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Highly emissive (with an external quantum yield exceeding 35 percent at a 365-nano-
meter excitation wavelength) broadband phosphors can be synthesized from a tet-
raalkoxysilane sol-gel precursor and a variety of organic carboxylic acids. The air-stable
phosphors were synthesized at low temperatures (less than 300°C) and displayed broad
visible photoluminescence spectra that appeared white to the eye. Water-soluble phos-
phors can be prepared by the substitution of 3-aminopropyltriethoxysilane for tetraalkox-
ysilane in the synthesis. These materials are the most efficient extrinsic phosphors that

do not contain activator metal ions.

Stable, highly emissive, white phosphors
are important for display and lighting tech-
nologies. The majority of commercially
available lamp phosphors require excitation
by short ultraviolet (UV) light for opera-
tion, a requirement that has led to the
almost universal use of a mercury vapor
plasma in fluorescent lighting products (I).
The development of new materials that
convert long-wavelength UV light (340 to
400 nm) into visible light could help re-
place the mercury currently used in fluores-
cent lights with a less toxic alternative and
lead to higher net conversion efficiencies
(2). In addition, the emissive centers used
in fluorescent lamp or cathodoluminescent
display phosphors are typically expensive or
environmentally toxic metals such as silver,
cadmium, germanium, or rare earth ele-
ments (I, 3). In this report, we present a
new class of stable, efficient, and environ-
mentally “friendly” photoluminescent sili-
cate materials prepared from an alkoxysi-
lane and a carboxylic acid through a sol-gel
route.

The sol-gel technique has been used to
prepare silicate glasses with a wide range of
unusual properties (4—13). The sol-gel syn-
thesis of silica proceeds by aqueous hydro-
lysis of a tetraalkoxysilane (14). When the
alcohol and water by-products are removed,
a rigid porous silicate network remains. If
special care is taken to prevent cracking
during the drying and densification stages,
high-quality optical components can be
produced. Chemical species can be added
before gelation to impart distinctive char-
acteristics to the resultant gels or glasses.
For example, the addition of laser dyes pro-
vides luminescent materials that have been
used as laser cavities (13, 15), the use of an
asymmetric silicate precursor can generate
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nonlinear optical materials (15, 16), and
the incorporation of enzymes or molecular
catalysts has been shown to yield catalyti-
cally active silicates (17).

The reaction of tetramethoxysilane
(TMOS) or tetraethoxysilane (TEOS) with
a variety of organic carboxylic acids (Table
1) at room temperature produced a gel at
times ranging from a few minutes to a few
days (18). Thermal treatment (in air) be-
tween 200° and 500°C produced a white or
yellowish solid material that underwent pho-
toluminescence (PL). Ultraviolet excitation

(with a filtered 365-nm mercury arc lamp) of
the sample derived from the reaction of for-
mic acid with TMOS resulted in intense
white PL with an emission maximum be-
tween 450 and 600 nm, depending on the
preparation conditions (Fig. 1). The absorp-
tion edge of the material was shifted to the
red relative to that of pure SiO, (Fig. 2). The
external PL quantum vyield of this material
(measured with 365-nm excitation) ranged
from 0.20 to 0.45 (19). The PL lifetime
(337-nm pulsed N, laser excitation) was
<10 ns (our instrumental resolution) for all
of the materials studied. Elemental analysis
of the formic acid and TMOS sol-gels that
were heated to 275°, 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-
parent glassy formic acid-TMOS material
turned an opaque brown-black color. Ra-
man spectra of this black glass displayed
broad peaks at 1340 and 1590 cm ™!, which
suggested the formation of a graphitic car-
bon phase in the sol-gel (20, 21). The
physical appearance and Raman spectra
were similar to those reported for silicon
oxycarbide, which can form during the py-
rolysis of carbon-containing siloxane poly-
mers (22, 23). The black glass still displayed
the short-lived (<10 ns) PL and also a
bright phosphorescence (PP) tail with a

Table 1. Carboxylic acids used to make PL silicates. Most acids were used as neat liquids; solid acids
were dissolved in a minimum of anhydrous methanol. Reactions were carried out under a N, atmo-
sphere by means of an excess acid; heat treatments were performed in air. Spectra were measured with
365-nm excitation; vs, very strong; s, strong; m, medium; w, weak.

Organic acid Silicate source Conditions Luminescence intensity
Formic TMOS and 1°C min~" to 250°C, PL vs, no PP, clear yellow glass
TEOS 3 hours
1°C min~" to 425°C, PL vs, PP m, clear amber glass
4 hours
2°C min~" to 800°C, PL s, PP s, opaque black glass
1 hour
SiCl, 110°C, 1 hour PL s, no PP, white powder
APTES 70°C, 1 day PL vs, pale yellow glass
Lactic TMOS 450°C, 3 hours PL m, clear colorless glass
APTES 70°C, 2 days PL vs, clear orange glass
Acetic TMOS 1°C min~" to 425°C, PL w, PP s, clear colorless glass
4 hours
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
4 hours
APTES 70°C, 2 days PL m, deep red glass
Cyclopropanoic TMOS 1°C min~" to 225°C, PL m, no PP, brown solid
5 hours
SiCl, 25°C, 1 day PL s, no PP, white powder
Malonic TMOS 5°C min~" to 225°C, PL w, no PP, white powder
4 hours
Citric TMOS 2°C min~" to 425°C, PL vs, PP w, yellow glass
4 hours
Tartaric TMOS 2°C min~1to 325°C, PL s, no PP, yellow glass
2 hours
Glyoxylic TMOS 2°C min~" to 425°C, PL s, no PP, opaqgue orange solid
4 hours
Oxalic TMOS 2°C min~" 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 between
the most prominent features was about
1330 cm™!. The separation between the
peaks decreased when '*C-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 between 3-aminopropyltri-
ethoxysilane (APTES) and carboxylic 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
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Fig. 1. PL spectra (337-nm excitation at 298 K) of
representative carboxysilicate phosphors pre-
pared from formic acid and TMOS (solid curve),
citric acid and TMOS (dotted curve), formic acid
and APTES (dashed-dotted curve), and lactic acid
and APTES (solid 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-1152 EUV, liquid N, cooled charge-
coupled device, UV-enhanced). Spectra were ob-
tained on different days, so the relative intensities
are not directly comparable.
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Fig. 2. Absorption spectra of thin films of silicate
materials synthesized from formic acid and TMOS
(annealed at 300°C for 2 hours) (solid curve) and
lactic acid and APTES (cast from an aqueous so-
lution and dried at 100°C for 2 days) (dotted
curve). An absorption spectrum of optical-quality
SiO,, glass (Fisher Scientific) is included for com-
parison (dashed-dotted curve).
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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, bottom curve) are sim-
ilar to the spectrum of pure amorphous
SiO,; strong bands associated with Si-O
stretching and bending vibrations are ap-
parent at 1090, 800, and 470 cm™!. How-
ever, additional weak absorptions in the
3000- to 2700-cm™! and the 1700- to
1400-cm ™! regions indicate the presence
of hydrocarbon and carbonyl impurities. A
sharp band at 2341 cm ™! is assigned to the
asymmetric stretching vibration of CO,.
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Fig. 8. PL (solid curve) and PP (X10) (dashed
curve) spectra (337-nm excitation at 298 K) of a
carboxysilicate prepared from formic acid and
TMOS. The sample was slowly heated (1°C
min~") to 800°C, where it was held for 2 hours.
The prominent peak spacings correspond to a
vibrational stretching frequency at ground state of
~1330 cm~'. Both spectra are corrected for the
spectral response of the monochromator and the
detector system. The PP spectrum was obtained
10 ms after excitation with a-pulsed (2 ns, 337-nm
N,) laser. The feature marked with an asterisk is a
grating artifact.
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Fig. 4. Transmission FTIR spectra (KBr disk) of

silicate materials synthesized from APTES and

formic acid (top curve) TMOS and formic acid

(bottom curve). The top curve has been offset by

0.75 absorbance units for clarity.
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This peak is seen in almost all TEOS-
carboxylic acid or TMOS—carboxylic acid
sol-gels that have been heated over 400°C
and probably arises from thermal decom
position of the carboxylic acid and any
residual alkoxy groups. The lack of rota-
tional fine structure in the 2341-cm™!
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 methods for producing optical-qual-
ity SiO, (24). In the present work, how-
ever, it is thought that the trapped car-
boxylic acid leads to luminescent 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 been positively iden-
tified. Plasma-deposited amorphous car-
bon and diamond-like carbon films can
also produce materials that exhibit room-
temperature PL (31-33).

In general, the materials 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)

2HC(O)OH + (CH,0),Si — SiO,
+ 2CH,OH + 2HC(O)OCH, (1)

Equation 1 is anhydrous and hence it elim-
inates methyl formate rather than water to
form the Si—O-Si bonds. However, under
anhydrous conditions, a substantial amount
of formic 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).
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A similar carbon species has been assumed to
be responsible for the blue emission of oxi-
dized porous silicon (35), aluminum oxides
(36), and oxidized silicon carbides (37).
The PL material in the water-soluble lu-
minescent material generated from APTES

1827



is probably different from the luminescent
species in the TEOS- and TMOS-based sil-
icates. The APTES-derived materials do not
require heating over 100°C to be lumines-
cent, and the FTIR spectra display strong
absorption bands characteristic of amide
(1663 cm™!), ammonium (3277 cm™! and
2500 to 2000 ecm™!), and aliphatic (2950 to
2850 cm™!) functionalities (Fig. 4, top
curve). The Si-O asymmetric stretching
bands (1126 and 1024 cm™!) are character-
istic of long-chain linear siloxanes (38). The
PL quantum yield of the APTES—formic acid
material (measured with 365-nm excitation)
is 0.15 * 0.03 in a dilute aqueous solution
(39) and 0.35 * 0.1 in the solid state.

The reaction of alkoxysilanes with or-
ganic acids is not new and has been used to
prepare both SiO, glasses and molecular
silicate complexes (40, 41). There are also
reports of PL materials generated from the
reaction of alkoxysilanes with photolumi-
nescent organic acids (42, 43). Even more
widely studied are the sol-gel reactions of
organofunctional alkoxysilanes that give
molecular solids with properties intermedi-
ate between organic polymers and inorganic
ceramics (44-47). It is therefore surprising
that the efficient PL of silicate sol-gels
made from carboxylic acids has not previ-
ously been reported.

REFERENCES AND NOTES

1. R. C. Ropp, in Luminescence and the Solid State
(Elsevier, Amsterdam, Netherlands, 1991), vol. 12,
pp. 283-352.

2. H. W. Leverenz, An Introduction to Luminescence of
Solids (Dover, New York, 1968), pp. 407-420.

3. |. P. Benderskaya, I. F. Golubev, E. G. Morozov,
Inorg. Mater. 29, 1279 (1993).

4, W. Xu, S. Dai, L, M. Toth, G. D. Del Cul, J. R. Peter-
son, J. Non-Cryst. Solids 194, 235 (1996).

5. F. Suzuki, K. Nakane, J. Piao, J. Mater. Sci. 31, 1335
(1996).

6. M. Pauthe, F. Despetis, J. Phalippou, J. Non-Cryst.
Solids 165, 110 (1993).

7. K.Kamiya, T.Yoko, T. Sano, K. Tanaka, ibid. 119, 14
(1990).

8. L. Murawski et al., J. Mater. Sci. 25, 2569 (1990).

9. L. Bois, J. Maguet, F. Babonneau, H. Mutin, D. Bahl-
oul, Chem. Mater. 6, 796 (1994).

10. E. Chomski, O. Dag, A. Kuperman, N. Coombs, G.
A. Ozin, Chem. Vapor Deposition 2, 8 (1996).

11. M. P. Vinod and K. Vijayamohanan, Appl. Phys. Lett.
68, 81 (1996).

12. V. C. Costa, M. J. Lochhead, K. L. Bray, Chem.
Mater. 8, 783 (1996).

13. J. M. McKierman et al., J. Inorg. Organomet. Polym.
1, 87 (1991).

14. C. J. Brinker and G. W. Scherer, Sol-Gel Science:
The Physics and Chemistry of Sol-Gel Processing
(Academic Press, San Diego, CA, 1990).

156. R. Reisfeld, in Sol-Gel Science and Technology, M.
A. Aegerter, J. M. Jafelicci, D. F. Souza, E. D.
Zanotto, Eds. (World Scientific, Singapore, 1989),
pp. 323-345.

16. B. Luther-Davies, M. Samoc, M. Woodruff, Chem.
Mater. 8, 2586 (1996).

17. S. A. Yamanaka, B. Dunn, J. S. Valentine, J. I. Zink,
J. Am. Chem. Soc. 117, 9095 (1995).

18. A detailed procedure for synthesis of a luminescent
TMOS-based sol-gel is as follows: At 297 K, deaer-
ated (by three freeze-pump-thaw cycles) TMOS and
formic acid were mixed slowly in a 1:3 mol ratio

1828

R S

53 UL R ER .
VETLE R W TRET g 8T L e BRT o

under an atmosphere of nitrogen. The mixture was
stirred for 15 min and the clear liquid was allowed to
gel. After 3 days, the container was opened to the air
and the excess liquid was decanted. The remaining
clear glass was then air dried at 298 K for at least 1
day. The sol-gel was then placed into a programma-
ble tube furnace with the following heating parame-
ters: 1°C min~=" from 25° to 150°C, followed by a
1-hour isothermal hold. The gel was then heated to
400°C at a 2°C min~* ramp, followed by a 4-hour
isothermal hold. This procedure resulted in a trans-
parent orange-colored glass with bright PL.

19. M. S. Wrighton, D. S. Ginley, D. L. Morse, J. Phys.
Chem. 78, 2229 (1974).

20. M. A. Tamor and W. C. Vassel, J. Appl. Phys. 76,

3823 (1994).

F. Schwertfeger and U. Schubert, Chem. Mater. 7,

1909 (1995).

22. G. M. Renlund, S. Prochazka, R. H. Doremus, J.
Mater. Res. 6, 2716 (1991).

23. , ibid., p. 2723.

24, P. Robinson and D. Perimutter, J. Non-Cryst. Solids
169, 183 (1994).

25. D. Ruter, S. Rolf, W. Bauhofer, Appl. Phys. Lett. 67,
149 (1995).

26. S. Hayashi, M. Kataoka, K. Yamamoto, Jpn. J. Appl.
Phys. 32, L274 (1993).

27. T. Kitamura, Y. Takahashi, T. Yamanaka, K. Uchida,
J. Lumin. 48-49, 373 (1991).

28. M. Sendova-Vassileva, N. Tzenov, D. Dimova-Mali-
novska, T. Marinova, V. Krastev, Thin Solid Films
276, 318 (1996).

29. N. Yamata, M. Sano, S. Yoshimura, Chem. Lett. 1,
21 (1996).

30. S. Liedtke, K. Lips, M. Bort, K. Jahn, W. Fuhs, J.
Non-Cryst. Solids 114, 522 (1989).

21.

—=

W e TS R

A n v«é :’;) i E3

31. T. Fuijita, M. |. Abd-Elrahman, K. Takiyama, T. Oda,
Philos. Mag. B74, 359 (1996).

32. F. Gaspari, R. V. Kruzelecky, P. K. Lim, L. S. Sidhu,
S. Zukotynski, J. Appl. Phys. 79, 2684 (1996).

33. S. R. P. Silva, J. Robertson, Rusuli, G. A. J. Amara-
tunga, J. Schwan, Philos. Mag. B74, 369 (1996).

34. B. Arkles, “Silicon esters—alkoxy and acyloxysilanes”
(product catalog, Gelest Inc., Tullytown, PA, 1995).

35. L. T. Canham et al., Thin Solid Films 276, 112 (1996).

36. S. Tajima, K. Shimizu, N. Baba, H. Sakai, Electro-
compon. Sci. Technol. 3, 127 (1976).

37. A. O. Konstantinov, A. Henry, C. |. Harris, E. Janzen,
Appl. Phys. Lett. 66, 2250 (1995).

38. D. R. Anderson, in Analysis of Silicones, A. L. Smith,
ed. (Wiley, New York, 1974), vol. 1, pp. 247-286.

39. J. N. Demas and G. A. Crosby, J. Phys. Chem. 75,
991 (1971).

40. N.Aunerand J. Weis, Eds., Organosilicon Chemistry
Il: From Molecules to Materials (VCH, New York,
1996).

41. Y. Charbouillot, D. Ravaine, M. Armand, C. Poin-
signon, J. Non-Cryst. Solids 103, 325 (1988).

42. D. Levy and D. Avinir, J. Photochem. Photobiol. A
Chem. 57, 41 (1991).

43. V. R. Kaufman, D. Levy, D. Avinir, J. Non-Cryst.
Solids 82, 103 (1986).

44, J. Wen and G. L. Wilkes, Chem. Mater. 8, 1667
(1996).

45. E. Z. Faraggi et al., Adv. Mater. 8, 833 (1996).

46. D. Ravaine, A. Seminel, Y. Charbouillot, M. Vincens,
J. Non-Cryst. Solids 82, 210 (1986).

47. H. Schmidt, ibid. 73, 681 (1985).

48. The authors wish to thank L. T. Canham, J. H. Gold-
en, and M. Mariano for helpful discussions.

24 February 1997; accepted 8 May 1997

The Late Neogene 87Sr/26Sr Record of
Lowland Himalayan Rivers

Jay Quade, Lois Roe, Peter G. DeCelles, Tank P. Ojha

Fossil shells and paleosol carbonate from ancestral Himalayan river deposits provide a
873r/86Sr record of lowland Himalayan river water during the late Neogene. Recon-
structed 87Sr/88Sr river values increased sharply in the late Miocene, 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/88Sr record may not
be a proxy for silicate weathering or consumption of atmospheric CO,, resulting from that

weathering.

Large volumes of sediment were eroded
and weathered as the Himalayas were up-
lifted starting ~60 to 50 million years ago
(Ma). Weathering of these sediments—and
specifically of silicate minerals—would
have consumed significant quantities of at-
mospheric CO, (1), perhaps sufficient to
cool global climate. Several records, includ-
ing the 87Sr/®Sr 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 Ma, there is a
marked increase in the slope of the marine
87Sr/%6Sr curve, which is thought to reflect
the onset of significant weathering of high-
87Sr/89Sr minerals in the Himalayas (2, 3).
Himalayan rivers, mainly the Ganges and
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Brahmaputra systems, are able to increase
the marine 87Sr/%Sr ratio because of their
high 87Sr/%Sr (>0.720) ratios and high Sr
concentrations, which is the reverse of the
usual relation in rivers (3). Edmond (3)
suggested that this reversal is caused by
Himalayan metamorphism, which redistrib-
uted Sr with a high 87Sr/%¢Sr ratio from
Rb-rich silicate phases to more weatherable
silicates such as Ca-feldspar. Others have
argued that the weathering of carbonate
rocks accounted for the major ion chemistry
of many large Himalayan rivers (4) and that
the source of high 87Sr/¢Sr ratios may be
metamorphically altered carbonate miner-
als (5).

Siwalik Group paleosols and fossils pro-
vide an archive for studying the impact of
weathering reactions on lowland river com-
position during the late Neogene. The Si-
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