
(with a filtered 365-nm mercury arc lamp) of White a Silica te-Carbox~la te t, sample derived from the reactioll of for- 
Sol-Gel Precursor That Lack Metal Activator Ions mic acid with TMOS resulted in intense 

white PL with an emission maximum be- 
Will H. Green, Khoa P. Le, Jonathan Grey, Tiffany T. Au, tween 450 and 600 nm, depending on the 

Michael J. Sailor* preparation conditions (Fig. I ) .  The absorp- 
tion edge of the material was shifted to the 
red relative to that of pure SiO, (Fig. 2). The 

Highly emissive (with an external quantum yield exceeding 35 percent at a 365-nano- external PL quantum yield of this material 
meter excitation wavelength) broadband phosphors can be synthesized from a tet- (measured with 365-nm excitation) ranged 
raalkoxysilane sol-gel precursor and a variety of organic carboxylic acids. The air-stable fro111 0.20 to 0.45 (1 9). The PL lifetime 
phosphors were synthesized at low temperatures (less than 300°C) and displayed broad (337-nm pulsed N, laser excitation) was 
visible photoluminescence spectra that appeared white to the eye. Water-soluble phos- <10 ns (our instrumental resolution) for all 
phors can be prepared by the substitution of 3-aminopropyltriethoxysilanefor tetraalkox- of the materials studied. Eletnental analysis 
ysilane in the synthesis. These materials are the most efficient extrinsic phosphors that of the formic acid and TMOS sol-gels that 
do not contain activator metal ions. were heated to 275O, 450°, and 800°C yield- 

ed carbon contents of 0.31, 0.13, and 0.07% 
by weight, respectively. 

When heated above 650°C, the trans- 
Stable, highly emissive, white phosphors nonlinear optical materials (15, 16), and parent glassy formic acid-TMOS material 
are important for display and lighting tech- the incorporation of enzymes or molecular turned an opaque browtl-black color. Ra- 
nologies. The majority of commercially catalysts has been shown to yield catalyti- tnan spectra of this black glass displayed 
available lamp phosphors require excitation cally active silicates (1 7). broad peaks at 1340 and 1590 cm-', which 
by short ultraviolet (UV) light for opera- The reaction of tetramethoxysilane suggested the formation of a graphitic car- 
tion, a requirement that has led to the (TMOS) or tetraethoxysilane (TEOS) with bon phase in the sol-gel (20, 21). The 
almost universal use of a mercury vapor a variety of organic carboxylic acids (Table physical appearance and Raman spectra 
plasma in fluorescent lighting products (1) .  1)  at room temperature produced a gel at were similar to those reported for silicon 
The development of new materials that times ranging from a few minutes to a few oxycarbide, which can for111 during the py- 
convert long-wavelength UV light (340 to days (18). Thermal treatment (in air) be- rolysis of carbon-containing siloxane poly- 
400 nm) into visible light could help re- tween 200" and 500°C produced a white or mers (22, 23). The black glass still displayed 
place the mercury currently used in fluores- yellowish solid material that underwent pho- the short-lived ( < I 0  11s) PL and also a 
cent lights with a less toxic alternative and toluminescence (PL). Ultraviolet excitation bright phosphorescence (PP) tail with a 
lead to higher net conversion efficiencies 
(2) .  In addition) the emissive centers used Table 1. Carboxylic acids used to make PL silicates. Most acids were used as neat liquids; solid acids 
in fluorescent latnp or cathodoluminescent were dissolved in a minimum of anhydrous methanol. Reactions were carried out under a N, atmo- 
display phosphors are typically expensive or sphere by means of an excess acid; heat treatments were performed in air. Spectra were measured with 

toxic metals such as silver, 365-nm excitation; vs, very strong; s, strong; m, medium; w, weak. 

cadmium, germanium, or rare earth ele- 
ments (1,  3) .  In this report, we present a Organic acid Silicate source Conditions Luminescence intensity 
new class of stable, efficient, and environ- Formic TMOS and 1 "C mln-' to 250°C, PL vs, no PP, clear yellow glass 
mentally "friendly" photoluminescent sib- TEOS 3 hours 
cate materials prepared from an alkoxysi- 1 "C min-' to 425"C, PL vs, PP m, clear amber glass 
lane and a carboxylic acid through a sol-gel 4 hours 
route. 2°C min-' to 800°C, PL s, PP s, opaque black glass 

The sol-gel technique has been used to 1 hour 
SiCI, 11 O0C, 1 hour PL s, no PP, white powder 

prepare silicate glasses with a wide range of APTES 70°C, 1 day PL vs, pale yellow glass 
unusual properties (4-13). The sol-gel syn- ~~~t~~ TMOS 450°C, 3 hours PL m, clear colorless glass 
thesis of silica proceeds by aqueous hydro- APTES 70°C, 2 days PL vs, clear orange glass 
lysis of a tetraalkoxysilane (14). When the Acetic TMOS 1 "C min-' to 425"C, PL w, PP s, clear colorless glass 
alcohol and water by-products are removed, 4 hours 

a rigid porous silicate network remains. If APTES 70°C, 2 days PL s, deep orange glass 
Trifluoroacetic TMOS 1 "C min-' to 425" C, PL m, PP w, tan opaque solid 

special care is taken to prevent cracking 4 hours 
during the drying and densification stages, APTES 70°C, 2 days PL m, deep red glass 
high-quality optical components can be Cycopropanoic TMOS 1 "C min-' to 225"C, PL m, no PP, brown solid 
nroduced. Chemical s~ec ies  can be added 5 hours 
before gelation to impart distinctive char- 
acteristics to the resultant gels or glasses. 
For example, the addition of laser dyes pro- Citric 
vides luminescent materials that have been 
used as laser cavities (13, 15), the use of an Tartaric 
asymmetric silicate precursor can generate 

Glyoxylic 

Depariment of Chemistry and Biochemistry, Univers~ty of 
Cal~forna, San D~ego. La Jolla, CA 92093-0358, USA. Oxalic 

=To whom correspondence should be addressed. 

Sic, 25"C, 1 day PL s, no PP, white powder 
TMOS 5°C min-' to 225"C, PL w, no PP, white powder 

4 hours 
TMOS 2°C min-' to 425"C, PL vs, PP w, yellow glass 

4 hours 
TMOS 2°C min-' to 325"C, PL s, no PP, yellow glass 

2 hours 
TMOS 2°C mln-' to 425"C, PL s, no PP, opaque orange solid 

4 hours 
TMOS 2°C m~n- '  to 425"C, PL s, no PP, white powder 

4 hours 
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lifetime of several seconds at room temper- 
ature. The PL and PP spectra (Fig. 3 )  were 
highly structured, and the spacing hetween 
the most prominent features was about 
1330 cmpl.  The separation between the 
peaks decreased when 13C-labeled formic 
acid was used in the synthesis, which indi- 
cates that the luminescence mechanism in- 
volves vibronic coupling to one or more 
carbon atoms derived from formic acid. A 
similar experiment with deuterated formic 
acid did not result in a detectable spectral 
shift. 

The reaction hetween 3-aminopropyltri- 
ethoxysilane (APTES) and carhoxylic acids 
yielded a clear water-soluble material that 
can be drawn into fibers from a melt or cast 
into thick films or monolithic structures 
without shrinking or cracking. The optical 
absorption and PL properties of the 

300 400 500 600 700 600 900 
Wavelength (nm) 

Fig. 1. PL spectra (337-nm exctation at 298 K) of 
representative carboxysil~cate phosphors pre- 
pared from formc acid and TMOS ( s o d  curve), 
cltrlc a c d  and TMOS (dotted curve), formic a c d  
and APTES (dashed-dotted curve), and a c t c  acd  
and APTES (solld curve with circles). All spectra 
are corrected for the spectral response of the 
monochromator (Acton Research Corp. Model 
150) and the detector (Princeton Instruments, 
Model CCD-I 152 EUV, lhqud N, cooled charge- 
coupled device, UV-enhanced). Spectra were ob- 
tained on different days, so the relative intensities 
are not directly comparable. 

Wavelength (nm) 

Fig. 2. Absorpton spectra of t hn  f m s  of sicate 
materals syntheszed from formic acid and TMOS 
(annealed at 300°C for 2 hours) (solid cutve) and 
lactic acid and APTES (cast from an aqueous so- 
utlon and dried at 100°C for 2 days) (dotted 
cutve). An absorption spectrum of optical-quality 
SiO, glass (Flsher Scientlflc) IS included for com- 
parison (dashed-dotted curve). 

APTES-derived glasses (Figs. 1 and 2) were 
similar to those of the TMOS- and TEOS- 
derived glasses; the steady-state emission 
spectra were broad, and they peaked be- 
tween 390 and 450 nm. The emission life- 
times were <10 ns. Unlike the TMOS and 
TEOS materials, the APTES material de- 
composed when it was heated above 
200°C. 

The Fourier transform infrared (FTIR) 
spectra of the TEOS- or TMOS-derived 
phosphors (Fig. 4, hottom curve) are sim- 
ilar to the spectrum of pure amorphous 
SiO,; strong hands associated with Si-0 
stretching and bending vibrations are ap- 
parent at 1090, 800, and 470 cmp ' .  How- 
ever, additional weak absorptions in the 
3000- to 2700-cmpl and the 1700- to 
1400-cm-' regions indicate the Dresence 

u 

of hydrocarbon and carhonyl impurities. A 
sharp hand at 2341 cmpl  is assigned to the 
asymmetric stretching vibration of CO?. 

400 500 600 700 800 
Wavelength (nm) 

Fig. 3. PL ( s o d  curve) and PP (x10) (dashed 
curve) spectra (337-nm exctaton at 298 K) of a 
carboxys~l~cate prepared from formlc acld and 
TMOS The sample was slowly heated (1 "C 
mln-') to 800°C, where t was held for 2 hours 
The prominent peak spacngs correspond to a 
vlbratlonal stretching frequency at ground state of 
-1 330 c m '  Both spectra are corrected for the 
spectral response of the monochromator and the 
detector system The PP spectrum was obtaned 
10 ms after excltatlon wlth a pulsed (2 ns, 337-nm 
N,) laser The feature marked wlth an astersk IS a 
gratlng artfact 

1 5  

Formlc acld and APTES 

2949 2855 2341 
3277 

4000 3500 3000 2500 2000 1500 1000 500 
Wavenumbers 

Fig. 4. Transmission FTIR spectra (KBr disk) of 
s~licate materials synthesized from APTES and 
formic acld (top cutve) TMOS and formlc acid 
(bottom curve), The top curve has been offset by 
0.75 absorbance unlts for caritv. 

This peak is seen in allnost all TEOS- 
carhoxylic acid or TMOS-carhoxylic acid 
sol-gels that have been heated over 400°C 
and probably arises from thermal decom 
position of the carhoxylic acid and any 
residual alkoxy groups. The lack of rota- 
tional fine structure in the 2341-cn-'  
band indicates that the CO, molecule is 
immobilized in the silicate lattice. 

Despite the small amount of carbon 
(<0.5%) present in these glasses, the ob- 
served luminescence is almost certainly 
related to its incorporation into the glass. 
The retention of organics (typically unhy- 
drolyzed alkoxy groups) in sol-gel-derived 
glasses can lead to discoloration and poor 
light transmission and is generally consid- 
ered to be a disadvantage of this route over 
other tnethods for producing optical-qual- 
ity SiO, (24). In the present work, how- 
ever, it-is thought that the trapped car- 
boxylic acid leads to lutninescent defect 
centers that are responsible for the bright 
PL. Weak PL from carbon-doped silicon 
and carbonized silica gels has been report- 
ed previously (25-30), but the source of 
the emission has not  heen positively iden- 
tified. Plasma-deposited amorphous car- 
bon and diamond-like carbon films can 
also produce ~naterials that exhibit room- 
temperature PL (3  1-33). 

In general, the lnaterlals synthesized 
from TMOS or TEOS form hard, brittle 
glasses or powders. For example, with for- 
mic acid and TMOS, the reaction produces 
silica according to Eq. 1 (34) 

Equation 1 is anhydrous and hence it elim- 
mates lnetllyl forrnate rather than water to 
form the Si-0-Si bonds. However, under 
anhydrous conditions, a substantial amount 
of fortnic acid may be retained in the gel as 
a silyl formate species. When heated, this 
formate may decompose to create a C sub- 
stitutional defect for Si, which is assumed to 
be the luminescent species in the lattice 
(Scheme 1) .  

Scheme 1 

A sinlllar carbon species has been assu~ned to 
be responsible for the blue emission of oxi- 
dized porous silicon (35)) alu~ninuln oxides 
(36), and oxidized silicon carbides (37). 

The PL material in the water-soluble lu- 
minescent material generated from APTES 
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is probably different from the luminescent 
species in the TEOS- and TMOS-based sil- 
icates. T h e  APTES-derived materials do not 
require heating over 100°C to be lumines- 
cent, and the FTIR spectra display strong 
absorptioll bands characteristic of amide 
(1663 c m p l ) ,  ammonium (3277 cmp '  and 
2500 to 2000 cm-I),  and aliphatic (2950 to 
2850 cm-') functionalities (Fig. 4, top 
curve). T h e  Si-0 asymmetric stretching 
bands (1  126 and 1024 cm-') are character- 
istic of long-chain linear siloxanes (38). T h e  
PL quantum yield of the APTES-formic acid 
material (measured x i t h  365-nm excitation) 
is 0.15 + 0.03 in a dilute aqueous solution 
(39) and 0.35 ? 0.1 in the solid state. 

T h e  reaction of alkoxysilanes with or- 
ganic acids is not new and has been used to  
prepare both SiO, glasses and molecular 

under an atmosphere of nitrogen The m'xture ):/as 
strred for 15 m n  and the clear c u d  was allo':/ed to 
gel. After 3 days, the containerwas opened to the a (  
and the excess i q u d  was decanted The remanng 
clear glass was then alr dried at 298 K for at least 1 
day The s o g e  was then placed n to  a programma- 
ole t ~ b e  furnace w ~ t h  the f o  owng heatng parame- 
ters. 1'C m~n- '  from 25' to 15O2C, 'olowed oi/ a 
1 h o u r  sotherma hold The gel was then heated to 
400'C at a 2'C m~n- '  ramp, followed by a i - h o ~ r  
sotherma hold. Ths procedure resulted n a trans- 
parent orange-colored glass w~ th  br~ght PL. 
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The Late Neogene 87Sr/86Sr Record of 
Lowland Himalayan Rivers 
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87Sr/86Sr record o f  lowland Himalayan river water during-the late Neogene. Recon- 
structed 87Sr/86Sr river values increased sharply in the late M~ocene, probably marking 
the beginning of exhumation of high-87Sr/86Sr metalimestones, more in the central than 
in the western Himalayas. These results imply that the marine 87Sr/86Sr record may not 
be a proxy for silicate weathering or consumption of atmospheric CO, resulting from that 
weathering. 

L a r g e  vol~unes  of sediiuent xe re  eroded 
and n~eathered as the  Himalayas \\,ere up- 
lifted starting -60 to 5 0  million years ago 
(Ma) .  Weathering of these sediments-and , , 

specifically of silicate minerals-would 
have consumed significant quantities of at- 
mospheric C 0 2  ( 1  ), perhaps sufficient to  
cool global climate. Several records, includ- 
ing the  " S S / ~ % ~  ratio of the  ocean, have 
been used as proxies for the extent of sili- 
cate weathering during this and other major 
uplift events. Starting -40 hla,  there is a 
marked increase in the  slope of the  marine 
"SrP6Sr curve, n~h ich  is thought to reflect 

L. 

the  onset of significant weathering of high- 
S7Sr/S6Sr millerals 111 the  Himalayas ( 2 .  3). 
Himalayan rivers, lnalnly the  Ganges and 

Depaltment of GeoscencesiDeset Labo ra to~ ,  Univer- 
sty of Arizona, T ~ c s o n ,  AL 85721, USA. 

Brahmaputra systems, are able to increase 
the  marine S'Sr/s6Sr ratio because of their 
high " S S / ~ % ~  (>0.720) ratios and high Sr 
concentrations, x h i c h  is the  reverse of the  
usual relation in rivers (3).  Edmolld (3 )  
suggested that this reversal is caused by 
Hiinalayan metainorphism, which redistrib- 
uted Sr with a high "Sr/%r ratio from 
Rb-rich sllicate uhases to  more  eath her able 
silicates s~uch as Ca-feldspar. Others have 
argued that  the  weathering of carbonate 
rocks accounted for the  major 1011 chemistry 
of many large Hlrnalayan rivers ( 4 )  and that 
the  source of high "SrIS6Sr ratios may be 
m e t a i ~ ~ o r p h i c a l l ~  altereh carbonate miner- 
als (5). 

Slwallk Group paleosols and fosslls pro- 
vide an  archive for studying the  impact of 
weathering reactions o n  l o ~ l a n d  river com- 
position during the  late Neogene. T h e  Si- 

1828 SCIESC E VOL 276 29 JUSE 1997 wnn7.sciencemay.org 




