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Activation Volumes for
Solid-Solid Transformations in
Nanocrystals
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The transition between four- and six-coordinate structures in CdSe nanocrystals
displays simple transition kinetics as compared with the extended solid, and we
determined activation volumes from the pressure dependence of the relaxation
times. Our measurements indicate that the transformation takes place by a
nucleation mechanism and place strong constraints on the type of microscopic
motions that lead to the transformation. The type of analysis presented here
is difficult for extended solids, which transform by complicated kinetics and
involve ill-defined domain volumes. Solids patterned on the nanoscale may
prove to be powerful models for the general study of structural transitions in
small systems, as well as in extended solids.

An understanding of first-order structural
transitions is relevant to many research areas,
including the study of solids at high pressures
and the engineering of materials with en-
hanced mechanical properties. For example,
solid-solid transitions in silicates in the
Earth’s mantle are thought to play a vital role
in plate tectonics and earthquakes (7, 2). In
geological applications, models of structural-
transition kinetics must simulate rock forma-
tion taking place over millions of years (3).
Structural transitions are also used in the
production of steel during heat treatment of
iron-carbide alloys and in producing ceramic
materials with exceptionally high fracture
toughness, such as partially stabilized zirco-
nia (4). Despite their importance for materi-
als and planetary science, the microscopic
mechanisms of solid-solid phase transitions
are difficult to study for several reasons. The
kinetics of a transformation in an extended
solid is highly inhomogeneous, with different
processes occurring in parallel in different
parts of the sample. Transformations in ex-
tended solids are dominated by growth mech-
anisms and have inherently irreproducible
transition cycles because new defects are
generated during the course of the transition.

The study of phase transitions can be
greatly simplified in nanocrystal systems be-
cause small crystals can behave as single
structural domains and reproducibly cycle
through multiple transformations (5). For this
reason, theoretical investigations into struc-
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tural transformations in nanocrystals are now
being performed by several groups (6-8). We
show that it is experimentally possible to
measure one of the fundamental properties of
a chemical reaction, the activation volume,
for a solid-solid transition in nanocrystals. By
taking advantage of the simple kinetics in a
nanocrystal system, we obtain insight into the
mechanisms and microscopic processes of
structural phase transitions.

CdSe nanocrystals can be used as model
systems for structural studies (9). The nano-
crystals consist of hundreds to thousands of
covalently bonded atoms, synthesized as nearly
defect-free crystals with narrow size distribu-
tion and controlled shape (/0). At low pres-
sures, the atoms are tetrahedrally bonded and
form a hexagonal network of stacked sheets
with wurtzite and zinc blende stacking sequenc-
es. At high pressures, the nanocrystals contract
by 18% as they transform to a denser, six-
coordinate rock-salt structure. Transformation
cycles between the structures are not observed
at the thermodynamic transition pressure,
where the free energies of the phases are equal.
Instead, an energetic barrier along the transition
pathway hinders the transition and results in a
hysteresis loop, which reflects the time needed
for the system to relax to the equilibrium con-
figuration. The hysteresis of the CdSe nano-
crystal transition is sufficiently extensive for the
study of structural phase transitions despite
their finite extent. In small systems, smearing of
the thermodynamic transition can arise from
thermal fluctuations between the structures
(11). In the smallest nanocrystals under study
here (25 A in diameter, ~300 atoms), the total
volume change during the transition is ~1500
A3. Because the differential of free energy with
respect to pressure is volume, we estimate that
the corresponding thermal fluctuations smear
the nanocrystal transition by less than 0.1 GPa
at 500 K. This smearing is insignificant com-

pared with the kinetics-induced hysteresis
width of ~6 GPa and implies that the transition
is observed “far” from equilibrium conditions
even in nanocrystals.

The microscopic structure of large nano-
crystals before and after a transition cycle is
shown in Fig. 1 (/2-15). Well-defined crystal
volumes and structures are involved in the
nanocrystal transformation, because the tetra-
hedral bonding between the Cd and Se atoms
remains uninterrupted even after pressure cy-
cling. The transition was monitored through
changes in the visible absorption of the sam-
ple after an abrupt increase or decrease in the
pressure (/6). Extensive kinetics measure-
ments of transformation times were made as a
function of pressure and temperature in
nanocrystals between 25 and 35 A in diame-
ter. In Fig. 2, typical relaxation times are
shown for 25 A diameter nanocrystals for
several pressures. The time dependence of the
transition is fit with a simple exponential
decay in both transition directions, from
which the rate constants are extracted.

The observation of simple transition ki-
netics even after multiple transitions is evi-
dence of the single-domain behavior in
nanocrystals. The activation energy (enthal-
pic barrier) was determined from the temper-
ature dependence of the rate constants as 0.9
and 0.2 = 0.1 eV per nanocrystal (21 and 4.6
kcal/mol of nanocrystals) for 25 A diameter
nanocrystals in the forward and reverse direc-
tions, respectively. The activation volume
(AV#), or the volume change between the
transition state and reactant, is determined
from the pressure dependence of the rate
constants (Fig. 3A), with the following ex-
pression from transition state theory:

dln(k) — AV}

( aP )T T kT M
where kT is thermal energy (Boltzmann’s con-
stant k, times temperature T°), P is pressure, and
k is the rate constant (/7). The activation vol-
umes are —17 and +65 A3 for 25 A diameter
nanocrystals in the forward and reverse transi-
tion directions, respectively.

The smaller volume deformation during
the forward transformation indicates that the
transition state more closely resembles the
four-coordinate structure than the six-coordi-
nate structure. A transition state that is not
precisely midway between the two stable
minima is reasonable in transformations be-
tween phases with differing volumes. This
asymmetry has profound consequences for
the hysteresis loop, which is observed to nar-
row by 40% as the relaxation time increases
from 15 s (In £ = —3) to 20 min (In £k =
—7.5) at a constant temperature of 463 K
(Fig. 3A). Using a linear extrapolation, we
estimate that the hysteresis will ultimately
collapse about a thermodynamic transition
pressure of 2.3 GPa with a relaxation time of
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>10 years at room temperature. By default,
thermodynamic transition pressures for struc-
tural transformations are frequently taken as
the center of the hysteresis loop (3, I8).
However, here this pressure is observed to be
markedly lower than the hysteresis center and
is the direct result of different activation vol-
umes in the two transition directions. This
result is consistent with the observation of
different activation energies in the two tran-
sition directions, indicated by the greater sen-
sitivity of the forward transition to tempera-
ture (Fig. 3B).

Additional information regarding the tran-
sition state is obtained from the opposite
signs of the activation volumes, which imply
that the transition state must be intermediate
in volume between that of the two structures
(Fig. 3A schematic), unlike a system that
expands in both directions to accommodate
the atomic rearrangements. For example, the

Fig. 1. High-resolution transmission electron
micrograph of representative CdSe nanocrys-
tals in the four-coordinate structure before and
after pressure cycling. The arrow indicates the
unique ¢ axis, along which (001) layers are
stacked. Two possible stacking sequences,
ABAB- and ABCABC-, yield the nearly isoener-
getic wurtzite (hexagonally close-packed) and
zinc blende (face-centered cubic) structures
within the nanocrystal. Wurtzite stacking is
indicated with solid lines, zinc blende stacking
with dashed lines. After pressure cycling, the
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graphite-diamond transition in carbon has a
fluidlike transition state that hinders the tran-
sition with increasing pressure (3, /9) and
should produce positive activation volumes
in both transition directions. However, the
case of an intermediate transition-state vol-
ume observed here is probably more common
for transitions that exhibit conventional hys-
teresis loops (the forward transition is facili-
tated with increasing pressure). It is inherent-
ly implied in classical nucleation models for
structural transitions (20), in which the tran-
sition state is an average volume of both
structures. In such models, the activation vol-
ume is proportional to the critical nucleus
size because it is equivalent to the volume
change that accompanies its formation. Nu-
cleation theory also predicts that the critical
nucleus size should vary with pressure, but is
largest at the thermodynamic transition pres-
sure. This premise is consistent with the ex-

Before

nominally spherical shape recovers and the nanocrystal has an increased fraction of zinc blende
layers, which is consistent with previous interpretations of x-ray diffraction measurements (5).
The stacking faults are a particularly simple type of grain boundary, but do not interrupt the
connectivity of the atoms in the nanocrystal. The (001) layers shown here are involved in the
shearing motion of the sliding planes mechanism described in the text.
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Fig. 2. Time dependence of the transformation in 25 A CdSe crystals at 463 K at different pressures.
(A) The forward transition at (A) 5.2 GPa, ((J) 5.7 GPa, and (<) 6.9 GPa. (B) The reverse transition
at (©) 0.7 GPa, () 1.0 GPa, and (A) 1.2 GPa. (1 GPa = 10,000 atm). The abscissa is the intensity
of the four-coordinate electronic absorption feature (76). Fits are single-exponential decays. Rate
constants were obtained from the slope of the fitted lines and are equivalent to relaxation times
(= In 2/k) in the forward transition of: (A) 21 min, () 3.6 min, and () 20 s. In the reverse
transition: (¢) 16 s, (O) 3.8 min, and (A) 24 min. Each crystal in the ensemble transforms
instantaneously relative to the experiment time such that the relaxation is a measure of the
average time required to overcome the kinetic barrier. Once a nanocrystal transforms to the stable
structure, it is statistically unlikely that it will fluctuate back unless the pressure is changed
accordingly, because the transition is measured "“far” from equilibrium. The shape changes shown
in the schematic were determined from simulations of x-ray diffraction patterns and is consistent

with the sliding planes mechanism (5).

perimental activation volumes, which should
increase in magnitude “near” the thermody-
namic pressure in order for the forward and
reverse activation volumes to add up suitably
to the 18% total volume change across the
transition.

The microscopic mechanism from which
the hysteresis originates is constrained by the
small magnitude of the activation volume of
~0.2% in comparison with the 18% total
volume change. The simplest model is a co-
herent deformation mechanism involving co-
ordinated motion throughout the crystal lat-
tice (21). However, this model is inconsistent
with the activation volume, because 0.2%
distributed throughout the nanocrystal is even
smaller than the volume change caused by
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Fig. 3. Hysteresis loop dependence on (A) re-
laxation time and (B) temperature for the
transformation in 25 A diameter CdSe nano-
crystals. (A) The rate constants are determined
from time-dependent decays at 463 K, such as
those shown in Fig. 2. Activation volumes de-
termined from the slopes with Eq. 1 are —17 A2
and +65 A2 in the forward and reverse transi-
tions, respectively. The activation volumes are
assumed to be constant over the pressure rang-
es under study to simplify the analysis. Even
small, microscopic-volume deformations during
the transition change the rate constant by sev-
eral orders of magnitude in only a fraction of a
GPa change in pressure. (B) The temperature
data are compiled from measurements of the
rate constant for In (k) = —3.5 at the given
temperatures. The hysteresis loop systemati-
cally narrows with increasing temperature, as
expected for an activated process. (Inset) A
sample hysteresis loop measured for 35 A
nanocrystals with the hysteresis width indicat-
ed. The loop starts at low pressure and pro-
ceeds in the direction of the arrows, as the
normalized ratio of sample transformed is
monitored.
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thermal vibrations of the crystal lattice. A
nucleation mechanism involving just part of
the crystal is more plausible because it re-
quires only a modest structural deformation.
A spherically shaped nucleus is excluded be-
cause the activation volume would corre-
spond to a nucleus smaller than the size of a
unit cell. In addition, this case is inconsistent
with the observation of an increasing activa-
tion-volume magnitude from 17 to 34 and
124 A3 in the forward direction for 25, 30,
and 35 A diameter nanocrystals, respectively.
The data instead strongly support direction-
ally dependent nucleation such as a sliding
planes mechanism, involving a shearing mo-
tion of the (001) crystal planes (shown in Fig.
1) relative to one another (35). This explains
the variation in the stacking sequence along
the ¢ axis observed before and after the tran-
sition in Fig. 1 (22), because the transition is
directionally dependent and not sensitive to
the stacking along this axis. This type of
mechanism is established in the study of mar-
tensitic transitions (23) and is consistent with
the increasing activation volume with size.
Previous studies showing increasing acti-
vation energies with size (24, 25) are now
understood as arising from additional bonds
that must break as the planes in larger parti-
cles slide. The measured activation energies
are in marked agreement with our estimates
of the energy necessary to shear the (001)
plane, as determined with the stacking fault
energy of 14 meV per atom reported by
Maeda and co-workers (26). For example,
the activation energy of 0.9 eV in 25 A
nanocrystals (~50 atoms per plane) com-
pares well with an estimate of 0.7 eV based
on the transformation model. Although mar-
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Fig. 4. Hysteresis width versus nanocrystal size
at room temperature and a relaxation time of
~3 min. The width for the largest sample is a
lower limit because the 126 A diameter nano-
crystals remain trapped in the high-pressure
rock-salt structure as the pressure is released
(40). In the inset, AS* is the entropic barrier
and kg is Boltzmann's constant. The entropic
factor was determined from intercepts of Ar-
rhenius plots (29).
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tensitic transitions are generally considered
athermal, the shearing appears to be activated
in this nanocrystal transition, perhaps be-
cause the role of defects has been eliminated.

It was previously presumed that the
nanocrystal was small enough to transform
between solids in a coherent deformation pro-
cess and that the critical nucleus was larger
than several nanometers in diameter (25).
The observation of a local nucleation mech-
anism in nanocrystals modifies this guess for
a critical nucleus size, and the directional
dependence of the mechanism suggests an
“easy axis” for the transition and a critical
nucleus in the extended solid that is not
spherically shaped. In much larger crystals,
nucleation initiated at defects may come into
play, whereas much smaller crystals may
more closely resemble molecular isomeriza-
tions. If this lower limit occurs at a definable
crystal size, the structures would flip back
and forth at thermal equilibrium with mini-
mal hysteresis. Structural fluctuations of this
type are thought to occur in some gas-phase
inorganic cluster species (27).

To further understand the transition mech-
anism, we measured the size dependence of
the hysteresis width at room temperature in
nanocrystal sizes up to 130 A in diameter, a
30-fold volume increase compared with pre-
vious studies (9). The nearly constant hyster-
esis width of ~6 GPa over this size range
implies that the corresponding free-energy
barrier responsible for the hysteresis is insen-
sitive to nanocrystal size (Fig. 4). The in-
creasing entropic factor as a function of size
(Fig. 4 inset) accounts for the observed be-
havior because it offsets the increasing acti-
vation energy with size (24). This is unchar-
acteristic of a coherent deformation mecha-
nism, for which the hysteresis width should
strongly broaden with size without increasing
entropic factors. Instead, the trends with size
are indicative of a nucleation mechanism
with multiple sites from which the transition
can initiate. In the proposed transformation
model, this corresponds to greater probability
of nucleation in nanocrystals with larger
numbers of planes because only one nucle-
ation event occurs per nanocrystal transfor-
mation. If high enough temperatures were
experimentally feasible in this system (26,
29), the hysteresis should ultimately narrow
with increasing crystal size owing to the
greater influence of the entropic factor. Un-
like the alternative models, the directionally
dependent nucleation model is consistent
with the entire set of observations.

A useful comparison for solid-solid
transformations in nanocrystals is with the
well-studied case of magnetic transitions in
nanocrystals used in everyday storage me-
dia. The transitions are analogous in ther-
modynamics and statistical mechanics with
the appropriate substitution of variables

(30). Although both transitions can behave
as single domains in nanocrystal systems,
differences between the transitions are ap-
parent with these experiments. The asym-
metry of the hysteresis loop in the structur-
al transition is in contrast to magnetic tran-
sitions, which have symmetric hysteresis
because the two phases are indistinguish-
able in the absence of a magnetic field.
Furthermore, the CdSe nanocrystal is found
to transform between solids by local defor-
mation followed by rapid growth, whereas
magnetic transitions in similar crystal sizes
involve coherent rotation of the nanocrystal
“super-spin” described by the well-known
Néel-Brown model (31, 32). The onset of
nucleation mechanisms in magnetism does
not occur until crystal sizes are greater than
300 A (33). Interestingly, in the size range
of 300 to 2000 A, magnetic transitions also
exhibit nearly size-independent hysteresis
widths (34, 35). This rescaling of crystal
size is related to the relative energies in-
volved in the transformation processes. The
area of the hysteresis loop representing the
irreversible work in a transition cycle is
equivalent to more than 770,000 times the
thermal energy in the CdSe structural tran-
sition, but to only 125 times in Co-Fe alloy
magnetic nanocrystals in 100 A nanocrys-
tals (36-39). Thus, the irreversible energy
released in a cycle is three to four orders of
magnitude larger in the structural transi-
tion. Larger energy barriers are involved in
reorganizing bonds than in reversing the
magnetization, such that the structural tran-
sition in nanocrystals cannot physically in-
volve the entire crystal lattice. Significant
insight into the microscopic processes of
many other solid-solid phase transitions of
importance in materials science and geo-
physics may emerge through future studies
of nanocrystals.
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Antibody Catalysis of the
Oxidation of Water
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Recently we reported that antibodies can generate hydrogen peroxide (H,0,)
from singlet molecular oxygen ('0,*). We now show that this process is
catalytic, and we identify the electron source for a quasi-unlimited generation
of H,O,. Antibodies produce up to 500 mole equivalents of H,O, from '0,*,
without a reduction in rate, and we have excluded metals or Cl~ as the electron
source. On the basis of isotope incorporation experiments and kinetic data, we
propose that antibodies use H,O as an electron source, facilitating its addition
to '0,* to form H,0, as the first intermediate in a reaction cascade that
eventually leads to H,0,. X-ray crystallographic studies with xenon point to
putative conserved oxygen binding sites within the antibody fold where this
chemistry could be initiated. Our findings suggest a protective function of
immunoglobulins against '0,* and raise the question of whether the need to
detoxify 'O, * has played a decisive role in the evolution of the immunoglobulin

fold.

Antibodies, regardless of source or antigenic
specificity, generate H,0, from '0,*, thereby
potentially aligning recognition and killing
within the same molecule (/). Given the poten-
tial chemical and biological importance of this
observation, the mechanistic basis of this pro-
cess and its structural location within the anti-
body have been investigated. Together these
studies reveal that antibodies, in contrast to
other proteins, may catalyze an unprecedented
set of chemical reactions between water and
'0,*.

Long-term ultraviolet (UV) irradiation stud-
ies reveal that antibody-mediated H,O, pro-
duction is much more efficient than for non-
immunoglobulin proteins (Fig. 1A). Typical-
ly antibodies exhibit linearity in H,0, forma-
tion for up to 40 mole equivalents of H,O,
before the rate begins to decline asymptoti-
cally (Fig. 1B). Non-immunoglobulin pro-
teins display a short burst of H,O, production
followed by quenching as photo-oxidation
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Organische Chemie, Eidgendssische Technische Hoch-
schule (ETH) Zirich, Universitatstrasse 16, CH-8092
Ziirich, Switzerland.

occurs (Fig. 1A). Also, antibodies can resume
photoproduction of H,0, at the same initial
rate if H,O, is removed by catalase (Fig. 1C).
Thus, H,O, reversibly inhibits its own for-
mation. The apparent median inhibitory con-
centration (IC,,) was estimated as 225 pM
(Fig. 1E). Antibody-mediated photoproduc-
tion of H,0, can also be saturated with mo-
lecular oxygen (apparent Michaelis-Menten
constant for oxygen = 187 uM) (/), which,
when allied with the H,O, inhibition aspect,
suggests a binding site process.

Even after 10 cycles of UV irradiation fol-
lowed by addition and removal of catalase
(which generates ~500 mole equivalents of
H,0,), only a slight reduction (5%) is seen in
the initial rate. Beside antibodies, the only other
protein that we have found thus far to generate
H,O, catalytically is the o T cell receptor
(«BTCR) (Fig. 1D), which shares a similar
arrangement of its immunoglobulin fold do-
mains with antibodies (2). However, possession
of this structural motif does not necessarily
confer an H,O,-generating ability on proteins;
B,-microglobulin, although a member of the
immunoglobulin superfamily (3), does not gen-
erate H,0,.

The antibody structure is remarkably inert to
the oxidizing effects of H,0,. SDS—polyacryl-
amide gel electrophoresis of antibody samples
after UV irradiation under standard conditions
for 8 hours revealed no significant fragmenta-

VOL 293 SCIENCE www.sciencemag.org


http://www.sciencemag.org

