
gene~ally not lelated to the smface topogaphy 
F ~ g u e  4 shon s a comparison of the tempe~a- 
hue dependellce of the CMR latlo [R(O T) - R(9 
T)1 R(9 T). ~ x h e ~ e  R 1s the sample ~eslstance. , - 
with the relative change in image brightness as 
dete~nlined from STS images si~nilar to Fig. 3 
in 0 and 9 T. There is excellent agreement 
behveen the temperature-dependent field sensi- 
tivity of our STS data and the magnetoresistive 
properties. This makes us confident that the 
tun~~eling measure~nents 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- 
dimellsiollal sample volume. 

The obsel~ations of the MIT and its spa- 
tial variations in the hlnnelillg spectra are 
qualitatively the same for the various types of 
samples investigated. The cloudlilte pattenls 
signify static electronic inhornogeneities, 
wl~ich imply the existence of regions with 
different M11 oxidation states. meaning hole 
concentration. However; the phase separation 
is not as clear as in the case of 
La, ,Ca, ,MnO,, where nlicrodo~nains of a 
charge-ordered phase can be observed (15). 
Here, the phases do not appear to be fully 
nletallic nor fiilly 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 conceatra- 
tion a l~omogeneous low-temperature state 
might be expected. with a dynanlic rather 
than a static tendency for separation (4). It 
seelns liltely 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 
possibilit). Twinning is another: in both crys- 
tals, strong twinning on length scales of 
<lo0 11111 was clearly observed by HREM 
(16). Such subtle disorder effects are un- 
avoidable; even in state-of-the-art material; 
they should be talten .into account in the 
i~lterpretation of all current experilnents 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 generati~lg 
a MIT. 
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Stable Five- and 
Six-Coordinated Silicate Anions 

in Aqueous Solution 
Stephen D. ~inrade, ' *  Jeffrey W. Del Nin,' Andrew S. ~chach,' 

Todd A. Sloan,' Krista 1. Wilson,' Christopher T. C. Knight2 

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

The chemistry of silicon in the nahiral lvorld 
is dominated by its affinity for oxygen. to 
which it is almost always tetrahedrally coor- 
dinated. Reports of naturally occurring pen- 
taoxo- and l~exaoxosilicon centers are very 
rare. In silicate minerals, five-coordinate cea- 
ters are conlpletely unltno\vn; ~vhereas six- 
coordinated silicon only occurs in high-pres- 
sure phases such as stishovite (1). 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 
\vhen formed at atmospheric pressure; al- 
though the four-coordinate center remaills by 
far the most connnon (2). A number of syn- 
thetic orgallosilicate conlplexes have been 
reported to contain hypervalent silicon (3-9). 
For example. mono- and dimeric pentacoor- 
dinate silicon glycolates f o ~ ~ n  on dissolution 
of silica in ethylene glycol with an alltali- 
metal base (3, 4) ,  and are implicated as in- 
termediates in the nonaqueous synthesis of 
zeolites (6). The corresponding hexaalltoxy- 
silicate species result when a group I1 ~neta l  
oxide is used in place of the alltali-metal base 
(5). In aqueous solution, pentaoxosilicon is 
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unltnonn and the hexaoxo-center is docu- 
lnented only for colnplexes in which silicon 
is chelated by catechol (yielding tris[l,2-ben- 
zenediolato]silicate) ( la) ,  2-hydroxypyridine 
,V-oxide ( I  I) ,  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 alcol~ols and simple organic cations 
on the structure of aqueous silicate alliolls 
using 29Si nuclear lnagnetic resonance 
(NMR) spectroscopy (13). We have observed 
in the course of this work that the addition of 
alltyl 1.2-diols to aqueous silicate solutions 
produces low concentrations of silicon-dio- 
late complexes giving 2%i NMR signals 
around - 102 parts per nlillion (ppn~) .  These 
peaks closely correspond to those that Blo- 
ho\viak et 01. (4)  and Herreros el 01. (6) 
assign to five-coordinated silicon tris-glyco- 
late conlplexes in H20-free ethylene glycol. 
However, the low collcelltrations of the co111- 
plexes in aqueous solution prevent further 
str~lct~lral refinement. 

We report here that certain aliphatic poly- 
hydroxy alcohols readily yield solutiolls con- 
taining high concentrations of stable hyper- 
valent silicate anions. The silicon in these 
polyolate conlplexes can be in either five- or 
sixfold coordination by oxygen. The coal- 
plexes are so stable that under favorable con- 
ditions they do~ninate the equilibrium. sorne- 
times to the exclusion of the usual four- 
coordinate silicate species. In 11.7-T; 29Si 
NMR spectra of a sodiuin silicate solution 
containing xylitol, three illain peaks are noted 
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at -71. - 102. and - 144 ppm (Fig 1A) 
Cornparlson to the chenl~cal sh~fts of well- 
characterized silicates in the literature (2-12) 
indicates that these signals nlust 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; Qo (13, 14). The spec- 
tmm of an identical solution to which suffi- 
cient NaOH has been added to bring the 
DTaOH]:[SiO,] concentration ratio up to 2.5 : 1 
consists almost exclusively of one signal at 
- 144 ppm (Fig. lB), demonstrating that the 
nlajority of silicon in solution exists as a 
hexavale~lt 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, tlxeitol; although the overall extent of 
co~nplexatio~l is less. 

Such high coordination polyolate com- 
plexes only f o ~ m  in significant quantities 
when the aliphatic polyol additive has four or 
more adjacent hydroxy groups, with two be- 
ing in thieo configuration (15). Thus, of the 
polyols shown in Fig. 3 ;  threitol, arabitol, 
galacticol; mannitol. sorbitol. and xylitol all 
yield high concentrations of polyolate corn- 
plexes, whereas iiieso-erythritol and adonitol 
do not. Additionally. we note that the polyols 
which fakor cornplexat~on also enhance s111ca 
solub~hty. and as a consequence, allow the 

preparation of low ratio ([OH-]: [SiO,] < 
1 : 1) solutions co~ltailling up to 3 rnol liter-' 
SiO, without sample gelling. even in the 
presence of alkali metal cations. 

Determining the shnchire of these high-co- 
ordination silicon complexes is not straightfor- 
ward. Herreros et iil. (6) proposed that the 
major solution species in H20-free ethylene 
glycol. which yields a '"1 NMR peak at 
- 105.5 ppm, is a fully encapsulated binary 
tris-silicoglycolate conlplex in which each sili- 
con is coordinated to two ethylene glycol li- 
gands and shares a third. However, their assign- 
lnent is based solely on the chemical shift of the 
well characterized clystalline solid; at - 102.7 
ppm, and nlust be regarded as tentative. 

Close exalni~latio~l of our '%I NMR spec- 
tra reveals the si~nultaneous 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 nonnally ensure that no hy- 
droxy proton coupling is seen in the '"Si 
NMR spectmm. Consequently. the observed 
'"1-'H coupling must involve the aliphatic 
protons of the polyol. This implies a formal 
covalent Si-0-C-H linkage, and indicates that 
at least one polyol is directly bound to silicon 
in these species. F m t l ~ e ~ ~ ~ ~ o r e ,  the '"Si NMR 
signals do not exhibit any 29Si-29Si coupling 
for solutions prepared with silica enriched in 

Fig. 1. Silicon-29 NMR spectra (99.36 

1 
5-coord. Si 

MHz) at 280 K of sodium silicate solu- 
tions that are 95 atom % enriched in 
,'Si and contain 12.5 mol % xylitol. 
Spectrum (A) corresponds to a solution 
that contains 1.7 mol % of both SiO, 4-C00rd. Si 6-coord. Si 

and NaOH. Spectrum (B) is that of a 
more alkaline solution, containing 1.1 
mol % SiO, and 2.8 mol % NaOH. The 
spectra were recorded using 1000 712 
pulses and an interpulse delay of 43 s, 
and processed using I-Hz linebroaden- 
ing. Comparison of the "Si and I3C ll!j- 
spectral integration data for these solu- , . , , , . , . ' , ' , , m 

tions indicates that the five- and six- -70 -80 -90 -100 -110 -120 -130 -140ppm 

coordinate silicate complexes contain 
an increasing number of xylitolate ligands per silicon as alkalinity i s  raised. 

Fig. 2. Silicon-29 NMR spectra (99.36 
MHz) at 280 K of sodium silicate solu- 
tions that are 95 atom % enriched in 
,'Si and contain 13 mol % D-threitol. 
Spectrum (A) corresponds to a solution 
that contains 1.7 mol % of both SiO, 
and NaOH. Spectrum (B) i s  that of a 
more alkaline solution, containing 1.4 
mol % SiO, and 3.8 mol % NaOH. The 
spectra were recorded using IH-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- 
tained before threitol addition. 

-70 -80 -90 -100 -110 -120 -130 -140 ppm 

silicon-29. They must therefore arise from 
species that contain only a single silicon 
chelnical environment, suggesting in the sirn- 
plest case a rnonorneric 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 
[OHp]:[Si02] ratios of one or less, five- 
coordinate alliolls dominate the equilibrium. 
Carbon-13 NMR spectroscopy reveals that 
polyols coordinate to silicon prirnarily 
through the hydroxy oxygens of the two car- 
bons at either side of the thieo hydroxy pair 

CH20H CH20H 

I 
HC-OH 

HC-OH HC-OH 

CH20H 
I 
CH20H 

erythritol threitol 

CH20H CH20H CH20H 

I 
HC-OH HC-OH 

I 
I 

HC-OH HO-TH HC-OH 

I 
HC-OH HC-OH HC-OH 

I 
CH20H 

I 
CH20H CH20H 

adon~tol xylltol arabltol 

CH20H CH20H CH20H 

HC-OH 
I 

HO-TH 
HO-TH HC-OH HO-TH HC-OH 

HC-OH 
I 

HC-OH 

HC-OH 
I 

HC-OH 
I 

CH20H 
I 
CH20H 

HO-TH CH,OH 

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. 

-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 "Si NMR spectrum shown 
in Fig. 1A. Comparison with spectrum (B), the 
corresponding 'H-decoupled (gated) spectrum, 
reveals the existence of Si-0-C-H covalent 
bonding in silicon xylitolate complexes. 
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(16). Thus for arabitol. galacticol; sorbitol, 
tlveitol and xylitol. all of which have the 
tllreo pair at carbons 2 and 3 (Fig. 3). the 
primaly Si coordinatioll sites are the oxygens 
of carbons 1 and 4. In the case of mannitol, 
the three 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 
5 (16, 17).  

As the solution alkalinity is raised, a sec- 
ond set of '" CMR signals appears (18). 
These are attributable to increased deproto- 
nation of the silicate centers (19). Integration 
of the 13C and 2%i NMR spectra reveals that 
the average number of polyols per conlplex 
does Indeed Increase. apparently toward a 
rnaxirnuln of two. 

i\.lolecular models incolporating 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. Modelinn 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 
complexillg 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 

that can be derived from the combined NMR 
data (Fig. 6) are consistent with '31 NMR 
obsen.ations in showing that only five-coor- 
dinate silicate complexes can exist in vely 
low alltalinity solutions, that is. when silicic 
acid is strictly rnonodeprotonated [q = 1 in 
(HO),_,SiOq"-]. Increasing pH; and thus the 
extent of deprotonation, pennits forillation of 
the hexa-coordinated complexes. The reac- 
tion schemes also show that 1 : 2 silicate- 
polyol con~plexes form at the expense of the 
1 : 1 complexes with a rise in polyol concen- 
tration or pH, as born out by the 13C and 
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 colnplexes may play 
a vital role in the solution chemist~y of sili- 

R 

HC-OH 
I 

HO-tH + (HO),.,Si0,4 - 
HC-OH 

I 
HC-OH 

I 

I I I 

-102.6 -102.9 -103 2 ppm 

R 

HC-OH 

I I I 
-143 -145 -147 ppm 

Fig. 5. Spectrum (A) is an expansion of the 
five-coordinated Si  region in Fig. ZA, but with 
no 'H-decoupling. Spectrum (0) is the identical 
spectrum obtained using gated 'H-decoupling. 
Spectrum (C) is an expansion of the six-coor- 
dinated Si  region in Fig. ZB, but with no lH-  
decoupling. Spectrum (D) is the corresponding 
decoupled spectrum. 

I 
2 ,O-YH + (HO)+,SiO: - 

HC-OH 
I 

con, from the dissolution and formation of 
silicate minerals to the transport and miner- 
alization of silicoil in the biosphere. Limited 
evidence exists on how silicon is isolated; 
transported and deposited by simple plants 
and anirnals, although complexing by sugars 
has long been suspected (20). However; Bir- 
chall (21) o b s e ~ ~ e d  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-0-C bonds has not been demonstrated and 
is unliltely." 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 ltey role in isolating 
silica and silicic acids in nature. 

Fig. 6. Reaction schemes for the formation of silicon polyolate complexes. R and R'  represent polyol 
chain ends-(CHOH),H, where n 2 0. The extent of deprotonation q of the silicic acid monomer 
[(HO),-,SiO,"] is 1 on average for solutions with [OH-]:[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. Shearer1* and Megan P.   la nag an' 

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 wit11 
increasing depth (I). Resolving the details of 
the discontinuities is important for modeling 
the composition of the mantle and for under- 
standing the effect that the discoiltiiluities 
may have on ~nantle convection (2). Recent 
analyses of reflected seismic phases (3-5) 
have yielded estimates of the average discon- 
tinuity depths that agree within ?I%; 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 ineasure and 
are often based on velocity versus density 
scaliilg relations rather than direct observa- 
tional measurements. 

In principle, l~owever, the velocity and den- 
sity jumps can be separately resolved by study- 
ing the behavior of reflection coefficients (7) as 
a filnction of ray angle. Following this ap- 
proach, we used the obseived ainplihides of 
reflections off the bottom of the 410- and 660- 

k n ~  discoiltinuities to measure the velocity and 
density ju~nps 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-co~nponent seismograms 
from the global seis~nic networks (GDSN, 
IRIS, and Geoscope) recorded between 1976 
and 1997. To enhance the visibility of the dis- 
continuity reflections, we aligned the seismo- 
gams  on the inaxiinum amplitude of SS (for the 
transverse components) and PP (for the vertical 
coinponeats) and stacked the data in bills of 
constant source-receiver range (Fig. 1). The 
underside reflected phases S410S and S660S 
were visible in the transverse-component stack, 
ailiving 2 to 4 inin before the direct SS phase. 
The underside P reflection off the 410-km dis- 
continuity, P410P, was obseived in the vertical- 
co~nponent stack behveen 100" and 145", but 
the underside 660-km reflection, P660P, was 
not seen (9, 10). Additional details concel~ling 
the data and our stacltiilg methods may be 
found in previous studies (4, 11, 12). 

We measured the relative ainplitudes be- 
tween the discontinuity reflections and the 
reference phases SS and PP within l o  bins in 
source-receiver distance across the iiltervals 
for which arrivals were visible (1 12"to 160" 
for S410S, 118" to 165' for S660S, and 102' 
to 140' for P410P). Because of interference 

' Inst i tute of Geophysics and Planetary Physics, PKP, we did not use P410P data be- 
Scripps Inst i tut ion o f  Oceanography, University o f  
California. San Diego La lolla CA 92093-0225. USA. 180 and 1300. P660P was " .  3 

~ ~ a w r e n c e  Livermore ~ a t i o n a l  Laboratory, Post Off ice not visible, limits could still be placed on its 
Box 808,  L-206, Livermore, CA 94551, USA. average a~nplitude between 118' and 122", 
*To w h o m  correspondence should be addressed. where interfereilce from other phases is ab- 
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