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ABSTRACT: Graphane shares the same two-dimensional honeycomb structure of graphene, but its saturated carbon skeleton gives
rise to a bandgap and therefore provides more possibilities for the development of novel carbon-based semiconductors. However, the
hydrogenation of graphene usually leads to disordered and incompletely hydrogenated graphane, and the precise synthesis of
graphane with a specific configuration is still very challenging. Here, we synthesized a crystalline graphane nanoribbon (GANR) via
pressure-induced polymerization of 2,2"-bipyrazine (BPZ). By performing Rietveld refinement of in situ neutron diffraction data,
nuclear magnetic resonance spectroscopy, infrared spectra, and theoretical calculation, we found that BPZ experienced Diels—Alder
polymerization between the -7 stacked aromatic rings and formed extended boat-GANR structures with exceptional long-range
order. The unreacted —C=N-— groups bridge the two ends of the boat and are ready for further functionalization. The GANR has a
bandgap of 2.25 eV, with booming photoelectric response (Ion/Iopr = 18.8). Our work highlights that high-pressure topochemical

polymerization is a promising method for the precise synthesis of graphane with specific structure and desired properties.

G raphane (CH), is the H-saturated graphene and can be
regarded as the thinnest two-dimensional (2D) diamond,
which opens the bandge}/p of graphene,'° like the well-known
graphene nanoribbons.” ® This fully saturated 2D nature
brings promising physical properties, like potential super-
conductivity with T, up to ~90 K (doped by B)' and
excellent dielectric properties. By modifying the amount and
the ordering of hydrogen, many materials, even 2D nano-
electronics, can be expected with desirable electronic and
magnetic properties, like %raphone, graphene “nanoroad”, and
graphane p—n junctions."’ However, most of the theoretical
predictions neglected the isomerism of graphane and focused
on the simplest model (graphane I, Scheme 1). Due to the

Scheme 1. Typical Graphane Isomers”

“H are omitted for clarity.

various arrangement of C—H bonds above or below the plane,
the hexagonal rings may adopt chair, boat, and twisted
structures. Graphane therefore has many isomers, varying in
the electronic, optical, and chemical properties.”'> For
example, Graphane I is the most stable isomer.”"” Desorption
of hydrogen from one side would yield a ferromagnetic
semiconductor.'* Graphane II is isoelectronic with the black-
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phosphorus nitrogen,'® which is a promising substrate for the
research of semiconductors. The vibrational spectrum of
Graphane III varies significantly from Graphane 1"'° and
would affect the phonon—electron coupling and therefore the
superconductivity. When substituted by F, —OH, or —NH, the
stabilities of these isomers may change, increasing the
complexity for synthesis.'” ™"

Many methods were used to synthesize graphane, like low-
pressure H, plasma,™*’ high—pressure H, hydration,”" wet-
chemistry Birch reactions,”” " and high-temperature—high-
pressure synthesis from organics.”> However, these methods
are limited to the unsatisfied crystallinity and selectivity of
product,”® as it is hard to control the direction of hydrogen’s
attack.* Thus, the precise synthesis of highly ordered structure-
specific graphane is urgently required.

Pressure-induced polymerization (PIP) has demonstrated its
adaptability in the preparation of extended carbon structures
like carbon nanothreads and nanoribbons, as well as graph-
ane.”’ ™"’ Acetylene transforms into nanometer-range ordered
Graphane II via PIP.>**® The CF¢—C¢Hg cocrystal transforms
into F-orderly substituted nanometer-range ordered graphane
III via Diels—Alder PIP, which highlighted that the PIP of
substituted aromatics is an effective method to construct
graphane with specific configurations.”” In this work, we
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synthesized Graphane III nanoribbons (GANRs) with atom-
scale ordering via the Diels—Alder PIP of 2,2'-bipyrazine
(BPZ) at 20 GPa, which paved the way to the precise synthesis
of desired graphane.

BPZ has a triclinic structure with one molecule per unit cell
at ambient conditions (P-1,a =3.76 A, b= 5.35 A, c = 9.52 A,
a = 102.96° f = 91.98°, y = 101.69°, Figure 1a and b).”” The
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Figure 1. Crystallographic investigation of BPZ. Crystal structure of
BPZ viewed (a) perpendicular to and (b) parallel to the molecular
plane at ambient pressure. (c) Anisotropic compressibility of lattice
parameters. (d) Time-dependent in situ neutron diffraction at 20
GPa. (e) Formation of BPZ-GANR (BBB).

two pyrazine rings in BPZ are coplanar due to the
intramolecular N--H hydrogen bonds. The molecules are
slip-stacked along the g-axis with slip angle ® = 13.5°, much
smaller than that of benzene'® and aniline,"" etc., and the
perpendicular intermolecular distance is d, = 3.46 A.
Meanwhile, the N atoms in BPZ increase the reactivity due
to the decreased Pauli repulsion between the diene and the
dienophile."””** All of these characteristics suggest that BPZ is
an excellent precursor to polymerize along the g-axis to
generate crystalline product.

As indicated by in situ high-pressure Raman and infrared
spectra (IR) experiments (Figures S1 and S2 and Table S1),
BPZ polymerizes at ~20 GPa at room temperature. Above 19.9
GPa, the Raman signals gradually disappear, and IR spectra
show several new peaks at 915, 1308, and 1660 cm™,
suggesting a chemical reaction. In situ neutron diffraction of
deuterated BPZ shows that the compressibility of BPZ is highly
anisotropic (Figures 1c and S3 and Table S2). Up to 17 GPa,
the a-axis (7— stacking direction) is compressed by 18.49%,
much larger than that of the b-axis (11.06%) and c-axis
(9.75%), suggesting higher reaction probability along the a-
axis.***> At 20 GPa, the hkl (h # 0, e.g,, 100, 101, 111, and
102) peaks degraded significantly with time, indicating the
atoms are moving out of the (100) plane and unambiguously
demonstrating the bonding along the a-axis (Figure 1d).

The crystal structure of BPZ at threshold pressure (17 GPa)
was determined by the Rietveld refinement and subsequent
geometric optimization of atomic coordinates by density
functional theory (DFT) calculation (Figures S3c and le and
Table S3). The parallel 77 stacking of BPZ is maintained
along the a-axis, with the closest intermolecular distance of
2.76 A between C4’-N3 and C8'-N7. This already reached the
critical reaction distance of the typical aromatics at room
temperature, like dc.c = 2.8 A in benzene,"® benzene-
hexafluorobenzene (CqHg—C4F) cocrystal,”” and 2,5-furandi-
carboxylic acid,*® as well as dc.y = 2.9 A for s-triazine,”” and
would lead to sequential Diels—Alder reactions along the g-axis
(C=C-N=C and C=N as diene and dienophile,
respectively, Figure le) and produce BPZ GANR. The product
has the Graphane III skeleton with all the three newly
produced cyclohexane rings in boat configuration, which is
therefore referred to as BBB with the systematic nomenclature
shown in Figure S4.

We then synthesized the product in milligram scale at 30
GPa using a VX3 Paris-Edinburgh press (PE30, details in SI),
whose X-ray diffraction (XRD) peaks (Figure 2a) were
consistent with the in situ neutron experiments (Figure S5).
The diffractions indexed as 0kl (e.g., 001, 0—11, 010, 002, 0—
12, and 011) were observed, which can be traced from the
precursor. This is a distinctive feature of topochemical
reactions, as reported in several similar PIP reactions.”"*”
The minimum observed d-spacing of PE30 was 1.8 A,
demonstrating atom-level ordering.

We performed Rietveld refinement using the BBB model.
Since only the Okl peaks are detectable, only the atomic
coordinates on the b—c plane can be determined by a 2D-
refinement. A unit cell with b = 5.58 A, ¢ = 10.08 A, a = 120°,
and f = y = 90° and space group P1 were selected; a was set to
0.33 A to avoid any interference of hkl (h # 0) peaks. The
resulting wR, is 8.48%, which demonstrated the reliability of
the BBB (Figure 2b). The high-resolution transmission
electron microscope (HRTEM) image of PE30 also showed
clear d-spacing of 10.0 A (Figure 2c), consistent with the 001
peak in XRD. This is related to the width of the BPZ-GANR
and demonstrates good stacking order (Figure S6).

The intraribbon structure of PE30 was studied by using IR
(Figure 2d) and solid-state nuclear magnetic resonance
spectroscopy (ssNMR, Figure 2f). C(sp’)—H stretching at
~2850, 2925, and 2955 cm™' and C=N stretching at ~1620
cm™! were observed in the IR spectrum. The former
demonstrates the bonding between the aromatic rings, and
the latter indicates that part of the C=N groups is still
unreacted, consistent with the simulated IR of the BBB.

The "*C cross-polarization magic angle spinning (CP-MAS)
ssNMR spectrum with contact time of 2000 ys was shown in
Figure 2f (blue curve), in which both hydrogenated and
nonhydrogenated carbon was detected. In the region of sp>-C,
the peak at 14S ppm is ascribed to the sp>-C(=N), with its
neighbor at ~165 ppm attributed to the sp>~C(=NH),"~*
due to protonation by moisture (Figure S7). In the sp*-C
region, five peaks were observed at 54, 58, 68, 73, and 78 ppm,
respectively. In a following short one-bond 'H-'°C CP
ssNMR spectrum (contact time SO us, orange curve), where
only the hydrogenated C can be detected, the peaks at 73 and
78 ppm disappeared, indicating that they were quaternary
carbons while others were the HCR; carbons.

To make a quantitative study, we collected the direct-
polarization (DP) *C ssNMR spectrum (Figure 2f) and
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Figure 2. Structure of polymerized BPZ. (a) XRD pattern of PE30 (BPZ for comparison) and (b) Rietveld refinement plot using the BBB model.
(c) HRTEM image of PE30. (d) Experimental (PE30) and calculated IR spectra (BBB) of the polymerized BPZ at ambient pressure. (e) The
proposed structure of the BBB. (f) '*C CP-MAS and DP ssNMR spectra of PE30. The blue and orange lines represent the signals with the contact
time of 2000 and SO us, respectively. The deconvolution results of DP are colored following the labels in (e).

TS1
78 )—é—’
TN TS2 N
N 30 &
IS st/ \ ’
0 N / “‘
kJ/mol a— 4
)—M—J ,
)—ml o — 5 \‘\‘
= )
. FS
\ 175

J
BBB

Figure 3. Theoretical investigation of the Diels—Alder reaction path from BPZ to BBB GANR at 20 GPa.

deconvoluted the peaks with their positions extracted from the
CP. The ratio of integrated peak intensities of sp>-C to sp>-C is
24.1%:75.9% (1:3), consistent with the BBB model (Figures le
and 2e). In the region of sp>-C, four peaks were concluded
corresponding to four kinds of carbons in the BBB model. The
peak at 73 ppm is assigned to C4 due to the strong deshielding
by the two N atoms and its quaternary carbon nature. The
peak at 68 ppm is attributed to C8, which is also bonded to
two N atoms but one H atom. The peaks at 58 and 54 ppm are
contributed to C2/C6 and C1, which was bonded to one N
atom, respectively, while CS is also assigned to the peak at 58
ppm due to its indistinguishable chemical shift compared to
C2/C6.%° The peaks at 73, 68, 58, and 54 have a content ratio

14056

of 11.3:13.2:40.4:11, approximately 1:1:3:1, which is consistent
with the carbon content ratio in the BBB and therefore
perfectly confirms its structure. The peak at 78 ppm identified
in the CP spectrum is neglected due to the weak intensity,
probably attributed to the side product.

The reaction path from BPZ to BBB BPZ-GANR at 20 GPa
was then evaluated by a theoretical calculation using the
nudged elastic band (NEB) method. As shown in Figure 3, a
two-step Diels—Alder reaction from BPZ (initial state, IS) to
IS1 and from IS1 to BBB (final state, FS) was identified with
energy barriers of 78 and 31 kJ/mol CgN,Hy, respectively. As
the room-temperature reaction typically requires an energy
barrier below 100 kJ/mol, this path is feasible. As discussed in
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several theoretical studies, the involvement of N would
decrease the Pauli repulsion and promote the reactivity of
the arenes in the Diels—Alder reaction.**

The PIP of BPZ changes its optical properties. The BPZ
crystal darkens significantly above 16.5 GPa (Figure S8), and
the bandgap decreased correspondingly, as disclosed by the
UV—vis spectrum (Figure S9). When decompressed to
ambient pressure, the sample became brown with an optical
bandgap of 2.25 eV (Figure 4a), much smaller than that of the
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Figure 4. Optical properties of poly-BPZ. (a) Optical bandgap of BPZ
and polymerized BPZ. (b) Photocurrent of PE30. (c) Distribution of
VBM and CBM of the BBB.

predicted graphane (>3.5 eV)' due to the unreacted —C=N-—
and the N atoms in the graphane framework, like pyridine
nanothreads.”’ PE30 shows a photoelectric response to visible
light (Figures 4b and S10). When the light is turned on, the
current increased from 0.0267 to 0.504 nA and recovered
when off. The Igy/Iogg ratio is 18.8. The rise time (z,) is 0.38 s
(Figure S11), suggesting a very quick response. This may
promote fascinating applications of GANRs in modern
electronics.”

The origin of the photocurrent was then examined by a
theoretical calculation. The BBB exhibits its valence band
maximum (VBM) and conduction band minimum (CBM) at
the I'-point. The VBM is mainly distributed on the unreacted
—C=N-, whereas the CBM is mainly in the graphane
framework (Figure 4c). Therefore, the free charge carrier may
result from the electron transfer from —C=N- to the
graphane framework.””**

In summary, a highly ordered —C=N-— bridged all-boat
structure GANR was synthesized via the Diels—Alder polymer-
ization of BPZ under 20 GPa. The remaining —C=N-— groups
modified the bandgap of the GANR, which shows an evident
photocurrent response. Our work shows that the PIP of
polyaromatics is a robust method to synthesize well-defined
and functionalized graphane materials with specific config-
urations. The bandgap of the graphane can therefore be
modified and has potential photoelectric applications. Based
on this proof-of-concept work, more functional groups can be
incorporated to modify the electronic structure of graphane
and its electronic and photonic properties.
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