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Ultraviolet absorption of cerium(lll) and
cerium(lV) in some simple glasses

A.PAUL, M.MULHOLLAND, M.S.ZAMAN
Department of Cermacis, Glasses and Polymers, The University of Sheffield, UK

The optical absorption spectra of cerium (11} and cerium (1V) in Na, 0—B, O3,

Na, 0—-SiO,, Na, O—P, O; glasses, and in H,O—H, SO, and H, O—H;PO, solutions have
been studied. Individual molar extinction coefficients of cerium (Ill) and cerium (IV) at
different wavelengths (350 to 200 nm) have been estimated. In all the glasses and
solutions, cerium {IV) produces a very strong and broad charge transfer band around

250 nm; the intensity, half-width, and position of this band change appreciably with glass
composition. Cerium (I 11} in glass and in aqueous solution produces a number of
absorption bands in the ultraviolet region corresponding to the f — d transitions. The
cerium (I11) bands are sharp and well resolved in Na, O—P, O5 and in low-alkali borate
glasses; the sharpness of resolution deteriorates in Na, 0—SiO,, and in high-alkali borate
glasses. The intensity of cerium (111} absorption also changes with glass composition. in
all the glasses the molar extinction coefficient of cerium (1V) is 5 to 10 times stronger

than that of cerium (111).

1. Introduction

Cerium dioxide is used in making various types of
commercial glasses. In some opthalmic glasses, as
for example, Crookes lenses, as much as 10 wt%
Ce0, is added for ultraviolet protection [1,2].
The presence of cerium ions, particularly cerium
(IV), makes the glass completely opaque to near
ultraviolet radiations. Since cerium absorption in
these glasses has a steep cut-off edge, the visible
contribution of cerium is very low and thus almost
colourless glasses can be obtained with complete
absorption to the ultraviolet. This is an unique
property which hardly can be achieved with any
other known colourants in oxide glasses. CeO, is
used in container glasses as a decolourizer [3—5].
where cerium (IV) oxidizes part of iron (II) and
minimizes the objectionable bluish-green tinge of
the glass. In photosensitive glasses containing
noble metal ions, a small amount of CeO, is often
added as a sensitizer [6, 7]. The presence of a
small amount of cerium ions is known to alter the
mechanism of damage caused by high energy
radiations to glasses [8]; silica fibre wave guides
doped with CeQ, has been reported to undergo
less damage when irradiated with pulsed laser
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sources [9]. Most of the above-mentioned
beneficial properties, imparted by cerium ions in
glass, depend critically on their ultraviolet
absorption characteristics. It is known that under
normal conditions of melting, cerium in glass
distributes between cerium (III) and cerium (IV);
the ratio of these two oxidation. states being
dependent mainly on the composition of the glass
[10,11], furnace atmosphere [12], and the
temperature of melting. Although nominal
absorption spectra of cerium containing glasses
have been reported in some cases [13], the indi-
vidual absorption spectrum of cerium (III} and
cerium (IV) in glass, and their variation with glass
composition is not available in the literature. It is
generally believed that cerium being a rare earth
metal (with well shielded incomplete inner
electronic shell) absorption spectrum of its ions
will be least affected by changing glass
composition.

In the present investigation we have studied the
ultraviolet absorption of cerium (III) and cerium
(IV) in binary sodium—borate, sodium—
phosphate, and sodium-—silicate glasses; and here

we report the quantitative individual absorption
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spectrum of these ions in different glasses.
Contrary to conventional belief the absorption
spectrum of both cerium (III) and cerium (IV)
changes critically with the glass composition.

2. Experimental

Three series of glasses (Na, O—B, 03, Na, 0—Si0,,
and Na,0-P,05) were melted. The batch
materials, Na, CO;, H3BO3, NaH, PO, .2H, O were
all of Analar quality. Acid washed Indian quartz
(iron content less than 0.001 wt % as Fe,03) was
used as silica. Total cerium concentration in these
glasses was varied from 002 to 0.50wt% (as
Ce0,); and the concentrations of cerium (IIT) and
cerium (IV) were made to vary over a wide range
by adjusting the oxygen pressure of the furnace
from 1 to 107 atm.

All the glasses were chemically analysed; the
major components were estimated with conven-
tional methods. Total cerium was estimated
colorimetrically with 8-hydroxy quinoline {14,
15]. Cerium (IV) was estimated by dissolving a
suitable amount of glass powder in 50ml 3N
H,S0, in the cold and measuring optical density
at 310 nm. Optical absorption of a similar solution
containing the same amount of blank glass was
subtracted. In the case of sodium—silicate glass, a
wieghed amount of finely powdered glass was dis-
solved in a mixture of 43 ml 3N H,SO; + 7ml
40% HF in cold in a polythene beaker; after com-
plete dissolution of the glass the excess HF was
neutralized with 2 g H3BO3; powder, and optical
density measured at 310nm. The appropriate
blank absorption was subtracted. Concentration of
cerium (III) in ali the glasses was calculated from
the difference of total and tetravalent cerium in
that glass.

Thin polished samples (of appropriate thick-
nesses) of the glasses were used to measure ultra-
violet absorption on a Cary 14 spectrophotometer.

3. Results

Fig. 1 shows the absorption spectra of cerium (I1I)
in sodium—borate and sodium—phosphate glasses.
The sodium—phosphate glass on melting at
1000° C with air as the furnace atmosphere con-
tained only cerium (II1); even melting with oxygen
as the furnace atmosphere did not produce any
measurable amount of cerium (IV). Thus absorp-
tion spectrum of cerium (IV) in this glass could
not be estimated. Two series of sodium—borate
glasses of molar compositions 15 Na,0, 85 B,05

and 25Na,0, 75B,0; were studied; fifteen
glasses were made in each series with random vari-
ation of cerium (HI) and cerium (IV) content. All
the glasses contained a mixture of cerium (IIT) and
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Figure 1 Ultraviolet absorption of cerium (III) in different
glasses. Curve 1:25Na,0-75B,0, glass; curve 2:
15Na, 0+85B, 0, glass; curve 3:50Na, 0+50P,0, glass.

—

Molar extinction coefficient {1 mol™'em™)
3600
I

1200

350 300 250 200om

Figure 2 Ultraviolet absorption of cerium (IV) in different
glasses. Curve 1:15Na,0-85B,0, glass; curve 2:
25Na, 0+75B,0, glass; curve 3 : 30Na, O+70Si0, glass.
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Figure 3 Ultraviolet absorption of 30Na,0+708i0,
glasses containing cerium (I1I) and cerium (IV). Curve S1 :
melted in air at 1400° C; curve S2 :melted with po, =
107 atm at 1400° C; curve S3 : melted with po, =107%
atm at 1400° C.

cerium (IV) which were estimated chemically as
described before. Absorption spectra of all the
glasses were measured, and for an individual series
of glass, the optical densities per cm at a particular
wavelength were calculated. Since these glasses
were prepared with Analar raw materials, the ultra-
violet absorption of these glasses arise from the
individual absorptions due to cerium (IV), cerium
(1I1) and that of the blank glass itself [18]. If it is
assumed that for a particular series of glass at any
wavelength the extinction coefficients of cerium
(IV) and cerium (II) remain unchanged over the
concentration range studied, then

Dy = B+ ey Cg + ey Cry (1)

where D, is the optical density/cm of a glass at the
wavelength A, Ciyp and Cyy are the concentrations
of cerium (III) and cerium (IV) respectively ex-
pressed as mol per litre of glass; and ey and ey
are the extinction coefficients of cerium (III) and
cerium (IV) respectively at the wavelength \; B is
the absorption due to the blank glass at . Multiple
regression equations of the form of Equation 1
were set up for wavelengths at 10 nm intervals in
the range 350 to 200 nm, and solved with a stan-
dard computer program. B, ey and ey at various
wavelengths with their standard deviations (as ver-
tical bars) are shown in Figs. 1 and 2. Fig. 3 shows
the absorption spectra of cerium containing
sodium—silicate glasses. No measurable amount of
cerium (IV) could be detected in glass S3; as-
suming this glass produces only cerium (III)
spectrum, the molar extinction coefficient of
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Figure 4 Ultraviolet absorption of cerium (IV) in
different aqueous acidic solutions. Curve 1: 36 NH, SO, ;
curve 2: 1 NH, SO, ; curve 3: 80% HCIQ, ; curve 4: 41 N
H;PO,.
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Figure 5 Ultraviolet absorption of cerium (III) in different
aqueous acidic solutions. Curve 1 :36 NH, SO, ; curve 2:
1NH,SO,; curve 3:41 NH,PO,.

cerium (IV) in the silicate glass as represented in
Fig. 2 (curve 3) was calculated from the difference
of absorption due to glasses S3 and S1, and nor-
malized with respect to cerium (IV) concentration
of glass S1. Figs. 4 and 5 show the absorption
spectra of cerium (IV) and cerium (III) in different
acidic aqueous solutions

4. Discussion

In oxide glasses, under normal conditions of
melting, cerium distributes into tri- and tetravalent
states. Cerium (IV) is a 4f° system, and cannot
have any f—f transition; the colour of cerium
(IV) salts arises from tails of strong charge transfer
band in the near ultraviolet region. Cerium (III)
has a 4f! ground electronic configuration with two
free ion states separated by about 2000cm ™ ; the
first excited configuration is 5d, and lies about
40000cm™" above the ground state. The energy
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Figure 6 Energy level diagram of cerium (III) in YAIO, at
300 K.

level diagram of cerium (II) is YAIOj; is shown in
Fig. 6 [16]. The optical specira of cerium (II),
therefore, consists of f - f transitions in the near
infra-red, and f—d transitions in the ultraviolet.
Cerium (IH) in oxide glasses has very little, if any,
absorption in the visible region. In the ultraviolet
region a maximum number of five absorption
bands may be expected for cerium (III), which
indeed is fulfilled in low-alkali borate and alkali
phosphate glasses (Fig. 1). In the high-alkali borate
glasses, the cerium (III) absorption spectrum
appears as an envelope containing at least two
absorption bands; the number and position of
other component bands, if any, could not be dis-
cerned from these spectra. In alkali borate glasses
the absorption intensity (oscillator strength) of
cerium (III) increases almost by a factor of two by
increasing the soda content from 15 to 25 mol %.
Absorption spectrum of cerium (M) in alkali
silicate glasses is similar to that in alkali phosphate
glasses except in the lack of fine structure at
shorter wavelengths, and small differences in
energies of absorption maxima.

Absorption spectra of cerium (IV) change sig-
nificantly with the composition of glass. One very
broad absorption band is obtained in all the glasses
and aqueous acidic solutions; the position of its
maximum and particularly the intensity of absorp-
tion, change remarkably with changing glass
composition. This is hardly surprising for cerium
(V) is well known for complexation even with
reasonably inert ligands so much so that the
electrode potential of the cerium (III)/cerium (I1V)

couple in an aqueous acidic medium is critically
dependent on the nature of anions of the acid as
shown in Table 1. In spectroscopic conformity,
Fig. 4 shows clearly that the ligation sphere of
cerium (IV) indeed changes with H,O/H,SO,
ratio in the solution {compare curve 1 with curve 2
of Fig. 4). It should be pointed out, however, that
the ligation sphere of cerium (IIT) also changes
with the H, O/H, S0, ratio in aqueous solutions as
evidenced in Fig. 5. Comparison of the electrode
potentials of Table I indicate that cerium (IV) in
perchloric acid will easily oxidize water, for

0, +4H" +4e = 2H,0 E° = +1229V.
Indeed, in Fig. 4 it can be seen that a.part of
cerium (IV) has been reduced in 80% perchloric
acid medium even after only 5 min of standing at
room temperature (curve 3). In fact from Table I
it appears that cerium (IV) even in aqueous
sulphuric acid solution is only metastable.

TABLE I Electrode poential of Ce(IV)--Ce(IIl) complex
in some aqueous acidic media

E° Medium
Ce(IV) + ¢ = Ce(IlD) +1.28 2 M HC1
+1.44 1 MH, S0,
+1.61 1 MHNO,
+1.70 1 MHCIO,

There is a common belief that cerium being a
member of rare earth group (shielded incomplete
4f shell), its absorption will be insensitive to
changing composition of glass. However, it should
be remembered that electronic transitions respon-
sible for the ultraviolet absorption with cerium
(IV) in glass are of charge transfer in nature, and
charge transfer transitions are well known to
depend critically on the nature of the complex; a
very small change in the symmetry of the complex
or a change in the electronegativity of the ligated
ligands influencing the overlap of atomic orbitals,
alter the mnature of charge tansfer bands
appreciably [17].

References

1. W. CROOKES, Phil. Trans. (Royal Soc., London)
A214 (1914) 1.

2. Report by Borax and Chemicals Ltd, Glass 36 (6)
(1959) 278.

3. M. GLANATI, ibid 43 (1) (1966) 12.

4. J.A.KAPNICKY and W.A. KOEHLER, J. Amer.
Ceram. Soc. 31 (11) (1948) 321.

5. A.P. HERRING and J. L. DROBNICK, The Glass

2085



10.

11.
12.

. J. NEBRENSKY,

Industry, July, August, September (1970) 316, 350,
394.

S.D. STOOKEY and F.W. SCHULER, IV Congres
International du Verre, Paris 2-7 July, (1956)
p. 390.

“Coloured Glass”
Czechoslovakia, 1965) p. 173.

A. M. BISHAY, J. Amer. Ceram. Soc. 45 (8) 45 389.
G. H. SIGEL JUN. and B. D. EVANS, Amer. Ceram.
Soec. Bull. 54 (9) (1975) 814.

A.PAUL and R. W. DOUGLAS, Phys. Chem. Glasses
6 (6) (1965) 212.

K. FUWA, J. Jap. Ceram. Soc. (Ass.) 32 (1974) 91.
V. GOTTARDI, G. PAOLETTI and M. TORNATI,

(Joblonec,

2086

13.

14.

15.
16.
17.
18.

Advances in Glass Technology, VI International
Congress in Glass, Washington, D.C. (1962)
p-412.

M. TASHIRO, N. SOGA and S. SAKKA, J. Ceram.
Ass. Japan 68 (773) (1960) 132.

P. RUDD, Ph. D. Thesis, Univeristy of Sheffield
(1974).

F. VERNON, J. Inorg. Nucl. Chem. 32 (1970) 1005.
N.J. WEBER, J. Appl. Phys. 44 (7) (1973) 3205.
J. A.DUFFY, Phys. Chem. Glasses 13 (3) (1972) 65.
B. D. MCSWAIN, N. F. BORRELLI and GOUQ JEN
SU. Phvs. Chem. Glasses 4 (1) (1963) 1.

Received 29 December 1975 and accepted 19 March
1976.



