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We present a joint experimental and theoretical study on the high-pressure behavior of bromine
confined in the one-dimensional (1D) nanochannels of zeolite AlPO4-5 (AFI) single crystals. Raman
scattering experiments indicate that loading bromine into AFI single crystals can lead to the formation
of bromine molecular chains inside the nanochannels of the crystals. High-pressure Raman and
X-ray diffraction studies demonstrate that high pressure can increase the length of the confined
bromine molecular chains and modify the inter- and intramolecular interactions of the molecules.
The confined bromine shows a considerably different high-pressure behavior to that of bulk bromine.
The pressure-elongated bromine molecular chains can be preserved when the pressure is reduced to
ambient pressure. Theoretical simulations explain the experimental results obtained from the Raman
spectroscopy and X-ray diffraction studies. Furthermore, we find that the intermolecular distance
between confined bromine molecules gradually becomes comparable to the intramolecular bond
length in bromine molecules upon compression. This may result in the dissociation of the bromine
molecules and the formation of 1D bromine atomic chains at pressures above 24 GPa. Our study
suggests that the unique nanoconfinement has a considerable effect on the high-pressure behavior of
bromine, and the confined bromine species concomitantly enhance the structural stability of the host
AFI single crystals. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4963725]

I. INTRODUCTION

Simple molecular solid systems represent an important
topic for high-pressure physics and chemical science.1–3 The
application of pressure on these systems forces the molecules
to approach each other until the intermolecular distances
become comparable to the distances between atoms in a
molecule. This causes the molecules to lose their identity,
and results in molecular dissociation and metallization.1–9

Bromine, a typical diatomic molecule, is a key constituent
of simple molecular solids. It is believed to undergo earlier
pressure-induced metallization and dissociation transitions
than solid molecular hydrogen (H2).7–9 Thus, the high-pressure
study of bromine (Br2) molecules is of great importance for
understanding the molecular dissociation and metallization of
diatomic molecules, and could have a considerable impact on
the investigation of these phenomena in solid H2.

Recent high-pressure studies on diatomic molecules
confined in the nanospace provide new insights for the
further exploration of the physical properties of diatomic
molecular systems.10–13 Trapping diatomic molecules in
one-dimensional (1D) nanochannels is an effective way to

a)Present address: Bayerisches Geoinstitut, University of Bayreuth, 95440
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b)Z. Liu and Z. Yao contributed equally to this work.
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fabricate long and stable atomic or molecular arrays.10–16

Such arrays exhibit considerably different physical properties,
such as coordination10,11 and bond lengths,12,13 to their bulk
counterparts and have great potential for application in
nanoscale devices.10–17 Br2 molecules have been intercalated
into nanochannel-containing materials such as carbon
nanotubes18,19 and silicon clathrates.20 Polybromide chains
have been shown to exist within carbon nanotubes,18 and
inhomogeneous loading of these nanotubes with bromine
can even reduce the high-pressure stability of the host.19

This is in contrast to the increase of structural stability of
other nanospace materials doped with diatomic molecules,
such as silicon clathrates20 and zeolite single crystals12,13,16

doped with I2, or zeolite single crystals doped with N2.21 A
recent study suggested that Br2 molecules (van der Waals
diameter = 0.40 nm) can be loaded into zeolite AlPO4-5 (AFI)
single crystals to form bromine molecular chains inside the
1D nanochannels of the crystal (inner diameter = 0.73 nm).22

The uniform 1D hexagonal-packed channels of the AFI single
crystal provide an ideal basis from which to explore the
pressure behavior of confined bromine at a molecular level
and to study the effects of the confined bromine on the
structural stability of the AFI host.

Under high pressure, bulk Br2 molecules are first
transformed from a molecular phase (phase I) into phase
I′ at 25 GPa, with a loss of molecular character caused
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by the change of the intramolecular bonds,8,23–25 then to an
incommensurate phase (phase V) at 84 GPa,7–9,26 and an
atomic phase (phase II) at 115 GPa.8,9 Theoretically, the
pressure evolution of bromine upon compression will be
affected by its presence in the confined nanochannels of the
AFI single crystals. However, the high-pressure behavior of
bromine in nanoconfinement is still unclear. A high-pressure
Raman and X-ray diffraction (XRD) study on bromine
confined inside the 1D nanochannels of AFI single crystals
can therefore provide us with a new understanding of the
physical properties of bulk bromine and bromine-intercalated
compounds.

Here, we use in situ Raman spectroscopy, synchrotron
XRD, and theoretical simulations to study the high-pressure
behavior of bromine species confined within the 1D
nanochannels of AFI single crystals. We also report the
effects of bromine loading on the structural stability of the
host crystals.

II. EXPERIMENTAL AND THEORETICAL METHODS

The AFI single crystals were doped with bromine,
which was loaded into the channels of the AFI structure,
using physical vapor diffusion methods. The experimental
details can be found elsewhere.22 The doped samples had
a yellow-gold color, in contrast to the colorless AFI single
crystals (see supplementary material, Fig. S1). The bromine-
doped AFI single crystals (Br@AFI) were then heated at
59 ◦C for 2 h to remove the Br2 molecules adsorbed on
the surface of the crystal. The Br@AFI samples can be
preserved for at least 3 weeks in air at room temperature, as
shown by our study of their Raman spectra (Fig. S2 of the
supplementary material). We also measured the concentration

of bromine loaded into the 1D nanochannels of the AFI
single crystals using Raman spectroscopy (Fig. S3 of the
supplementary material). AFI single crystals containing high
concentrations of intercalated bromine were kept in a vacuum
box before high-pressure experiments (Figs. S2 and S3 of the
supplementary material).

The doped samples were characterized by Raman
spectroscopy on an inVia Raman microscope (Renishaw,
U.K.) using an argon ion laser (λ = 514 nm) as the excitation
source and a wavelength-specific holograph notch filter with
a cut-off of approximately 100 cm−1. The laser power was
set to 0.8 mW, and the laser analysis spot size was about
3 µm in diameter using a 50× objective. In situ high-pressure
Raman scattering and XRD measurements were conducted
in a diamond anvil cell with a culet size of 500 µm. A
T301 stainless steel gasket was preindented to 60 µm, and
then a center hole of 150 µm in diameter was drilled to
make the sample chamber. The claviform doped samples
were transferred into this sample chamber, and tiny ruby
chips were placed around the sample for pressure calibration.
Liquid argon was used as the pressure transmission medium
to provide a quasi-hydrostatic pressure environment. The
angle-dispersive XRD measurements were performed at the
4W2 beamline of the Beijing Synchrotron Radiation Facility
(λ = 0.4066 Å) and the X17C beamline of Brookhaven
National Laboratory (λ = 0.406 17 Å). XRD patterns were
integrated to give 1D powder diffraction patterns using the
FIT2D program.27

For the theoretical simulation, a unit cell that contained
three equally spaced Br2 molecules lying along the center of
a channel in the AFI lattice was constructed (Fig. 1). The
initial lattice parameters a, b, c, and unit cell volume V of
this unit cell were 14.0915 Å, 14.0915 Å, 17.4352 Å, and
2998.27 Å3, respectively. For the purpose of constructing the

FIG. 1. The constructed periodic unit with three equally spaced bromide molecules lying on the channel center used in the simulation. The left and right images
are the projections in the (x, y) and (y, z) planes, respectively.

ftp://ftp.aip.org/epaps/journ_chem_phys/E-JCPSA6-145-023637
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1D periodic structure of the Br2 molecules, the theoretical
value of c was set to two times that of the experimental
value.22 The intramolecular bond length and separation
between two adjacent Br2 molecules were 2.305 Å and
3.490 Å, respectively. Calculations were performed within
the generalized gradient approximation of density functional
theory. We employed the Vienna ab initio simulation package
program28 and used a norm-conserving pseudo-potential with
an energy cutoff of 520 eV. The Brillouin zone integration was
performed using the Monkhorst-Pack scheme with 1× 1× 1 k-
points.29 Following our experimental analysis, we performed
the structural optimization up to 32 GPa.

III. RESULTS AND DISCUSSION

Raman spectra of Br@AFI and AFI single crystals under
ambient conditions are shown in Fig. 2. Because the original
AFI samples were calcined at 580 ◦C in an O2 atmosphere
for 24 h to remove the tripropylamine [(CH3CH2CH3)N]
templates,22,28 there are no observable Raman signals for the
pure AFI single crystals in the studied frequency region.30

Therefore, the new Raman peaks at 208, 265, and 314 cm−1 in
the low-frequency region and the harmonic series (2w0, 3w0)
of the w0 = 314 cm−1 peak appearing in the high-frequency

FIG. 2. (a) Raman spectra of one pristine AFI (a) and Br@AFI single crystals
(b) at ambient conditions. Black lines correspond to the experimental data,
blue lines are the different peaks used in the Lorentz fitting, and red lines
are the total fitting results. (b) The schematic image of bromine chains and
individual bromine molecules inside the 1D nanochannels of AFI single
crystals. The green, red, yellow, and pink circles represent the atoms of
bromine, oxygen, phosphorus, and aluminum, respectively.

region of the spectrum of the Br@AFI single crystals must
originate from the bromine species. The positions and numbers
of these Raman modes are almost the same as those obtained in
our previous Raman study using a He–Ne laser (λ = 633 nm)
as the excitation source.22 It has been suggested that the
most intense Raman vibration mode at 265 cm−1 could be
assigned to the vibrational mode of (Br2)n (n ≥ 2) chains.22

The large redshift of this Raman frequency compared with
that observed in the spectrum of bulk bromine is caused by the
stable bromine chains formed inside the AFI channels.22 The
Raman mode at 314 cm−1 originates from the intramolecular
vibration of the individual Br2 molecules, and shows a redshift
compared with the corresponding mode of vapor-like Br2
(320 cm−1) owing to the confinement effect of the AFI
nanochannels.22 This is similar to the behavior observed
for I2 molecules in AFI nanochannels.12,16 The weak Raman
shoulder at 208 cm−1 can be attributed to that of the asymmetric

FIG. 3. High-pressure Raman spectra of a Br@AFI single crystal at various
pressures. The Raman spectra at high pressures are stacked by shifting in
vertical.
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Br3
− chains, which formed due to the charge transfer between

bromine species and crystal defects or residual carbonaceous
clusters inside the channels.12,16,22 The assignment of these
Raman modes has been confirmed by using polarized Raman
measurements with an Ar-ion laser (λ = 514 nm) (Fig. S4 of
the supplementary material) in the present study and a He–Ne
laser (λ = 633 nm).22

The high-pressure behavior of bromine species inside
the 1D nanochannels of AFI single crystals was studied by
Raman scattering measurements combined with a diamond
anvil cell. Raman spectra of a Br@AFI single crystal
under high pressure are fitted with Lorentzian functions
as three Raman modes in the low-frequency region (Fig.
S5 of the supplementary material). The pressure evolution
of the Raman peaks of (Br2)n chains and Br2 molecules
is shown in Fig. 3. With increasing pressure, the Raman
frequency of the (Br2)n chains shifts gradually to the higher
frequency, whereas that of the individual Br2 molecules shifts
to the lower frequency (Figs. 3 and 4(a)). This change is
concomitant with an increase in the Raman intensity ratio
between (Br2)n chains and Br2 molecules (Figs. 3 and
4(b)). At 3.7 GPa, the intensity of the Raman mode of
the (Br2)n chains becomes much stronger than that of the
Br2 molecules, and the corresponding Raman intensity ratio
reaches a maximum. This indicates that the (Br2)n chains

FIG. 4. (a) The pressure dependence of the Raman modes at 265, 314, and
305 cm−1, which are represented by the circle, square, and triangle solid
symbols, respectively. (b) The intensity ratio of Raman modes for (Br2)n/Br2
as a function of pressure.

FIG. 5. Raman spectra of a Br@AFI single crystal upon decompression to
ambient pressure (a) and before compression (b). Black lines correspond to
the experimental data, blue lines are the different peaks used in the Lorentzian
fitting, and red lines are the total fitting results.

are lengthened or the population of chains is increased at
this pressure, which is similar to the behavior of confined
(I2)n (n ≥ 2) chains.12,16 At pressures higher than 3.7 GPa,
the intensity ratio decreases. At 9.5 GPa, the Raman peaks
of the (Br2)n chains and the Br2 molecules merge into one

FIG. 6. (a) X-ray diffraction patterns of Br@AFI single crystals under high
pressure. (b) Pressure dependence of d-spacing of Br@AFI single crystals.

ftp://ftp.aip.org/epaps/journ_chem_phys/E-JCPSA6-145-023637
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broad Raman peak at 305 cm−1, suggesting that the bromine
species are in a different state inside the nanochannels. This
Raman peak becomes gradually broader at pressures above
9.5 GPa and is retained up to 23.6 GPa. The present Raman
spectroscopy results suggest that increased pressure induces
a strong modification of the confined bromine species. We
also note that the positions of these Raman peaks, as well as
the evolution of their pressure behavior, clearly differ from
those of bulk bromine,8,31,32 as an additional evidence for the
intercalation process.

After the sample was released from a pressure of
23.6 GPa, its Raman spectrum is slightly different with
that observed before compression, and a relatively strong
Raman mode at 270 cm−1 was observed (Fig. 5). This Raman
mode shifts slightly to the higher frequency by about 5 cm−1

with respect to that observed before compression (265 cm−1,
Fig. 5). This shift may be caused by the weak interaction
between the prolonged (Br2)n chains and the deformed AFI
channels. In the released Br@AFI sample, the Raman intensity
of the (Br2)n chains is considerably stronger than that of
the Br2 molecules. In addition, the Raman intensity of the
(Br2)n chains after decompression is much stronger than that
observed before compression, whereas the Raman intensity of
the Br2 molecules is considerably lower. This suggests that the
pressure-prolonged bromine chains formed in the deformed
channels of AFI single crystals can be preserved at ambient
pressure.

To investigate the effects of nanoconfinement on the
bromine species and the effects of bromine intercalation on the
framework stability of the AFI single crystals, we performed
in situ XRD measurements on the Br@AFI samples. The XRD
peaks of Br@AFI single crystals under ambient conditions

(Fig. 6(a)) can be indexed as a hexagonal structure. New peaks
are observed at 1.8 GPa and can be assigned to the diffractions
of an orthorhombic structure.31 This result suggests that the
doped AFI single crystals transform into mixed phases of
hexagonal and orthorhombic structures at 1.8 GPa, which is
consistent with the behavior observed for pristine AFI single
crystals.33 At pressures above 9.0 GPa, most of the diffraction
peaks disappear, and only the (410) and (400) diffraction peaks
remain at 18.8 GPa. We can clearly see that the framework
stability of the bromine-doped AFI single crystals is much
higher than that of the empty AFI single crystals. This can
be attributed to the support of the bromine species filling the
pores, and agrees with our recent high-pressure studies of
I2@AFI12 and N2@AFI.21

The variation in the lattice parameters of the doped AFI
single crystals at high pressures shows that the a-axis is less
compressible than the c-axis below 4 GPa, but becomes more
compressible than the c-axis at pressures above 4 GPa (Fig. S6
of the supplementary material). This result suggests that initial
anisotropic compression along the channel direction (along
the c-axis) will reduce the distance between neighboring
molecules or between (Br2)n chains and Br2 molecules. This
will in turn lead to the formation of longer (Br2)n chains
as well as an increased population of (Br2)n chains, and
can be further illustrated by theoretical calculations. As a
result, a considerable increase in the Raman intensity ratio
(chains/molecules) at 3.7 GPa is observed (Fig. 4), which
is accompanied with a sudden change in the slope of the
curves of AFI d-spacing vs. pressure (Fig. 6(b)) and AFI
unit-cell volume vs. pressure at around 4 GPa (Fig. S7 of the
supplementary material). Above 4 GPa, the a-axis becomes
more compressible than the c-axis, which suggests that a

FIG. 7. (a) The confined bromine molecular distance evolution with pressures in the present calculation. Solid olivine and red symbols represent the bond length
of the confined bromine molecules, and yellow and blue symbols represent the intermolecular distance between molecules. The open and half-filled symbols
represent the experimental results of the bulk bromine molecules by using X-ray diffraction26 and X-ray absorption spectroscopy experiments,24 respectively.
The dashed lines represent one previous theoretical result.9 (b) Some representative schematic illustrations of bromine chains along the 1D channels of AFI
framework at 0 and 24 GPa. The green, red, yellow, and pink circles represent the atoms of bromine, oxygen, phosphorus, and aluminum, respectively.
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gradual ovalization of the AFI channels occurs. A similar
phenomenon is also observed in AFI single crystals doped
with iodine.12 Another reduction in the AFI unit-cell volume
occurs at around 9 GPa. This structural change should further
enhance the interaction between the confined bromine species
and the nanochannels, and thus affect the Raman frequency
of the confined bromine species. These results can explain the
discontinuity in the Raman frequency for the (Br2)n chains
and Br2 molecules at 9.5 GPa, which is comparable to that
observed for (I2)n chains inside the nanochannels of AFI single
crystals.12 We therefore suggest that the Raman frequency of
305 cm−1 at 9.5 GPa may originate from the (Br2)n chains
inside the deformed AFI nanochannels. All of the Raman and
XRD results in the present study suggest that nanoconfinement
has an important effect on the high-pressure behavior of
bromine species.

Theoretical simulations were then conducted to illustrate
the effects of pressure on the bromine species inside
the 1D nanochannels of the AFI single crystals. In
Fig. 7, the pressure evolution of the intramolecular and
intermolecular distances of the confined Br2 molecules in
the present study show a significant difference from those of
bulk bromine molecules using the theoretical calculation,9

X-ray diffraction,26 and X-ray absorption spectroscopy
experiments.23,24 The intermolecular distance (d2 and d4)
between adjacent Br2 molecules inside the AFI channels
decreases with increasing pressure and exhibits a sharp drop
at about 4 GPa; this can be interpreted as a result of the
collapse of the channel structure (Fig. 6 and Fig. S7 of
the supplementary material). In contrast, the intramolecular
bond lengths (d1 and d3) of the confined Br2 molecules
gradually increase with increasing pressure. This means that
the Br2 molecules rotate so that they lie along the 1D channel
direction at increased pressures, and in doing so enhance
the interaction between adjacent Br2 molecules. This results
in the prolongation of the molecular (Br2)n chains and an
increase in the population of chains inside the nanochannels
of the AFI single crystals. Collapses occur in the unit-cell
volume of the doped AFI single crystals at around 3.7 and
9 GPa in the present calculation (Fig. S7 of the supplementary
material), and indicate that AFI may transform to a lower
symmetry structure (hexagonal P6cc) or an orthorhombic
structure (e.g., that of AlPO4-11 with elliptical channels) at
these pressures.12,13 Thus, the present theoretical calculation,
together with the XRD study, provides convincing support
for the hypothesis that the increase in Raman intensity of the
(Br2)n chains at 3.7 GPa and the sharp increase of the Raman
frequencies of the (Br2)n chains at 9.5 GPa are due to the
collapse of the AFI channels.

To interpret the mechanism of formation of the 1D
bromine atomic chains, we also performed an electron
localization function (ELF) calculation as a function of
pressure. As shown in Fig. 8, the charge is mainly distributed
on the isolated Br2 molecules, and no charge is found
between the adjacent molecules. Therefore, the pressure-
induced transitions in the bromine species inside the AFI
channels mainly result from topological transformations of
the (Br2)n chains and Br2 molecules. When the pressure is
increased to 19 GPa, a strong charge overlap is observed

FIG. 8. Some representative images of the electron localization functions
(ELFs) of Br@AFI at 0 (a), 19 (b), and 24 GPa (c), respectively. The atoms
are as follows: big-sized and red balls for bromine atoms, small-sized and red
balls for oxygen atoms, pink for aluminum atoms, and yellow for phosphorus
atoms.

between the Br2 molecules. At the same time, the charge
between bonding bromine atoms is decreased compared with
that observed in the low-pressure structure. This indicates
that an increase in pressure averages the charge localization
on the Br2 molecules and promotes the formation of 1D
bromine atomic chains at higher pressures. At pressures above
19 GPa, the intermolecular Br–Br distance decreases, and it
becomes almost comparable to the intramolecular bond length
in Br2 molecules at 24 GPa (Figs. 7 and 8). This suggests
that the 1D bromine atomic chains form at 24 GPa, and
this result is further supported by the homogenization of
the charge distribution in the linear structure, as shown in
Fig. 8(c).

For bulk Br2, it has been shown that the intramolecular
distance first increases with increasing pressure up to about
25 GPa, and then decreases at higher pressures (Fig. 7),
which suggests that a phase transition (phase I to phase
I′) occurs.8,23–25 This phase transition is suggested to be
an intrinsic property of molecular bromine, and to result
from subtle second-neighbor intermolecular interactions.25

In contrast, compression causes the Br2 molecules confined
inside the 1D nanochannels in the present study to rotate

ftp://ftp.aip.org/epaps/journ_chem_phys/E-JCPSA6-145-023637
ftp://ftp.aip.org/epaps/journ_chem_phys/E-JCPSA6-145-023637
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so that they lie along the 1D channel direction. This
enhances the van der Waals interaction by reducing the
distance between neighboring molecules. As a result, the
intramolecular Br–Br distance (d1 and d3 in Fig. 7), which
gradually increases with increasing pressure, becomes equal
to the intermolecular distance between bromine species at
24 GPa. This suggests that the confined Br2 molecules lose
their molecular identity (molecular dissociation) and that
the bromine atomic chains probably form at this pressure.
At pressures above 24 GPa, the intramolecular distance
gradually decreases. This variation in intramolecular distance
for the confined Br2 molecules is comparable to that observed
for the bulk Br2 molecules.8,23–25 As illustrated above using
theoretical simulations, nanoconfinement provides a strategy
for the preparation of atomic chains under high pressure,
although the evidence for the formation of a 1D bromine
atomic chain is not clear from our Raman and XRD
experimental studies. Further theoretical and experimental
investigations are required to explore the physical dynamics of
the atomic chains and the metallization of diatomic molecules
under nanoconfinement at high pressures.

IV. CONCLUSIONS

In summary, we present the high-pressure behavior of
bromine species confined in the nanochannels of AFI single
crystals. Both experimental and theoretical studies suggest
that high pressure can induce structural transformations in
the confined bromine species, such as the growth of bromine
chains at pressure above 3.7 GPa and molecular dissociation
at about 24 GPa, and modify the inter- and intramolecular
interactions. Furthermore, the pressure-prolonged bromine
chains can be reversed inside the nanochannels of AFI single
crystals at ambient pressure.

The present study also suggests that loading the diatomic
Br2 molecules into the nanospace of AFI single crystals can
greatly enhance the structural stability of the host material,
which has also been observed for I2@AFI,12 I2@zeolite
AlPO4-11,13 I2@Si-46,20 and N2@AFI.21 In some cases,
however, the intercalated diatomic molecules do not affect
the stability of the host structure [e.g., I2@SWNT (single-wall
carbon nanotubes)],11 and may even reduce the structural
stability of the host [e.g., Br2@DWNT (double-wall carbon
nanotubes)].19 The difference may be related to the location
of the diatomic molecules within the host materials,11,19 their
concentration,19 or charge transfer between the molecules
and the host material.11,19 Further investigation of diatomic
molecules intercalated in different compounds is required for
a better understanding of this matter.

It is worth noting that nanoconfinement has an important
effect on the high-pressure behavior of diatomic molecules,
such as Br2,17–19 I2,11–13,16,20 and N2.21 Most importantly,
the present study provides a strategy for tuning inter-
and intramolecular interactions, and thus for the structural
manipulation of diatomic molecules. This strategy may be
able to shed new light on the mechanisms of diatomic
molecular dissociation and metallization, as well as on the
structural dynamics of 1D atomic and molecular wires in
nanoconfinement.

SUPPLEMENTARY MATERIAL

See supplementary material for a second electron
microprobe (SEM) image of the AFI single crystals; optical
microscopic views of the Br@AFI single crystals; Raman
spectra of Br@AFI synthesized with different reaction times
and after the samples were kept in air for different amounts of
time; polarized Raman spectra of Br@AFI; the fitting analysis
of the Raman spectra of Br@AFI single crystals at various
pressures; and the unit-cell parameters and volumes of doped
AFI single crystals as a function of pressure.
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