Structural Memory in Pressure-Amorphized AIPO,
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Molecular dynamics simulations reveal the mechanism of the structural memory effect
in a-berlinite (AIPO,), where a single crystal transforms to an amorphous solid by
compression and then reverts to the original crystalline structure upon release of
pressure. The enhanced oxygen coordination around the aluminum atoms in AIPO, at
high pressure leads to a mechanical instability that causes the phase transformation.
The difference in the structural memory behavior between AIPO, and isostructural
a-quartz, for which the pressure-induced amorphized phase is recoverable, can be
attributed to the presence of the PO, units, which remain essentially four-coordinated

even when severely distorted.

HE TRADITIONAL VIEW OF GLASS
T structure is that both short-range

and long-range order are absent and
the structure is best described as a continu-
ous random network (1, 2). Recently, it has
been reported that in some glasses the local
ordering prevails over an intermediate range
of several atomic or molecular units (3).
This finding raised the basic question of the
extent to which amorphous solids are disor-
dered. The loss of long-range order is often
identified by the growth of diffuse scattering
in the diffraction pattern (4). However, it is
often difficult to characterize the short-range
structure.

It was recently suggested that, if a crystal-
line solid is compressed beyond its extrapo-
lated melting line, it may transform into a
quenchable disordered solid with a structure
resembling that of a liquid (5). This sugges-
tion has been tested in several materials (6).
Two interesting and puzzling cases are those
of the isostructural materials a-quartz and
a-berlinite (AIPO,) (7). At room tempera-
ture, a-quartz transforms into a high-densi-
ty phase at 20 to 30 GPa that is recoverable
at ambient pressure. The diffraction pattern
indicates that the high-pressure phase is
disordered. In contrast, crystalline AIPO,
undergoes a similar densification at 18 GPa,
but the transformation is reversible. It is
more remarkable that, when the experiment
was performed on a single crystal, both the
crystal structure and orientation were recov-
ered (7). Apparently, the disordered AIPO,
retained a structural memory of the crystal-
line state. The contrasting behavior of these
two systems indicates that there must be a
large range of types of disorder among pres-
sure-amorphized solids. The reversible trans-
formation of the pressure-amorphized phases
to the starting crystalline solids has also been
observed in Snl,, LiKSO,, Ca(OH),, clath-
rate hydrates, and clathrasils (8).

Molecular dynamics (MD) investigations
of the static and dynamical properties of
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several phases of silica have shown that
recently proposed two-body potentials can
be used to accurately describe these materi-
als (9). For pressure-induced amorphization
of a-quartz, the MD calculations not only
correctly reproduce the experimental transi-
tion but also offer information concerning
the detailed mechanism. The analysis of the
theoretical results indicated that a mechani-
cal instability causes the transition from
a-quartz to a disordered solid (10). The
increased interactions between the Si atoms
and their adjacent oxygen atoms due to the
tilting and distortion of the SiO, tetrahedra
is the primary energetic reason for the trans-
formation. The MD calculations not only
corroborated the suggestion derived from
more sophisticated first-principles electronic
structure calculations (11), they also offered
more detailed information on the mecha-
nism at the atomic level.

To examine the mechanism in AIPO,, we
carried out isothermal-isobaric MD simula-
tions. This method allows both the volume
and the shape of the MD cell to change in
response to external perturbations (12). We
used the two-body potential proposed by
van Beest et al. (13), which was constructed
in the same manner as that used successfully
for the investigation of the pressure-induced
amorphization of a-quartz (10). The model
system consistéd of 96 formula units with

initial atomic positions taken from the x-ray
structure at ambient pressure (14). Time
steps of 1 to 1.5 fs were used in the integra-
tion of the equations of motion. At each
pressure, the system was equilibrated at 300
K for about 5000 time steps. The calculated
equilibrium properties were averaged for at
least 3 ps.

The calculated volume and energy of
AIPO, as a function of pressure (Fig. 1) and
the ¢/a ratio are in good agreement with the
available experimental results at low pressure
(14). Below 31 GPa, AIPO, compresses
elastically. The observed volume discontinu-
ity of about 4% and a small change in the
slope of the curve of energy versus pressure
at 31 GPa indicate a phase transition. Both
the volume and energy changes accompany-
ing this transformation are small compared
to those accompanying the transformation
in quartz. After the pressure was increased
to 80 GPa, it was lowered gradually in steps
to 1 bar. The calculated x-ray patterns after
the transition is characteristic of a disor-
dered material. The diffraction patterns of
the starting material and of the recovered
sample at 1 bar, however, were essentially
identical. This similarity indicates that the
transformation is reversible.

Comparison of the instantaneous struc-
tures of the original, transformed, and re-
covered sample (Fig. 2) clearly shows that
both the crystal structure and the orienta-
tion are recovered upon decompression and
that the high-pressure phase is disordered.
The calculated atomic vibrational density of
the crystalline and the transformed phases at
1 bar and 40 GPa, respectively, show that,
although the P-O stretching modes at 1000
cm™ ! are preserved, the predominantly
Al-O stretching band at 800 cm™' has
greatly broadened in the disordered phase.
The theoretical results are in complete agree-
ment with the x-ray diffraction and infrared
measurements (7). The transition pressure is
predicted to be somewhat higher, however,

A B
1 1t
E 200} 4
2
0.9f ] @
g g
0.8 E
‘ & 100} .
s
s
0.7 F— 2
Fig. 1. The calculated molar + e T I 0 . o .
volume (A) and energy (B) 0 10 20 30 40 0 10 20 30 40
versus pressure at 300 K. Pressure (GPa) Pressure (GPa)
REPORTS 1559



perhaps because of incomplete optimization
of the potential. It is unlikely that the calcu-
lated reversible transformation is an artifact
of the system size. The same number of
atoms was used in an earlier calculation on
the pressure amorphization of a-quartz
(10). The contrasting behavior of the two
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systems must therefore be due to the intrin-
sic differences in the atomic interactions.

In order to obtain a full understanding of
the pressure-induced reversible order-disor-
der transformation in AIPO,, a more de-
tailed analysis is required. The pretransition
structural changes of AIPO, and isostruc-
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tural a-quartz are similar. Upon compres-
sion, the spiraling AlO, and PO, tetrahedra
distort and rotate into the empty space in
the lattice, thus increasing the interaction
between the Al and their next-nearest neigh-
bor oxygens. The O-P-O and O-Al-O
angle distributions calculated as a function
of pressure (Fig. 3) are in good agreement
with recent low-pressure experimental re-
sults (14). The average O-P-O and
O-Al-O angles at 1 bar are close to the
tetrahedral angles. As pressure increases,
both angular distributions split and deviate
from 109.5° with the O-Al-O distribution
somewhat broader than the O-P-O distri-
bution. The distortion of the valence angles
is a consequence of the twisting and flatten-
ing of the tetrahedra. Immediately after the
transition at 31 GPa, the O-Al-O angle
distribution broadens significantly and
peaks around 96°. This change is accompa-
nied by an abrupt increase in the average
oxygen coordination to 5 and then gradually
to 6 by 40 GPa. In contrast, the O-P-O
angles are distributed almost evenly around
108° as if the PO, units have nearly re-
mained as tetrahedra.

The Al-O and P-O nearest-neighbor dis-
tances show little change with pressure. On
the other hand, the Al-P distances decrease
as the Al-O-P angles decrease, and the
next-nearest neighbor Al-O and P-O dis-
tances decrease gradually with pressure from
about 3.8 A at ambient pressure to about
29A just before the transition. At 80 GPa,
the distortion of the PO, local structure
becomes more severe, with the average ox-
ygen coordination increasing slightly to 4.6.
This observation is in good agreement with
the results of a Raman study (15). There-
fore, under pressure, a PO, unit from a
neighboring spiral is tilted and forced into
an interstitial site near the Al atom, and an O
atom on a connected PO, unit enters the
coordination sphere of the Al atom (Fig. 4).
The highly repulsive interactions due to the
crowding of the atoms induce a mechanical
instability that is compensated by the energy
gained from the formation of new Al-O
bonds after the phase transition with little
change in the PO, local structure. This
suggestion is supported by the observation
that it is common to find AlOg units in
crystal structures, but PO, units with n > 4
are rare. The preservation of the P-O coor-
dination in AIPO, also limits the volume
change at the order-disorder transition to
only one-fourth of that calculated for
a-quartz. Although the transformation is
displacive in nature, there is no substantial
rearrangement of the local structure.

The pressure was then released from 80
GPa in steps of 10 GPa. A snapshot of the
recovered phase (Fig. 2) shows that not only
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Fig. 4. The local structure about a typical Al atom
in AIPO, at several pressures. The coordination
number of an aluminum atom is indicated by the
lines to oxygen atoms corresponding to lengths of
2.2 A or less.

is the crystallinity of the sample fully re-
stored, but its original orientation is also
preserved. Details of the recovery mecha-
nism can be examined through the analysis
of bond angles, as presented above. The
path following decompression retraces that
of the compression (Fig. 3). Both the
0O-Al-O and the O-P-O angle distribu-
tions narrow and eventually return to tetra-
hedral angles in such a way that the tetrahe-
dral helices unwind to their original
positions. The PO, groups, which alternate
with AlO, groups in the crystal, distort
under pressure but remain largely four-co-
ordinated. In the absence of diffusion, the
relative positions of the atoms are effectively
maintained in the disordered phase. When
the pressure releases, the oxygens around the
P atoms quickly relax back to the PO,
tetrahedra. This process redirects the Al
atoms back to the crystalline positions.
Several significant observations can be
made from the theoretical investigation. The
pressure-induced densified phase in AIPO,
is not a random network but a solid that is
disordered over the long range with consid-
erable short-range order. Because of the lack
of diffusion, pressure-amorphized materials
would not, in general, have the same struc-
ture as quenched liquids. Attempts to corre-
late the structure of the disordered solid to
that of high-density liquid may be mislead-
ing. The results obtained here can be gener-
alized to other systems that exhibit structur-
al memory effects. The presence of strongly
covalently bound units that preserve their
coordinations is essential, as, for example,
the $O,>~ in LiKSO, and the guest mole-
cules in clathrate hydrates and clathrasils. In
clathrate hydrates or clathrasils (8), the guest
molecules remains intact, and therefore their
pressure-induced phase transitions are re-
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versible. This behavior is in contrast to that
observed in closely related materials, ice Th
(5) and a-quartz (6).
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Bulk Chemical Characteristics of Dissolved Organic

Matter in the Ocean

RoNALD BENNER,* ]J. DEAN PAKULSKI, MATTHEW MCCARTHY,
Joun I. HEDGES, PATRICK G. HATCHER

Dissolved organic matter (DOM) is the largest reservoir of reduced carbon in the
oceans. The nature of DOM is poorly understood, in part, because it has been difficult
to isolate sufficient amounts of representative material for analysis. Tangential-flow
ultrafiltration was shown to recover milligram amounts of >1000 daltons of DOM
from seawater collected at three depths in the North Pacific Ocean. These isolates
represented 22 to 33 percent of the total DOM and included essentially all colloidal
material. The elemental, carbohydrate, and carbon-type (by '*C nuclear magnetic
resonance) compositions of the isolates indicated that the relative abundance of
polysaccharides was high (~50 percent) in surface water and decreased to ~25 percent
in deeper samples. Polysaccharides thus appear to be more abundant and reactive
components of seawater DOM than has been recognized.

ISSOLVED  ORGANIC  MATTER
D (DOM) in the oceans is important

in the global carbon cycle (1), sup-
ports heterotrophic activity (2), and affects
the penetration of light and exchange of
gases at the sea surface (3). Despite its
importance, relatively little is known about
the composition and reactivity of marine
DOM because of the lack of suitable meth-
ods for its isolation from seawater. Direct
biochemical analyses of DOM in seawater
typically account for less than 15% of the
total mixture (4, 5), and many techniques
that would provide more comprehensive
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structural information, such as nuclear mag-
netic resonance (NMR) and infrared spec-
troscopy, require the isolation of DOM
from the much more abundant salts in sea-
water. The conventional method for isola-
tion has been adsorption of acidified DOM
onto nonionic XAD resins (6). However,
this method typically recovers a small frac-
tion (5 to 15%) of the total DOM in
seawater, requires large manipulations of
pH during isolation, and is selective for
hydrophobic constituents.

In contrast, tangential-flow ultrafiltration
concentrates organic molecules primarily on
the basis of size rather than chemical proper-
ties (7) and requires no pH adjustments that
may change chemical associations and struc-
tures. Ultrafiltration therefore appears to be a
more appropriate method for isolating a rep-
resentative fraction of DOM than adsorption
on XAD resins. In this report we describe the
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