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Reversible colorationdecoloration of tungsten phosphate glasses was observed by heat treatments at
temperatures between 300 and 5@ which were far below thdy (570 °C) under the ambient with
controlled partial pressure of hydrogen and/or water. The color center responsible for the coloration was
found to be an electron-trapped®W The assignment was done by detecting an anisotropic ESR singlet
of g = 1.7 and broad optical absorption bands extending from the visible to the near-infrared region. The
charge compensator of Wwas found to be K. Mechanisms of the coloration by heat treatments under
an ambient with the hydrogen-bearing species were proposed to be (1) decomposition of molecular water
or hydrogen at the surface of the glasses, (2) selective dissolution of the generated hydrogen atom by the
reaction with V" ions to form the V§*/H™ redox pair in the glasses, and (3) diffusion of the charge-
compensating Hinto the glass. The decoloration process was expressed by the reverse reactions. The
rate of the coloratiorrdecoloration was found to be determined by the diffusion of the atomic hydrogen.
The diffusion constant of the atomic hydrogen at 3Q0in the glass was found to be as large asA.5
10°° cn/s.

1. Introduction press-molded process for aspherical lenses with high refrac-

) L .. tive index? Although lead was used exclusively for produc-

VaIence_state.and redox reactions of cat_lomc species 'ning a series of lenses with high refractive index and high

glass-formmg oxide melts .have been one of |mportant _'Ssuesdispersiorf‘,its use is prohibited to suppress the contamination

in glass technology. Optical absorption characteristics of of the environment. Tungsten phosphate glasses with low

transition metal cations with a particular valence state are melting temperature, high refractive index, and high disper-

used in preparing band-pass glass filters. Photoluminescenc%ion are one of the possible alternatives for the mold lenses.
3+ + ; ;

of Nd*" and EP* are, respectively, a key function of the \y.u have observed that the as-prepared phosphate glasses

glass Ias_er for nuclearkfusu;]n and an amph(];ler mdoptlcal fWith relatively high WQ concentration are colored dark blue,
communication networks. The temperature dependence ofy,q qecoloration of the glasses occurred by annealing in air
redox reactions of As and Sb has been utilized in the refining

o ambient below the glass transition temperatiige @lthough
process of glass melts. Generally, the redox equilibrium of d P & @ g

h D S id I q X bi q tungsten ion (V") in oxide melts can be reduced under
the cationic species Iin oxide melts under air ambient ten Sreducing atmosphere and by addition of reducing reagent,
to go to higher oxidation state with decreasing temperature.

L . . " there has been no report on the thermal decoloration of the
Under t.he refining Process the Ooxygen molepule Ina fine glasses at temperatures far beldyvas far as we are aware.
bugble in the +melts.|s consumeq in the OX|dat|9n reaction of ™ |nthe present paper the reversible coloratidecoloration
A" and SB i’ which formed in the preceding melting  reaction of the tungsten phosphate glasses under an ambient
process at a higher temperattire. of hydrogen-bearing species such as water vapor and
Recent applications of a charge-coupled device for a digital hydrogen at temperatures beldyis reported. The reaction
color camera stimulated development of a low-cost precision jechanism of the coloration is proposed to be the reduction
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of We* by a hydrogen atom, Scheme 1. Experimental Setup of the Water Vapor Heat
Treatment?
6 5
W +G +tH—=W +G + H+G (1) Ribbon heater Furnace Thermocouple
N,
where Ws, W5, and Hg are the species dissolved in / -

the glass and H is the hydrogen atom formed at the surface Water pump
of the glass and diffused into the glass. It is shown that the

i | —Glass sample
—1—SiO, plate

diffusion constant of the hydrogen in the solid glass is C———
extraordinarily high. Decoloration is expressed by the reverse N, Q- Compound gage
reaction of eq 1. It is proposed that there is dissociation Leak SO glass chamber
equilibrium of the water vapor on the glass surface at
temperatures belovg, H,0
HZO(g)*’ 2Hg + gl 202(9) (2) aWater vapor was introduced to the preheated,Sjfass chamber.

where H; means the hydrogen atom adsorbed on the glass Scheme 2. (a) Preparation of the Sample for Small Area
surface. H is used in the coloration reaction of eq 1. The  Visible Absorption Measurement and (b) Experimental
equilibrium goes to the right-hand side at higher tempera- Setup of Small Area Visible Absorption Measurement

. . Systent
tures. It is tentatively proposed that eqs 1 and 2 can be _
applied to the melts at higher temperature, although the effect SRR R e @:Pd ool
must be taken into consideration of the translational motion e =1 Glass
or diffusion of the structural units in the melts. .
T e
. . j M
2. Experimental Section St p°"Shzd) Sanple
a
2.1. Glass Preparation.The chemical composition of the glass
Optical fiber

samples used in the present experiments was 38ROWO;: Lens
25NbG;»*10Ba025NaqQ, in mol. A stoichiometric mixture of

| |
NaCOs;, NaPQ, Ba(PQ)z, WOs, and NhOs was melted with a O In ‘Q Multi channel
lamp ‘
//. AN

platinum crucible in air. The batch weight was 100 g. The melt spectrometer

was poured into a mold and was placed in a furnace preheated at

570°C, which is theTy of the glass determined by using differential Sample  pin-hole slit

thermal analysis (ThermoPlus TG8120, Rigaku). The glasses (b)

obtained were cut and mirror-polished, and the optical absorption

spectra were measured by using a t&s—NIR spectrometer a Absorption spectra at different positions were continuously measured

(UV3100PC, Shimadzu) and FT-IR spectrometer (FTIR-8200PC, by moving the sample on an X-stage.

Shimadzu). The color centers responsible for the coloration were o

identified by ESR measurements at room temperature (EMX, CuSQ-5H,0 reference. To evaluate the diffusion constant of the

Bruker). coloring species, the glass samples with gradient coloration (20
2.2. Decoloration of Colored GlassesMirror-polished and MM x 20 mmx 10 mm in size) were also prepared by heat-treating

colored glass plates 15 mm 15 mmx 5 mm in size were heat- Fhe bleached glasses with Pd coating on a single surface &%00

treated at temperatures beldyfor different times in dry air. The N the same atmosphere. The heat-treated samples were cut and

optical absorption spectra of the heat-treated samples with grao“emrmrror-pohshed, and visible absorption spectra at different positions

coloration were measured for the center area (1 mi% mm) to were continuously measured by moving the sample on the X-stage,

evaluate the diffusion constant of the coloring species. as shown in Scheme 2. The incident light from the tungsten lamp
2.3. Reaction with Water Vapor. Bleached glass plates (details Was adjusted by the optical lens to pass the pinhole slit with a

are mentioned in section 3.2) were heat-treated at temperaturegliameter of 10Qum. The transmitted light was introduced to the

below Ty in water vapor ambient{1 atm) by using the equipment mu!tlcha}nnel Spectrometgr (USB2000, Ocean Opucs) through the

illustrated in Scheme 1. The gas fed into the Siamber was optical fiber with a co_re diameter of 6Q0n. The thickness of the

initially N, and was changed to water vapor at 200in the course ~ Samples was approximately 0.8 mm.

of the heating process. The plate samples were 15>mb% mm

x 3.5 mm in size, and their opposite surfaces were ground with a 3. Results and Discussion

sand paper in order to enhance the reaction with water vapor. The

water vapor-treated samples were mirror-polished before optical

absorption and ESR measurements. The same experiment was als

3.1. Coloration of As-Melted Glassesln this section we
gescribe the coloration characteristics of the as-melted

performed in N atmosphere for comparison. glasses. It was reportéthat the optical absorption intensity
2.4. Reaction of the Glasses with HydrogenA thin layer of of tungsten phosphate glasses depends on melting conditions,

Pd was deposited by sputtering (E-1030, Hitachi) on the opposite time, temperature, and atmosphere.

surfaces of the bleached glass plates (10 D mmx 1 mm in Preliminary experiments were carried out to reduce the

size), and the glass plates were heat-treated at temperatures beloffects of variation in the melting conditions on the colora-
Ty in 3.5% H-96.5% N. After the Pd coating was removed by tion. The partial pressure of water vapor in the ambient for
polishing, optical absorption and ESR measurements were per-

formed. The absolute spin concentration of the color centers was (7) poirier, G.; Polain, M.; Messaddeq, Y.; Ribeiro, S. JJLNon-Cryst.
estimated by comparing the intensities for the glasses with that of Solids2005 351, 293-298.




2812 Chem. Mater., Vol. 18, No. 12, 2006

3

Tawarayama et al.

T T e 6 T T
a 2
e
o
& .
8 1 2 1
5 ®
3 -
§ '§ * o .
£ £ *
4 g 2 4
3
c
i=}
=
5]
(23
0 2o : L : L
4000 3500 3000 2500 2000 0 1 2 3
Wavenumber / cm™ Melting time / h

Figure 1. (a) Infrared absorption spectrum of the glass melted at 2@0fbr 15 min. The absorption band due to OH groups peaking at 2930 was
observed. (b) Melting time dependence of the OH absorption intensities at 2930Tme melting temperature was fixed to 1480. OH groups decreased
rapidly in the initial stage of the melting and became almost constant for melting times longer than 1 h.
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Figure 2. (a) Optical absorption spectra of the as-melted glasses. The melting temperatures are (X},(B)Q200°C, (C) 1300°C, and (D) 140CC.
A broad optical absorption band was discernible in the glasses melted abovéQ@.2@®) Gaussian deconvolution of the optical absorption band induced
in the glass melted at 140@. The absorption band assigned a%"Was decomposed into three Gaussian components as illustrated with broken lines.

the melts should be an important factor of the coloration, melting temperature. Figure 2a shows optical absorption
but it is not easy to control the pressure effectively for the spectra of the as-melted glasses obtained by the different
phosphate glasses. The raw materials contain a large amountnelting temperatures. A broad optical absorption band
of adsorbed water as an impurity. The water dissolved in peaking at 585 nm was discernible in the glass melted at
the melts as POH is very stable and cannot be removed temperatures higher than 120@€. The absorption was
completely from the phosphate melts. Then we monitored thought to be due to two strong intraionic excitations and a
the intensity of infrared absorption band due to OH as a weak intervalence excitation of W (Figure 2b)'%1 Simul-
measure of the equivalent pressure of water in the melts. taneously with the appearance of the optical absorption, a
Figure 1a shows the infrared absorption spectrum of the broad singlet signal assignable tWg = 1.7)}'* was also
glass melted at 140€C for 15 min. The absorption band observed as a major paramagnetic species in the ESR
peaking at 2930 cnt is due to OH groups in the glass. The spectrum of the glass melted at 14@as shown in Figure
strong absorption observed below 2500 ¢éns the second 3. It will be stated in section 3.4 that the optical absorption
harmonics of the intrinsic absorption of the glass. The changeintensity was proportional to the absolute spin concentration
in the OH absorption intensity with increasing melting time of the ESR absorption witlh = 1.7. Therefore, the center
is shown in Figure 1b. The melting temperature was kept at responsible for the coloration was concluded to b& VBy
1400°C. The intensity decreased rapidly in the initial melting using the estimated cross section of the visible absorption
and became almost constant for the melting times longer than(section 3.4), the concentration of>Win the glass melted
1 h. The quasi-equilibrium concentration of OH was esti- at 1400°C was calculated as 2.8 107 cm3, which is
mated to be 1.2 10 cm 389 considerably lower than that of the OH bond.

To investigate effects of melting temperature on the  The fact that the optical absorption intensity of the as-
coloration, the melts were first quasi-equilibrated by melting yejted glasses becomes higher with increasing melting
at 1400°C for 1 h, and they were further melted at a temperature suggests that reduction df\ib W5+ in the
temperature between 1100 and 14@for 1 h. The glasses  melt advances at higher temperature. The tendency seems

were then quenched without annealing to prevent decolora—apparenﬂy to be consistent with the oxidatieduction
tion (details are explained in section 3.2). The color of the

glasses varied from pale yellow to dark blue with increasing

(10) Hollinger, G. H.; Duc, T. M.; Deneuville, APhys. Re. Lett. 1976
37, 1564-1567.

(11) Gerard, P.; Deneuville, A.; Courths, Rhin Solid Films198Q 71,
221-236.

(8) Day, D. E.; Stevels, J. Ml. Non-Cryst. Solid4973 11, 459-470.
(9) Abe, Y.; Clark, D. EJ. Mater. Sci. Lett199Q 9, 244-245.
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Figure 3. ESR spectrum of the glass melted at 1400 A broad singlet Heat-treatment time / h

signal @ = 1.7) was assigned to %W, and it was a major paramagnetic ~ Figure 5. Changes in the optical absorption intensities of the glasses are

species. plotted as a function of heat-treatment time. The colored glasses melted at
1400°C were heat-treated at 50C for different times in air. The symbol

T L E e (®) shows the experimer_ﬂally observed intensities, and the solid line denotes
the result calculated using eq 3.

pass (1)) in the glass is given by the following equation
as a function of heat-treatment timg,¢

® 8 —D(2n + 127
1 = M(t) = M, ex 3)

: ; : i o : . ol (2n + 1)27_[2 412
Figure 4. Photographs of the glasses heat-treated at°&0fr different
e e ke s e WhereNo, D, and denote the inial total number (iita
surface during the heat treatments. optical absorption intensity) of the coloring species within a
unit cross section along the optical pass, the diffusion
equilibrium of transition metal cations and p-block ions constant of the coloring species, and the half-thickness of
observed in glass-forming oxide melts. Here, however, an the glass, respectively. Figure 5 shows changes in the optical
alternative redox reaction of W ions in the glass will be absorption intensities of the glasses as a function of heat-
proposed, that is, dissociation of water vapor at the surfacetreatment time. The symbo®) shows the experimentally
of the glass, selective dissolution, and diffusion of the observed intensities and the solid line denotes the result
hydrogen atom into the glass, and the reaction of the calculated using eq 3. An excellent fit was obtained between
hydrogen with W ions in the glass. the measured intensities and the theoretical estimation. The
3.2. Discoloration of the Colored Glass by Annealing  diffusion constant of the coloring species in thg glass_ at 500
at Temperatures belowT,. As-melted and colored glasses °C was found to be 1.4 10°° cn¥/s from the simulation.
prepared in section 3.1 were bleached by the heat treatmentl he diffusion constant was comparable to that of hydrogen
in air at temperatures far beloW,. In this experiment, the N silica glass;> which is the known highest transport of gas
glasses melted at 140C for 2 h were used. Figure 4 shows SPecies in oxide glasses except for rare gases. The similar
photographs of the glasses before and after the heat treatdecoloration was also observed at temperature as low as 300
ments at 500C for different times in dry air. The color of ~ °C, Which is 270°C lower tharTy. Decoloration is assumed
the as-melted glass was uniformly dark blue, and the glassto originate from the oxidation of W to W°". However, it
was bleached from the surface during the heat treatment. AiS incredible that the extraordinarily fast diffusion of oxygen
gradient of coloration intensity was discernible in the glasses from air to the glass occurs at the low temperature far below
after the heat treatment for 1 and 4 h. This is thought to be Tg.t3
an indication that the decoloration reaction, oxidation &fW Here, we tentatively propose that the diffusing species is
to We*, is diffusion limited. The glass after the heat treatment the hydrogen atom, and the decoloration reaction would be
for 16 h was completely bleached, and the color changed to€XPressed by the following reaction,
pale yellow, which was the same color with that of the glass
melted at 1100C.

On the basis of this observation, we assume that thehere the evolved hydrogen gas may react with oxygen to
oxidation of W* is diffusion limited, although the diffusing  form a water molecule in the case of heat treatment under
species remains unidentified at the present stage. Theyj,.

a reducing species or an electron donor .fOF’ Wwas always reside on a single W ion but migrates on neighboring
determined by the following method. Assuming the rate of

the decoloration process is limited by one-dimensional (12) crank, JThe Mathematics of Diffusiorend ed.; Oxford University
diffusion of the coloring species with zero surface concentra- Press: New York, 1975; pp 4468.

tion, the total number (optical absorption intensity) of the 823 porton, F. é”ﬁg‘frﬁ\;?séegﬁ]jggage;(l 43 655661

coloring species within a unit cross section along the optical (15) Lee, R. W.J. Chem. Phys1963 38, 448-455.

i { PP o8 i
[la ) \ \S) \

W5+G + H+G - W6+G + 1/2Hz(9) (4)
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T — exist as OH groups. We tried to detect the dissolved and
charge-compensating hydrogen by using IR absorption and
08| 1 MAS NMR measurementS;'® but this was unsuccessful.

The difficulty seems to originate from the very low concen-
tration of the dissolved hydrogen, in the order of1€m3.
Although the charge-compensating species remains un-
identified yet, it is thought to be appropriate that the proposed
reaction mechanisms for the coloratietiecoloration of the
tungsten phosphate glasses heated bédlgware shown in
00 o0e - Ts00 2000 2800 the following reactions. In the coloration process, ambient
Wavelength / nm water vapor is decomposed by the glass at the surface
Figure 6. Optical absorption spectra of the glasses heat-treated at different fOllowing eq 2.The generated hydrogen atoms are selectivity

temperatures o3 h in water vapor. The bleached glass was used for the dissolved in the glass by the following reaction wittfy

heat treatments. The heat-treatment temperatures are (AG0B) 350 ; ing i ;
°C, (C) 400°C, (D) 450°C, and (E) 500°C. Glass F was obtained by while the oxygen molecule remains in air

heat-treating glass E at 50C for 24 h in dry air.

Absorbance
o o
» o

o
)

Hg + W5 — (W>T/HN), (5)
WS¢ ions such as in tungsten hydrogen bro#z€.The
degree of the localization depends mostly on concentration
of W' in the glass, that is, the average distance bewVeenreverse of egs 2 and 5, and the total reaction is expressed
two neighboring V" ions. A proton is thought to be located b q ' P
around a nearby W ion for charge compensation. The y

charge-compensating pair of*H and Wr's is hereafter (decolored) W' + %,H,0(g) <

abbreviated as (W/H")g. . 1
In eq 4, Hg is supposed to originate from water, because (W”'H")g + 1,0,(g) (colored) (6)

the glasses are prepared under ambient air by using the rawrne rate of the colorationdecoloration is determined by
materials which contained adsorbed water, as mentioned inye diffusion of the dissolved atomic hydrogen.

section 3.1. The present view will be confirmed in the 3 4 coloration of the Bleached Glass by the Reaction
following section. with Hydrogen Diffused through Pd Coating at Temper-

3.3. Coloration under Water Vapor Annealing and atures below T,. In the previous section it was strongly
Decoloration of the Water-Colored Glass under Dry Air suggested that the hydrogen extracted from water vapor is a
Annealing belowTj. In the present experiments the bleached candidate of the reducing species for thé"W the glasses.
glass plates explained in section 3.2 were used as a startingro further confirm the reaction models proposed in section
sample. The opposite surfaces were ground slightly to 3.3 another coloration experiment was carried out by
enhance the reactions of the glass with ambient gaseousestricting the chemical species migrating to the reacting
species. Optical absorption spectra of the glasses heat-treategyrface of the glasses to be hydrogen atom exclusively. As
under water vapor at 366600°C for 3 h are shown in Figure s well-known, Pd dissociates the hholecule at the surface
6. It is clearly seen that exactly the same optical absorption gng dissolves the hydrogen atom. A thin layer of Pd was
was induced for the glasses heat-treated at a temperature ageposited on a single surface of the bleached glass, and the
low as 300°C. Heat treatment in Ninduced no change in  glass is heat-treated at 40C for 1 h in 3.5% H._96.5%
the optical absorption. The induced optical absorption of the N, Under this condition the Pd-coated glass surface feels
water vapor-annealed glass was bleached by the heathe equivalent pressure of atomic hydrogen determined from
treatment at 500C under dry air for 24 h (F in Figure 6),  the absorptiondesorption equilibrium of Pd with the partial
this being the similar observation with the decoloration of pressure of hydrogen in the ambient.
the as-melted glasses mentioned in section 3.2. As shown in Figure 7 the strong optical absorption band

In parallel with the formation of the optical absorption peaking at 600 nm was induced for the Pd-coated glass. The
band the ESR singlet due to % was seen for the water slight red shift of the peak wavelength is thought to be due
vapor-treated glasses. The average absolute spin concentrao the larger contribution of the intervalence excitation. For
tion of W°* in the glass heat-treated at 58D was calculated  comparison, the spectrum for the glass without a Pd coating
as 2.0x 10 cm™2 from the estimated absorption cross and similarly heat-treated is also shown in the figure. Very
section given in section 3.4. No significant change was weak but the same optical absorption was observed in the
detected in intensities of the infrared absorption due to OH naked glass. This observation indicates that the glass has a
groups for the colored glasses. This would result from the function of decomposing molecular hydrogen in addition to
fact that the concentration of induced®WWwas 2 orders of  dissociating molecular water. The intensity of coloration was
magnitude lower than that of the OH (12 10" cm™) found to decrease by the additional heat treatment at 400
impurity and/or that the charge-compensatingHid not °C for 1 h under the ambient with lower partial pressure of

The charge-compensating pair $¥H")g is responsible for
the optical absorption. The decoloration mechanism is the

(16) Faughnan, B. W.; Crandall, R. S.; Heyman, P.RCA Re. 1975 (18) Hosono, H.; Abe, Y.; Deguchi, KI. Non-Cryst. Solid4992 142,
36, 177-197. 103-107.
(17) Miyakawa, M.; Hosono, H.; Kawazoe, Mlater. Res. Bull199Q 34, (29) Junk, H.-J.; Salmen, M.; Heidemann, Bt. J. Refract. Met. Hard

115-121. Mater. 1998 16, 23—30.
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Figure 7. Optical absorption spectra of the (A) Pd-coated and (B) naked Figure 9. Relationship between the optical absorption intensity at 1300

glasses heat-treated at 480 for 1 h in3.5% H-96.5% N. Glass C was nm and the absolute spin concentration of ESR absorption gvith1.7.

obtained by heat-treating glass A at 48D for 1 h in No. The optical absorption cross section at 1300 nhm was found to be 2.1
10718 cm¥W>* from the slope of the line.

o
o

of W5 were prepared by the same method. Since the optical
absorption intensities at peak wavelength were too strong to
be directly measured, those at 1300 nm were used for the
evaluation. The relationship between the optical absorption
intensities at 1300 nm and the absolute spin concentrations
of the ESR absorption witg = 1.7 is displayed in Figure

9. The straight line through the origin was obtained, and the
optical absorption cross section at 1300 nm was found to be
2.1 x 1078 cm¥W>* from the slope of the line.

1st derivative signal / arb. units

5000 3000 4000 5000 The_ cross section at around 600 nm was estimated in the

Magnetic Field / G following way. The peak wavelength of all colored glasses
Figure 8. ESR spectra of the bleached and Pd-coated glass (A) before used for the evaluation should be around 600 nm, because
and (B) after the heat treatment at 4UD for 1 h in3.5% H-96.5% N. the total line shape of the optical absorption bands was found

A broad signal § = 1.7) assigned as W was clearly discernible in glass .
gnalg ) assig Y g to be exactly the same in the measurable range. Therefore,

the optical absorption cross section at around 600 nm can
molecular hydrogen such as dry, iC in Figure 7). The  be obtained from the known ratio of the absorption intensities
decoloration can be explained by the reaction expressed byat 600 and 1300 nm, and the value was estimated as 1.5
eq 4. 1077 cr?/W5ST,

Figure 8 shows the ESR spectra of the Pd-coated glass It is convenient, here, to use the Pd-coated glass for
before and after the heat treatment. A large anisotropic singletevaluation of the diffusion constant of atomic hydrogen in
(g = 1.7) assigned as ¥ was induced in the glass after the glasses because of their strong optical absorption.
the heat treatment under the forming gas, but small signalsASsuming the coloration process is a one-dimensional
of Fé* (g = 4.3)2° Mo+ (g = 1.9)2' and VO™*(g = 1.9f? diffusion of the atomic hydrogen with constant surface
were detected in the glass before the coloration. These ionsconcentration@o), the concentration of the hydroge@(k))
were thought to be due to impurities derived from the raw in the form of (W*/H™)c as a function of distancefrom
materials?®2*and the concentrations were found to be in the the surface is given by the following equati#n,
order of 185 cm 3. The results are reasonable becausé Fe X
and V** are thought to be species that are more easily C(x) = Co(l - erf—) (7)
reduced than W and the redox equilibrium of Mo is 2Vt

almost comparable with that of %241t should be noted \yhereD andt denote diffusion constant and heat-treatment
that no signal assigned as Nbwas detected in both  {ime respectively. The optical absorption intensity at 600
spectra® nm as a function of distance from the surface is shown in
To determine the cross section of the optical absorption Figure 10. The symbol &) shows the experimentally
band of W+, several glasses with the different concentrations Observed intensity prof”e and the So|id |ine is the resu't

calculated from eq 7. A surprisingly beautiful fit was obtained

(20) Rao, A. S.; Reddy, R. R.; Rao, T. V. Bolid State Commuri995 between the observed and calculated. The diffusion constant
96, 701-705.

(21) Deb, S. K Phys. Re. B 1977, 16, 1020-1024. of the hydrogen atom at 500 was thus calculated to be

(22) Prakash, P. G.; Rao, J. &pectrochim. Acta, Part 2005 61, 2595- 1.3 x 10°® cn¥/s. This value is almost the same as that
2602. : ) ;

(23) Wong, J.; Angell, C. AGlass Structure by Spectroscopylarcel obtained in section 2.2. . . . .
Dekker: New York, 1976; pp 213321. From the results obtained in sections 3.3 and 3.4 it is

(24) Bamford, C. RColor Generation and Control in Glas&lass Science inferred that the reaction model proposed in section 3.3 is
and Technology 2; Elsevier Scientific Publishing Company: Amster-

dam, Netherlands, 1977; pp #87.
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3396-3402. Press: New York, 1975; pp 1127.




2816 Chem. Mater., Vol. 18, No. 12, 2006 Tawarayama et al.

1

-
o
o

— T Tg), but the redox reaction associated with oxygen simulta-
neously occurs in the melts. Therefore, we must take into
consideration the competition between the reaction proposed
in the present paper and redox reactions relating to oxygen.

3.5.3. Charge-Compensating'Hl Trials for determining
the chemical state of the charge-compensating Were
] unsuccessful. This is the most important problem for
4 determining the reaction mechanisms of the coloration
decoloration of the glasses. It is strongly requested to increase
P R— — the conpentration of Fb by several qrders of .magnitude or

Distance / cm to devise an experimental technique which can detect

Figure 10. The depth profiles of the optical absorption intensities estimated Nydrogen of such low concentration.

at 600 nm. The symbol&) shows the experimentally observed intensity
profile, and the solid line denotes the result calculated using eq 7.
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4. Conclusion

reliable at least in the temperature region beltyvthat is, It was found that reversible coloratiewecoloration of

6+ i iati
We* at the surface of the _glass_es works for d|ssouat|n_g tungsten phosphate glasses at temperatures far Hgloas
molecular water and for dissolving the generated atomic . ; . .
X induced by controlling the partial pressures of water in the
hydrogen by extracting an electron from the hydrogen.

3.5 Some Additional Remarks on the Coloration3.5.1. ambient. In the coloration a water molecule is dissociated

Niobium in the GlassNo Nb*" was discernible in the ESR at the surface of the glasses, and the hydrogen atom is

. . ' s i
measurements, and therefore niobium in the glass is not thedISSOIVeOl in the glass by reacting with®Wgenerating the

) 5 .
coloring species. However, it was preliminary found that Nb €0lor center in the form of (W/H")s. Decoloration in the
in the glass affected the diffusion constant of atomic annealing under air is expressed by the reverse reactions of
hydroger?” The diffusion constant monotonically decreased the coloration. The rate of the coloratiedecoloration
with substituting W for Nb, and the value for the Nb free erends on the diffusion constant of the atomic hydrogen
glass was 2.8 10~7 cn?/s at 500°C. in the glass.

3.5.2. Coloration-Decoloration ModelThis model seems
to be applicable up to the melting temperature (above the Acknowledgment. We thank Dr. S. Koide of the Materials
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