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excitation not only provides energy required for
the reaction but also gives rise to a proper adiabatic pathway that accesses the dynamical
resonances in the high-energy region, whereas
translational energy cannot provide such a pathway. The results presented here show that vibrationally excited molecular reactions provide a
unique context for probing dynamical resonances
in chemical reactions when the vibrationally adiabatic potential, which correlates to the vibrationally excited state of the reagent in the entrance
channel, supports quasibound resonance states.
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Sodium chloride (NaCl), or rocksalt, is well characterized at ambient pressure. As a result of the
large electronegativity difference between Na and Cl atoms, it has highly ionic chemical bonding
(with 1:1 stoichiometry dictated by charge balance) and B1-type crystal structure. By combining
theoretical predictions and diamond anvil cell experiments, we found that new materials with
different stoichiometries emerge at high pressures. Compounds such as Na3Cl, Na2Cl, Na3Cl2,
NaCl3, and NaCl7 are theoretically stable and have unusual bonding and electronic properties. To
test this prediction, we synthesized cubic and orthorhombic NaCl3 and two-dimensional metallic
tetragonal Na3Cl. These experiments establish that compounds violating chemical intuition
can be thermodynamically stable even in simple systems at nonambient conditions.
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t ambient conditions, NaCl is the only
known stable compound in the Na-Cl
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understood. Extreme conditions, such as high pressure, change the chemical properties of the elements,
including Na and Cl (1, 2), and the pressure ×
volume term in the free energy becomes greater
than energy of chemical bonds. Thus, strongly
compressed matter may exist in totally counterintuitive chemical regimes. Although unexpected
high-pressure phenomena may be present in planetary systems or lead to novel exotic materials, we
still lack a consistent fundamental understanding of
even seemingly simple binary systems such as Na-Cl.
The high-pressure behavior of NaCl has been
extensively studied experimentally at pressures
up to 304 GPa (3–6) and by ab initio simulations
(7–9), and very simple behavior was observed: At
30 GPa, the rocksalt structure was found to transform into the CsCl (B2-type) structure (6, 8). From
the Herzfeld criterion, metallization of NaCl is expected to occur at 300 GPa (10), whereas density
functional theory calculations (9) suggest 584 GPa.
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To find stable Na-Cl compounds and their
structures that may not have been possible to
observe experimentally or computationally, we
used the ab initio evolutionary algorithm USPEX
(11–14), which can simultaneously find stable
stoichiometries and the corresponding structures
in multicomponent systems (15). In these calculations, any combinations of numbers of atoms
in the unit cell were allowed (with the total number ≤16), and calculations were performed at
pressures of 1 atm, 20 GPa, 100 GPa, 150 GPa,
200 GPa, and 250 GPa. Detailed enthalpy calculations for the most stable structures allowed
us to reconstruct the P-x phase diagram of the
Na-Cl system (Fig. 1 and figs. S1 and S2).
To verify these predictions, we performed highpressure experiments in a laser-heated diamond
anvil cell at 10 to 80 GPa on the Na-Cl system in
the presence of excess chlorine and sodium (15).
We specifically targeted the synthesis of Na3Cl
and NaCl3, which were predicted to become stable
at the lowest pressures. The reaction products were
examined by visual observations, optical absorption spectroscopy and Raman confocal spectroscopy, and by synchrotron x-ray diffraction (XRD)
probes at room temperature (15).
The calculated phase diagram features unexpected compounds: NaCl3, stable above 20 GPa;
NaCl7, stable above 142 GPa; and Na3Cl2, Na2Cl,
and Na3Cl, which are stable above 120 GPa,
100 GPa, and 77 GPa, respectively. We define as
stable those compositions that have lower free energy than any isochemical mixture of other compounds or pure elements. For all the newly predicted
structures we computed phonons, and found them
to be dynamically stable. In the entire region of
explored pressures, NaCl is also a stable compound; it will not spontaneously decompose into
other compounds. Thus, to obtain the newly predicted compounds, it is not sufficient merely to
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compress NaCl; one must do so at high temperatures (to overcome kinetic barriers) and with excess of either Na or Cl. Electronic densities of states
(fig. S5) show that most of these compounds are
poor metals, with pronounced pseudogaps at the
Fermi level. Cl-rich compounds can be considered as n-type semiconductors, whereas Na-rich
phases are p-type semiconductors. Pseudogaps imply an electronic mechanism of their stabilization.
At 20 to 48 GPa, NaCl3 is stable in the Pnma
structure, which has four formula units in the unit
cell. Unlike all the other new phases predicted here
(which are metallic), this phase is a semiconductor. Its structure (Fig. 2B) contains almost linear
asymmetric Cl3 groups. Bader analysis (16) shows
that the middle atom in the Cl3 group is nearly
neutral, with most negative charge on the side
atoms (table S1) and the total charge of this anion group is ~ –0.8. Pnma-NaCl3 has ionic bonding between Na+ and [Cl3]– and rather unusual
covalent bonding within [Cl3]– groups. The latter
are reminiscent of the well-known trihalide ions
I3–, Br3–, and ClICl–, and of the hypothetical H3–
ion (17), which is predicted to have charge configuration [H − 0.81H + 0.72H − 0.81]− 0.9. In a Zintl-like
scheme, the central Cl atom must be positively
charged to be able to form two covalent bonds
and satisfy the octet rule. In the valence-shell electron pair repulsion model (18), the central Cl atom
of the Cl3– group adopts the dsp3 hybridization
and has five electron pairs, bringing a negative net
charge and violating the octet rule. For chlorine
atoms, unlike iodine, it is not easy to populate vacant d orbitals (which nicely explains the structure
of ClICl– ions) and the two schemes work simultaneously; this explains the nearly zero charge of
this central atom and its increased (although still
relatively small) d-orbital population. At 48 GPa,
this peculiar insulating ionic state breaks down,
and NaCl3 transforms into a metallic A15 (Cr3Sitype) structure with space group Pm3n.
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electron localization function (ELF) maxima (Fig.
3, C and D) corresponding to a non–closed-shell
electronic configuration, whereas the Cl1 atom
occupying the center of the Cl12 icosahedron in
NaCl7 has a spherical ELF maximum. Thus, Cl1
and Cl2 atoms in NaCl7 have different electronic
structures and play very different chemical roles.
Bader analysis (table S1) confirms this and gives
an unusual positive charge to the Cl1.
For the Na-rich side of the phase diagram, we
predict several thermodynamically stable compounds: tetragonal Na3Cl (space group P4/mmm),
two phases of Na3Cl2 [tetragonal (space group
P4/m) and orthorhombic (space group Cmmm)],
and three phases of Na2Cl—one tetragonal (space
group P4/mmm) and two orthorhombic (space
groups Cmmm and Imma). Most of these are
layered superstructures of the CsCl-type (B2)
structure, with both Na and Cl atoms in the eightfold coordination (Fig. 2). For example, Na3Cl
can be represented as a [NaCl][Na2][NaCl][Na2]…
sequence of layers, and the c parameter of the
unit cell is doubled relative to that of B2-NaCl.
This and similar structures have very interesting
2D metallic features, with alternating metallic
[Na2] and insulating [NaCl] layers. Na3Cl2 is
stable above 120 GPa, and its P4/m structure can
be described as a 1D-ordered (rather than layered,
2D-ordered) substitutional superstructure of the
B2-NaCl structure. Compound Na2Cl shows a
more complex behavior than Na3Cl or Na3Cl2. At
100 to 135 GPa, the P4/mmm structure is stable; it
is also a layered B2-type superstructure. Na2Cl is
stable at 135 to 298 GPa in the Cmmm structure, and
above 298 GPa in the Imma structure, with Na and
Cl atoms in the 12-fold coordination in the former,
and 10- and 12-fold coordination, respectively, in
the latter structure (Fig. 2, H and I).
XRD measurements of Na3Cl and NaCl3 synthesized at high pressures show new Bragg peaks
after laser heating. At pressures above 60 GPa,
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NaCl7, stable above 142 GPa, has a cubic structure (space group Pm3; Fig. 2A) derivative of the
A15 (b-W or Cr3Si) type. The Pm3-NaCl7 structure is obtained from Pm3n-NaCl3 by substituting
the central Na atom (inside a Cl12 icosahedron)
with Cl (Fig. 2, A and C). The lattice parameters
and bond lengths of NaCl3 and NaCl7 are very
close (e.g., within 0.5% at 200 GPa) because at this
pressure Na and Cl have almost identical sizes,
whereas in ambient conditions Cl– is much larger
than Na+ (ionic radii are 1.81 Ǻ and 1.02 Ǻ, respectively). This opens the possibility of nonstoichiometry and disorder, with the potential
for Anderson localization of electronic and phonon states.
At 200 GPa, the shortest Cl-Cl distance in
NaCl3 is 2.06 Ǻ, only slightly longer than the
Cl-Cl bond in the Cl2 molecule (1.99 Ǻ). These
Cl-Cl bonds form extended monatomic chains
running along the three mutually perpendicular
axes. This type of structure resembles a textbook
linear chain with a partially filled band, which
in the free state is unstable against Peierls distortion (19). An isolated Cl chain has a ½ filled
band, and at low pressures it should break into
Cl2 molecules, but in NaCl3 this band is ⅔ filled
as a result of the extra electron donated by Na,
and the chain should break into Cl3– ions, which
we indeed see in the Pnma-NaCl3 phase at lower
pressures. The application of pressure and the
influence of other chemical entities (Na and nonchain Cl atoms) stabilize these chains in NaCl3,
NaCl7, and elemental chlorine. Peierls theorem
also explains the results of our phonon calculations indicating that both Pm3n-NaCl3 and
NaCl7 can exist only at high pressure and are
not quenchable to atmospheric pressure.
Electronic band structures of NaCl3 and NaCl7
show a deep and wide pseudogap for NaCl3Pm3n (Fig. 3, A and B). In both structures, Cl
atoms forming the Cl12 icosahedra show toroidal
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Fig. 1. Stability of new sodium chlorides. (A) Pressure-composition phase diagram of the Na-Cl system. (B) Convex hull diagram for Na-Cl system at selected
pressures. Solid circles represent stable compounds; open circles denote metastable compounds. DH denotes the enthalpy of formation per atom.
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Fig. 2. Crystal structures of Na chlorides and NaCl7.
(A) Pm3-NaCl7. (B) Pnma-NaCl3. (C) Pm3n-NaCl3. (D)
P4/mmm-Na3Cl. (E) P4/m-Na3Cl2. (F) Cmmm-Na3Cl2. (G)
P4/mmm-Na2Cl. (H) Cmmm-Na2Cl. (I) Imma-Na2Cl. Blue
and green spheres denote Na and Cl atoms, respectively.

these Bragg peaks can be indexed either in a cubic
NaCl3 unit cell (Fig. 4A) or with a mixture of the
cubic and the orthorhombic Pnma NaCl3 unit
cell. With pressure decreasing below 54 GPa, after
laser heating, only the peaks of the orthorhombic
NaCl3 are present in the XRD patterns (fig. S7). The
XRD pattern usually also contains peaks from unreacted B2-NaCl and orthorhombic chlorine, which
were identified using our theoretical calculations.
From the XRD data, we obtained the lattice
parameters and the unit cell volume for the two
structures as a function of pressure for the decompression sequence. There is good agreement
between the experimental and theoretical equations of state for both NaCl3 structures (Fig. 4C).
Also, in agreement with the theoretical predictions, we find that two new NaCl3 phases transform from one to the other upon pressure release
at 300 K, although the transition is sluggish
and there is a large range of phase coexistence.
Pnma-NaCl3 remains metastable at pressures as
low as 18 GPa and decomposes to NaCl and Cl2
at lower pressures.
Raman spectroscopy of reacted Cl-rich compounds confirmed the XRD data. We observed
Raman spectra of two different kinds; at some
pressure and observation points, they were even
superimposed. The Raman spectra of the excess
Cl2 were easy to identify because we also collected
reference data for unreacted materials as a function of pressure. The Raman spectra of two polymorphic modifications of NaCl3 (figs. S8 and
S9) are quite different. In cubic NaCl3 we observe one broad strong band near 450 cm−1 and a
number of weaker features, whereas in Pnma
NaCl3 there are a number of narrow peaks. In both
cases the agreement between theory and experiment
is good concerning the major peak positions. Moreover, experimental and theoretical pressure dependences of the Raman frequencies (fig. S10) are

1504

Fig. 3. Electronic structure of NaCl7
and NaCl3 at 200 GPa. (A and B)
Band structure and density of states
(DOS) of NaCl7 (A) and NaCl3 (B).
EF, Fermi energy. (C and D) Electron
localization function of (C) NaCl7
and (D) NaCl3 at ELF = 0.80. For clarity, atom-projected DOSs in (A) and (B) were multiplied by 3 (for
NaCl7) and by 4 (for NaCl3) Colors are as in (A) and (B).
also in good agreement for both structures. However, in cubic phase we observed a number of
extra peaks (Raman-forbidden for a Pm3n lattice) corresponding to other zone-center phonons;
that is, some of the selection rules appear to be
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lifted. These selection rules could be substantially lifted in surface Raman scattering (as happens
in metals), because of disorder in site occupation or variable stoichiometry (as Cl and Na are
easily interchangeable at high pressure). Optical
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Fig. 4. Powder x-ray diffraction patterns and equations of state for NaCl3 and Na3Cl. (A and B)
NaCl3 in Cl2 medium (A) and Na3Cl in Na medium (B) collected at 60 GPa. Vertical ticks correspond to
Bragg peaks of Na-Cl phases. The x-ray wavelengths are 0.5146 Å in (A) and 0.3344 Å in (B). The peak
marked by the asterisk corresponds to the strongest peak of rhenium (gasket material). (C and D) Equations
of state of NaCl3 (C) and Na3Cl (D) as determined experimentally (symbols) and theoretically (lines).
absorption spectra of the synthesized material (fig.
S6) show a gap-like feature at 1.7 eV, which is consistent with the predicted prominent pseudogap
in the electronic density of states (Fig. 3B).
The case of Na-rich material is similar but less
complex. XRD of the samples laser-heated above
60 GPa showed new Bragg peaks that could be
indexed in a tetragonal P4/mmm unit cell (Fig.
4B) across the whole pressure range of this study.
The XRD pattern usually also contained peaks
from unreacted cubic B1 or B2 NaCl and bodycentered cubic (bcc) or face-centered cubic (fcc)
sodium (20). The lattice parameters of new material
agree well with the theoretically predicted P4/mmm
Na3Cl in a wide pressure range of 27 to 70 GPa
(Fig. 4D). The Raman data (fig. S11) are also consistent with theoretical predictions. However, as
in the case of the Cl-rich compounds, in addition to
two Raman-allowed modes, we also observe a
number of Raman-forbidden bands whose positions agree reasonably well with other computed
zone-center phonons. Finally, Raman data show that
newly synthesized Na-rich material can be (meta)

stable down to 20 GPa (figs. S11 and S12) and then
decomposes into NaCl and Na at lower pressures.
The theoretical prediction and experimental
synthesis of unexpected chemical compounds in
a simple binary system, such as Na-Cl, is not
entirely unexpected. Counterintuitive compounds
(such as LiH2, LiH6, and LiH8) have been predicted (21) to appear under pressure, but experiments have so far failed to find them (22).
Our results suggest that new stable compositions
with unusual chemical bonding may exist in other
simple systems, such as K-Cl, but also in important planet-forming systems such as Mg-Si-O
(23) and H-C-N-O. Furthermore, these results
point to possibilities for creating materials with
unusual properties that may be quenchable to
ambient conditions.
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