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ORGANIC CHEMISTRY

Pressure enabled organic reactions via confinement

between layers of 2D materials

Seong In Yoon't, Hyoju Park®t, Yeonju Lee*t, Changding Guo®®, Yu Jin Kim®%, Joo Song Lee®,
Seungwoo Son??, Myeonggi Choe*?, Daeho Han*’, Kidal Kwon?, Jongyeong Lee??,
Kyung Yeol Ma', Amirreza Ghassami*?, Sung Wook Moon*, Sun-Young Park®>?®,
Bong Kyun Kang'?, Yoon-Jeong Kim'"'?, Seonghyun Koo'3, Armando Genco'#, Jaewoo Shim'°,
Alexander Tartakovskii'#, Yunrui Duan?3, Feng Dingz’3, Seokhoon Ahn'', Sunmin Ryu13,
Ju-Young Kim?3, Woo Seok Yang'®, Manish Chhowalla'’*, Young S. Park**, Seung Kyu Min

Zonghoon Lee?**, Hyeon Suk Shin'>"*%6*

Copyright © 2024 e
Authors, some rights
reserved; exclusive
licensee American
Association for the
Advancement of
Science. No claim to
original U.S.
Government Works.
Distributed under a
Creative Commons
Attribution
NonCommercial
License 4.0 (CC BY-NC).

2,3

3,44
’

Confinement of reactants within nanoscale spaces of low-dimensional materials has been shown to provide reori-
entation of strained reactants or stabilization of unstable reactants for synthesis of molecules and tuning of chem-
ical reactivity. While few studies have reported chemistry within zero-dimensional pores and one-dimensional
nanotubes, organic reactions in confined spaces between two-dimensional materials have yet to be explored.
Here, we demonstrate that reactants confined between atomically thin sheets of graphene or hexagonal boron
nitride experience pressures as high as 7 gigapascal, which allows the propagation of solvent-free organic reac-
tions that ordinarily do not occur under standard conditions. Specifically, we show that cyclodehydrogenation of
hexaphenylbenzene without catalysts as a proof of concept and oxidative polymerization of dopamine into sheet-
like crystalline structure are enabled by the effective high pressure experienced by the reactants between the
graphene layers. Our results demonstrate a facile, general approach for performing high-pressure chemistry based

on confinement of reactants within two-dimensional materials.

INTRODUCTION

Chemical reactions conducted at high pressures provide opportu-
nities for realizing synthesis chemistries and achieving unique states
of matter (I, 2). Many industrial chemical reactors operate at pres-
sures of few thousand atmospheres, but facile application of very
high pressures (>1 GPa), where interesting reactions can occur and
imaginary materials can be realized, is challenging. On the other hand,
high pressure induced on molecules in solution, a liquid pocket,
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between two layers of graphene has been used to induce phase tran-
sitions of water (3), inorganic salts (4-6), and Cep (7). Such her-
metically sealed liquid cells created have been also used for in situ
observation of reaction dynamics of metal nanoparticles in trans-
mission electron microscopy (TEM) (8-11).

It is well known that nanoconfinement can enhance chemical re-
activity of reagents by increasing the local concentration, preorganiz-
ing the reagents for a conformation with favorable reactivity, and/or
stabilizing the transition state (12, 13). As an example of nanocon-
finement, the mica hypothesis was proposed for providing several
ideas on the origin of life on mineral surfaces, where mechanical
energy is a major energy source for polymerization and confine-
ment between mineral sheets induces entropy reduction for chiral
biopolymer (14). While studies have been carried out using zero-
dimensional (0D) and 1D confined spaces found in pores of zeolites
or cages and carbon nanotubes (15-21), well-defined confined van
der Waals (vdW) gap spaces between 2D materials (2DMs) offer sim-
plicity, scalability, and well-controlled pressure due to upward and
downward forces only (22, 23).

Cyclodehydrogenation is widely used in organic reactions as a
common strategy for the synthesis of polycyclic aromatic hydrocar-
bons (PAHs) including graphene nanoribbons (24-27). However,
bottom-up synthesis of graphene nanoribbons has been achieved by
surface-assisted, catalytic reactions through two-step thermal activa-
tion: (i) formation of linear polymer by dehalogenation and radical
addition during deposition of specially designed monomers on met-
al substrate maintained at 200°C and (ii) subsequent cyclodehydro-
genation of thelinear polymer at400°C (24-27). Hexabenzocoronene
(HBC), a well-known PAH, is easily synthesized by the intramolecu-
lar oxidative cyclodehydrogenation of hexaphenylbenzene (HPB)
with the aid of an acid catalyst and FeCl; oxidant in bulk solution
(28, 29). In this study, we demonstrate the cyclodehydrogenation of
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HPB to obtain HBC in solid-state 2DM sandwich structures as con-
fined 2DM vessels with high vdW pressure by strong coupling of
2DMs through annealing at 200°C (30, 31) and without any catalyst
and oxidant (Fig. 1A). The cyclodehydrogenation of HPB does not
occur under these conditions in the absence of confined 2DM ves-
sels (fig. S1). Furthermore, there is no catalytic cyclodehydrogena-
tion of HPB on graphene (fig. S2) and on Au surface (figs. S3 and
S4). While the surface confinement effect is known to restrict the
free movement or structural flexibility of molecules on the substrate
to facilitate chemical reactions (32-34), the possibility of the cyclo-
dehydrogenation reaction of HPB on graphene due to the surface
confinement is very low (fig. S2).

RESULTS

To fabricate graphene/HPB/graphene (G/HPB/G) pressure vessels,
HPB was spin-coated on as-grown chemical vapor deposition (CVD)
graphene followed by transfer of another graphene layer (see Ma-
terials and Methods for details of CVD graphene transfer and di-
mensions of graphene layers). Studies with hexagonal boron nitride
(hBN) layers in place of graphene are described in Materials and
Methods). Cyclodehydrogenation of HPB was performed by heating
G/HPB/G at 200°C for 180 min. The reason why we annealed the
sandwich samples at 200°C is because the annealing makes the gra-
phene (or hBN) sandwich strongly coupled; thus, vdW pressure is
applied in the graphene (or hBN) sandwich. It is well known that the
annealing between 150° and 350°C is required for strongly coupled
graphene bilayer (30, 31). Just the transfer of the top layer graphene to
HPB/G cannot induce the strong coupling for applying vdW pres-
sure. We could observe the cyclodehydrogenation of HPB to HBC
even at lower temperatures than 200°C because of strong coupling
even at lower temperatures (Fig. 1, G and H, and figs. S5 to S7). How-
ever, while the reaction occurs in local area, where vdW pressure is
applied, at lower temperature than 200°C and the yield of the reac-
tion increases with temperature, the reaction occurs everywhere in
the sample after annealing at 200°C. It is also noted that the cyclo-
dehydrogenation reaction may also be possible even within the sand-
wich structure prepared using bilayer graphene (fig. S8).

The Raman spectra of bilayer graphene prepared by the transfer
of graphene (G/G), G/HPB/G, and thermally treated G/HPB/G to
obtain G/HBC/G are shown in Fig. 1B. G/G spectrum in Fig. 1B is
similar to turbostratic stacked graphene with 2D and G peak inten-
sity ratio (Ip/I) of 2.84 (35, 36). The L,p/Ig (2.10) ratio of G/HPB/G
was found to be slightly lower because of weak n- interactions be-
tween graphene layers and the aromatic rings of HPB due to the im-
perfect parallel orientation of HPB molecules with graphene (37, 38).
The Ip/Ig ratio is affected by the change in electronic structure of
graphene by doping, stacking order, or formation of superlattice.
In contrast, a large reduction in the I,p/I ratio (0.42) is observed for
G/HBC/G samples, which indicates that the formation of the poly-
aromatic rings by HBC affects the electronic structure of graphene.
This induces the zone-folding effect through superlattice formation,
resulting in a decreased I,p/Ig ratio (Fig. 1B) (39, 40).

The formation of HBC between the graphene layers was con-
firmed by time-of-flight secondary ion mass spectroscopy (TOF-SIMS).
For the TOF-SIMS measurements, the as-formed HBC between the
graphene layers was exposed by removing the top layer by the peel-
off method [see Fig. 1C, Materials and Methods, and (41)]. The TOF-
SIMS results from HPB ([M]*) [mass/charge ratio (m/z) 534.23]

In Yoon et al., Sci. Adv. 10, eadp9804 (2024) 8 November 2024

shown in Fig. 1D show a strong signal at m/z 535.24 ([M + H]Y),
which denotes protonated HPB. As expected, the peak for HBC with
the exact mass of m/z 522.14 appears at m/z 522.24. The hBN sand-
wich structure showed the same results (fig. S9). It is noted that a con-
trol experiments with commercial HBC (ATK Chemical Company
Ltd.) in the graphene sandwich structure showed the same results for
Raman and TOF-SIMS spectra (fig. S10). Moreover, the insulating
nature of hBN allows absorption and photoluminescence (PL) mea-
surements (not possible with semimetallic graphene) of hBN/HPB/
hBN and hBN/HBC/hBN that also support the formation of HBC
in Fig. 1 (E and F). Absorbance between 375 and 400 nm (Fig. 1E)
and a strong PL peak at 410 to 700 nm (Fig. 1F) after heating were
observed, which are attributed to the increase in aromaticity due to
the formation of HBC and its aggregation (42). The small PL peaks
(420 to 500 nm) in hBN and hBN/HPB/hBN are due to nitrogen
vacancies (43).

The conversion of HPB to HBC in the confined graphene vessel
after annealing can be also identified by high-resolution TEM (HR-
TEM) images. We acquired HRTEM images of HPB and HBC mol-
ecules after annealing G/HPB/G samples at 65°, 100°, 150°, and
200°C. The conversion of HPB to HBC after annealing at 65°C is rare,
and thus HBC molecules are observed in a very local area. However,
HBC molecules are more likely to be found after annealing at 100°
and 150°C. Most of isolated molecules are HBC after annealing at
200°C. Representatively, an isolated HPB molecule in the graphene
sandwich after annealing at 150°C is shown in time-elapsed images
of Fig. 1G, while Fig. 1H shows an isolated HBC molecule in the same
sample. In addition, we are able to observe similar HPB and HBC
molecules’ configurations in the graphene vessel after annealing at
100°C (fig. S6). While atomic structures of HPB and HBC molecules
are similar, their HRTEM images are very different from each other.
In Fig. 1H, an HBC molecule shows rounded shape with brighter
contrast at the edge due to the tighter bonding of carbon-carbon
atoms in HBC with the loss of hydrogen atoms at the edge in the
HRTEM image. However, an HPB molecule shows structural distor-
tion in Fig. 1G because the six outer phenyl rings rotate very quickly
under e-beam exposure for TEM measurement (higher degree of
freedom in moving). It is noted that an HBC molecule is static un-
der e-beam irradiation because outer phenyl rings do not rotate any
more by C—C couplings. We summarize HRTEM images of HBC at
different temperatures, 65°, 100°, 150°, and 200°C, in fig. S7. It is
noted that we cannot assign carbons of the HPB molecule because
of its distorted structure, but we can see the atomic structure of HBC
in the confined graphene vessel by a careful measurement because
HBC is relatively stable (fig. S11)—note that both HPB and HBC
molecules move freely between graphene layers under e-beam irra-
diation (movies S1 and S2). The temperature-dependent HRTEM
results are consistent with the temperature-dependent Raman re-
sults in fig. S5.

To further analyze how the confinement of reactants between lay-
ers of graphene by vdW pressure leads to the cyclodehydrogenation
of HPB, we calculated the reaction energy profiles for the cyclode-
hydrogenation of HPB in the graphene sandwich based on density
functional theory (see Materials and Methods). Figure 2 presents
the reaction energy profile of the first dehydrogenation reaction with
the corresponding structures, i.e., the reactant (HPB), the transition
state, and the dehydrogenated product (HPB-2H). Relative ener-
gies with reference to the optimized HPB and the dihedral angles
(¢) between the central benzene ring and outer phenyl rings for
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Fig. 1. Cyclodehydrogenation reaction of HPB between layers of graphene or hBN. (A) Schematic illustration of cyclodehydrogenation of HPB confined between
graphene layers. (B) Raman spectra of G/G, G/HPB/G, and G/HBC/G. (C) Schematic illustration of peeling of graphene layers by Ni deposition on both sides of the vessel.
(D) TOF-SIMS results of HPB and HBC between graphene layers before and after heat treatment at 200°C, respectively. The data acquisition time was 20 s. (E) Absorption
spectra (derived from reflectance measurement) of hBN/HPB/hBN before and after heat treatment. (F) Comparison of photoluminescence (PL) spectra of BN/HPB/BN
before and after heat treatment. Excitation wavelength is 340 nm. (G and H) High-resolution TEM (HRTEM) images of HPB and HBC in a confined graphene vessel after
annealing G/HPB/G at 150°C for 180 min. (G) Sequential images of HPB confined in the graphene sandwich (top) and corresponding sequential IFFT images (bottom) after
removing top and bottom graphene lattices. (H) Sequential images of HBC confined in the graphene sandwich (top) and corresponding sequential inverse fast Fourier
transform (IFFT) images (bottom) after removing top and bottom graphene lattices. To obtain a clear contrast for HPB and HBC molecules, corresponding IFFT images
were acquired after eliminating the reflection spots from graphene lattices. HRTEM images were obtained in fast sequential imaging (an exposure time of 0.1 s and an
interval time of 1.1 s). a.u., arbitrary units.
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Fig. 2. Reaction energy profile and corresponding optimized structures for the first cyclodehydrogenation reaction of HPB confined in graphene layers based
on the density functional theory calculations. (A) Structures of HPB, the transition state (TS), and the product (HPB-2H) from the first cyclodehydrogenation of HPB
confined in graphene layers. Distances between two carbons for the bond formation (RCC) and dihedral angles (¢) between the central benzene and the outer phenyl
ring are specified. (B) Energy profile in kilocalories per mole (kcal/mol) with respect to the bond formation of two carbon atoms. The inset figure represents the first dehy-
drogenation reaction where we represent the distance between carbon atoms as RCC and the dihedral angle (¢) with four carbon atoms labeled as 1 to 4 (red atoms in

the upper structures).

dehydrogenation are also displayed. Since the estimated reaction
energy barrier is 17.3 kcal/mol, which is similar to the known bar-
rier with strong oxidants at ambient temperature, ~16 kcal/mol, for
the arenium cation pathway (29), we expect that the dehydrogena-
tion under the vdW pressure is possible. It is noted that there was no
geometry showing bonding between hydrogen atoms and carbon at-
oms in the graphene layers during the computation, suggesting that
the graphene is inert during the dehydrogenation. On the basis of ab
initio force analysis [see fig. S12 (A and B) for atomic force compo-
nents], the estimated pressure applied to the sandwiched HPB is 6.83
and 7.3 GPa for graphene and hBN sandwiches, respectively, at the
interlayer distance of 0.7 nm, which is higher than the estimated vdW
pressure with large-sized graphene bubbles (6). The molecule-sized
vessel with a height < 1 nm can achieve a vdW pressure > 1 GPa,
and a value as high as 70 GPa has been reported for atomic clusters
under a graphene sheet (44). Our calculation results show that high
pressure within sandwiched graphene or hBN flattens HPB and low-
ers the energy barrier to enable its cyclodehydrogenation reaction
at 200°C. We also calculated the large-scale sandwiched structures
based on semi-empirical and empirical calculations with 31 HPB
and 50 HPB molecules, respectively. In case of a cluster of 50 HPB
molecules (the height with respect to the upper graphene layer (h) of
1.08 nm and the diameter (2R) of 12.3 nm), the estimated vdW pres-
sure based on the force component analysis as G/HPB/G becomes
0.58 GPa while the pressure with 31 HPB molecules (h = 0.84 nm
and 2R = 8.9 nm) shows the vdW pressure of 3.16 GPa (fig. S12, Cand
D). From the statistical analysis, dihedral angles of approximately 12

In Yoon et al., Sci. Adv. 10, eadp9804 (2024) 8 November 2024

to 29% HPB molecules in the large-scale sandwiched structures are
smaller than ~39° for G/HPB/G, which makes the dehydrogenation
reaction plausible for large-scale sandwiched structures. In addition,
we theoretically studied the mechanism because it is difficult to take
only the intermediate out from the sandwich structure to under-
stand the mechanism. We investigated the reaction energy profile
for the synchronous and stepwise cyclic dehydrogenation reactions
based on the density functional theory calculations for the isolated
HPB molecule. The energy barrier of the synchronous reaction was
1047.3 kcal/mol, while the energy barrier of the stepwise reaction
was 190.4 kcal/mol (fig. S13), suggesting that the cyclodehydrogena-
tion occurs through the stepwise reaction.

We now discuss the polymerization of dopamine as another exam-
ple of pressure-induced reaction between graphene layers. Dopamine is
generally oxidatively polymerized in basic solution (Fig. 3A). Bulk poly-
dopamine is known to be an amorphous polymer with three linear, ran-
domly distributed components (dopamine, 5,6-dihydroxyindole, and
leukodopaminechrome) (fig. S14A) (45-47). Crystalline polytype of
polydopamine has not been observed to date. We have found that po-
lymerization of dopamine in the confined space between two graphene
layers forms the unique polycrystalline oligomers of low molecular
weight (Fig. 3A). In addition to the effect of pressure (flattened dopa-
mine) in the graphene-confined space, we also find that graphene layers
play a role in preventing reaction of dopamine monomers with en-
vironmental oxygen or water so that random oxidative polymerization
is suppressed. It is known that the reduction of oxygen in the dopa-
mine solution led to a decrease in the polymerization kinetics (45-47).
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(A) Comparison of formation of amorphous polydopamine (PD) in bulk space and

polycrystalline oligodopamine (OD) in confined space. In the top view image, top and bottom graphene layers are omitted. (B) Raman spectra of G/G, G/D/G, and G/OD/G.
(Cand D) HRTEM image and fast Fourier transform (FFT) (inset of each image) of G/D/G (C) and G/OD/G (confined) (D). After polymerization, the formation of ring patterns
in FFT was observed [yellow arrow in inset of (D)]. (E) A 2D crystalline sheet was confirmed in IFFT image of (D). Polymerization of dopamine prepared at the bulk scale.
(F) Comparison of the Raman spectra of D/G and PD/G without a top graphene layer. (G and H) HRTEM image (G) and IFFT image of PD/G (bulk) (H). Inset of (G) and IFFT

image of PD/G revealed that PD is amorphous.

To realize interesting crystalline oligodopamine (OD), the
graphene/dopamine/graphene (G/D/G) layers were heated to 180°C
for 3 hours. The formation of OD was confirmed by appearance of
protonated amine of dopamine (—NH;3*) and secondary amine of
cyclized dopamine (—NH—) at 401.03 and at 398.50 eV, respectively,
in the x-ray photoelectron spectroscopy (XPS) profiles (fig. S14B)
(47-49). We also compared the Raman spectra of three samples
(G/G, G/D/G, and G/OD/G) (Fig. 3B). The Lp/Ig in G/D/G de-
creased slightly to 1.76 (black curve in Fig. 3B) from 2.84 in G/G
due to m-m interactions between dopamine and graphene (37, 38).
A large reduction in I,p/Ig was observed in the G/OD/G sample,
which is attributed to the zone-folding effect through superlattice
formation (39, 40). This is consistent with the Raman result for G/
HBC/G. Moreover, the HRTEM images of G/D/G and G/OD/G

In Yoon et al., Sci. Adv. 10, eadp9804 (2024) 8 November 2024

showed different moiré patterns (Fig. 3, C and D). The stacking
angles of bilayer graphene (top and bottom graphene in the sand-
wich structures) are different in G/D/G and G/OD/G because the
HRTEM images were taken at different positions before and after
heating. The fast Fourier transform (FFT) of G/OD/G exhibited ring
patterns after polymerization, suggesting that polycrystalline OD
has been formed [see the yellow arrow in inset of Fig. 3D and x-ray
diffraction (XRD) spectra in fig. S15]. We used the inverse fast Fou-
rier transform (IFFT) technique to remove signals of graphene layers
from the HRTEM images. As a result, short-range ordered graphitic
domains were observed in G/OD/G (Fig. 3E and fig. S16, A to C).
In addition, the cross-sectional TEM images of G/OD/G revealed
sheet-like OD layers between top and bottom graphene (figs. S16, D
and E, and S17). On the basis of these results, we suggest that the
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OD in the graphene sandwich is a polycrystalline layered structure.
The crystallization of OD in the confined 2D space is consistent with
recent proposal of partial n-conjugation and n-w stacking of indole
moieties in progressive assembly of dopamine for a polydopamine
coating (49). The structure and exact mechanism of polydopamine
have not yet been fully elucidated (46, 47). Thus, we propose that the
driving force for polymerization of dopamine in graphene sand-
wich would be flattening of dopamine by vdW pressure (fig. S18),
and more indole skeletons by oxidative ring closure are formed
due to the confinement effect by vdW pressure in the graphene
sandwich structure (fig. S19). The indole skeletons such as indole-
5,6-quinone could be responsible for crystallized form. The molec-
ular weight of the crystallized product is less than 2000 Da because
of difficulty in rearrangement or assembly of solid-state dopamine
molecules in a large area (fig. S20).

For comparison, we synthesized PD under unconfined condi-
tions on graphene (Fig. 3, F to H). The XPS profile of dopamine
on graphene after heating under unconfined conditions revealed
polymerization (fig. S14C). However, the formed polydopamine is
amorphous in the absence of confining it with top layer graphene.
The amorphous polydopamine under unconfined conditions does
not exhibit reduction in I;p/Ig ratio (Fig. 3F) or the formation of
aring pattern in the FFT of the TEM image (inset of Fig. 3G). Thus,
without confinement, the polydopamine on graphene is similar to
bulk amorphous PD (IFFT image; Fig. 3H). We have also com-
pared the reflectance contrast spectra of G/G, PD/G, G/D/G, and
G/OD/G (fig. S21A). A negative peak was observed at 520 nm in G/
OD/G, indicating enhanced reflectivity due to the polycrystalline
structure of OD (50, 51). The simulation result for the reflectance
contrast of G/OD/G confirms the presence of a negative peak near
520 nm (fig. S21B).

The crystalline OD between graphene layers forms a composite
material with enhanced properties such as lower sheet resistance
(344 ohm sq ") than single-layer (982 ohm sq ") and two-layer gra-
phene (G/G = 642 ohm sq~"). The enhanced electrical property is
attributed to doping of top and bottom graphene layers by nitrogen in
the OD. To test the mechanical properties, the bending stability and
Young’s modulus were determined by measuring the sheet resistance
under applied strain (Fig. 4, A and B). The composite G/OD/G main-
tained its sheet resistance with an applied strain up to 1.3%, while

G/G, three-layer graphene, and six-layer graphene demonstrated an
increased sheet resistance with an applied strain over 0.6, 0.42, and
0.42%, respectively. The Young’s modulus obtained by nanoindenta-
tion of G/OD/G (423 GPa) was found to be 41% larger than that of
G/G (300 GPa). Furthermore, we also report that the G/OD/G film
can serve as a protective layer for water vapor transmission. Figure 4C
compares the water vapor transmission rates (WVTRs) of 2DMs on
a PET substrate. The WVTR of G/OD/G on PET was found to be
0.08 g m~ day ', i.e., 99% less than that of PET (1.3 g m™> day ).
The G/OD/G composite exhibits superior performance compared
to 2DMs such as single-crystalline hBN, polycrystalline hBN, and
graphene layers (51-54). This is because OD blocks the defects pres-
ent in the top and bottom graphene layers which can facilitate water
vapor transmission.

DISCUSSION

We demonstrated the cyclodehydrogenation of HPB via confinement
between graphene layers as a proof of concept. We showed that,
although the cyclodehydrogenation of HPB does not proceed at the
bulk scale, high pressure in the confined space between two gra-
phene or hBN layers allows the reaction to propagate. Furthermore,
we synthesized previously unrealized polycrystalline phase of OD
over a large area (5 cm X 5 cm) that shows intriguing electronic, me-
chanical, and barrier properties. Our results suggest that other func-
tional molecules and materials may be realized through reactions
enabled by the high pressure between layers of 2DMs.

MATERIALS AND METHODS

Cyclodehydrogenation of HPB in confined 2DM vessel

First, HPB (98%; Sigma-Aldrich) was dissolved in dichloromethane
solution with a concentration of 2 mg ml™". The HPB was simply
spin-coated on the 2DM (graphene and hBN) at 4000 rpm for 60 s.
The thickness of spin-coated HPB on graphene was 1.12 nm (see
AFM images in fig. $22). A second layer of the 2DM was transferred
onto HPB/2DM to fabricate a confined 2DM vessel containing HPB
(2DM/HPB/2DM). The transferred G/HPB/G was heated at 65°C to
remove the water and enhance the adhesion of graphene. Cyclodehy-
drogenation of HPB was fully ensured by heating at 200°C, yielding

A B C
I — e— — Z . ¢ «—GIPET
;O o9 " ” v g I(%‘ s ¥ .
= L4 ‘ o 423 + 32 GPa 8 /s . "
' L o o __,# TPC hBN/PET "
06 0.1% 1.1% = € GIPET ™~ sC hBN/PET ¢
x E )
= ——2L Gr g o
o ——3LG g
5 0.3 5 G: @ ’; o o Lee et al. [10]
8 —— G/ODIG 2 = GIPDIGIPET ¢ Choietal. [54]
Q = « Titov et al. [55]
DED 0.0 >C3 0.01 o This work
00 02 04 06 08 10 12 14 GIG G/PDIG o 1 2 3 4 5 6

Strain (%)

# of layers

Fig. 4. Physical properties of crystalline OD between graphene layers. (A) Bending stability test of few-layer graphene and G/OD/G. G/OD/G maintained their sheet
resistances even after applying high strain compared to few-layer graphene. Transmittances of G/G and G/OD/G are 95.4 and 94.84%, respectively. (B) Young’s mod-
ulus of G/G and G/OD/G measured by a nanoindentation test (inset of figure). OD enhanced the Young’s modulus of two-layer (2L) graphene by 41%. (C) Water vapor
transmission rate (WVTR) of G/OD/G and comparison with previous studies. Compared to single-crystal hBN and other results, G/OD/G exhibited excellent WVTR values

(0.08 gm~2day™").
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HBC at the end of the reaction. CVD grown graphene was bought
from LG Electronics Inc. Trilayer hBN with AA’ stacking order was
grown by a remote inductively coupled plasma CVD method. Trilayer
hBN was grown on sapphire substrate using borazine (Gelest Inc.)
precursor with Ar gas (10 standard cubic centimeter per minute)
at 1220°C.

Ni deposition on the 2DM confined vessel

To characterize HPB in the confined 2DM vessel, hABN/HPB/hBN
and G/HPB/G were prepared by a simple method. Ni was depos-
ited on 2DM/(HPB or HBC)/2DM by e-beam (20 nm, 2 A/s) and
sputtering (500 nm). After depositing Ni on one side of 2DM/(HPB
or HBC)/2DM, the other side was also Ni-deposited to produce
Ni/2DM/(HPB or HBC)/2DM/Ni. After Ni deposition on both sides
of 2DM/HPB/2DM, the prepared samples were split using a thermal
release tape. Since the binding energy between 2DM (graphene and
hBN) and Ni is high (41), HBC could be extracted from the confined
2DM vessel by this splitting technique.

Preparation of polydopamine by pH control

The polydopamine bulk powder was prepared as follows: First, do-
pamine solution was prepared by dissolving dopamine HCl in de-
ionized (DI) water. NaOH solution (0.1 M) was used to maintain
the pH of the dopamine solution at 8 or higher. After a few days,
the dopamine solutions appeared dark brown as a result of self-
polymerization, indicating the occurrence of polydopamine. We
evaporated the polydopamine solution in a 70°C oven for 1 day to
obtain the polydopamine in a powder form.

Monomer preparation in confined 2DM vessel

Dopamine was dissolved in DI water, and pH of the solution was
adjusted to 4 to prevent self-polymerization of dopamine. Then, the
prepared solution was simply spin-coated on graphene at 4000 rpm
for 60 s to give the thickness of about 1.17 nm (see AFM images
in fig. $23). A second layer of graphene was transferred onto the
solution-coated 2DMs to prepare the 2D confined space containing
the target materials. To polymerize monomers in the confined 2DM
vessel, the heating method was used (180°C for 3 hours). The pre-
pared oligomers were characterized by Raman spectroscopy, XPS,
XRD, and TEM.

Characterization

Raman spectra were measured using a micro Raman spectrometer
(alpha 300, WITec GmBH) equipped with a 532-nm laser. To obtain
the Raman spectra, the samples were transferred onto SiO,(300 nm)/
Si substrates to amplify the signal by multiple reflection. XPS (K-
Alpha, Thermo Fisher Scientific) was performed to determine the
chemical compositions of the samples. XRD profiles were recorded
by a SmartLab diffractometer (9 kW; Rigaku) with Cu Ko radiation
(A =1.541 A). The XRD system was operated at 45 kV and 200 mA
in a two-theta range of 10° to 90° with a theta-to-theta mode. The
step size was 0.02°, and the scanning speed was 5°/min. For HRTEM
imaging and selected-area electron diffraction measurements, dou-
ble C; aberration-corrected TEM (Titan Cube G2 60-300, FEI) was
performed at 80 kV using a monochromatic e-beam. After obtaining
the HRTEM images, IFFT images were achieved for organic mole-
cules by removing the G/G crystal lattice from FFT to show the clear
contrast of organic molecules. The sequential images for the struc-
tural change of HPB and HBC molecules were acquired using a Gatan
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Digital Micrograph script. Each of images was taken with an expo-
sure time of 0.1 s and an interval time of 1.1 s. The reflectance contrast
spectrum was obtained using white light excitation (the spectrom-
eter has a spectral range starting from 350 nm). PL spectra were
obtained using an excited 340-nm laser. The pulse duration and rep-
etition rate were 180 fs and 80 MHz, respectively. Both reflectance
and PL signals were collected by a spectrometer equipped with a ther-
moelectrically cooled charge-coupled device detector (Andor Inc,,
DU971P). WVTR was measured by a WVTR analyzer with high
sensitivity (Aquatran 2, Mocon). WVTR was measured at 23°C with
relative humidity of 100%. The TOF-SIMS measurements were per-
formed with a TOF-SIMS 5 instrument (IONTOF GmbH, Miinster,
Germany) using 25-keV Bis* primary ion beam with a current of
0.3 pA in positive ion mode. The TOF-SIMS and Orbitrap-SIMS
measurements in fig. S2 (C to F) were performed using a M6 Hybrid
SIMS instrument equipped with a 30-keV Bis" primary ion beam (a
current of 0.3 pA) and 10-keV Ar cluster ion beam, respectively, in
positive ion mode.

Theoretical calculations

Geometry optimization of G/HPB/G and G/HBC/G was conducted
at the B3LYP/6-31G* level of theory with D3 dispersion energy cor-
rection based on TeraChem software (55). The energy barrier cal-
culations for both synchronous and stepwise mechanisms for an
isolated HPB were performed at the same level of theory. Transition
state structures were chosen as the maximum energy structures from
constrained geometry optimization at variable C—C bond lengths.
Pressure (P) was calculated from force components (fig. S12) based
solely on hBN bilayers at the optimized hBN/HPB/hBN by P =
Y 1enpnFr /A, where Fy | is the force component normal to the cen-
tral benzene ring of HPB for the Ith atom in the hBN layers. The area
of a molecule was chosen as ~154 A? approximated from a circle with
a diameter of ~14 A (distance from farthest hydrogen atoms).
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