4” ;

aqueous tubes cladded with the nanoparticle sur-
factants were smaller in diameter and exception-
ally long, reminiscent of glass wool (Fig. 3G)
except that the structures are fully liquid. The 3D
nature of the morphology, the continuity of the
tubular structures, and the cladding of the inter-
faces by the nanoparticle surfactant are evident.
Thus, simply by stirring, a bicontinuous jammed
system—a “bijel” type of morphology—is achieved
without the need to modify and tune the surface
chemistry of the nanoparticle to achieve neutral
wetting, which is necessary to confine the nano-
particles to the liquid/liquid interface and impart
long-term stability to the morphology (I3, 14).
The carboxylate-amine interactions between the
nanoparticles and functionalized silicone oil are
self-regulating, maximizing the reduction in the
interfacial energy, overcoming thermal energies
and stabilizing the nanoparticle surfactants at the
interface.

When the monofunctional end-capped silicone
oil was replaced with a difinctional PDMS, capped
on both ends with primary amines, the nano-
particle surfactant assemblies were stabilized even
further, as the PDMS chains bridge adjacent nano-
particles, effectively cross-linking the jammed
nanoparticle assembly (Fig. 4A). Shown in Fig.
4, B to E, are two drops of water with polystyrene
nanoparticles that were suspended in silicone oil
containing the difunctional PDMS. The length of
time that the drop at the bottom was in contact
with the silicone oil is 2 min, whereas the con-
tact time of the upper drop is 30 s. A 4.6-kV/cm
electric field is applied, and the drop at the bot-
tom does not deform, whereas the drop at the top
deforms. Even though the interfacial energy of
the drop at the bottom is lower, due to the in-
crease in the number of nanoparticle surfactants
formed at the interface, the cross-linking of the
nanoparticle surfactants is greater, preventing
the deformation of the drop (movies S6 and S7).

The very strong resistance of the drop to defor-
mation demonstrates an alternate route by which
drops of different shapes can be stabilized.

We have demonstrated a simple route to produce
and stabilize fluid drops having shapes far re-
moved from their equilibrium spherical shape,
using the in situ formation of nanoparticle sur-
factants. The increased interfacial activity of the
nanoparticle surfactants stabilized the assemblies
against desorption, allowing them to jam at the
interface, arresting change in the drop shape, and
imparting long-term stability to drops with un-
usual shapes. The sequential application of ex-
ternal fields in different directions leads to local
unjamming and jamming of the assemblies, en-
abling the shape of the drop to be tailored into a
wide range of unusual shapes. We are currently
investigating the possibility of stabilizing asym-
metric shapes to determine the importance on the
jamming process. Both electric and shear fields
were used to deform the drops, although other
fields, like magnetic and ultrasonic fields, are also
being investigated. Cross-linking the nanoparti-
cle surfactant assemblies at the interface is shown
to increase the stability of the drop shape. These
stabilized assembiies provide easy routes for en-
capsulation, bicontinuous flow (microfluidic de-
vices) or separations media, delivery vehicles, and
reaction platforms.
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Mass-Independent Oxygen Isotopic
Partitioning During Gas-Phase

Si0, Formation

Subrata Chakraborty,* Petia Yanchulova, Mark H. Thiemens

Meteorites contain a wide range of oxygen isotopic compositions that are interpreted as heterogeneity
in solar nebula. The anomalous oxygen isotopic compositions of refractory mineral phases may reflect
a chemical fractionation process in the nebula, but there are no experiments to demonstrate this
isotope effect during particle formation through gas-phase reactions. We report experimental results of
gas-to-particle conversion during oxidation of silicon monoxide that define a mass-independent line
(slope one) in oxygen three-isotope space of *20/*0 versus *’0/2%0. This mass-independent chemical
reaction is a potentially initiating step in nebular meteorite formation, which would be capable of
producing silicate reservoirs with anomalous oxygen isotopic compositions.

temperature mineral phases in the first
condensates in the protoplanetary disk,

The oxygen isotopic composition of high-

www.sciencemag.org SCIENCE

calcium-aluminum-rich inclusions (CAls), are dis-
tributed along a slope one line in an oxygen three-
isotope plot (*%0/'°0 versus '70/'%0) with a large

and equal depletion in 7O and '¥0 [~50 per mil (%o)
with respect to the terrestrial composition] (/).
Most chondrules (glassy globular condensates)
formed shortly (<1 million years) after CAls (2)
display an oxygen isotopic distribution along an
approximate slope 1 line, with about equal O
and '®0 enrichments over CAls (3, 4). The oxy-
gen isotopic distributions are notable because of
their departure from the normal terrestrial mass-
dependent (MD) fractionation line observed for
equilibrium and kinetic fractionation processes

of

slope one-half (5, 6). Defining the source of

the anomalous isotopic distribution of oxygen
is critical in the elucidation of the overall for-
mation and evolutionary events in the early solar

Aﬂ;:r the failure to find meteoritic supermova

debris signatures, the initially proposed nuclear
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theory (/) was largely abandoned, and chemi-
cal, particularly photochemical, theories took
precedence as the favored explanation for the
observed oxygen isotopic distribution. Photo-
chemical isotopic self-shielding of CO (7) has
been proposed on the basis of the predissociative
nature (isotopologue-specific absorption lines)
in the vacuum ultraviolet spectral region of CO, a
common phenomenon in molecular clouds (8).
Ozone formation was the first demonstration of
a mass-independent (MI) fractionation process
in a chemical reaction (9). Since this discovery,
the potential for producing a CAl-like isotopic
compositional trend in a gas-phase symmetry-
driven recombination reaction has been suggested
(9-11). Marcus (/2) introduced a symmetry-based
grain-surface assisted theoretical treatment of re-
combination of adsorbed species, e.g., O and SiO,
to explain the compositions of CAls. At present,
there are no experiments that determine the isotopic
fractionation induced by the conversion of gas-
phase nebular oxygen species to solid species,
which is a key step in the early evolutionary stage
of the solar system.

Here, we present results of the measure-
ment of oxygen isotopic compositions of SiO,
solids generated via gas-phase reactions under
controlled experimental conditions. In these ex-
periments, ultrahigh purity (UHP) SiO nuggets
were lased with an excimer laser [Lambda Physik
Compex 110 (Coherent Incorporated, Santa Clara,
Califomia), KrF, 248 nm] inside a vacuum cham-
ber at two different initial conditions: set I, in the
presence of UHP O,, and set II, in mixtures of
UHP O, and H, of differing proportions. Lasing
of SiO generates a plume of neutral SiO gas
(see supplementary materials), which reacts with
the gases inside the chamber to form silicon
dioxide particles throughout the chamber. In set
III experiments, the product Si0O, is formed via
both mechanisms of set I and set II (as subsets)
experiments, and the products were collected
for analysis. Scanning electron microscopic
analysis provided the stoichiometry of SiO, for
the product solids for all cases (fig. S2).

The measured oxygen isotopic composi-
tions of SiO, formed in set I-type experiments
(without H,) show MD fractionation, whereas
those produced in set II-type experiments (with
Ho) reflect M1 fractionation (Fig. 1 and table S1).
The corresponding isotopic compositions of the
residual oxygen reservoirs are fractionated in
MD and MI fashion, respectively, for set I and set
1T experiments (fig. S3 and tables S2 and S3). The
extent of the MI component in Si0,, measured
by A0 (=5'70 - 0.516 * 8'%0), increases with
increasing initial H,/O; ratio, and the maximum
A0 value was ~1.7%o, measured at an H,/0,
ratio of 25.6. The higher ambient gas pressure sup-
presses the expansion of the laser plume and also
rapidly cools the plume by collisional deactivation
limiting the extent of oxidation in the higher ratio and
pressure experiments (see supplementary text).

Comparing the expected oxidation reactions
1 to4and | to 10 for set I and set II experiments

(Table 1), respectively, and their corresponding
experimental results (Fig. 1, fig. S3, and tables
S1 to S3), we suggest that the observed MI com-
position in the residual oxygen and product SiO,
may not be due to ozone formation [known to
generate a MI composition (9)]. Set [-type ex-

periments are the most oxidative and kinetical-
ly favor ozone formation compared with set 11
types. The results from set I experiments are strict-
ly MD (Fig. | and fig. S3) and cannot involve
ozone formation. Analyzing the entire data set,
we observed a MI composition only when H, is

Fig. 1. Measured oxygen iso- 10
topic compositions in three- ‘
isotope plot. The compositions of {
product Si0; from set |- and set [I— 0|
types experiments in set Il are shown
in blue squares and circles, respec-
tively, with respect to the initial SiO
composition. Compositions of the start-
ing SiO and oxygen and product SiO,
from set I-type experiments all lie
on a line with a MD slope of 0.516.
The SiO; formed in set li-type experi-
ments show MI compositions with gl
a slope value of 0.6. The calculated .
isotopic compositions of 5i0; formed '
by group 2 reactions (OH dominated, ‘
see supplementary text) lie on a
regression line with a slope value of
1.09 £ 0.1. The standard deviation

;10 |

-20

)

8'70 (with respect to initial Si0, %)

40
40

Set-11 (with H,):
| Slope =0.60 + 0,03

| Set-1 (w/o Hy)

Slope = 1.09 £ 0.1

RE=091 ¢
Si0, from group 2

N
reactions ————a

R*=099 Starting SiO

Si0+ 0,
(calculated point)

Starting O,

=30 -20 -10 0 10
50 (with respect to initial Si0, %)

of data presented here are = 0.2%o (much smaller than the size of the symbols).

Table 1. List of relevant reactions. Relevant reactions for set | and set Il experiments.

Set I-type experiments

Set Il-type experiments

Reaction number

Si0 + 0, —» Si0, + O
Si0 + 0 — Si0;
0, +hv-0+0

O+0,+M~- 03+ M

Group 1
Si0 + 0, - 5i0, + O
Si0 + 0 - Si0,
0, +hv-=0+0
0+0,+M-03+M
Group 2
O+H,+M—=0H+H+M
OH + H; -+ H,0 + H
Si0 + OH — Si0, + H
Si0 + H,0 — Si0; + OH
H+ 0, + M- HO, + M
Si0 + HO, - Si0; + OH

B W

o0 ~Nos U

Fig. 2. Results of kinetic
model simulation. Time-
dependent change in con-
centrations of Si0, formed
via group 1 and group 2 re-
actions and the concentra-
tion of O, for the simulation
run with H,/0; ratio of 30 is
shown for three different tem-

2e+14 |
let14 &

Se+13

Concentration (molecules/cc)

Hp/0O7 =30 -

........ Si05(1)-1000C
........ Si02(2)-1000C
03-1000C
Si07(1)-500C
Si05(2)-500C
05-500C
— SiOy()-50C
$i05(2)-50C

T A e e s e e e

peratures. The SiO, amount
measured in the experiments
best matched the simulation
run of effective chamber tem-
perature of 50°C. Although g " ey

the temperature of the laser 0
plume is high (>1000°C), the
estimated volume of the laser

100 200

Time (sec)

plume is only ~1/100 of the chamber volume, and, therefore, the match at lower temperature (50°C) with the
experiment is reasonable. The result shows that, in set li—-type experiments, group 1 reactions are the dominant
source of Si0, formation, whereas group 2 reactions contribute only 11 to 18% of the total SiO,.
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present, requiring reactions 7, 8, and 10 to be the
source of the MI composition.

Because reaction 9 is a M1 process (/3), there
is a possibility that the isotopic composition mea-
sured in these experiments was acquired during
oxidation by HO-, a product of reaction 9, which
possesses a MI composition. To test HO, reaction
channels, we performed photolysis of a mixture
of O, and H, in a glass chamber (without SiO)
with ultraviolet photons from the same laser as a
control. The residual oxygen was collected (after
separating it from H, and water), and the oxygen
isotopic composition was determined to be MD
(fig. S3), indicating that the MI character mea-
sured in the set IT experiments does not originate
from HO, species via reaction channel 9.

The oxidation of CO by OH produces CO; of
MI composition (/4, 15); thus reaction 7 (SiO +
OH = SiO, + H) may be the source of the mea-
sured MI effect because both CO and SiO possess
a homologous valence electron configuration in
their ground states (/6). On the basis of symmetry
considerations, it has been proposed that a gas-
phase MI effect may arise from the reaction O +
SiO — SiO; (/7). An analogous reaction, O +

CO — CO,, has experimentally demonstrated no-
table mass-independently fractionated products
(18, 19). However, the results from set I experi-
ments do not reflect the fractionation effects of this
process. In set [ experiments, SiO, formed through
reactions 1 and 2 may have a potential for isotope
exchange between O, and O, and the original
isotopic signature (MI) from reaction 2 (e.g., O +
SiO — Si0,) may be removed by exchange, as
well as by the MD SiO, produced by reaction
1 (e.g., O, + 8i0 — Si0; + Q).

A vibrationally excited transition state (COOH*)
has been predicted for the CO+OH — CO, + H
reaction (20—-22), and the existence of a vibra-
tionally excited intermediate was demonstrated
(23). A similar intermediate state (SIOOH)* for
the OH + SiO — SiO, + H reaction is feasible,
and it is via this excited state that the observed MI
effect would be generated. The relevant source
would be the deactivation of intermediate states
leading to isotope selectivity in the product phase,
as is the case for ozone. There is no overall agree-
ment on the mechanism for ozone formation, al-
though symmetry is generally considered to be
the ultimate source (24).

At he Solar Nebul
500 g mosphere - olar Nebula . 10
40 0 _l Atmospheric Oxygen : ® A
o |4 e L MegES o (BUREAICAO =0 - L ' ;,
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Fig. 3. Similarity of oxygen isotopic distribution in atmosphere and meteorites. Left and

right panels represent Earth’s atmosphere and m

eteorites, respectively. (A) The existence of posi-

tive and negative A0 reservoirs in the atmosphere. (B) The presence of positive and negative A’0
reservoirs in the solar nebula (over a slope of ~1 line). (C) The composition of product ozone and
residual oxygen for the ozone formation experiment in the laboratory. (D) The compositions of Si0,
formed in the present experiments. The & values are normalized with starting oxygen and SiO com-
positions, respectively, for (C) and (D). See supplementary materials for a full list of references used

for this compilation.
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Si0, samples collected in set II-type experi-
ments are formed via multiple reaction channels
(Table 1). We developed a chemical kinetic net-
work model including 17 different species and 30
different reactions relevant to the experiments.
Time-dependent concentration variations of dif-
ferent species were recorded in this model by
setting up appropriate differential equations (see
supplementary text). The simulation solutions
depict that a significant proportion of Si0, (82 to
89%) is produced via oxidation in group I reac-
tions (by O, and O; MD in nature) with the re-
maining channel produced by group 2 oxidation
reactions (Fig. 2 and table S4). The model pro-
duction of SiO, via H,0, oxidation is negligible
and consequently not specifically listed in Table 1.
Because the contributions from group 2 reactions
in the total production of Si0, are much smaller
(<18%), the measured MI composition in set
[I-type experiments are diluted by MD contribu-
tions from group 1 reactions (Fig. 1).

By considering the fractionations for the group
1 reactions to be those measured in set I reactions
and the above-mentioned fiactions (of product
from groups 1 and 2), we performed an isotopic
mass-balance calculation to determine the compo-
sitions of Si0, formed via group 2 reactions (see
supplementary text), which define a line of slope =
1.09 % 0.1 (1-o SD) passing through the calculated
Si0, composition (3'%0 =—184%o, 8'"0 =-9.5%o)
formed by the measured SiO + O, reaction (Fig.
1 and supplementary text). The scatter in the cal-
culated data set may be due to the use of a sim-
plified treatment by grouping the reactions in two,
where there are six different reactions in group 2,
and, based on kinetics, they have different yields
at different subsets of experiments because of var-
iation in pressures (table S3). The kinetic sim-
ulation shows that among all group 2 reactions
(which contribute <18% of total SiO5 production)
more than 90% of SiO, forms via OH oxida-
tion. It may be surmised from the observations
that the SiO + OH reaction follows a slope close
to unity.

SiO is a relevant solar nebular species de-
tected in young protoplanetary nebulae and other
astronomical objects (25, 26) and is oxidized by
OH in the early nebula (27-29). It is plausible
that, in the hot (>1000 K) inner solar nebula, SiO
oxidation through OH is an initiating reaction in
solid silicate formation. Our results demonstrate
that the MI composition of meteoritic silicates
could be initially generated via OH oxidation of
the more reduced SiO, which proceeds along a
slope one line. However, transiting through an
intermediate excited state is not equilibrium in
nature, and the traditional isotopic fractionation
calculated on the basis of reduced partition func-
tions (5) diminishes at high temperature limits
and is not applicable.

Earth’s atmosphere may be isotopically rel-
evant in comparison to the solar nebula because
both systems have oxygen reservoirs consisting
of relative positive and negative MI anomalies
(Fig. 3, A and B). The oxygen-bearing species
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acquire MI signatures from the ozone formation
reaction (9) (Fig. 3C) via atomic oxygen inter-
action, creating small reservoirs with large posi-
tive A'’O and vice versa (e.g., atmospheric O, with
negative A'’0). Similarly, in meteorites, a large
negative MI effect in minor phases (CAls, chon-
drules and matrices in carbonaceous chondrites,
and Ureilites) and a smaller positive MI effect in
the more abundant classes (by mass, for exam-
ple, ordinary chondrites and Rumaruti classes)
are observed. Meteoritic negative and positive
A"0 reservoirs could have been originated during
the actual gas-to-particle formation process as
experimentally demonstrated here (Fig. 3D). Solar
system oxygen is more complicated, and the ini-
tial solar nebular bulk composition is inadequate-
ly defined. The measured oxygen composition of
solar wind from Genesis concentrator is enriched
in '°0 compared with CAls (30); but the oxygen
isotopic fractionation between the solar photo-
sphere and the solar wind is not well established
and presently an open question.

The final step in the formation of solid silicate
from the gas-dominated nebula is a chemical re-
action, and the fractionation occurring in this
process should be considered regardless of which
model is invoked. This reaction, if it occurs in a
solar nebula at high temperature, the effect may
be larger than observed in the present experi-
ments given the inverse temperature dependency
as observed for ozone (31). Last, the observed
MI effect is unique to oxygen. The terminal atom
regulates the formation and stabilization of vi-
brationally excited symmetrically structured mol-
ecules (31, 32), and oxygen plays this critical role

in 8i0,. This accounts for why other isotope
systems (e.g., Si) do not correlate with oxygen
and produce an observable symmetry-dependent
fractionation. Carbon and hydrogen are candi-
dates but only possess two stable isotopes and
cannot prove the effect, and sulfur, with multiple
valence states and exchangeability, is not ideal
for preserving the effect.
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Strong Premelting Effect in the
Elastic Properties of hcp-Fe Under
Inner-Core Conditions

Benjami Martorell,* Lidunka Vocadlo, John Brodholt, lan G. Weod

The observed shear-wave velocity Vs in Earth’s core is much lower than expected from mineralogical
models derived from both calculations and experiments. A number of explanations have been
proposed, but none sufficiently explain the seismolegical observations. Using ab initio molecular
dynamics simulations, we obtained the elastic properties of hexagonal close-packed iron (hcp-Fe)
at 360 gigapascals up to its melting temperature 7. We found that Fe shows a strong nonlinear
shear weakening just before melting (when 7/T, > 0.96), with a corresponding reduction in Vs.
Because temperatures range from I/T;, = 1 at the inner-outer core boundary to 77T, =~ 0.99 at the
center, this strong nonlinear effect on Vs should occur in the inner core, providing a compelling

explanation for the low Vs observed.

of iron (Fe), but it is commonly assumed
to contain 5 to 10% Ni (J) and also light
elements such as Si, C, and S, ~2 to 3 weight per-

Earth’s inner core is predominantly made
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cent in total (/, 2). Seismic wave velocities through
the inner core are known, but at present, seismo-
logical and mineralogical models for the inner
core do not agree (3—9). A major discrepancy be-
tween the observed seismic data and current
mineralogical models derived from ab initio cal-
culations is that these mineralogical models pre-
dict a shear-wave velocity ¥V that is up to 30%

greater than the seismically observed values
(4, 9, 10). The addition of small quantities of Ni
under these conditions does not reduce V5 by a
sufficient amount to explain this (9), and although
the effect of light elements on the velocities of
Fe is not totally clear at inner-core conditions
(11, 12), all studies show that light-element effects
are too small [<5% in V5 for 7% molar fraction in
Si at 5000 K and 13,000 kg m™ (J1)] to solve the
discrepancy.

Another possible cause of the discrepancy
between mineralogical models and seismic data
is that the elastic constants of Fe may soften dras-
tically and nonlinearly very near to its melting
point Ty, as has been observed in other metals.
For instance, the shear modulus of Sn has been
experimentally and theoretically shown to de-
crease by more than 50% at temperatures within
~1% of its melting point (I3, 14). According to
ab initio simulations, the melting point of pure
Fe at the conditions of the inner core is in the
range 6200 to 6900 K. (15-17) according to phase
coexistence calculations (solid and liquid), with
upper limit estimates up to 7500 K (/8) when
only the solid phase is heated until melting. The
highest temperature for which the elastic proper-
ties of hcp-Fe have been obtained computationally
is 6000 K (5); however, relative to the melting
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