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generally not related to the surface topography.
Figure 4 shows a comparison of the tempera-
ture dependence of the CMR ratio [R(0 T)— R(9
T)JR(S T), where R is the sample resistance,
with the relative change in image brightness as
determined from STS images similar to Fig. 3
in 0 and 9 T. There is excellent agreement
between the temperature-dependent field sensi-
tivity of our STS data and the magnetoresistive
properties. This makes us confident that the
tunneling measurements at the sample surface
are representative for the bulk behavior and that
the spectroscopic images can be regarded as
two-dimensional cross sections of the three-
dimensional sample volume.

The observations of the MIT and its spa-
tial variations in the tunneling spectra are
qualitatively the same for the various types of
samples investigated. The cloudlike patterns
signify static electronic inhomogeneities,
which imply the existence of regions with
different Mn oxidation states, meaning hole
concentration. However, the phase separation
is not as clear as in the case of
La, sCa, sMnO,, where microdomains of a
charge-ordered phase can be observed (/5).
Here, the phases do not appear to be fully
metallic nor fully insulating, which might be
a precursor to full separation. The origin of
the observed phase separation is not yet clear,
especially because at our doping concentra-
tion a homogeneous low-temperature state
might be expected, with a dynamic rather
than a static tendency for separation (4). It
seems likely that structural disorder destroys
the fragile balance in the system, which
would help to explain the large length scales.
Variations in the oxygen content are one
possibility. Twinning is another; in both crys-
tals, strong twinning on length scales of
<100 nm was clearly observed by HREM
(16). Such subtle disorder effects are un-
avoidable, even in state-of-the-art material;
they should be taken -into account in the
interpretation of all current experiments and,
in that sense, are an intrinsic part of the
physics of the manganites. In this specific
framework, our STS results force us to view
the CMR as a magnetization-dependent phase
separation that percolates, thereby generating
a MIT.
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Stable Five- and
Six-Coordinated Silicate Anions
in Aqueous Solution

Stephen D. Kinrade,'* Jeffrey W. Del Nin," Andrew S. Schach,’
Todd A. Sloan,” Krista L. Wilson,” Christopher T. G. Knight?

Addition of aliphatic polyols to aqueous silicate solutions is shown to yield high
concentrations of stable polyolate complexes containing five- or six-coordi-
nated silicon. Coordinating polyols require at least four hydroxy groups, two of
which must be in threo configuration, and coordinate to silicon via hydroxy
oxygens at chain positions on either side of the threo pair. The remarkable ease
by which these simple sugar-like molecules react to form hypervalent silicon
complexes in aqueous solution supports a long-standing supposition that such
species play a significant role in the biological uptake and transport of silicon

and in mineral diagenesis.

The chemistry of silicon in the natural world
is dominated by its affinity for oxygen, to
which it is almost always tetrahedrally coor-
dinated. Reports of naturally occurring pen-
taoxo- and hexaoxosilicon centers are very
rare. In silicate minerals, five-coordinate cen-
ters are completely unknown, whereas six-
coordinated silicon only occurs in high-pres-
sure phases such as stishovite (/). In synthet-
ic crystalline materials (including zeolite mo-
lecular sieves), only tetrahedral Si sites have
been reported in cases where all coordinating
atoms are oxygen. Silicate glasses are unique,
however, in that they can contain silicon co-
ordinated to four, five, or six oxygens, even
when formed at atmospheric pressure, al-
though the four-coordinate center remains by
far the most common (2). A number of syn-
thetic organosilicate complexes have been
reported to contain hypervalent silicon (3-9).
For example, mono- and dimeric pentacoor-
dinate silicon glycolates form on dissolution
of silica in ethylene glycol with an alkali-
metal base (3, 4), and are implicated as in-
termediates in the nonaqueous synthesis of
zeolites (6). The corresponding hexaalkoxy-

silicate species result when a group II metal |

oxide is used in place of the alkali-metal base
(5). In aqueous solution, pentaoxosilicon is
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unknown and the hexaoxo-center is docu-
mented only for complexes in which silicon
is chelated by catechol (yielding tris[1,2-ben-
zenediolato]silicate) (/0), 2-hydroxypyridine
N-oxide (/1), tropolone (12), or closely relat-
ed analogs.

In an attempt to understand, on a molec-
ular level, the formation of zeolites and mi-
croporous materials, we have studied the ef-
fects of alcohols and simple organic cations
on the structure of aqueous silicate anions
using 2°Si nuclear magnetic resonance
(NMR) spectroscopy (/3). We have observed
in the course of this work that the addition of
alkyl 1,2-diols to aqueous silicate solutions
produces low concentrations of silicon-dio-
late complexes giving 2°Si NMR signals
around —102 parts per million (ppm). These
peaks closely correspond to those that Blo-
howiak et al. (4) and Herreros et al. (6)
assign to five-coordinated silicon tris-glyco-
late complexes in H,O-free ethylene glycol.
However, the low concentrations of the com-
plexes in aqueous solution prevent further
structural refinement.

We report here that certain aliphatic poly-
hydroxy alcohols readily yield solutions con-
taining high concentrations of stable hyper-
valent silicate anions. The silicon in these
polyolate complexes can be in either five- or
sixfold coordination by oxygen. The com-
plexes are so stable that under favorable con-
ditions they dominate the equilibrium, some-
times to the exclusion of the usual four-
coordinate silicate species. In 11.7-T, 2°Si
NMR spectra of a sodium silicate solution
containing xylitol, three main peaks are noted
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at —71, —102, and —144 ppm (Fig. 1A).
Comparison to the chemical shifts of well-
characterized silicates in the literature (2—12)
indicates that these signals must arise from
silicate anions in, respectively, four-, five-,
and sixfold coordination by oxygen. The
peak at —71 ppm is clearly that of the mo-
nomeric silicate anion, Q° (13, 14). The spec-
trum of an identical solution to which suffi-
cient NaOH has been added to bring the
[NaOH]:[SiO,] concentration ratio up to 2.5:1
consists almost exclusively of one signal at
—144 ppm (Fig. 1B), demonstrating that the
majority of silicon in solution exists as a
hexavalent polyolate complex. The changes are
completely reversible with pH, and the solu-
tions are stable with time. Figure 2 shows sim-
ilar results for solutions containing an equiva-
lent concentration of the smaller polyhydroxy
additive, threitol, although the overall extent of
complexation is less.

Such high coordination polyolate com-
plexes only form in significant quantities
when the aliphatic polyol additive has four or
more adjacent hydroxy groups, with two be-
ing in threo configuration (/5). Thus, of the
polyols shown in Fig. 3, threitol, arabitol,
galacticol, mannitol, sorbitol, and xylitol all
yield high concentrations of polyolate com-
plexes, whereas meso-erythritol and adonitol
do not. Additionally, we note that the polyols
which favor complexation also enhance silica
solubility, and as a consequence, allow the

Fig. 1. Silicon-29 NMR spectra (99.36
MHz) at 280 K of sodium silicate solu-
tions that are 95 atom % enriched in A
295j and contain 12.5 mol % xylitol.
Spectrum (A) corresponds to a solution
that contains 1.7 mol % of both SiO,

REPORTS

preparation of low ratio ([OH™]:[Si0,] <
1:1) solutions containing up to 3 mol liter ™!
SiO, without sample gelling, even in the
presence of alkali metal cations.

Determining the structure of these high-co-
ordination silicon complexes is not straightfor-
ward. Herreros et al. (6) proposed that the
major solution species in H,O-fiee ethylene
glycol, which yields a 2°Si NMR peak at
—105.5 ppm, is a fully encapsulated binary
tris-silicoglycolate complex in which each sili-
con is coordinated to two ethylene glycol li-
gands and shares a third. However, their assign-
ment is based solely on the chemical shift of the
well characterized crystalline solid, at —102.7
ppm, and must be regarded as tentative.

Close examination of our 2°Si NMR spec-
tra reveals the simultaneous presence of mul-
tiple signals in both the five- and six-coordi-
nate regions (Figs. 1, 2, 4, and 5). Moreover,
the signals show evidence of long-range sca-
lar coupling to protons. Because of the aque-
ous nature of the samples, rapid chemical
exchange would normally ensure that no hy-
droxy proton coupling is seen in the 2°Si
NMR spectrum. Consequently, the observed
298i-'H coupling must involve the aliphatic
protons of the polyol. This implies a formal
covalent Si-O-C-H linkage, and indicates that
at least one polyol is directly bound to silicon
in these species. Furthermore, the 2°Si NMR
signals do not exhibit any 2°Si-2°Si coupling
for solutions prepared with silica enriched in

and NaOH. Spectrum (B) is that of a —
more alkaline solution, containing 1.1
mol % SiO, and 2.8 mol % NaOH. The g
spectra were recorded using 1000 w/2
pulses and an interpulse delay of 43 s,
and processed using 1-Hz linebroaden-

ing. Comparison of the 2°Si and "'3C

spectral integration data for these solu- ————

tions indicates that the five- and six- 70
coordinate silicate complexes contain

an increasing number of xylitolate ligands per silicon as alkalinity is raised.

Fig. 2. Silicon-29 NMR spectra (99.36
MHz) at 280 K of sodium silicate solu- A
tions that are 95 atom % enriched in
29Sj and contain 13 mol % D-threitol.
Spectrum (A) corresponds to a solution
that contains 1.7 mol % of both SiO, |

and NaOH. Spectrum (B) is that of a
more alkaline solution, containing 1.4
mol % SiO, and 3.8 mol % NaOH. The
spectra were recorded using "H-decou-
pling (pulses gated to prevent nuclear
Overhauser distortion of peak intensi-
ties) and processed as in Fig. 1. The

four-coordinated Si region in each case —
is representative of the spectra ob- 70
tained before threitol addition.
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silicon-29. They must therefore arise from
species that contain only a single silicon
chemical environment, suggesting in the sim-
plest case a monomeric silicate species, the
various signals arising from differences in
either the number of bound polyol groups or
the position or manner in which they bind.
In low alkalinity polyolate solutions, with
[OH™]:[SiO,] ratios of one or less, five-
coordinate anions dominate the equilibrium.
Carbon-13 NMR spectroscopy reveals that
polyols coordinate to silicon primarily
through the hydroxy oxygens of the two car-
bons at either side of the threo hydroxy pair

H,0H CH,0H
HC—OH HO—CH
HC—OH HC—OH
CH,OH CH,OH
erythritol threitol
CH,OH CH,OH CH,OH
HC—OH HC—OH HO—CH
HC—OH HO—CH HC—OH
HC—OH HC—OH HC—OH
CH,OH CH,0H CH,OH
adonitol xylitol arabitol
CH,0H CH,0H CH,OH
HC—OH HO—CH HO—CH
HO—CH HO—CH H(|3—OH
HC—OH HC—OH H(l?,—OH
HC—OH HC—OH HO—(!':H
CH,OH CH,0H (!':HZOH
sorbitol mannitol galactitol

Fig. 3. Fischer projections of the aliphatic poly-
hydroxy molecules used in the present study.
All except erythritol and adonitol readily com-
plex with aqueous silicate anions.

>

T T T
-101.6 -101.9 -102.2 ppm

Fig. 4. Spectrum (A) is an expansion of the
region that is characteristic of five-coordinated
Si in the "H-coupled 2°Si NMR spectrum shown
in Fig. 1A. Comparison with spectrum (B), the
corresponding "H-decoupled (gated) spectrum,
reveals the existence of Si-O-C-H covalent
bonding in silicon xylitolate complexes.
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(16). Thus for arabitol, galacticol, sorbitol,
threitol and xylitol, all of which have the
threo pair at carbons 2 and 3 (Fig. 3), the
primary Si coordination sites are the oxygens
of carbons 1 and 4. In the case of mannitol,
the threo hydroxy pair is located at carbons 3
and 4 (Fig. 3) causing the Si coordination
sites to move to the oxygens at carbons 2 and
516, 17).

As the solution alkalinity is raised, a sec-
ond set of 3C NMR signals appears (/8).
These are attributable to increased deproto-
nation of the silicate centers (/9). Integration
of the 13C and 2°Si NMR spectra reveals that
the average number of polyols per complex
does indeed increase, apparently toward a
maximum of two.

Molecular models incorporating standard
covalent bond angles and lengths indicate
that the polyols giving optimal complex for-
mation are ones which can easily wrap them-
selves around a silicate anion. Modeling also
suggests that the complexes are stabilized by
hydrogen bonding (possibly solvent mediat-
ed) between the uncoordinated polyol hy-
droxy groups and the silicate anion hydroxy
groups. Because the hydroxy groups of the
complexing polyol are directed toward the
silicate center, the hydrophobic character of
its outward-facing hydrocarbon backbone
may well protect the resulting polyolate com-
plex from hydrolysis. The reaction schemes

>

-102.6 -102.9 -103.2 ppm

>

T T T

-143 -145 -147 ppm
Fig. 5. Spectrum (A) is an expansion of the
five-coordinated Si region in Fig. 2A, but with
no "H-decoupling. Spectrum (B) is the identical
spectrum obtained using gated "H-decoupling.
Spectrum (C) is an expansion of the six-coor-
dinated Si region in Fig. 2B, but with no 'H-
decoupling. Spectrum (D) is the corresponding
decoupled spectrum.
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that can be derived from the combined NMR
data (Fig. 6) are consistent with 2°Si NMR
observations in showing that only five-coor-
dinate silicate complexes can exist in very
low alkalinity solutions, that is, when silicic
acid is strictly monodeprotonated [¢ = 1 in
(HO),_,SiO, 7). Increasing pH, and thus the
extent of deprotonation, permits formation of
the hexa-coordinated complexes. The reac-
tion schemes also show that 1:2 silicate-
polyol complexes form at the expense of the
1:1 complexes with a rise in polyol concen-
tration or pH, as born out by the '*C and 2°Si
integration data.

Many naturally occurring organic mole-
cules and substrates, including cellular sur-
faces, contain groups structurally similar to
the simple polyols that were used here. Thus,
such hypervalent silicate complexes may play
a vital role in the solution chemistry of sili-

con, from the dissolution and formation of
silicate minerals to the transport and miner-
alization of silicon in the biosphere. Limited
evidence exists on how silicon is isolated,
transported and deposited by simple plants
and animals, although complexing by sugars
has long been suspected (20). However, Bir-
chall (21) observed that “ . . . no fundamental
biochemical function has been defined and no
stable organic binding has been demonstrated
for silicon. . . . There is no evidence of strong
interactions between silicic acid and cis-diols
in sugars for example. . .. The presence of
Si-O-C bonds has not been demonstrated and
is unlikely.” Our observation of the ease by
which silicon binds to polyols of the appro-
priate structural configuration would suggest
that polyhydroxy containing groups and sur-
faces may indeed play a key role in isolating
silica and silicic acids in nature.

R
HC—Q,
A | \
HO—CH
| P° +  HO
H(I:—oy
R
| HC—O
HC—OH qg=12230r4
| / L R | P® = Si(OH)sO01
HO—CH B Oq
| +  (HO). (SO~
HC—OH B
‘ \ B R 19
HC—OH l
| HC—Q,
R I
HO—CH \
| H°
H(I:—oy
HT_O q=230r4
L R - H' = Si(OH)e(Oq.2
_ —a-
H(:} Q o] (:ZH
B HO—CH \ Ao—CH
| P | +  3HO
H(lz—oy \ H(l)—OH
R
| HC—d 0—CH
HC—OH | | g=10r2
HO—(|3H / L R B® = Si(OH).qOq.1
2 | 4+ (HO)4gSI047 ~
HC—OH )
l \ R R' 19
HC—OH | |
| H(|3 0 0 <|:H
R
HO—CH \ Ao—cu
| H | +  2H,0
H(lz—oy \ H(|3—OH
HC—O 0—CH
l | g=2230r4
R R

I H® = Si(OH)4.4042

Fig. 6. Reaction schemes for the formation of silicon polyolate complexes. R and R’ represent polyol
chain ends—(CHOH),_H, where n = 0. The extent of deprotonation g of the silicic acid monomer
[(HO),_,SiO,7] is 1 on average for solutions with [OH"J:[Si] = 1:1, and increases with solution
alkalinity (79). Refer to (74) for the nomenclature of silicate centers.
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Seismic Velocity and Density
Jumps Across the 410- and
660-Kilometer Discontinuities

Peter M. Shearer™ and Megan P. Flanagan?

The average seismic velocity and density jumps across the 410- and 660-
kilometer discontinuities in the upper mantle were determined by modeling the
observed range dependence in long-period seismic wave arrivals that reflect off
of these interfaces. The preliminary reference Earth model (PREM) is within the
computed 95 percent confidence ellipse for the 410-km discontinuity but
outside the allowed jumps across the 660-kilometer discontinuity. Current
pyrolite mantle models appear consistent with the constraints for the 410-
kilometer discontinuity but overpredict amplitudes for the 660-kilometer re-
flections. The density jump across the 660-kilometer discontinuity is between
4 and 6 percent, below the PREM value of 9.3 percent commonly used in mantle

convection calculations.

Observed seismic velocity discontinuities
near 410- and 660-km depth in Earth’s upper
mantle are believed to be caused primarily by
phase changes in olivine and other minerals
that result from the increasing pressure with
increasing depth (/). Resolving the details of
the discontinuities is important for modeling
the composition of the mantle and for under-
standing the effect that the discontinuities
may have on mantle convection (2). Recent
analyses of reflected seismic phases (3-5)
have yielded estimates of the average discon-
tinuity depths that agree within *=1%; in con-
trast, the average P and S velocity increases
across the boundaries are known less precise-
ly, and differences of a factor of 2 or greater
are seen in the velocity jumps obtained in
different studies (6). The density jumps, crit-
ical parameters for modeling of mantle dy-
namics, are particularly hard to measure and
are often based on velocity versus density
scaling relations rather than direct observa-
tional measurements.

In principle, however, the velocity and den-
sity jumps can be separately resolved by study-
ing the behavior of reflection coefficients (7) as
a function of ray angle. Following this ap-
proach, we used the observed amplitudes of
reflections off the bottom of the 410- and 660-
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km discontinuities to measure the velocity and
density jumps across the interfaces. These re-
flections occur as precursors to the phases SS
and PP in long-period seismograms (8). Our
data consisted of 13,469 transverse-component
and 24,667 vertical-component seismograms
from the global seismic networks (GDSN,
IRIS, and Geoscope) recorded between 1976
and 1997. To enhance the visibility of the dis-
continuity reflections, we aligned the seismo-
grams on the maximum amplitude of SS (for the
transverse components) and PP (for the vertical
components) and stacked the data in bins of
constant source-receiver range (Fig. 1). The
underside reflected phases S410S and S660S
were visible in the transverse-component stack,
arriving 2 to 4 min before the direct SS phase.
The underside P reflection off the 410-km dis-
continuity, P410P, was observed in the vertical-
component stack between 100° and 145°, but
the underside 660-km reflection, P660P, was
not seen (9, 10). Additional details concerning
the data and our stacking methods may be
found in previous studies (4, 11, 12).

We measured the relative amplitudes be-
tween the discontinuity reflections and the
reference phases SS and PP within 1° bins in
source-receiver distance across the intervals
for which arrivals were visible (112°to 160°
for §410S, 118° to 165° for §660S, and 102°
to 140° for P410P). Because of interference
from PKP, we did not use P410P data be-
tween 118° and 130°. Although P660P was
not visible, limits could still be placed on its
average amplitude between 118° and 122°,
where interference from other phases is ab-
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