenated species
(+2 and +4) suggests that the Ca2+-promoted condition
induces the addition of acetylene without following hydrogen
abstraction, which generates sp3-carbons in a polycyclic
network formed at 400 °C. These observations imply that the
sp3-carbon peak in the 13C NMR spectrum of the product
synthesized at 400 °C would correspond to both the methyl
groups and the sp3-carbons in the polycyclic network.
In contrast, the mass peak intensities in the same spectral
regions of the products obtained at 520 °C are very similar to
the theoretical isotopic values except the high mass region (for
example, m/z = 470). This indicates that hydrogen abstraction
has occurred after acetylene addition, to produce aromatic
compounds with only sp2-carbons. Furthermore, the expanded
mass spectra of the product, which was formed at 400 °C and
thermally post-treated at 520 °C, show that the amount of
even-numbered hydrogenated species signiﬁcantly decreases. It
clearly demonstrates that suﬃcient thermal treatment can

radical site, so-called hydrogen abstraction−acetylene addition
(HACA; see SI for the details, Figure S5).28−33 In addition, the
peaks of +14 mass number from the adjacent 24 amu interval
series of peaks are assigned as methylated species of the 24
mass interval series of peaks, which have been frequently
observed in acetylene pyrolysis as well.33 The presence of
methyl groups was previously conﬁrmed by the 13C NMR
spectrum of the products formed at 400 °C, as aforementioned.
The absence of additional peaks of +14 amu for the products
obtained at 520 °C strongly suggests that these additional
methyl groups, which do not belong to the extended benzene
ring system, are eliminated at high temperature. To assess the
assumption, the product, synthesized at 400 °C, was additionally heat-treated at 520 °C without the supply of feedstock
C2H2. Its mass spectrum was very similar to that of the product
synthesized at 520 °C (Figure 3a), indicating the assumption
was reasonable.
To obtain in-depth insights into the temperature eﬀect on
PAH formation, we analyzed the enlarged view of the mass
spectra for the selected peak regions, including m/z = 300, 398,
and 470 (Figure 3b). It was apparent that a substantial amount
of hydrogenated species existed during the PAH growth, and
their relative amounts were much high for the products of high
mass or the products synthesized at 400 °C. Considering the
natural isotopic abundance of 13C, isotopic patterns of mass
peak were theoretically calculated and displayed as blue-ﬁlled
circles in the spectra. In the spectrum of the products formed at
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products was derived by a diﬀerence Fourier method.27 The
electron-density map showed that carbon atoms were
distributed only inside each α-cage, not through the narrow
cage apertures (Figure 5a). This result visualized that the

promote the hydrogen abstraction process after the acetylene
addition. In light of these experimental observations, we suggest
that the conﬁned Ca2+-promoted condition induces the
addition of an acetylene molecule ﬁrst, followed by hydrogen
abstraction (Figure S6 and Figure 4a), which is the reverse
order of the HACA mechanism, a key route to acetylene
pyrolysis.28−33

Figure 5. Electron-density map of LTA zeolite after PAH formation at
400 °C. They include the zeolite framework (yellow), from diﬀerent
viewpoints along (a) (100) and (b) (100) axes. The iso-surface level of
the electron density is set to 0.47 electron per Å3 (cyan) and 0.5
electron per Å3 (purple). Small gray balls represent Ca2+ ions.
Figure 4. (a) Representative reaction pathway of acetylene addition/
hydrogen abstraction under the Ca2+-catalytic condition. (b) DFTcalculated structures of hydrogenated coronenes. The number
indicates the position of hydrogen atoms, and the out-of-plane angle
by hydrogenation at each position is shown as well.

products were entrapped within the α-cage nanoreactor, as a
ship-in-a-bottle synthesis. A hexagonal-like carbon ring was
located near the Ca2+ center (Figure 5b). It showed that the
Ca2+ ion had an interaction with π-electron clouds of the
benzene-like ring.34 Apart from the hexagonal ring, it was
diﬃcult to precisely assign carbon positions. We attribute this
to various random orientations of the molecules generated in a
cage nanoreactor, resulting in the average electron density
overlapping various carbon atomic positions.
To understand the PAH growth inside the CaA zeolite at the
molecular level, we calculated energetics for the reaction
pathways using a DFT method (Figure 6a). As a model
reaction, we chose a pathway from 1,12-benzoperylene
(C22H12) to coronene (C24H12), which corresponds to simple
acetylene addition followed by hydrogen abstraction. Without
Ca2+ ions, the addition of acetylene to 1,12-benzoperylene
proceeds via [4+2] cycloaddition, exhibiting the highest energy
barrier of 35 kcal/mol. In comparison, owing to the strong
interaction between Ca2+ and π-electron clouds, Ca2+ attracts
both reactants, 1,12-benzoperylene and acetylene, giving more
chances of reactive collisions between them. At the same time,
the Ca2+ catalyst lowers the energy barrier to nearly 5-fold (38
vs 8 kcal/mol) via sequential C−C bond formation. In addition,
Ca2+ stabilizes hydrogenated coronene, which is an intermediate for coronene formation. For the hydrogen abstraction,
however, the energy barrier for dehydrogenation is almost
unaﬀected by the presence of Ca2+. This result shows good
agreement with the observations in mass spectra, where a
substantial amount of the hydrogenated species was detected at
low synthesis temperature (400 °C). Besides, the calculated
energies required for Ca2+ migrations between center and
peripheral benzene rings in 1,12-benzoperylene were less than 3
kcal/mol (Figure 6b). It indicates that Ca2+ ions freely migrate
from one benzene ring to the others under the present
conditions. Such (almost) barrierless migration of Ca2+ would
eﬀectively lead to the rapid growth of PAHs by placing the Ca2+
near peripheral carbon sites, where acetylene is added.
On the basis of the experimental and calculation results, we
propose the formation/growth mechanism of PAH molecules
inside the LTA nanoreactor containing Ca2+ catalysts (Figure
7). As we already mentioned, the Ca2+ catalyst signiﬁcantly

DFT calculations suggest that the sp3-carbon inside the
polycyclic network system, where hydrogen atoms remain,
promotes the polycyclic network to adopt nonplanar geometries around the sp3-carbon (Figure 4b). The calculations
show that the growth of PAH thermodynamically prefers the
formation of an extended planar benzene family to curved
aromatics (Figure S7). If the growth of PAHs was allowed only
into planar shapes, the mass peaks at m/z = 300 and 398 could
be assigned to corresponding representative planar PAHs, such
as coronene (C24H12) and ovalene (C32H14), respectively.
Considering the spatial restriction of the α-cage, the molecular
dimensions of ovalene correspond to the limiting size of planar
PAH that can reside inside the cage (Figures S8 and S9). In the
present study, however, we do not rule out the possibility of the
formation of curved PAHs based on several experimental and
calculation results. In particular, in the mass spectra of the
products formed at 400 °C, many peaks were observed in the
region of m/z ≥ 398, where PAHs should grow in curved
shapes rather than planar ones (Figure 3b). Moreover, the
products synthesized at 400 °C exhibited the enhanced
population of hydrogenated species at m/z ≥ 398 (Figure
3b), which are likely to have the polycyclic network of
nonplanar geometries. In addition, the mass spectrum of the
products synthesized at 520 °C also showed relatively very
small peaks in the region of m/z ≥ 398. In light of these
theoretical results and experimental observations, it is proposed
that the products obtained at 400 °C would be composed of
PAHs with a wide range of m/z from small planar molecules to
large curved PAHs, whereas the products synthesized at 520 °C
would be PAH molecules mainly of m/z = 300 (C24H12), 374
(C30H14), and 398 (C32H14) (Figure S3 and S10).
Growth of PAH Molecules. To see how the synthesized
PAH molecules reside within the conﬁned α-cage nanoreactor,
we investigated the atomic distribution of carbons inside the
CaA zeolite, using single-crystal X-ray diﬀraction data. An
electron-density map for carbon atomic positions in the
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Figure 6. Catalytic eﬀects of Ca2+ on energy barriers for the reaction pathway from 1,12-benzoperylene (C22H12) to coronene (C24H12). (a)
Calculated energy proﬁle for acetylene addition and dehydrogenation without Ca2+ (black, upper) and with Ca2+ (red, lower) by DFT calculations.
(b) Calculated reaction energy barriers for Ca2+ migration between center and peripheral benzene rings.

Figure 7. Schematic representation of the proposed mechanism of PAH formation and further growth in the α-cage of CaA zeolite. The cage
frameworks are displayed by red and blue balls and sticks.

PAH molecules will spontaneously grow until their molecular
dimensions reach the size of coronene, which tightly ﬁts the
dimensions of an α-cage corner. When the energy is not
suﬃcient to complete abstraction of hydrogen (400 °C in the
current system), the hydrogenated PAHs will induce various
curvatures in molecular topologies and thus lead to further
growth into strained curved shapes along the cage wall,
enabling the formation of the orange-light-emitting PAHs. In
contrast, with suﬃcient energy to actively promote the
dehydrogenation process (520 °C), small PAH molecules

lowers the energy barriers by providing an alternative eﬀective
pathway for C−C bond formation. As shown in the electrondensity map (Figure 7), the initial growth of PAHs would
preferentially occur near the Ca2+ catalysts, which are
embedded in corners of the α-cage (near the sodalite site).
The small PAHs, such as benzene, are expected to be easily
formed near the Ca2+ catalytic center by not only increased
collisions of attracted acetylenes by Ca2+ but also the large
thermodynamic stability of the benzene ring. By continuous
Ca2+-mediated reactive collisions of acetylene molecules, small
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Figure 8. (a) Emission spectra of the products before (black dotted line) and after the separation (corresponding colors), dispersed in NMP. (b)
Photographs of NMP solutions (upper), LED devices (middle), and luminescent PMMA ﬁlms (bottom) under a UV lamp. (c) Mass spectra of the
total product produced at 400 °C (upper), group B fraction (lower left), and group G (lower right). (d) Absorption (Abs) and ﬂuorescence (FL)
spectra of coronene (black) and B (blue).

that have grown near the Ca2+ ions would be liberated from the
cage corner to further grow into planar shapes or keep growing
into curved PAH molecules along the wall of the cage. The
growth would be restricted by the ﬁnite size of the α-cage.
Separation into Distinct Color Emitters. We employed
silica column chromatography to separate the white-lightemitting product synthesized at 400 °C (see SI for the
experimental details). The product was separated into four
distinct groups exhibiting violet (V), blue (B), green (G), and
orange (O) ﬂuorescence in NMP, under a single wavelength of
UV excitation (Figure 8a). The ﬂuorescence quantum yield,
which was calibrated against quinine sulfate as a standard
sample (54% in 0.1 M H2SO4),35 of the white emission was
determined to be 13.7% under 340 nm excitation in NMP
solution. The ﬂuorescence quantum yields were also
determined to be 20.6, 9.3, 5.9, and 6.5% for V, B, G, and O,
respectively, under the same conditions.
In Figure 8c, the mass spectrum of the 400 °C-synthesized
product is compared with the mass spectra of the separated
group B and group G fractions. The result indicates that the
mass range between 270 and 350 amu in the synthesized
product corresponds to the mass peaks of group B, while the
range of 350−450 amu corresponds to the mass signals coming
from the group G component. The group V and O components
were diﬃcult to assign in the total mass spectrum of the
product, which seemed to be due to their low concentrations.
The separated group B component was further characterized by
absorption and ﬂuorescence spectroscopy and 1H and 13C
solution NMR spectroscopy. The absorption spectrum of B was
very similar to that of coronene. The ﬂuorescence spectra in the
range of 420−520 nm wavelength exhibited the emission peaks
assignable to coronene. The ﬂuorescence of the 350−420 nm
range was somewhat diﬀerent from that of coronene, indicating
the possibility of the presence of other compounds (Figure 8d).
The 1H NMR spectrum of group B showed a very strong single
peak at 8.93 ppm. The 13C NMR spectrum exhibited three

distinct peaks at 122.84, 125.58, and 129.17 ppm. The main
peaks in both NMR spectra were well matched to the chemical
shifts of coronene (Figure S11). Hence, we conclude that the
major component of group B is coronene. As mentioned in the
previous section, the group G component gave a mass spectrum
with the major signal at 398 amu, which coincided with the
molecular weight of ovalene. However, neither 1H NMR nor
13
C NMR spectra could be assigned to ovalene. Group G was
very sparingly soluble in NMR solvents, causing low signal
intensities in the NMR spectra. Nonetheless, the 1H NMR
spectrum could resolve two peaks in the range of 7.5−8.0 ppm
and several peaks at 2.5−4.0 ppm. The 13C NMR spectrum
exhibited two small peaks at 125−135 ppm (Figure S12).
Because of this discrepancy, we searched the possibility for
other molecules with 398 amu. Thereby, it was possible to
suggest di-indenocorannulenes, bowl-shaped PAH compounds,
as a candidate. The NMR and absorption spectra of these two
isomeric compounds were similar to those of the group G.36
On the basis of the elution order, we speculate that group V
would be smaller molecules than coronene, while group O
could include PAHs that are larger than group G and have
curved molecular topologies with a permanent dipole moment
(Figure S8). This is in good agreement with the results from
mass spectral analyses. Moreover, this rationale explains why
the products synthesized at 400 and 520 °C have white and
green emission, respectively. Since the product formed at 520
°C does have a very small amount of the orange emitters, the
resulting additive emission is green. In comparison, the whitelight-emitting product synthesized at 400 °C shows an additive
ensemble behavior of all four distinct ﬂuorescent groups.
For their optical applications, the separated PAHs were
directly employed as ﬂuorophores to fabricate a ﬂexible freestanding luminescent polymer composite ﬁlm and LED devices
(Figure 8b). The polymer ﬁlms were prepared by mixing a few
drops of each material dispersed in NMP and poly(methyl
methacrylate) (PMMA) at appropriate ratios. The LED devices
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were made by coating each ﬂuorophore in NMP on the light
unit comprised of a 365 nm excitation light-emitting chip. The
PMMA ﬁlms and LED devices successfully generated blue,
green, and orange illumination, demonstrating their potential as
promising ﬂuorophores in practical applications.
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44, 6616−6643.
(9) Benard, C. P.; Geng, Z.; Heuft, M. A.; VanCrey, K. A.; Fallis, G. J.
Org. Chem. 2007, 72, 7229−7236.
(10) Müller, M.; Petersen, J.; Strohmaier, R.; Günther, C.; Karl, N.;
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■

CONCLUSIONS
We reported a simple and scalable method to synthesize PAH
molecules via Ca2+-catalyzed polymerization of acetylene inside
the α-cage of LTA zeolite, generating the products of 0.30 g g−1
zeolite. The dimensions of the cage nanoreactors imposed
spatial restriction on the growth of PAH molecules, so that the
obtained products had a narrow range of molecular size
distribution. The experimental results and DFT calculations
suggested that the Ca2+-catalyzed condition induced acetylene
addition ﬁrst followed by hydrogen abstraction, which is a
reverse order of the reaction steps of the HACA mechanism.28−33 With suﬃcient energy to actively promote the
dehydrogenation process (520 °C), planar PAH and small
curved PAH molecules, which are mainly blue and green
ﬂuorophores, preferentially grow until the growth is restricted
by the ﬁnite size of the α-cage. However, at a lower temperature
of 400 °C, PAH molecules could grow into large curved shapes
as well, which have been identiﬁed as the orange-ﬂuorescent
component, along the wall of the cage due to the shortage of
thermal energy. We believe that our strategy established the
groundwork for the synthesis of PAHs, which may further
contribute to rationally synthesized nanographenes as synthetic
precursors, using zeolite nanoreactors.
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