@ High-Pressure Chemistry Igld W27

Angewandte
itermationalediion. CHEIMIIE

DOI: 10.1002/anie.201308682

Observing High-Pressure Chemistry in Graphene Bubbles**
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Abstract: Using IR spectroscopy, high-pressure reactions of
molecules were observed in liquids entrapped by graphene
nanobubbles formed at the graphene-diamond interface.
Nanobubbles formed on graphene as a result of thermally
induced bonding of its edges with diamond are highly
impermeable, thus providing a good sealing of solvents
within. Owing to the optical transparency of graphene and
diamond, high-pressure chemical reactions within the bubbles
can be probed with vibrational spectroscopy. By monitoring
the conformational changes of pressure-sensitive molecules,
the pressure within the nanobubble can be calibrated as
a function of temperature and it is about 1 GPa at 600 K. The
polymerization of buckministerfullerene (Cgy), which is sym-
metrically forbidden under ambient conditions, is observed to
proceed in well-defined stages in the pressurized nanobubbles.

Graphene is a unique two-dimensional electron system as
well as the thinnest elastic membrane found in nature. A
consequence of graphene being a soft membrane is that it can
be strain-enginneered to form ripples or bubbles. The
impermeablity of graphene as well as its huge elastic
modulus!! suggests that these bubbles can be used as a barrier
for entrapping fluids, forming a liquid cell. Yuk et al. applied
the graphene membrane as sealing windows to trap liquids
and used transmission electron microscopy to study the in situ
growth of nanocrystals in it.”)’ We have previously demon-
strated that graphene—diamond interface undergoes bonding
at high-temperature to transform the graphene into an
undulating sheet of graphene nanobubbles (GNB) on the
diamond substrate. Interfacial stress and rippling of graphene
on the lattice-mismatched diamond produce a high density of
nanometer-sized GNB on its surface. When heated to high
temperatures, the entrapped water within the GNB can be
transformed into the supercritical phase.”! It is interesting to
consider whether we can make use of the optical transparency
of diamond and graphene to monitor high-pressure-high-
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temperature reactions inside the GNB. We encapsulated
organic fluids inside a random array of GNBs that were
formed by thermally annealing the graphene—diamond inter-
face to the reconstruction temperature of diamond. One
question is how do we probe the pressure inside these bubbles
when they are heated ? The probing of pressure in a nanosized
bubble is non-trivial because using conventional methods
such as ruby luminescence will be difficult.

The strategy we applied herein is to entrap pressure-
sensitive molecules such as polyphenyl molecules inside the
bubble and follow its pressure-induced conformational
change using an IR spectroscopic probe. Furthermore, to
test the feasibility of graphene bubbles as a high-pressure
anvil, polymerization of buckminsterfullerene (Cg) was
tested within these nanobubbles, as its intermolecular cou-
pling by cycloaddition reactions is symmetry-forbidden under
normal conditions.

Transfer of CVD graphene onto diamond substrate was
accomplished using the conventional float-transfer technique
(see the Supporting Information for Raman characteriza-
tion). Owing to surface tension at the air-water interface,
graphene film floating on the air-water boundary becomes
rippled and entraps water molecules on its creases and folds
when transferred onto diamond. The hydrophobicities of
diamond and graphene stimulate instability of the planar
water interface, and the fluctuations of these interfaces can
destabilize and expel liquid, leading to spontaneous cavita-
tion. At the spots where water molecules were expelled,
graphene adheres strongly to diamond by capillary adhesion
and traps the clustered water molecules in between. Further
heating of the graphene-diamond promotes bonding between
sp® graphene and sp® diamond and seal pockets of water
molecules within the nanocavities.

Apart from water, other solvents can also be entrapped
when graphene floats on them. For example, the organic
solvent carbon disulfide (CS,), which has good solubility for
polyphenyls, was selected. Its IR transparency makes it
a suitable solvent for in situ FTIR studies. The disparity in
the density and sizes of the GNBs produced in different
liquids is due to the difference in surface tension, with
a higher surface tension leading to finer corrugation of the
graphene.”! The polarity index k' of water and CS, is 9.0 and
1.0, respectively. After annealing the graphene—diamond
interface at 1275 K for 45 min in ultrahigh vacuum, the
GNBs formed by encapsulating CS, has a density of about 5 x
10" cm 2, while GNBs formed by water is 1.6 times denser
(Figure 1). CS,-encapsulated GNBs are on average 5nm
larger in diameter than water-encapsulated GNBs. As the
internal pressure of the bubbles is dependent on the physical
dimensions of the bubbles, it is expected that the internal
pressure will vary according to the size of the bubbles. It
should be noted that the majority of bubbles are measured to
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and beyond, these peaks corre-
spond to the out-of-plane
motion of hydrogen atoms. To
obtain a rigorous basis for
these observations, group
theory was applied to account
for the disappearance of cer-
tain vibrational modes. Repre-
sentations of the biphenyl mol-
ecule in its twisted and planar
form are shown in the Support-
ing Information, Figure S1. The
twisted  conformation  of
biphenyl belongs to the D,
point group, and the vibra-
tional modes can be classified
as follows:

F=15A®13B, & 16B, 4 16B,.

035 ,  Modes belonging to the By, B,,

030 %J or B; irreducible representa-
3‘2205 %  tions are IR-active, for a total
Py é of 45 IR—act.ive m.odes. For the
010 S planar configuration, biphenyl

£ belongs to the D, point group

and the vibrational modes are
given by:

T=11A,©4A, 3B, & 10B,
©6Bs, @ 10B,, @ 6B,, © 10B,,.

Figure 1. a),c) High-resolution three-dimensional topography representation of GNBs on diamond entrap-

ping fluids, such as a) CS, and c) water. Scale bar: 100 nm. b) d) Histogram of the diameter and height

distribution of GNBs entrapping b) CS, and d) water.

fall within 20-30 nm (diameters), thus the overall spectrum
obtained is a collective signal, where the majority contribu-
tion to the resultant signal is from these bubbles. The presence
of the trapped solvent can be detected by FTIR, even after
annealing to temperatures where free solvent is expected to
vaporize (Supporting Information, Figure S3).

The GNB-on-diamond, which entrapped the biphenyl
molecules together with the solvent CS,, was introduced into
a Fourier-transform IR (FTIR) cell evacuated to 1 x 10~* Torr.
FTIR measurements conducted at room temperature using
the cell reveal the intrinsic three-phonon absorption peaks of
diamond,® together with the vibrational bands associated
with the twisted conformation of biphenyl molecules (Fig-
ure 2a). It must be pointed out that in the absence of the
graphene overlayer, any fluid that was introduced onto the
diamond surface will evaporate readily in vacuum, which is in
accordance with the inertness of the diamond surface. Thus
the vibrational bands of the liquid can only be observed when
it is trapped at the interface between diamond and graphene.
The conformation of the biphenyl molecule is a result of the
balance between the electrostatic repulsion of hydrogen
atoms, which tends to twist the rings, and the interaction
between @ electrons, which tends to planarize the molecule.”
We observed the disappearance of some peaks (indicated by
arrows) in Figure 2b when the sample was heated to 373 K
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Modes belonging to the B,
B,,, or B, irreducible repre-
sentations are IR-active, for
a total of 26 IR-active modes. Upon planarization, some of
the By, B,, and B; modes transform into By,, By, and B;,
modes. These modes become IR-inactive as the dipole
moment vectors exactly cancel each other. The disappearance
of these IR peaks was echoed in a report by Zhuravlev et al.,[
who studied the IR spectra of biphenyl under hydrostatic
pressure using a piston-cylinder diamond-anvil cell.”) Dis-
appearance of similar IR peaks was observed at 0.18 GPa with
the phase transition of biphenylL.™% Thus, it can be inferred
that the pressure in the GNB has reached the critical pressure
of biphenyl when heated to 373 K. The temperature-depen-
dent shifts of several out-of-plane hydrogen bending modes
are plotted for the biphenyl molecule in Figure 2c. The blue-
shifting of the out-of-plane modes at higher temperature
indicates the shortening of intramolecular C—H bond and the
increase in pressure in the GNB. As the critical pressure at
which polyphenyls flatten increases with the number of
phenyl rings, p-terphenyl and quarterphenyl were employed
to extend the pressure range that can be determined. The
flattening of p-terphenyl and quarterphenyl was reported to
be observed at about 0.5 GPa and 1.0 GPa, respectively.'!
The disappearance of the specific IR peaks was observed at
473 K and 623 K for p-terphenyl and quarterphenyl, respec-
tively, this allows us to derive the pressure-temperature
relationship curve as depicted in Figure 2d.
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symmetry activate  the
silent I, modes of Cg to
result in appropriate split-
ting of the degenerate T,
and H, vibrational modes,
giving rise to new bands at
different stages of the poly-
merization.'®?)  The IR
spectra in Figure 3b illus-
trate the phase transforma-
tions of Cg in GNB under
various P-T  windows.
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According to group theory,
more than 300 modes in the
(Cgo), dimer (D) molecule
and 150 vibrations of the
distorted Cg, cage in the
orthorhombic (O) and tet-
ragonal (T) polymers are
predicted to exist in the IR
and Raman spectra.'™
However, experimentally
observed IR and Raman
spectra consist of only tens
of well-distinguished bands
owing to the low intensity
of the certain vibration
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Figure 2. a) FTIR wide spectra of biphenyl in GNB on diamond before and after phase transition at 298 K,
773 K, and cooled to 298 K. b) Zoomed-in FTIR spectra showing out-of-plane modes of biphenyl in GNB on
diamond before and after phase transition at 298 K, 773 K, and cooled to 298 K; c) frequency shifts of three
biphenyl vibrational modes as a function of temperature. d) Pressure—temperature correlation.

To evaluate whether the pressure inside the bubble is
effective for driving symmetry-forbidden reaction, we con-
sider the [2+2] cycloaddition of Cg molecules. The oligome-
rization or of Cg, is a model reaction for testing the pressure
inside the GNB, as the progressive stages of coupling, from
dimerization to trimerization and so on, exhibit well-defined
pressure-temperature (P-T) phase boundaries. The [2+2]
cycloaddition Cg, is not favorable under normal conditions
owing to the mismatch of molecular orbitals. However, this
reaction can be activated photochemically via triplet excited
states.”” Polymerization of Cg has also been obtained by
irradiation with electrons or ions,™ plasma treatment,
alkali-metal doping,'¥ direct chemical synthesis,”! and even
mechanical milling."” Finally, pressure can be used to
compress Cq molecules and to drive intermolecular coupling.

The molecular nature of Cg molecule is apparent in its
exceptionally simple vibrational spectrum, which exhibits
four sharp IR modes, as expected for an isolated cage of
icosahedral symmetry (Figure 3b(I)).'" These vibrational
properties change dramatically when the weak van der Waals
forces among the fullerene molecules are replaced by
covalent bonds."?*'® Formation of intercage covalent bonds
reduces the molecular symmetry and gives rise to pronounced
changes in the vibrational spectra.” The lowering of
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modes. As shown in
Figure 3, the vibrational
bands become more com-

plex as the GNBs are
heated, suggesting that
phase transformation of

Cq is occurring under heat

and pressure. Features char-
acteristic of pressure-polymerized forms of Cy, are observed
in the 600-700 cm™' spectra region. The strong blue shifted
bands at 615 (D), 605 (O), and 609 (T), which originate from
the H, (2) parent mode, is a clear indication of the
modification of the fullerene cage. Several fingerprint bands
due to individual distinct oligomer are observed. In the
spectra of the dimer, the moderate band at 770 cm ™' and the
sharp line at 762 cm™! correspond to the activation of H, (4)
and F,, (2) icosahedral even modes, respectively. The
presence of a unique 1464 cm ™' band in the spectrum of the
dimer (Figure 3b(II)) assignable to the A, (2) derivative is
a clear indication of the loss of inversion center by the Cg,
moiety. Furthermore, the peak at 1422 cm™' with medium
intensity can also be also used to identify (Cg), dimer from
other polymeric forms.!! The F,, (2) mode in the polymeric
species splits into doublets (711/716 cm™ in the O and 709/
719 cm~'in T phases) with different relative intensities. Apart
from the G, (2) mode triplet splitting (730/741/747 cm™") in
the spectra of tetragonal polymers, we also observed strong
narrow lines at 759 (O) and 762 (T), which originate from the
G, (3) mode of Cg,. The doublet residing at 608, 557 cm ™' and
the downshifting of the pristine F;, (1) mode from 527 to
523 cm™! matches well with the value reported in a spectro-
scopic study of pressure modified Cg.? A sharp band at
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Figure 3. Structures showing the oligomerization of Cy inside GNB at
different pressure—temperature windows a) (1) pristine Cg, (I1) dimeri-
zation, (I11) orthorhombic structure owing to the formation of trimer
chains; (IV) tetragonal structure owing to 4 C¢, molecules bonding in
a square shape conformation. b) IR spectra of pristine, dimer, ortho-
rhombic, and tetragonal phases of Cq, (top to bottom).

932 cm™ is observed in the fingerprint region of the
tetragonal phase when the sample is heated to 873 K; it can
thus be inferred that a sharp phase transition has occurred at
this temperature. It is noteworthy to mention that the
oligomerization reaction of Cy, is irreversible, the distinctive
spectroscopic signatures of the oliogomerized phases
remained even after the samples were cooled to room
temperature.

In summary, we have shown that GNB can be used as
a bench-top anvil for the investigation of high pressure
chemistry. The advantage of using the graphene-diamond
hydrothermal anvil cell is that pressure is exerted isotropically
on the sample, whereas in conventional cells, the axial force of
the squeezer tends to deform the sample of interest. The
anisotropy of some crystals and carbon phases obtained from
Cgo fullerite under high pressure has been attributed to the
additional pressure component that occurs in the quasi-
hydrostatic experimental conditions in the conventional anvil
cell.”2 Owing to the transparency of graphene, it should be
possible to study photochemical reactions in the trapped
fluids by directing lasers on the GNB. Finally, such graphene
bubbles can be used as adaptive focus lenses by combining the
approaches of the fluidic lens and liquid-crystal lens. The
change in curvature of the bubbles induced by expanding
liquid can result in focal length changes owing to changes in
refractive indexes, which can be deployed in optical bistabil-
ity-based control schemes.
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Experimental Section

The graphene sheets used in this study were grown by CVD following
previous reported procedures.” The process was carried out in
a quartz tube at reduced pressure with copper as a catalyst for
graphene growth. The copper foil (thickness of 25 um, purity of
99.8%) was heated at 1275 K under a 10sccm flow of H, (ca.
400 mTorr) to reduce the oxide present, increase the grain size, and
ensure a smooth surface for growth. Next, CH, was introduced into
the chamber for growth. CH, (10 sccm) and H, (10sccm) were
maintained at about 750 mTorr for 30 min. Following that, the grown
sheet was cooled in an atmosphere of H, to room temperature. The
graphene on copper foil samples were coated with poly(methyl
methacrylate) (PMMA) and transferred onto diamond substrates.

Type Ila CVD single-crystal diamonds (100) were purchased
from Element Six and mechanically polished to give a root mean
square of less than about 0.2 nm before use. Acid cleaning and
hydrogen plasma cleaning of diamond were used for all of the
diamond samples. Metallic impurities were first dissolved in hot aqua
regia (HNO,/HCI 1:3), followed by removing organic impurities from
the diamond samples by hot “piranha” solution (H,0,/H,SO, 1:3) at
375K for 1h. Hydrogen termination of diamond samples was
performed by microwave hydrogen-plasma treatment using 800 W
microwave power and 300 sccm of hydrogen gas flow for 15 min.

The graphene-on-diamond samples were mounted on a Mo
sample plate, transferred into a ultrahigh vacuum chamber with
a base pressure of < 107" Torr. Annealing was conducted at 1275 K
for 45 min by e-beam heating (SPECS GmbH, Germany). Through-
out the entire annealing process, it was ensured that the pressure did
not rise beyond 10~* Torr.

A Dimension ICO using a Nanoscope V controller (Bruker,
Santa Barbra, CA) equipped with a diamond probe (DNISP; Bruker
AFM Probes, Camarillo, CA) was operated in Peakforce Quantita-
tive Nanomechanical mode for simultaneous topography imaging and
Young’s modulus mapping of the graphene bubbles.

FTIR measurements were conducted in the reflection mode using
an OPUS/IR PS15 spectrometer (Bruker). The sample was loaded
into a high-temperature high-pressure FTIR cell evacuated to 1 x
10~* Torr. The spectra were the results of 32 co-added interferograms
at4 cm ' resolution between 400 to 4000 cm ™' with collection times of
approximately 2 min. Each sample was analyzed at least three times
to ensure the reproducibility of the results.
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