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Rate equation for photochromic glasses
considering both thermal and optical

regeneration

THOMAS FLOHR, REINHARD HELBIG

Institut fir Angewandte Physik, Glickstrasse 9, 8520 Erlangen, FRG

H.J. HOFFMANN

Schott Glaswerke, Hattenbergstrasse 10, 6500 Mainz 1, FRG

The problems of describing the behaviour of photochromic glasses by a rate equation are
discussed. A rate equation considering both thermal and optical regeneration is derived from
optical measurements. The stationary-state absorptivity of the glasses under the influence of
optical bleaching of various strengths is measured and compared to theoretical predictions

from the rate equation.

1. Introduction

A photochromic substance shows different absorp-
tivity when it is illuminated with different light inten-
sities.

Although a variety of organic and inorganic sub-
stances exhibit photochromic properties [1], only
glasses doped with silver halide have technological
interest (e.g. application as spectacles). Commercial
photochromic silver halide glasses consist of a borosili-
cate matrix with an admixture of silver halides and
some copper oxide. To induce photochromism, the
glasses have to be heated to a temperature of 500 to
700°C [2, 3]. In this process precipitates containing
Ag®,Hal™, Cu" etc. (where Hal = halide) are formed,
which are responsible for the photochromic properties.
Exposure to UV light causes an increase of the
absorbance in the wavelength range of 350 to 900 nm.
When the UV light is switched off, the glasses return
to their initial transparent state. Regeneration may be
accelerated by additional exposure to red light (600 to
800 nm) (e.g. [4]).

By the absorption of ultraviolet light, electron-hole
pairs are produced in the silver halide precipitates
[2, 5]. As in the photographic process, electrons are
trapped by Ag™ ions and metallic silver is produced.

The situation of the holes in a photochromic
material is different from that in a photographic
material. In photographic emulsions the holes are
trapped by halide ions to form halide atoms. The
halide atoms diffuse and react with the gelatine. They
are no longer available for regeneration: the photo-
graphic process is irreversible.

In photochromic glasses, the trapped holes remain
within a precipitate and do not react: regeneration is
possible. The holes may be trapped by Hal™ as well as
by Cu* ions. The photochromic reaction therefore
may be written as

Ag* + Hal~ 25 Ag° + Hal (1)
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Agt + Cu™ 25Ag° + Cutt 2)

Equation 1 describes the process in a hypothetical
precipitate of pure silver halide. Small additions of
copper cause a considerable strengthening and
acceleration of the photochromic reaction (for the role
of copper in the photochromic process see [6—8]). The
photolytically formed silver atoms are assumed to
form clusters at the surface of the silver halide pre-
cipitates. These clusters may be spherical or elliptical
and are separated from each other, or the silver atoms
may form a thin surface layer [9]. A random distri-
bution of spherical silver clusters of sufficient sizes
causes a broad absorption band with a maximum at
about 500 nm. If the clusters are elliptical, this absorp-
tion band splits up into two sub-bands [1]. A similarly
split absorption band has to be expected with quasi-
two-dimensional structures [9]. This is true energy
dissipation, as the clusters are much too small for
resonant scattering (for this case particle sizes of the
order of a wavelength of light are necessary).

Marquardt et al. [7] point out that in addition to the
absorption by metallic silver clusters an absorption by
colour centres in the precipitates (e.g. Cu** ions) has
to be taken into account.

In a recent investigation, Hoffmann and Krdmer
[10] surprisingly observed almost no dependence of
the induced absorption coefficient on wavelength in
the range 400 to 750 nm. According to Hoffmann and
Kramer, the silver clusters in the investigated glasses
were too small, so that the critical size for resonant
colloid absorption was not reached.

Regeneration of the glasses is due to two mechan-
isms: thermal regeneration and optical regeneration
by exposure to red light.

In the thermal regeneration process a random
motion of the trapped holes in a precipitate is assumed.
The trapped holes diffuse towards the silver clusters and
a recapture of electrons occurs. A microscopic model
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for thermal regeneration is given by Araujo ef al.
[11, 12}

In the optical regeneration process, electrons from
the metallic silver clusters are activated by the red light
into the conduction band of the silver halide. Up to
now, optical regeneration has scarcely been examined.

A guantitative treatment of the physical properties
of photochromic glasses on a microscopic scale has
proved to be very difficult. Therefore most approaches
are confined to a phenomenological description.

In Section 2 we will give the concept of a rate
equation for the phenomenological description of
photochromic behaviour. In order to determine the
introduced parameters experimentally, we will discuss
some simple cases.

In Section 3, the experimental situation will be
described, and in Section 4 we will discuss the results.

2. The concept, problems and
experimental derivation of a rate
equation for photochromic glasses

2.1. Concept

In a rate equation for the description of processes in

photochromic glasses, the rate of change dZ/dt of the

concentration of photolytically induced centres of

absorption is equated with a rate of generation G’

describing the formation of absorbing centres minus a

rate of recombination R” describing the return of the

centres into the initial state by thermal and by optical
regeneration:
dz

A

:herm - R:)pt (3)
G’ and R’ will be connected to parameters determined
by experiments, e.g. the absorption coefficient %.

2.2. Problems
A rate equation like Equation 3 only makes sense if
the photochromic reaction is caused by one-particle
processes which lead to an absorption coefficient pro-
portional to the number of absorbing centres (e.g.
k oc Z, Beer’s law). This is certainly true for absorp-
tion by colour centres and for quasi-metallic, non-
resonant absorption by small silver clusters. In these
cases the absorption coefficient k is proportional to
the number of absorbing particles Z: k = a(1)Z, with
«(4) as an optical cross-section which may be a func-
tion of the wavelength.

In the case of resonant absorption by silver clusters,
we have to proceed with caution.

After Born [13], the resonant part of the optical
cross section oy of a spherical silver cluster on the
basis of Rayleigh theory is given by

z 1 2 VZ
4 3 Ui r
24m <n2 ¥ 2) P “

dg =

V is the volume of the cluster and # the complex index
of refraction of the cluster; n = (n/ny)(1 + in)
where n, is the real part of the index of refraction of
the surrounding medium, » the real part of the index
of refraction of the cluster and ik is the imaginary part
of the index of refraction of the cluster. For #* +
2 = 0, xz has a resonance. In this case, even with

small silver particles a sharp maximum of absorption
has to be expected which hardly depends on the num-
ber of silver atoms in a cluster as soon as the critical
size for resonant absorption is reached.

Such a reaction can no longer be treated in terms
of Beer’s law, and the simple description by a rate
equation is not possible.

Typical absorption spectra of photochromic glasses,
however, do not exhibit a sharp resonance, but a
relatively broad maximum at a wavelength of about
500 nm; the denominator of Equation 4 is here only
smaller than for other wavelengths.

In this case the absorption coefficient depends again
on the number of silver atoms in a cluster, which get
there by one-particle processes: ¥ is a measure of this
number. The dependence is rather complicated, as the
imaginary part of the index of refraction »; depends
on V.

Furthermore, the above formula is valid only for
spherical silver clusters; it cannot be applied to thin
surface layers.

The conditions of one-particle processes and Beer’s
Law and therefore the possibility to use a rate equation
are not given for the case of weakly resonant colloid
absorption, it is no longer possible to set & oc Z.

The glasses studied in this work did not show any
evidence for resonant absorption. We therefore assume
that the above-mentioned problems did not arise.

2.3. Relation to simple experimental
situations

If the induced absorption coefficient k(1) is propor-

tional to the concentration of photolytically induced

centres of absorption, as we assume, we may set

k() = a(1)Z. For a fixed wavelength (in this case

632 nm), Equation 3 can be written as

dk
= = G-R

dr therm ~ Ropt (5)

In order to trace G, Ry, and R, back to parameters
determined by experiments, simple cases will be
examined.

2.3.1. Onset of darkening

For ¢ = 0 (the onset of darkening), Z ~ 0 and Ry,
as well as R, are nearly zero, as they are assumed to
be proportional to Z. We obtain

dk
— = {
T G (6)
2.3.2. Switching off the exciting UV light
After switching off the exciting UV light, we have
G = 0, so that

dk
87 = —Rtherm - Ropt (7)
Without red light, or with small intensities of red light,
R, = 0 and dk/dt = — Ry

With large intensities of red light, optical bleaching
dominates (R,,; ® Ryem), and we obtain dk/dr =
—R

opt *
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2.3.3. Stationary state
In the stationary state we have

G = therm + Ropl (8)

because dk/dr = 0. In order to determine the corre-
sponding parameters experimentally, we have to
measure dk/d¢ at the beginning of darkening and
regeneration, and the stationary induced absorption
as a function of the exciting UV intensity.

3. Experimental situation

3.1. Experimental set-up

The experimental set-up is shown schematically in
Fig. 1. The photochromic glasses were darkened by
light from a 200 W mercury lamp. The exciting inten-
sity was varied by a variable aperture and measured
by a photomultiplier. The transmission of the glasses
was measured by a photodiode at a fixed wavelength
of 4 = 632nm (He-Ne laser, maximum power
5mW). The laser intensity was variable, and the laser
could simultaneously serve to bleach the glasses optic-
ally in a controlled way.

3.2. Problems of optical measurements on
photochromic glasses
For the interpretation of optical measurements on
photochromic glasses, the spatial inhomogeneity of
the induced absorption has to be taken into account.
As the exciting UV light is absorbed in the sample, its
intensity decreases with increasing depth, and fewer
absorption centres are induced. For the probing
beam, the Lambert—Beer law

Id) = Lie™ )]

(d = sample thickness, & = absorption coefficient) is
no longer valid, but it has to be replaced by the
integral form

Kd) = Ie " exp [— [NCE dx] (10)

k, is the absorption coefficient of the undarkened
glass, which is very small at 632 nm and was not taken
into account. The photodiode, however, measures the
transmitted intensity. Therefore, only an averaged
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Figure 1 Schema of the experimental set-up.
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Figure 2 Rate of change of the averaged induced absorption coef-
ficient dk/ds immediately after switching on the exciting UV light,
as a function of the exciting UV intensity (sample thickness
0.2 mm).

k = (1/d) In ({/I,) may be determined. In order to
obtain &k or dk/dr from optical measurements, only
thin samples should be used to avoid difficulties aris-
ing from the spatially inhomogenous absorption (in
this work we used 0.2 mm thick samples). The photo-
acoustic method is another way to avoid these diffi-
culties [14].

4. Results and discussion: the rate
equation
4.1. Onset of darkening
Fig. 2 shows the rate of change of the averaged induced
absorption coefficient dk/d¢ of a 0.2 mm thick sample
immediately after switching on the exciting UV light
as a function of the exciting UV intensity. In practice
this is done by observing k as a function of ¢ and
extrapolating the rate dk/d¢ for + — 0. Fig. 2 demon-
strates that dk/dt is proportional to 7y.
Since dk/d: should decrease with increasing k,
as otherwise stationary absorption would never be
reached, we set

G = g(kmax - k)IUV (11)

where k_,,, is the maximum absorption coefficient and
g is the generation coeflicient.

4.2. Switching off the exciting UV light

The value of dk/d¢ immediately after switching off
the exciting UV light as a function of k& is shown in
Figs 3 and 4.

For the measurements shown in Fig. 3, the laser
intensity was strongly reduced so that we have neglig-
ible optical bleaching. Here we obtain dk/dz oc &°.

For the measurements shown in Fig. 4, full laser
intensity (5mW) was used (=prevailing optical
bleaching) and dk/dr o k.

While optical bleaching is a first-order process,
thermal regeneration is a second-order process. We
may write

R rk? (12)

therm

or
Ropt = deRed (13)
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Figure 3 Rate of change of the averaged induced absorption coef-
ficient dk/dr immediately after switching off the exciting UV light as
a function of k, with negligible optical bleaching, Ip.q = 0.01/y.,.

The linear dependence of the optical bleaching on I,
which is assumed here, will be verified later.

Now G. Ry and R, are determined, and the
following differential equation for the change of the
induced absorption coefficient as a function of time is
obtained:

dk

‘(g = G~ Rtherm . Ropl

= g(kmax - k)IUV -k’ — dIRedk (14)
4.3. Stationary-state absorption
In order to prove the dependence described by this
equation, the induced absorption coefficient in the
stationary state k,,, may be measured as a function of
the exciting UV intensity for various intensities of the
bleaching light (laser). This will also give information
about the dependence of k,, as a function of I.4. A
stationary state means dk/dz = 0 (see Section 2.3.3).
In the case of prevailing optical bleaching, that
means for dly .k > rk?, we neglect rk?, and we obtain

I
ks ae = kmax —
“ Iy + (/9

For small UV intensities, kg, should be proportional

to Iyy, but for increasing UV intensities, a limiting
value should be reached.

(15)
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Figure 4 Rate of change of the averaged induced absorption coef-
ficient dk/d¢ immediately after switching off the exciting UV light as
a function of k, with prevailing optical bleaching, I,y = Igeqo-

In the case of prevailing thermal regeneration, that
means for dly .k < rk*, we neglect dly.qk, and we

write
2 12
g —g 8K max
kstat = - ZIUV + [(““‘Zr IUV) + , Iuv:}
(16)

For small values of 1y, &, should be proportional to
I}5. With increasing UV intensity, a limiting value
should be reached again.

By variation of I, any case between these two
cases should be adjustable.

We obtain for the general case

kstat _2‘;' IUV - —2—; [Red
g d Y | gknw , 17
+ [(5 Iy + E;IRed> + p [Uv]

(17

In Fig. 5, k,, is shown as a function of 7,y for different
values of I.4. Only the curve Iy, = 0.041,, is fitted
by adjusting g/r, d/r and k... The other curves were
obtained from the fitted one by variation of I, alone.
The theoretical values of I, were consistent with the
experimentally determined values, so that the linear
dependence on I is confirmed.

Figure 5 Induced absorption
coefficient £ in the stationary
. state as a function of the exciting
UV intensity 1, for different
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5. Conclusion

The kinetics of the photochromic process for silver
chloride glasses were described by a rate equation.
Thermal and optical regeneration could be separated
by different experimental situations. We have shown
that thermal regeneration can be described as a
second-order process, whereas optical regeneration is a
first-order process that depends linearly on the inten-
sity of the bleaching light.

The satisfactory agreement between theory and
experimental results for the dependance of the
stationary-state induced absorption on the exciting
UV intensity with different intensities of the bleaching
light leads to the conclusion that our rate equation
describes the basic features correctly. This means that
the photochromic process for silver chloride glasses
may be described in terms of Beer’s law and that the
definition of an optical cross-section a(4) per absorp-
tion centre is possible.
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