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Nanocrystals with metastable high-pressure phases
under ambient conditions
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The ambient metastability of the rock-salt phase in well-defined model systems comprising nanospheres or
nanorods of cadmium selenide, cadmium sulfide, or both was investigated as a function of composition, initial
crystal phase, particle structure, shape, surface functionalization, and ordering level of their assemblies. Our
experiments show that these nanocrystal systems exhibit ligand-tailorable reversibility in the rock salt–to–
zinc blende solid-phase transformation. Interparticle sintering was used to engineer kinetic barriers in the
phase transformation to produce ambient-pressure metastable rock-salt structures in a controllable manner.
Interconnected nanocrystal networks were identified as an essential structure that hosted metastable high-
energy phases at ambient conditions. These findings suggest general rules for transformation-barrier
engineering that are useful in the rational design of next-generation materials.

S
olids from a collection of atoms can
adopt a variety of structural phases with
their respective physical and chemical
properties, providing the foundation
formaterials discovery (1–3). At ambient

temperature and pressure, there is often one
thermodynamically stable phase for a given
atomic collection, and the rest can potentially
become metastable as kinetically trapped
phases with positive free energy above the
equilibrium state (4). However, a general
strategy for engineering kinetic barriers has

yet to be developed but is essential for the
rational synthesis of new materials and for
expanding the space of synthesizable meta-
stable materials (5, 6).
Phase transformations in bulk solids exhibit

complex kinetics involving different micro-
scopic pathways that occur in parallel at dif-
ferent locations within one crystal domain,
which are thus difficult to determine exper-
imentally (7). However, transition pressures
measured in experiments match well with the
theoretical values determined from electronic

structure calculations. For example, the ther-
modynamic transition in silicon from a dia-
mond to a b-tin structure was calculated to be
8.0GPa, and this transformationwas observed
experimentally in the range of 8.8 to 12.5 GPa
(8). However, based on elastic stability analysis,
Mizushima, Yip, and Kaxiras (MYK) theoret-
ically predicted that defect- and strain-free bulk
silicon can remain metastable in the diamond
structure up to 64 GPa, which implies a huge
intrinsic activation barrier (~0.3 eV per atom)
in the structural transformation (9).
This discrepancy indicates that the predicted

intrinsic energy barrier in an ideal crystal is
drastically decreased by mechanisms asso-
ciated with defects in real bulk solids during
high-pressure experiments and is reflected
in high-pressure phases of most bulk solids
relaxing back to the ambient phase upon re-
lease of pressure. Importantly, the MYK cal-
culation predicts that most high-energy solid
phases are theoretically metastable at ambient
conditions, if their hosting crystals are defect-
and strain-free (8, 9). This insight allows for
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Fig. 1. Ligand-tailorable reversibility of the RS-ZB solid-phase
transformation in superlattices of 4.8-nm WZ CdSe nanocrystals. (A to
C) WAXS and SAXS patterns collected during compression and decompression
(de) at different pressures. CdSe NCs were functionalized with octylamine of
(A) 92% surface coverage and of (B) 62% surface coverage and (C) capped with

a mixture of octylamine and CTAB (with a molar ratio of 5:1) of 63% surface
coverage in terms of hydrocarbon chains. SAXS patterns are shown in green. WAXS
diffraction patterns from the WZ/ZB structure and from the RS structure are
shown in blue and red, respectively. See supplementary materials for details on
composition-ratio determinations. Q, scattering vector, calculated as 4p sin(2q)/l.
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the development of a general approach for
making ambientmetastablematerials of given
chemical compositions based on further under-
standing of kinetic pathways in solid-solid
phase transformations (8).
High-quality colloidal CdSe semiconductor

nanocrystals (NCs) (10) have been extensively
used as models to study the phase transition
from a four-coordinate hexagonal wurtzite
(WZ) to a six-coordinate cubic rock-salt (RS)
structure (6, 11–16). Bulk CdSe undergoes a
WZ-to-RS phase transition at ~2.5 GPa, whereas
defect-free WZ CdSe NCs can be metastable at
pressures above 6.0 GPa (6, 11), which provides
solid evidence for reliability of the MYK cal-
culation (9). Because these NCs can act as
single structural domains under high pres-
sures, their phase-transition kinetics are sim-
pler than those of bulk solids and are highly
reproducible (12). Such advantages allowed for
experimental measurements of fundamental
properties—such as the energy, volume, and
entropy of activation—of the WZ-to-RS tran-
sition in CdSe NCs that revealed direction-
dependent nucleation through a sliding-plane
mechanism (13, 14). However, detailed kinetic
pathways for the reverse phase transforma-
tion from the six-coordinate RS to the four-
coordinate cubic zinc-blende (ZB) structure
remain unclear (14–17).
There exists evidence that under some con-

ditions, high-pressure phases can be retained
in NCs upon release of pressure. At ambient
conditions, a sample of 11-nm CdSe NCs was
composed of ~20% metastable RS structure
(15), and a sample of 13-nmPbS nanocubes was
composed of 37.2% metastable high-pressure
phase (18). Additionally, the RS phase of CdSe/
ZnS and CdS NCs could fully persist in a
metastable state at ambient pressure (19–23).

These observations suggest the existence of
unknown mechanisms for eliminating crystal
defects fromhigh-pressure structures (8, 9). To
test this hypothesis, we performed a mecha-
nistic study on the reversibility of the RS-ZB
transformation in systems comprising spherical
NCs or nanorods of CdSe, CdS, or both. We ob-
tained insight into the mechanisms andmicro-
scopic processes that determine the kinetic
barrier height between two crystal phases.
The ambient metastability of the RS phase

in NCs of CdSe, CdS, or both was studied as a
function of composition, initial crystal phase,
particle structure, shape, surface functional-
ization, and ordering level of their assemblies.
We synthesized six types of spherical NCs with
4.8-nm diameter and one type of CdSe/CdS
nanorod with 23.8-nm length and 4.8-nm di-
ameter that exhibited a narrow size distribu-
tion and high crystallinity, as confirmed with
transmission electron microscopy (TEM),
ultraviolet-visible absorption, and fluores-
cence spectroscopy (figs. S1 to S5). The NC
surfaces were precisely controlled through
ligand exchange with a designed surface den-
sity. We arbitrarily assigned a surface density
of five ligands per nm2 as 100% ligand cover-
age. Assemblies of these NCs were prepared
either directly on the flat surface of a diamond
anvil or at the air-liquid interface of diethylene
glycol. To introduce deviatoric stress for promot-
ing interparticle interactions, high-pressure
experiments were performed in a diamond
anvil cell without the use of a pressuremedium
(24–27). The solid-state phase structures as a
function of pressure were determined with
simultaneous measurements of both small-
angle and wide-angle x-ray scattering (SAXS
and WAXS) at the Cornell High Energy Syn-
chrotron Source.

At ambient conditions, octylamine-capped
WZ CdSe NCs (92% coverage; fig. S6A) formed
superlattices in a face-centered-cubic (fcc) struc-
ture with an interparticle distance of 6.76 nm
(Fig. 1A). Upon increasing pressure, the super-
lattice unit-cell size decreased gradually until
7.2 GPa, above which point the superstructure
distorted, whereas the atomic WZ unit-cell
volume decreased smoothly up to a threshold
pressure (~6.0 GPa), at which point there was
an abrupt decrease in unit-cell volume caused
by the phase transformation to theRS structure
(Fig. 1A). Upon decompression, the distorted
fcc superlattice structure recovered in large
part, whereas the atomic lattice system com-
pletely transformed to a four-coordinate ZB
structure (Fig. 1A). Solid-phase transition of
the atomic lattice exhibited a hysteresis of
~6.0 GPa, which was close to those measured
under a pressure-media environment (6, 14).
By contrast, in the sample of CdSe NCs capped
with 93% butylamine coverage, a 4.8% RS
phase was preserved back to ambient pressure
(fig. S7A). These results suggested that ligand-
shell thickness would play a major role in
tailoring the reversibility of the RS-ZB phase
transition in CdSe NC systems.
We performed more than 50 synchrotron-

based high-pressure experiments to investigate
the ambient metastability of RS CdSe structures
as functions of amine ligand coverage and alkyl-
chain length, the extent of long-range order in
NC assemblies, applied pressure (up to 22GPa),
and decompression rate. At optimized condi-
tions, only 50 to 60% of the RS structures were
preserved in decompressed CdSe NC samples
(Fig. 1B and fig. S7B). This result indicated that
the surface binding of amine ligands may have
been too strong and minimized effective inter-
actions between neighboring NCs. However,
whenpyridine, aweaklybinding ligand,wasused,
theNCassembliesexhibitednearlyno long-range
order, and no RS structure was retained in the
NCsystemdecompressed from15.0GPa,whereas
after decompression from 16.2 GPa, 3.9% of RS
structures were retained (fig. S8). These results
suggest that the order of NC assemblies should
play a role in the preservation of RS CdSe
structures at ambient conditions.
To weaken the average ligand-binding

strength while retaining the ability of the
NCs to form ordered superstructures, we used
a dual-ligand approach with a mixture of a
primary amine (as the stronger binding ligand)
and cetyltrimethylammoniumbromide (CTAB)
(as the weaker binding ligand; fig. S6B). The
assembly of CdSe NCs functionalized with
octylamine and CTAB (5:1 with a coverage of
63%; fig. S6A) formed an fcc superlattice with
d111-spacing of 5.03 nm (Fig. 1C). The RS-ZB
transition became completely irreversible in
these assemblies, and the RS CdSe structure
was fully preserved at ambient conditions (Fig.
1C). The lattice constant of the fcc superstructure
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Fig. 2. Ligand-tailorable ambient metastability of the RS phase in 4.8-nm nanospheres. (A to C) WAXS
patterns of NC assemblies decompressed from a pressure greater than 10.4 GPa: (A) ZB CdS NCs, (B)
WZ CdSe/CdS core/shell NCs, and (C) WZ CdS/CdSe core/shell NCs. The type of ligand and surface
coverage are given on the corresponding curves for octylamine (OcAm) or oleylamine (OAm). Pyridine ligand
is of ~100% surface coverage, and ODT ligand is in excess amount corresponding to ~150% surface coverage.
The corresponding WAXS and SAXS patterns obtained at different pressures can be found in figs. S12 to S14
and S16. See supplementary materials for details on ligand composition-ratio determinations.
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gradually decreased with a pressure increase
up to 7.5 GPa. Above this pressure, the super-
structure started to distort (indicated by a con-
tinuous expansion of its d111-spacing) and then
irreversibly transformed into a lamellar struc-
ture at pressures above ~12.0 GPa (fig. S9).
Upon decompression to ambient pressure, the
lamellar structure retained its integrity, and
its d-spacing further increased to 5.81 nm (Fig.
1C and fig. S9).
Our TEM observations showed that the RS

CdSeNCs existed only in the formof aggregates
(fig. S10C). After sonication, they could be
redispersed into 4.8-nm colloidal particles in

chloroform, but their crystal phase transformed
into the ZB structure (fig. S10D). Altogether,
these results suggest that strong interparticle
associations (such as sintering) may have oc-
curredwithin the lamellar structures that could
be associated with the ambient metastability of
the RS CdSe structure. Similar ligand-tailorable
phenomenawere observed inCdSeNCs capped
with butylamine and CTAB ligands (fig. S7C).
The formation energy of ZB CdSe is 1.0 meV

per atom lower than that of the WZ form,
and such NCs were enclosed by crystal facets
different from those of WZ (28). However, no
substantial differenceswere observed between

4.8-nm ZB and WZ CdSe NCs in both the
pressure-induced transformation to theRSstruc-
ture and the ligand-tailorable reversibility of the
RS-ZB phase transitions (fig. S11). Pure ambient
metastable RS CdSe NCs can also be synthe-
sized from ZBNCs (fig. S11B), showing that the
initial crystal phase was not important for the
ambient metastability of the resulting RS struc-
tures, and RS NCs that were transformed from
the ZB and WZ phases could have degenerate
three-dimensional (3D) atomic fine structures (29).
Bulk CdS, like CdSe, undergoes a reversible

solid-phase transformation from a four- to six-
coordinate structure at a pressure of ~2.5 GPa
(30). However, CdS NCs exhibited substantial
differences in the ligand-tailorable reversibility
of their RS-ZB phase transition when compared
with their CdSe counterparts (Fig. 2A). Dual-
ligand functionalization was not necessary for
making ambientmetastable RS CdSNCs. Upon
decompression from a pressure above 10.4 GPa,
the RS phase was fully preserved in assemblies
made from 4.8-nm ZB CdS NCs capped with
amine ligand coverage as high as 95%, or even
capped with 100% pyridine ligands, in which
case NC assemblies exhibited no long-range
order (Fig. 2A and fig. S12, A to C). By contrast,
in assemblies of CdS NCs functionalized with
excess octadecanethiol (ODT) (a stronger bind-
ing ligand than amines, for isolating CdS NCs
as separate particles at high pressures), theRS-ZB
phase transformation was completely reversible
even when decompressed from 15.2 GPa (Fig. 2A
and fig. S12D). These results demonstrated that
theRSCdSphasewasnot intrinsicallymetastable
at the nanometer scale, suggesting that the
observed metastability in CdS NCs should also
be related to strong interparticle associations,
as in the case of RS CdSe NCs.
To further explore effects induced by chem-

ical composition and particle structure, we
synthesized 4.8-nm CdSe/CdS core/shell NCs
in a WZ or ZB structure from corresponding
3.4-nm CdSe cores, and 4.8-nm WZ CdS/CdSe
core/shell NCs from 3.4-nm CdS cores (figs.
S3 and S4). In terms of the ligand-tailorable
reversibility of the RS-ZB phase transition,
both WZ and ZB CdSe/CdS NCs exhibited a
nearly identical property to CdS NCs (Fig. 2B
and figs. S13 to S15), whereas the behavior of
CdS/CdSeNCswas in between that of CdS and
CdSe NCs (Fig. 2C and fig. S16). Together,
these results demonstrate that the compo-
sition of shell and core both play important
roles in maintaining the RS phase at ambient
conditions.
To study NC shape effects, we prepared

atomically aligned nanorod superlattices at an
air-liquid interface using 23.8-nm WZ CdSe/
CdS nanorods functionalized with 95% octyl-
amine coverage. These superlattices could be
indexed as a simple hexagonal structure with
latticeparametersofa=6.72 nmand c=26.2 nm,
where the atomic WZ lattice of the CdSe/CdS
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Fig. 3. Superlattice structures of CdSe/CdS WZ nanorods and RS nanorods. (A to D) Superlattices of
WZ nanorods before compression: (A) TEM image, (B) small-angle electron diffraction (SAED) pattern at
a 0°-tilt condition, and the wide-angle electron diffraction (WAED) pattern at a (C) 0°-tilt condition with ½2!1!10"
zone axis and at a (D) 30°-tilt condition with ½10!10" zone axis. (E) 3D atomic nanorod model viewed along
the zone axis of corresponding ED patterns shown in (C) and (D), respectively. (F to I) Superlattices of RS
nanorods: (F) TEM image, (G) SAED pattern at a 0°-tilt condition, and the WAED pattern at a (H) 0°-tilt
condition and at a (I) 45°-tilt condition, superimposed with simulated diffraction spots from the three
corresponding RS domains (see figs. S18 and S19 for details). (J) 3D atomic model of a double-bend nanorod
with three RS domains (a, b, g) viewed at angles corresponding to those for ED patterns in (H) and (I),

with labeled zone axes, where u ¼
ffiffiffi
3

p
$ 1

" #
and v ¼

ffiffiffi
3

p
$ 2

" #
at an off-axis direction (see fig. S20 for

details). (K) Reconstructed 3D superlattice model showing each RS nanorod atomically overlapping with its
four neighboring rods at corresponding rectangular areas on their b domains (fig. S22). The RS structures
were extremely sensitive to electron beam irradiation and limited our ability to use conventional high-
resolution TEM to study detailed features in RS nanostructures (fig. S26).
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nanorods was coaxially aligned with the super-
lattice (fig. S17, A to C, and Fig. 3, A to E). After
the pressure increase to 6.3 GPa, CdSe/CdS
nanorods exhibited a WZ-RS phase transition
at a pressure range slightly lower than that of
the 4.8-nm CdSe/CdS core/shell nanospheres.
When decompressed from a pressure greater

than ~10.0 GPa, the RS phase was fully pre-
served at ambient conditions (fig. S17A). During
this process, the hexagonal superlattice struc-
ture was largely retained but was accompanied
by a substantial d-spacing decrease in the c-axis
direction, adopting a new set of lattice param-
eters of a = 6.97 nm and c = 17.5 nm (Fig. 3, F
and G, and fig. S17A). As indicated by the dot-
like electron diffraction (ED) patterns, the three-
dimensionally ordered atomic alignments of
CdSe/CdS nanorods persisted in theRS phase in
the superlattices (Fig. 3, H and I). Altogether, our
experimental data suggest that in this process,
WZ CdSe/CdS nanorods transformed into
double-bend RS nanorods with three domains,
exhibiting a height of ~15.8 nm and an angle of
125.3° between neighboring domains (Fig. 3, F
to J, and figs. S18 to S20). This shape change
involved a shearing motion of the (0001) WZ
crystal planes, which is consistent with the
direction-dependent nucleation model of the

WZ-to-RS transition proposed by Alivisatos
and co-workers (12, 14, 16).
The formation of three-domain nanorods is

also consistent with TEM observations of the
ZB nanorods recovered from RS aggregates
(fig. S10, K and L). The recovered nanorods,
having sizes similar to those of the nanorods
before compression, exhibited traces of shape
deformation and containedmultiple crystalline
domains and curved lattice fringes caused by
strain (fig. S21). Based on all of the structural
data, a reconstructed superlatticemodel showed
that each double-bend nanorod atomically over-
lapped with four neighbors at the correspond-
ing rectangular areas on the surfaces of their b
domains, suggesting the existence of interpar-
ticle sintering, which would be responsible for
the metastability of the RS phase (Fig. 3K and
fig. S22). Indeed, in the assemblies of CdSe/
CdS nanorods functionalizedwith excess strong-
binding ODT ligands, the RS-ZB phase transi-
tion became fully reversible, and no detectable
RS phase was observed when decompressed
even from 12.5 GPa (figs. S10J and S17D).
Additional information regarding interpar-

ticle sintering was obtained from electrical
conductivity measurements (31). Films, com-
posed of eitherWZ structures recovered before

the WZ-RS transition or ZB structures that
transformed from the RS phase, were insulat-
ing below the detection limit (<10 pS), whereas
the films of RS structures exhibited conductiv-
ities at least eight orders of magnitude higher,
ranging from 3.0 to 8.0 mS (Fig. 4, A to C).
These results, together with TEM observations,
provide evidence that the ambientmetastable RS
phase existed in the formof three-dimensionally
interconnected and partially fused NC networks
created by interparticle sintering (Figs. 3 and 4
and fig. S10). These findings also suggest that
the observed ligand-tailorable reversibility of
their RS-ZB phase transition was caused by
ligand effects during interparticle sintering,
in which surface-ligand rearrangement was
the initial step for the surface-atom diffusion
and chemical-bond formation (32).
Based on these results, we propose that in-

terparticle sintering was a main process that
eliminated crystal defects and relaxed lattice
distortions from high-pressure RS structures.
The partial restoration of the intrinsic kinetic
barrier in ideal crystals (as predicted by MYK)
created ambientmetastable nanostructures (Fig.
4, D and E). The RS NCs that formed from
pressure-induced solid-phase transitions com-
prised a large quantity of high-energy crystal
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Fig. 4. Electrical conductivity
as indictor of interparticle
sintering. (A and B) The
current-voltage curve for films
composed of assemblies of
(A) 23.8-nm WZ CdSe/CdS
nanorods and (B) 4.8-nm WZ
CdSe/CdS core/shell nano-
spheres in (1) the WZ phase
before phase transition ob-
tained by decompression from
~1.8 GPa, (2) the ambient
stable RS phase obtained
by decompression from
~10.4 GPa, or (3) the ZB phase
that transformed from RS
NCs with excess ODT after
decompression from
~12.5 GPa. (C) Measured
conductivity is shown in col-
umn A for nanorods and col-
umn B for nanospheres. (D and
E) Schematic of proposed
interparticle sintering mecha-
nism for nanorods and nano-
spheres, respectively: (1) initial
nanostructures at ambient
pressure, (2) the RS phase in
the form of interconnected
NC networks at a high pressure
(fig. S10, C, G, and K), and
(3) the RS phase in the form of
“free” NCs isolated with strong-binding ligands at high pressures. In recovered samples after decompression, either no or low degrees
of interparticle sintering were observed with TEM (fig. S10, B, F, and J). P, pressure.
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defects and lattice distortions (12) and served
as nucleation sites for the rapid RS-to-ZB and
RS-to-WZ transitions observed in the systems
with no or lowdegrees of interparticle sintering
(fig. S10, B, F, and J) (6, 11–14). In high-pressure-
and/or deviatoric-stress-induced interparticle
sintering, solid-state chemical reactions—driven
by the minimization of Gibbs free energy—take
place between surface atoms, forming effective
sinks to absorb local high-energy defects and
lattice distortions (33). These reactions pro-
duce grain and/or twin boundaries (GTBs)
between neighboring particles (fig. S23, A and
B) to form three-dimensionally interconnected
nanocrystal networks in which crystal defects
can be delocalized through stress-driven dif-
fusion or propagation (34). This process al-
lowed delocalized and collective GTB-defect
interactions within an interconnected network
where GTBs act as sources, sinks, or both to
eliminate crystal defects through absorption
and annihilation (note thatGTBs also occurred
within a single double-bend nanorod; fig. S23B)
(35, 36).
Moreover, GTBs further acted as obstacles

to block or jamdislocationmotions and stabilize
and harden interconnected NC networks
(37, 38) and provided additional mechanisms
to raise the activation barrier height for the
RS-to-ZB transformation (fig. S23, C and D).
These defect-elimination and strain-relaxation
mechanisms depended on the hydrostatic
and deviatoric stress applied on the system
(24, 25). Our experimental findings showed
that the activation barrier height in resulting
RS structures was strongly dependent on the
highest applied pressure, indicated by the ob-
served partial reversibility of the RS-ZB tran-
sition in samples decompressed from lower
pressures (figs. S13, S17, and S24). These results
further demonstrate a critical pressure for a
given NC system, above which point the re-
sulting interconnected NC networks can fully
retain the RS phase at ambient conditions
(fig. S24).
This interparticle sintering (or partial fusion)

mechanism is in good agreement with the
entire set of experimental observations as well
as theMYKprediction (8, 9). Without pressure
media, the formation of three-dimensionally
interconnected NC networks strongly inter-
plays with an emergent phenomenon called
force chain networks (39), which are created
by interparticle interactions and by the topo-
logical patterns of pressure applied within the
system (39, 40). Thus, the order of NC assem-
blies affects the degree of interparticle sintering
as well as the mechanical integrity and strain
uniformity of the resulting interconnected net-
works (Figs. 1C and2Cand fig. S8). Indisordered
systems, NC shape anisotropy promotes the
formation of anisotropic force-chain-network
architectures (40, 41), yielding strained-NC
networks and thus imposing additional effects

on the ambient metastability of high-pressure
phases. Indeed, when the ordering level of
hexagonal-superlattice structureswasdecreased,
CdSe/CdS nanorod assemblies retained 77.8% of
the RS phase, whereas 100% was still preserved
in totally disordered assemblies of CdSe/CdS
nanospheres (figs. S14A and S25). In addition,
the observed composition dependence in the
ligand-tailorable reversibility of the RS-ZB
phase transition likely originated from differ-
ences in the chemical and mechanical proper-
ties regarding interparticle sintering, as well
as the formation, elimination, propagation,
and annihilation of crystal defects and the
relaxation of lattice distortions in the inter-
connected NC systems (29, 32–41).
To date, metastable RS CdSe, CdS, and

CdSe/CdS samples in our lab have been fully
preserved under ambient conditions for more
than 6 years. This extended lifetime shows
that an apparent activation-energy barrier of
more than 1.3 eV per particle was created in
the RS-to-ZB solid phase transformation (8, 20).
The strategy for engineering transformation
barriers established in this work is readily
generalizable for making ambient metastable
high-energy phases of other materials such as
IV-VI and III-V semiconductors and transition-
metal chalcogenides. In addition, our findings
identify interconnected nanocrystal networks
as a new form of matter that can effectively
host metastable high-energy phases at ambient
conditions. This approach allows for the ra-
tional design of synthetic methods for meta-
stable materials through low-pressure routes
(42), opening new opportunities for materials
discovery and fabrication (2–5).
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