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High-temperature UV-VIS-NIR spectroscopy of chromium-doped
glasses
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Chromium-doped glasses with the basic composition (in mol%) 16 Na20 · 10 CaO · 74 Si02 were melted under different redox
conditions. From these glasses, UV-VIS-NIR absorption spectra were recorded at temperatures up to 1200 °C. While the intensity
of the peak attributed to Cr^^ decreases, some of the peaks caused by Cr^"^ increase in intensity at higher temperature. All peaks
are slightly shifted to larger wavelengths and get broader with increasing temperature. Glasses melted under oxidizing conditions
were slowly cooled as well as quenched. Using EPR spectroscopy, in the quenched sample, Cr^^ was detected in a larger concen-
tration than in the slowly cooled sample. Otherwise, the Cr^^ concentration was larger in the slowly cooled sample. This is explained
by a redox reaction, i.e. a disproportionation of Cr^^ to Cr^^ and Cr^^ during cooling. As shown by high-temperature spectroscopy
of the quenched sample, this redox reaction is frozen in below 550 °C.

Hochtemperatur-UV-VIS-NIR-Spektroskopie von chrom-dotierten Gläsern

Es wurden chrom-dotierte Gläser der Grundzusammensetzung (in Mol-%) 16 Na20 · 10 CaO · 74 Si02 unter verschiedenen Redox-
bedingungen erschmolzen. Von diesen Gläsern wurden UV-VIS-NIR-Spektren bei Temperaturen bis 1200 °C aufgenommen. Wäh-
rend bei höheren Temperaturen die Intensität des von Cr^+ hervorgerufenen Peaks abnahm, nahmen die Intensitäten einiger der
Cr^^ zugeordneten Peaks zu. Alle Peaks wurden mit zunehmender Temperatur breiter und leicht zu größeren Wellenlängen hin
verschoben. Unter oxidierenden Bedingungen erschmolzene Gläser wurden einerseits langsam gekühlt und andererseits abge-
schreckt. Mit Hilfe der ESR-Spektroskopie wurde in der abgeschreckten Probe eine höhere Cr^^-Konzentration gefunden als in der
langsam abgekühlten Probe. Andererseits war die Cr^^-Konzentration in der langsam abgekühlten Probe größer. Dies wurde durch
eine Redoxreaktion, die Disproportionierung von Cr^^ zu Cr^^ und Cr^^, beim Abkühlen erklärt. Wie durch Hochtemperaturspek-
troskopie einer abgeschreckten Probe gezeigt wurde, ist diese Redoxreaktion unterhalb von 550 °C eingefroren.

1 . I N T R O D U C T I O N

Chromium-doped glasses are widely manufactured in
the glass industry and widely used as Container glass.
Another impor tan t application is that as green float
glass. Chromium, in principle, may occur in glasses as
Cr^^, Cr^^, Cr^^ and Cr^^ (e.g. [1 and 2]). Depending
on the batch composi t ion, the concentrat ions of the re-
spective redox species may notably vary. Here, the ad-
dition of reducing species, such as carbon, or oxidizing
species, such as Na2S04 or N a N 0 3 , is of major impor-
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tance. Besides, however, o the r polyvalent species, such
as i ron, a n d the base glass compos i t ion may affect t he
c h r o m i u m redox states [3 a n d 4]. A t r o o m t empera tu re ,
the species Cr^+ and Cr^^ can clearly be d i s t inguished
using UV-v i s -NIR spectroscopy [5 a n d 6]. T h e species
Cr"^^ a n d Cr^"^ are pa ramagne t i c a n d may quant i ta t ive ly
be de te rmined by E P R spectroscopy. A t high t e m p e r a -
tures, vo l tammet r ic studies give evidence for the occur -
rence of three redox states: Cr^^ , Cr^^ a n d Cr^^ [7 a n d
8], however, do no t give any hint of the redox State Cr^"^.

Cr^^ Cr^^ Cr 3 + Cr^^ (1)

E q u a t i o n (1) gives an overview of all redox species oc -
cur r ing at r o o m tempera ture . Redox equil ibr ia a re gener-
ally affected by the t empera tu re and usually a re shifted
to the reduced species while increasing the t empe ra tu r e .
A t h igh temperatures , the redox species are in equi l ib-
r ium wi th physically dissolved oxygen. General ly , t he
melt need no t be in equi l ibr ium with the s u r r o u n d i n g
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a tmosphere , because diffusivity of oxygen in or out of a 
glass melt is a relatively slow process. In industrial glass
tanks , usually this equilibriurn is n o t reached and the
redox states are pr imari ly affected by the batch compo-
sition a n d n o t by the furnace a tmosphere . Dur ing sub-
sequent cool ing of the melt , the redox rat ios may change,
however, fur ther oxygen diffusion does usually not play
an i m p o r t a n t pa r t , if coohng rates typical of technical
processes are supplied. This means , if only one poly-
valent element is present , and such as i ron occurs in only
two oxidat ion states, the redox ra t io (e.g. Fe^^/Fe^^)
does no t change in a noticeable m a n n e r during cooling
of the melt , because in technical glass melts, the concen-
t ra t ion of physically dissolved oxygen is much smaller
t h a n the iron concent ra t ion .

Fe3+ + 1 / 2 0 2 - Fe2+ + 1 / 4 0 . . (2)

In melts of opt ical glasses, possessing iron concen-
t ra t ions as low as 0.001 wt%, this may no t be valid. If a 
redox species occurs in more t h a n one oxidation State,
or m o r e t h a n one polyvalent e lements are present, redox
react ions may occur dur ing cool ing [4, 9 and 10]. If the
tempera tu re is further decreased, these redox reactions
will get frozen in, a n d a l though thermodynamica l ly pos-
sible will n o longer occur [9 and 10]. Fo r a polyvalent
element which may occur in three different oxidation
states, the redox react ions possible are syn- or dispro-
po r t i ona t ion [11] (see equat ion 5).

+ nl20^- ^ A ( X + « ) + + η/4θ2, (3)

A (X+ ' ^ )+ + ml20^- ^ A ( X + ' ^ + ' " ) + + m/402 , (4)

mA^+ + ^A(^+"+ ' ">+^ (n + m)A(^+">+. (5)

T h e equil ibr ia described by equa t ions (3) and (4) each
depend on tempera ture , bu t the a t t r ibu ted equilibrium
cons tan t s usually are no t affected by tempera ture to ex-
actly the same extent . Thus , also the equil ibrium de-
scribed by equa t ion (5) usually will depend upon tem-
pera ture (e.g. [9 a n d 11]). Since this equil ibrium is a 
h o m o g e n e o u s react ion (oxygen does no t participate),
diffusion of oxygen in or out of the mel t is no t necessary.

Spectroscopic studies of glasses a n d melts at high
tempera tu re have scarcely been repor ted [12 to 18]. For
a quant i ta t ive in terpre ta t ion of the spect ra obtained, the
tempera tu re dependence of absorp t ion coefficients as
well as possible redox react ions have to be taken into
account . It should be no ted that the effect of tempera-
ture on the spectra is also of great impor tance for ab-
sorp t ion a n d emission of light, a n d hence, for the tem-
pera ture d is t r ibut ion in industr ial glass tanks.

This pape r provides a study on the effect of tempera-
ture on the absorp t ion spectra of chromium-doped
glasses.

300 400 500 600
Wavelength in nm — 

700

Figure 1. UV-VIS-NIR absorption spectrum from glass Α re-
corded at room temperature (füll line), dotted lines: absorption
bands of the deconvoluted spectrum; 1: Cr^^ absorption band,
2 and 3: Cr^+ absorption band.
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Figure 2. UV-VIS-NIR absorption spectra during heating of
glass Α recorded at the temperatures: curve 1: 25 °C, curve 2:
200 °C, curve 3: 400 °C, curve 4: 600 °C and eurve 5: 800 °C.

were melted from the raw materials N a 2 C 0 3 , CaCO^
and Si02 in a platinum crucible at 1450 °C. The chro-
mium Compounds used were Cr203 (1940 p p m Cr: glass
A), and N a 2 C r 0 4 (2000 ppm Cr: glass C). Glass Β was
prepared in silica crucibles using Cr203 (3550 p p m Cr)
and 1 wt% sugar as reducing agent. Spectra of the
glasses were recorded at room temperature using a U V
3101 P C spectrometer (Shimadzu Inc., Kyoto (Japan)).
High-temperature spectra were recorded using a diode
array spectrometer (InstaSpecIIa, L. O. T., D a r m s t a d t
(Germany)) . The glass samples were cut into small
pieces (diameter: 6 m m , thickness: 0.2 to 4 mm) and
heated using a microscope heating stage ( L I N K A M
TS 1500, Waterfield (UK)) . The spectra were recorded in
the wavelength ränge from 200 to 900 nm.

2 . E X P E R I M E N T A L P R O C E D U R E

Glasses with the basic compos i t ion (in mol%) 16 Na20
• 10 C a O · 74 Si02 d o p e d with c h r o m i u m Compounds

3 . R E S U L T S

Figure 1 shows UV-VIS-NIR-spect ra of glass Α at room
temperature (füll line). The U V cut occurs at approxi-
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Figures 3a and b. Temperature dependeney of the peak at
around 365 nm; a) eurve 1: molar absorptivity, and eurve 2:
wavelength of the absorption maximum; b) füll width at half
maximum.

mately 220 nm and the spectra show three distinct ab-
sorption bands, illustrated by the deconvoluted peaks
(see dot ted lines) at 365, 450 and 660 nm. The latter
peak shows some Splitting which is discussed later. Fig-
ure 2 shows spectra of glass Α recorded during heating
of the sample. The temperatures at tr ibuted to curves 1,
2, 3, 4 and 5 are 25, 200, 400, 600 and 800 °C, respec-
tively. The effect of temperature is clearly seen: the inten-
sities of the peaks at a round 365 and 660 nm decrease,
while the intensity of the peak at a round 450 nm in-
creases. The U V cut is shifted towards the visible ränge.
Fur thermore , the peak at a round 365 n m is slightly
shifted with temperature, as illustrated in figure 3a.
Here, within the ränge from 25 to 800 °C, a shift from
365 to 373 nm is observed. This shift is small, but clearly
significant and much larger than the error limits of the
equipment used. The mola r absorptivity decreases and
the füll width at half m a x i m u m of this peak increases
(see figure 3b) with increasing temperature. Figure 4 
shows UV-VIS-NIR spectra recorded dur ing cooling of
the composi t ion Α at the temperatures of 1200, 1000,
800, 600, 400 and 200 °C. By contrast to figure 2, here
also the temperatures of 1000 and 1200 °C are included.
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Figure 4. UV-VIS-NIR absorption speetra during cooling of
glass Α at the temperatures: curve 1: 1200 °C, curve 2: 1000 °C,
curve 3: 800 °C, curve 4: 600 °C, curve 5: 400 °C and curve 6:
200 °C.
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Figure 5. UV-VIS-NIR absorption spectra of glass Β at the tem-
peratures: curve 1: 1200 °C, curve 2: 1000 °C, curve 3: 900 °C,
curve 4: 800 °C, curve 5: 700 °C, curve 6: 600 °C and curve 7:
500 °C.

A t a first glance, curves a t t r ibu ted to the same t e m p e r a -
tures possess similar shape. A s also shown in figure 4,
the spect ra change notably at t empera tu res larger t h a n
800 °C. T h e peak at a r o u n d 365 n m decreases dras t ical ly
and near ly disappears at 1200 °C.

U V - V I S - N I R spectra of glass B, which was p r e p a r e d
unde r reducing condi t ions , are shown in figure 5. T h e
peak at a r o u n d 365 n m is no t observed, the two o t h e r
peaks at a r o u n d 450 a n d 660 n m are still seen. T h e p e a k
at 450 n m increases in intensi ty with increasing t e m p e r a -
ture, is shifted to larger wavelengths (see figure 6a) a n d
gets b r o a d e r (see figure 6b). It is also clearly s h o w n in
figure 5 tha t the peak at a r o u n d 660 n m is c o m p o s e d of
several smaller peaks of different intensity. W i t h increas-
ing t empera tu re , this absorp t ion b a n d changes its shape ,
the m a x i m u m absorpt ivi ty decreases a n d is shifted to
larger wavelengths. G las s C was ob ta ined us ing
N a 2 C r 0 4 as raw mater ia l . After mel t ing the glass, it was
either slowly cooled or, quenched as descr ibed above.
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Figures 6a and b. Temperature dependency of the molar ab-
sorptivity and the absorption maximum of the Cr^^ peak:
'^A2g ^Τχ (F); a) curve 1: molar absorptivity, and curve 2: shift
of the wavelength of the absorption maximum; b) füll width at
half maximum of the Cr^^ peak: ^^2^ ̂ ^Τχ (F).

C

I
CD

C
ω
C

0.1 0.2 0.3 0.4 0.5

Magnetic induction in Vs/m^ — 

0.6

Figure 7. EPR spectra of glass C; eurve 1: slowly cooled sample,
eurve 2: quenched sample.

T h c as -ob ta ined glasses were investigated by electron
p a r a m a g n e t i c resonance spect roscopy (EPR) at room
tempera ture . F igure 7 shows spectra recorded from the
slowly cooled glass (curve 1) a n d the quenched glass
(curve 2). In b o t h spectra , two signals are observed. The
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Figure 8. UV-VIS-NIR absorption spectra recorded during
heating of glass C, curve 1: 25 °C, curve 2: 300 °C, eurve 3:
590 °C and during subsequent cooling, curve 4: 300 °C, curve
5: 25 °C.
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Figure 9. Absorptivity of the peak at around 365 nm during
heating (curve 1) and during subsequent cooling (curve 2).

signal at a round 0.15 Vs/m^ is attributed to Cr^^,
whereas the signal at 0.35 Vs/m^ is caused by Cr^+ [6].
The spectra were related to a Standard (CUSO4 · 5 H2O) ,
which enabled a quantitative determination of the Cr^^
concentrat ion. The Cr^^ concentrations were 20 and
35 p p m for the slowly cooled and the quenched glass,
respectively.

Figure 8 shows UV-VIS-NIR spectra recorded from
the quenched glass C, dur ing heating (curves 1 to 3) and
subsequent cooling (curves 4 to 5). Curves 1 and 5 were
recorded at 25 °C, while curves 2 and 4 were both recorded
at 300 °C. In b o t h cases, the absorptivities at a round
365 n m were smaller during heating. This behaviour is
shown in figure 9 in more detail. Here, the absorptivities
of the max imum at a round 365 nm were plotted against
the temperature. Curve 1 is at tr ibuted to the heating pro-
cess while curve 2 describes the subsequent cooling pro-
cess. Dur ing heating, the absorptivity decreases linearly
up to a temperature of 500 °C. At larger temperatures, the
absorptivities are somewhat higher than expected. Dur ing



subsequent cooling, a linear increase of the absorptivity
with decreasing temperature is observed. In the ränge of
25 to 550 °C, all absorptivities measured were larger dur-
ing cooling than during heating.

4 . D I S C U S S I O N

Spectra recorded at room temperature could be fitted
assuming three absorpt ion bands each of which has
Gauss ian shape (if the absorptivities were drawn against
energy or wave number) within the limits of error of the
measurement . Since in glass B, prepared under reducing
conditions, the peak at a round 365 n m does not appear
in the spectrum, it can be concluded that this peak is
caused by chromium in a higher valeney State. As al-
ready frequently described in the literature, this peak is
attr ibuted to Cr^^ which occurs in a tetrahedral eoordi-
nat ion, i.e. C r O ^ " . While the Cr^+ peak is still clearly
visible at 800 °C, it is no longer detected at 1200 °C. In
[13], Tilquin et al. reported on high-temperature spectra
recorded from a N a 2 0 · 1.2 S i02 · 1.2 B 2 O 3 mek at
1000 °C. They found that the peak at tr ibuted to Cr^+
does not shift to larger wavelengths and the molar ab-
sorptivity remains constant at 1000 °C. This discrepancy
can possibly be explained by the higher alkali concen-
trat ion in this study which stabilize chromium in the
hexavalent State. In our glass composi t ion, it cannot be
excluded that Cr^^ occurs in a nonte t rahedra l eoordi-
nat ion at high temperatures. According to the literature
[19], the peak at a round 450 n m is caused by the t ran-
sition of Cr^^ C^^^ig ^^TiiF)). The absorpt ions at
a round 660 nm are split into three absorpt ion bands. Ac-
cording to [20], the absorpt ions at 630, 650 and 680 nm
are attr ibuted to the '^A2g ^T^ "^^2^ ^ "^^2, and
'^A2g -> transitions, respectively. F rom the latter, the
^A2g ^T]{F) t ransit ion is spin-allowed [17]. The inten-
sity of spin-allowed transit ions should increase with
temperature, as e.g. already observed in the case of N i - ^
[21]. Concerning the ^A2g ^Τχ{Ε) transitions, this is
also observed in the case of Cr'^^ (see figure 5), since the
absorption band at a round 450 nm increases. F rom the
shift of the absorpt ion line at a round 660 nm, the ligand
field strength D,^ can be calculated for octahedrally coor-
dinated C r ' + .

10 A/ = υ{^2,- 'Τ2) (6)

With increasing temperature, D,i decreases from
1521 c m " ' (for 25 °C) to 1490 c m " ' for (600 °C). Since

is proport ional to (d is the bond length C r - 0 ) ,
a slight increase in d can be stated with increasing tem-
perature. At all absorpt ion bands, an increase in the füll
width at half maximum was observed with increasing
temperature (see figures 3b and 6b). This should be
caused by a broader distr ibution of the bond lengths at
higher temperatures.

As shown in figure 7, the Cr^^ concentrat ion is an ef-
fect of the cooling rate. In the quenched sample, the Cr^^

concen t r a t ion is larger t h a n in the slowly cooled sample .
This is in agreement wi th U V - V I S - N I R spectra of t h e re-
spective samples. In the sample wi th the larger Cr^^ c o n -
cen t ra t ion , the absorpt ivi ty of Cr^^ is smaller. If th is
sample is thermal ly t reated at t empera tu res of u p to
590 °C a n d then cooled, the Cr^+ concen t ra t ion increases .
In [22], the mo la r absorpt ivi ty (0.25 p p m " ^ cm~^ or
5208 1 m o l ~ ' cm"^) of Cr^^ in a soda-l ime-sil ica glass at
r o o m t empera tu re was repor ted . T h e Cr^^ c o n c e n t r a t i o n s
calcula ted using this m o l a r absorpt iv i ty are 352 a n d
337 p p m for the slowly cooled a n d the quenched sample ,
respectively. Hence, the Cr^^ and Cr^^ concen t r a t i ons dif-
fer by 15 a n d 24 p p m , respectively. Th i s can be exp la ined
as suming a redox react ion between Cr^^ and Cr^^ .

2Cr6+ -h Cr^- 3Cr , 5 + (7)

T h e r edox react ion is shifted to the r ight side d u r i n g hea t -
ing. T h e species Cr^^ should hence, preferably be fo rmed
at h igh temperatures . D u r i n g cool ing, a d i s p r o p o r -
t iona t ion of Cr^^ to Cr^+ a n d Cr^^^ is observed, wh ich o b -
viously is frozen in below a certain t empera ture . A c c o r d -
ing to [9 and 10], the kinetics of redox reac t ions is con -
trolled by diffusion of the respective species a n d hence
should usually no t be kinetically h indered at t e m p e r a t u r e s
far above Tg. However, at t empera tu res a r o u n d Tg, the
cool ing rate plays a certain par t . W h e n the cool ing ra te is
larger, t he freezing-in t empera tu re shou ld also be larger.
D u r i n g reheat ing of the quenched sample and s u b s e q u e n t
slow c o o h n g , the Cr^^ concen t ra t ion increases by
15 p p m , which according to equa t ion (7) is a t t r ibu ted t o a 
decrease of the Cr^+ concen t ra t ion by 23 p p m . T h i s is in
agreement with the difference of the Cr^^ c o n c e n t r a t i o n
of 24 p p m between the quenched a n d the slowly coo led
sample . As shown in figure 9, the absorpt iv i ty of the
q u e n c h e d sample decreases with tempera ture . Th i s is p r i -
mari ly d u e to the decrease in the m o l a r absorp t iv i ty a n d
no t to a redox react ion. A t t empera tu res > 550 °C, the re
are slight deviat ions from linearity in figure 9. D u r i n g
cool ing, absorptivit ies are larger t h a n du r ing hea t ing at
t empera tu res < 550 °C. It should be no ted tha t the ra t ios
of absorpt ivi t ies dur ing heat ing a n d those du r ing coo l ing
remain approximately cons tan t at t empera tu res < 550 °C,
while they change for larger tempera tures . F r o m this be-
haviour, it is concluded that the redox react ion a c c o r d i n g
to equa t ion (7) becomes frozen-in du r ing quench ing . D u r -
ing hea t ing it is still frozen-in unti l a t empera tu re > 500 °C
is reached . Then , the react ion is n o longer frozen-in a n d
the Cr^^ concent ra t ion approaches tha t of the slowly co -
oled glasses. Since of the glass s tudied is a r o u n d 560 °C,
also t he freezing-in tempera tures observed are in agree-
ment wi th former theoret ical t r ea tments [10] as well as re-
sults from h igh- tempera ture E P R spectra ob t a ined for the
redox equi l ibr ia FQ^-^/FQ^^/Mn^^lMn^^ a n d Fe^+/Fe- '+/
As^^ /As^^ [9].

Cr^+ is a redox species observed in glasses us ing E P R
spectroscopy. F r o m U V - V I S - N I R spectroscopy, as
po in ted ou t above, there is an indirect evidence for the oc-
cur rence of Cr^^ . Cr^^ is a ^d ion which in [23 a n d 24] is



descr ibed to occur in oc tahedra l eoo rd ina t ion . According
to [23], absorp t ions are observed at a round 350 and
440 n m in Si02 glasses p repared by a sol-gel route. In [24],
careful deconvolu t ion of abso rp t i on spectra recorded
from soda-lime-sil ica glass led to the conclusion that
m i n o r quant i t ies of Cr^^ occur a n d give rise to an absorp-
t ion at 462 n m . This b a n d was a t t r ibu ted to the spin-al-
lowed ^ t rans i t ion which has a m o l a r absorptivity
of 140 1 mol~^ c m ~ ^ i.e. in the same o rde r as the absorp-
t ion b a n d s caused by Cr^^. Since b o t h bands (350 and
~ 450 n m ) occur at wavelengths s imilar to peaks caused
by Cr^+ a n d Cr^^ , respectively, it is n o t surprising that
small quant i t i es of Cr^^ (24 p p m ) a re n o t detected in the
U V - V I S - N I R spectra. It should be n o t e d , however, that
from vo l t ammet r i c studies, Cr^^ has n o t been reported up
to now, a l t hough it should , as descr ibed above, be fav-
oured at h igher temperatures .

These investigations were condueted with the kind support of the
Arbeitsgemeinschaft industrieller Forschungsvereinigungen
(AiF), Köln, (AiF-No. 12064 B), by agency of the Hüttentechni-
sche Vereinigung der Deutschen Glasindustrie (HGV), Frank-
furt/Main, through the resources of the Bundesministerium für
Wirtschaft.
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