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According to G. P. Smith the concentration changes oj colour centers 
in photochromic sil!vei· halide glasses may be expressed by the jollowing 
linewr dijjerential equation: 

dO -
d 

= ka.ldA - (lcil1 + ke) Q;
. l" 

As °apparent j1·om the given equation, the changes oj coloúr center con­
centration with time are injluenced by two basic jactors; the jormation 
and the destruction oj colour centers, one 'oj which a/Jways predóminates. 
The equilibrium between the jormation ana the destruction oj colou.r 
center-1 is dynamic. The activated state rep?·esents a higher level oj 
energy; oncé the process oj activation is over, a transition fo a lowér 
energy level occurs due to relaxation; this ·represents a return to. the 
original state. Oolour center-jormation is cau$ed by short-wave and near 
ultraviolet radiation ejjects; colour center destruction is caused by long­
wave visible·and injrared radiation and bythermal ejjects. However a cer­
tain part oj the visible radiation spectrum does not ajject either the for-· 
mation or the destruction oj colour centers. 
The linear difjerential· equation was solved both for the formation and 
for the destruction o_f colour centers. The process oj formation maJIJ be 
expressed by the following equation: 

T - T11 = (T� - T81) e�(krir:+ k1)-r 

and the process oj colour center destruction by the equation: 
. . 

INTRODUCTION 

G. P. Smith [l] espresses thé colour center conciéntration change� in photo­
chromic silver halide containing glasses by the following linear differential 
equátion 

dO 
.• •

d-r 
= kJaA - (k1ft + kt) C. (1) 

Where: O= concentration of colour centers 
ka = darkening speed constánt 
k1 = optica� decoloration speed constant 

· kt = thermal decoloratión speed constant
la , 11 = intensity of radiation, which causes darkening and deéoloration 

(the forni.ation and the destruction of colour éenters) • 
A = concentration of active centers in glass 
-r = time 
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I. Fa-nderlik:

..A.s a-pparen: from equation (1), the change of ,:iolour center concentration 
with time is inflnenced by two -basic factors, namely the formation and the 
destrnction of colonr centers; one of �hese. processes always predominates. 
It is therefore a reversible photochemical reaction influenced by hv1 and hv2• 

a.nd ca.n _generally be expresséd by the following equation 

hv1 
AgCl � Ag0 + Cl0 

hv2. 
(2) 

Colour center formation is .caused by short-wave visible and near ultraviolet 
radiation; on the other hand_ the destruction of colour centers is caused by 
-Jong-wave visible and infrared radiation and by thermal effects (radiant heat). 

When equilibrium is attained, that is wheri the concentration of colour 
centers after activation does not change more with time, the'following equation 
is valid 

(3) 

and the equilibrium conc.entration of colour centers may be expressed by 
equation (4) 

THEORETICAL PART 

The solution of equa.tion (1) for the form ation 
and the  d estructiori of  colour cente r s  

(4) 

Equation (1) can be solved for practical purposes either by substitution or 
variatioil of constant. The sol�tion by substitution method is as follows: 

dO 
d-r 

= kJaA - (k1I1 + ke) O (5) 

Q I ) kJaA Q :__- e-(kr r+k, �+---�- (6) (k1I1 + ke) • (k1I1 + kt)

where Q = integ1:ation constant. 
:Let 

(7) 

where: 081 = equilibrium concentration of colour centers (for the formation 
of colour centers). It is unambiquous (see Fig. 1). Theóretically 
it is the· concentration attained for -r 

0
--'>- oo. 

Hence 

(8) 

The integration constanť can be calculated {:rom the initial c<;mdition. As­
suming that for -r = O, O= Oo, hence 
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. The Kinetics oj Oolour Center Formation and Destruction ... 

Co = (k1l1\ ke) + Cs1
Q = (k1I1 + ke) (Co - Cs1), 

By substituting for Q in the original equation we obtain 
C -Cs1 = (Co -Cs1) . e-(k1I 1 + k,)..-

(9) 
, (IO) 

(II)

where Co _:__ the initiál concentration of colour centers, before irradiation., • It is unambiques (si_ngle-valued) (see Fig. I).
PRACTICAL APPLICATION 

.Jn thi� stúdy phot?chromic glass containing Agel microcrystals was �se_d [4].Fi:g. I g1ves the typrnal curve for the 550 nm wav�length, character1st1c for the .formation of colour centers in photochromic glass containing AgCl micro­. crystals., The glass was irradiated by the HQA 125 W niercury vapour lamp. 
-
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Fig. 1. Dependence oj optical density dijference [A111] on time oj irradiation:[A111 = 4>(,r)]. - Formation oj colou.r centers 
Oo .:... initia,l concentration oj colour centers before irr<iďiation 

0s1 - equilibrium concentration oj colour centers Jollowing irraďiation· 

The figure gives the dependence 'of �bsorbance value [A'"] differences on. the time of irradiation ('r). The absorbance differences were calculated for the following relation: . 
A'" = A' -A"= (10g (�� )J :- (1og(�� tr (12) 

where A' = absorbance, calculated from the experimental values for transmit­tance [TJ during irrádiation [A' = f(-r)] 
A" = absorbance, calculated from the experimental transmittance values [TJ before the glass was irradiated;. it is the absorbance of the glass in a darkened room (-r = O). 
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I. Fanderlik:

When a sample of photochromic glass is irradiated, the formation of colour 
centers does not take place in the bulk evenly. In the surface layer of the glass, 
where irradiation impinges, the concentration of colour centers is highest and 
it decreases in the direction,iri which the signal of light passes the glass. This 
is caused by the decrease in thé intensity of the activating UV radiation as 
a result of the colour centers already formed in the surface layer, where tl1eir 
conMntration is highest. 

The screening by thé activated colour centers can best be imagined by 
dividihg the plate of photochromic glass intó a large number of layers of uni­
form thickne'ss (2). The change in optical density of eaéh of the sensitive layers 
as 'a function of radiation intensity is given in Fig. 2. 

-

-

__ ,.. 
-

Fig. 2. Ohange in optical density [A"'] in terms oj activating radiation enérgy [E] in photo-
- •. ohromíc glass divůled into 8 thin layers 

I - surface, II - surface 2, III - resuting photochromic glass. 

The steep curves 1-8 represent the thin layers of photochromic glass 
(Fig. 2). Curve 1 represents the layers of glass nearest to the surface; layers 
2-8 are further and further away from the glass smface and therefore require
greater irradiation energies in order to obtain the same degree of irradiation
as the first layer.
- The thickly drawn curve with a smaller slope represents the resulting curve
for the glass plate of thickness [d]._

. For the quantitative expression of the effects of thickness.[d] on the forma­
tioniof colour centers (2) the absorption coefficient (k] is used�

k =··a. s. • (13)

which expresses the total attenuation of the light. In equation (13)

·a = absorption 
s = diffusion '(scattering) o 

Between the 'intensity of the transmitted light 12 and the incident light 11 

for the passage through the medium of thickness [d] having an absorption 
coefficient [k] the following well known relation {14) is valid 

(14) 
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The 1( inetics oj Ooloii.r Center Fm·mation and Destruction ... 

Therefore ' 
T =!_!:_ = e-ka

11 

(15) 

The transmittance values [T] as a function of thickness [d] for two types 
of material are given on Fig. 3. 
• The [k] values for the bleached pho­

tochromic glass No. '2 (EAct = O) lay 
between the values for the transparent 
silicate glass No. 1 (Corning 7910) and 
the values for the activated photo­
chromic glass No. 7. 

Only in the case of Corning 7917 
(glass No. 1), photochromic glass for 
EAct == O (glass No. 2) and the photo­
chromic glass at an infinite time of ir­
radiatic:m (glass No. 7) can the ab­
sorption coef:ficient [k] be considered 
as a constant and the absorption ex­
pressed by Lamber�Beer's Law. 

It is apparent from the transmittance 
curves [TJ on Fig. 3 that the absorp­
tion coef:ficient [k] for. irradiated glas­
ses (O < -r: < oo) cannot be considered 
as a constant, as it is a function of the 
distance from • the irradiated surface 
layer and the energy of the activating 

. irradiation. 
In order to obtain an approximate 

solůtion we may assume that the ab­
sorption coef:ficient [k] depends on thick­
ness [ d] and the duratioil of irradiation 
[ -r ]. The exact solution of these relations 
is however rather complicated • and 
would require ťwo partial differential 
equations. 

However it is usually assumed [ as 
suggested by G. K. Megla (2)] that the 
absorption coef:ficient is in direct re­
lation with the concentration, of colour 
centers. 

Then 
k= K(x + D). (16) 

. where K = proportionality factor 
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Fig. 3. Transmittance T [%] .val!ues in 
terms oj thickness [d] oj two types oj glass • 

1 - borosilipate, glass OGW 7910 
2 - bleached plwtochromic glass 

EAcT O, -r:-+ O
3 -:-- activated photochrmnic glass 

• EAcT = 10.mJ/cm2
, O <_,: < oo 

4 - activated photochromic glass 
EAcT = 60 mJ/cm2

, O <,: < oo 
5 :-- activated photochromic glass 
EAcT == 300 mJ/cm2

, O < ,: < oo 
6 - activated photochromic glass 

EAcT = 1 J /cm2
, O < ,: < oo 

7 - activated plwtochromic gla/Js ,: -+ oo 
,: - activation time 

x = concentration of coloui· centers being formed 
D = concentration of stable colour centers.' 

For limited ranges of time and thickness (see Fig. 3) a good agreement 
was found between the theoretical and experimental values. Large deviations 
were however found fpr cases where [i] and [d] attain high values. 
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I. Fanderlik:

When the absorption coefficient, whiéh contains both the �bsorption and 
diffusion values (see eq. i3) is proportional to the concentration of colour 
centers (16), eq

'. 
(11) may bé written as follows: 

a - asi = (ao - as1) e-(krlt + k,)i: 

where a represents absorption. 

(17) 

When a = I'_:_ T, then • 

1-T� 1 + Ts1 = (l -To- 1  + Tsi). e-(k,I,+k,)'t' (18) 

Multiplying by (-1) and taking the logarithms, we obtain 

_log ( T-Tsi) ·_ log.(To � Ts1) -(k1I1 + kt) -r:. 0,4.34 (19) 

where T = transmittance, measured for different intervals of time 
• Tsi = equilibrium transmittance for the formation of colour centers .

T0 = initial transmittance, measured in a darkened room before ir­
i'adiation was cárried out .. 

.... 
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Fig. 4. The function log (T - Ts1) = '1>1('r) charac.terizing fo1"m,ation oj colour centera 

The equation (18)is valid for the formation,of colour centers when radiation 
causing both the formation and ·aestruction of colour centers is present and 
when thermal destruction 'takes place. When only the radiation which forms 
the colour centers is present, 11 in equation (19) is equal to zero; similarly in 
the absence of thermal decoloration k-r: = O. ! 

In Fig. 4 are given th� experimentally determined values for a photochromic 
glass containing AgCl microcrystals. From the measurements which ha.ve been 
so far carried out it is apparent .that the linear differential equation (1) cited 
by G. P. Smith is applicable in the oase of colour formation kinetics and that 
it can be successfully used (19) for the calculation of reaction constants. 
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'The Kinetios oj Oolour Center Formation and Destruction: .. 

As k111 = O (measured i� a darkéned room) and l<1, is constant, the �peed 
of colour center formation is affected by the constant of thermal bleaching ke . 

As the equilibrium between the formation and the destruction of �olour 
centers is dynamic (a reversible photochemical reaction)' the differential 
equation ( 1) is valid for both the processes, that is both for the f ormation 
and the destruction of colour centers. The a9tivated state is on the higher 
energy level and due to relaxation processes a transition to a lower energy
level occurs after a definite time when the activation process in over. • 

For the destruction of colour centers in photochromic glassť éontaining 
AgOl microcrystals it is apparent that the initially high reaction rat(;} becomes 
lower later on (see Fig. 5); 
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Fig. 5. Dependende oj optical aensity difjerences (A'"] on time (T] following activation 
[A'" = 4>(T)]. Destruction oj colour centers 

From the courše of. characterisvic functions; obtained for the destructio�1 
of colour centers (A '" = <P1( i-) it is apparent that in the limite.d period of time 
during which measurements take place there is a marked decrease of colour 
center destruction speed. This case we will call 0s2. It caú be explained on 

. the basis of photochromic processes, . which take place in AgCl ionic
crystals (3). • • 

Fig. 6 demonstrates the course of the formation and the destruction of 
colour centers in AgCl érystal, doped with 0,02 mol% of Ag2Se. The destruction 
of colour centers is in this case caused by red light irradiation. The absorption • 
()f long-wave radiation by products of photo.chemical reactions [Ag0] frees 
elec.trons; all the freed ele_ctrons do not however recombine with the original 
centers (they do not return to the original ·positions where they were before 
activation). A large number of electrons is bound by other deffects, so that 
during the limited period of time in which measurements take place the same 
state. [Co] as before activation is not attained. 

The original state is attained after a longer period of time and the time 
course of electron liberation from these deffects differs from the time course 
corresponding to the reacťion (2) activated by radiation of energy hv2• 
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I. Fanderlik:

. The destruction of colour centers could therefore according to this hypothesis 
be expressed by the superposition of two exponential functions with different 
time constants. According to this hypothesis glass in the 0s1 activated ·state 
should have a different spectral • absqrption than glass beyond the 0s2 state, 
if at least two difl'.erent types of colour centers are taken into consideration. 
Spectral absorption measurements of photochromic glasses containing AgOl 
microcrystals were therefore carried out before activation, after UV irradiation 
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Fig. 6. Form,a.tion oj photochemical process products- in terms oj irrailiation time in AgCl 
. monocrystal doped with 0.02 mol. % oj Ag2Se '

I - jollowing first irrad�ation (Ji. = 405 nm) 
II - destruction oj colour centers by red railiation 

Illa - re-irradiation (J. = 405 nm) 
Illb - re-frrailiation (). � 405 nm)

(equilibrium concentration of 0s1 colour centers) and after 1/2 hour's destruc­
tion of colour centers (after Osz). The course of spectral absorption is given 
in Fig. 7. . . 

According to the spectral absorption curves it is possible to deduce that the 
destruction of colour centers really takes place by the decomposition of at 
least two types of specifically absorbing colour centers. 

Before irradiation photochromic glass has a certain absorption in the visible 
part of the spectrum, c.aused by the original concentration of colour centers 00 • 

Exposed glass, when ineasured 1/2 hour after activation has been carried 
- out, . has a practically .identical course of spectral absorption, even if the
absorption values are higher over the whole range as compared with the unex­
posed glass. It can therefore be presumed t):iat the colour centers are of the
same type.

On the other hand, exposed glass measured at the equilibrium concentration
of-Ag0 -(state 0s1) shows a different course of absorption with a maximum at
cca 520 nm.

• Fig. 8 gives the absorption spectrum of AgCl ionic monocrystal before (1)
and after (2) irradiation. The absorption bands ofthe irradiated photochromic
glass and of the irradiated AgCl monocrystal are practically identical iri energy;
the waV'e lengths for, which the absorption bands are registered are also in
agreeinent,
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The K inetics oj Oolour Center Formation and Destruction ... 

The destruction of colour centers can therefore in all probability be expressed 
by the superposition of two • exponential functions with widely different time 
constants. 

Megla (2) also takes into consideration both for the formation and for the
destruction two types of colour centers, 

• 
, 

In the first period, that is from -r = O (equilibrium concentration of irradia­
tion formed colour centers; Os1 = initial state of destruction) up to state 0s2 
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Fig. 7. Absorption spectra oj photochromic glass 
containing AgCl microcrystals 

1 - activated photochromic glass (state Os1) 
2 - photochromic glass jollowing 1 J 2 hr destruction 

oj colour centers (jollowing state Os2) 
3 - bleached photochromic glass (state Oo) 

'2.0
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1 
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Fig. 8. Absorption spectra oj AgCl 
monocrystal 

1 - prior to activation ( irradiation) 
2 - jollowing activation 

the destructión of colour centers takes pfa,ce according to the reversible 
photocheníical reaction (2) activated by energy hv2• 

A liberation of electrons from places of electron capture ( colour centers Ag 0) 
and their return to the original state before activation takes place. This process 
is relatively fast, as the colour centers were in a metastable state. After a certain 
period of time state 0s2 is attained; the rate of destruction slows· down and 
it takes place in accordance with an exponential function with a large time 
constant. .. 

The course of colour center destruction in the second part, that is from 0s2 

to -r-+ oo, which ta}rns place according to an exponential function with a large 
time constant, differs from the course as shown by eq. 2. 

For practical purposes it is therefore necessary to define accurately the 
state 0s2. For the solution of the ,homogenous linear differential equation of 
the first order it is apparent that in the case of a 2 % accuracy of measurement 
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I. Fanderlik:

. the equilibrium state niay be defined by the quadruple of the time constant [ -r'] 
as diagramatically shown on figure 9. In the case of the validity of the linear 
differential equation (1), for the destruction of the Ag0 colour centers, the 
quadrÚple of the time constant will define the 0s2 value. For its definition the 
graphical method was used; even if some inaccuracy is taken into consideration, 

I JI 
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I 
-"b{min] 

4'1:' 

Fig. 9. Typical courBe oj one cycle oj colour center Jormation and destruction in photochromic 
glasB with Bpecified basic states Co, Os1 and Osz (diagrammatic representatión) 

. I - irradiated II - nonsirradiated 
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Fig. 10. J!'unction log (Ts2 - T) = '1>1(i-) 
Jor Ts2 defined 2i-' 

Ji'ig. 11„ J!'unction log (Ts2 - T) = '1>,(i-) 
Jor Ts2 definea fr' 

it is satisfactory for a first appi:oach. A tangent to the given curve is constructed, 
starting from the equilibrium 081 position. , 0 

Ari analysis of the applicability of the quaélruple of the time constant (4-r') 
for the definitioli of 082 was carried out. Figs. 10, ll, ,12 give the functions 
log (Ts2 - T)--e !P1(-r) for different numerical values Ts2 (from 2-r' to 8-r') of 
a photochromic glass containing AgCl. •

From the course of the function it is apparent that the Ts2 yalue affects 
to a large extent both the linearity .of the function and. the speed constant

206 Silikáty 3 1970 



The Kinetics oj Oolour Oenter. Formation and Destruction ... 

• (slope of curve). For ex. in Fig, 12 (8.-') the numerical s�lution of equation (21)
does not have a linear course, because the value for Ts2 also includes the course
of the destruction of colour centers of the seGond type for the region from Os2 

to.--+ oo, with a markedly larger time constant tha,n for the first type ('t' = 0'
to Osz). The course is therefore not linear. 1 

On the other hand the function in Fig.10,is linear; it is however necessary to 
take into consideration tp.at in this case Ts2 varies to a large ext�nt as a function 
of time. ' 

For the expression of the function in Fig. 11 the Ts2 value defined by 4.-' 
was used. The course is linear and in the case when the Ts2 value is defined 
by the quadruple of tqe time constant for all further calculations, • the speed 

--;::::11--:3�+---+----+-----1----1----1--J 
I 

� ----
s' 

o 5 , 10 15 20 

--- 't'[min] 
25 30 

'Fig. 12. Function log (Ta2 "'- T) = (l>1(r) for Ts2 defined 81:' . •

constant obtained can be used for·the analysis ofthe kinetics of this process. 
Considering that during the �estruction of colour centers a state defined 

by 4.-' (designated as Os2) is attained, than for the destruction of colour centers 
which takes place during the first stage ('t' = O to Os2) according to eqn. (2), 
eq. (18) can be used, and accordingly 

Ts2 -T = (Ts2 .:.J_ Ts1) . e-<k,r, + k,>,, . (20) 
·where Ts2 = tra:rismittanc.e at Os2 for the ·destruction of colour centers

T = transmittance measured at various time intervals (• -: O to Os2) 
Ts1 -:- equilibrium transmittance for the formation of colour centers 

(for the destruction of colour centers it is the initial state ('t' = O)). 
By logarithmic calculation of eqn. (20) we obtain 

log (Ts2 -T) = log (Ts2 -Tsi) -(k1I1 + kt) .- . 0,4 34\ (21) 
On· Fig. 13 the experimental values.for the destruction of ·colour centers 

in AgCl containiiig photochromic ·glass are given. From a series of measure-
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I. Fanderlik:

ments and ·calculations it may be assume� that eq. (20) and (21) can be used 
for e�pressing the destruction of colour centers of the Ag O type, that is centers 
defined by the first part of the destruction (i- = O to 0s2). 

Similarly as in the case of colour center formation, under the same conditions 
of ineasurement the speed constant of colour center formation is positive, as in 
the first case the formation and in the second the destruction is followed. 

---
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Fig. 13. Function log (Ts2 - T) ,,,; <P1(·t-} characterizing destruction oj colour centers. 
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l!'ig. 14. Typical co·urse oj one jormation and destruction cycle oj colour centers. Destruction 
involvee activating • radiation on the condition that 

lt1. > I,u > Ia2 > Id3•
The glass was activated by I t1. radiation. 

It is presum.ed (2) that the thermal destruction of colour centers is ca�sed 
by ·the thermal excitaMon of electrons, while optical destruction is caused by 
the excitation of vacancies. 

Let us consider a photochromic glass, irradiated by radiation of intensity la. 
When the destruction of colour centers is measured in the presence of the ra­
diation which causes the formation of cqlolll' centers, however of a lower intensity 
(la> la1), only a partial destruction takes place and a new, equilibrium 
state is created, corresponding to the intensity of the activating radiation 
(because, according to tp.e eqn. (4) the equilibrium concentration of colour 
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Thie Kinetics od Oolour Oentér Formation and Destruction .. ; 

centers is proportional to the intensity -of the ra.diation which causes the forma­
tion of colour centers). 

If the intensity of the activating' radia,tion during the measurement of cololir
center destruction is further decreased to zero (Jd3) the destruction of colour
centers takes place without the presence of activating radiation and the equi­
librium concentration of colour centers corresponds to a new equilibrium state
(see Fig. 14). 

If the destr�ction of coJour centers takes place in the absence of I I radiation
the destruction is affected only by thermal conditions. , 

In the absence of 11 radiation and ther:mal destruction, the destruction of
colour centers does not take place'. It is the case when activatéd photochromic
glass is placed in a dark room in a medium of a very low temperature (liquid
nitrogen).

CONCLUSION 

On t,he basis- of the analysis of kinetics of photochemical processes carrie
out in this work these glasses can be defined by the following properties.
T0 = initial transmittance of glass prior to irradiation (at a given temperature

and eventually under given intensity ·of the light for a given wavelength)
Ts1 = equilibrium transmittance for formation of colour centers (during

irradiation from a defined source of radiation at a given temperature,
eventually under radiation • causing· destruction of colour. centers for
a given wavelength) when

dOs1 = 0 (22)d.
• Ts2 = transmittance for destruction of colour centers (at a given temperature

and under given intensity of the light foi a given wavelength) when
d;;z � o. (23)

•.i'ransmittance Tsz is defined as a quadruple of a time constant for destruction
of colour centers 4.'. 

The value Tsz must be supplemented by a time factor indicating the time
• needed to reach the state 4.' after the activation process is over. (Example:
Tsz = 60 %(10mlnJ), , On the basis of the measurements it is possible to évaluate conštants led,
k1 a kt using the equation:s (19) and (21) and express mathematically the
kinetics of formation and destruction of color centres in photochromic glasses
éontaining silver halides. The results of the measurements will be published.
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STUDIE KINETIKY TVORBY A DESTRUKCE BAREVNÝCH CENTER 
VE FOTOCHROMICKÝCH S KLECH, OBSAHUJÍCÍCH.. 

HALO.GENIDY STÍÍÍBRA 

Ivan Fainderlik 

Státní výzkumný ústav sklářský, Hradec Králové 

Podle G. P. Smithe můžeme změnu koncentrace absorbujících barevných center s čase�· 
(ve fotochromických sklech obsahujících halogenidy střipra) vyjádřit lineární diferen-
ciální rovnicí . • 

dO • 
cfr= k;zldA - (k1l1 + ke) 0. (1) 

Z rovnice vyplývá, že změnu koncentrace absorbujících barevných center s časem ovliv­
ňují dva základní děje, tj. tvorba a destrukce barevných center, přičemž jeden děj 

. vždy převažuje. Rovnováha mezi tvorbou a destrukcí barevných center je tedy dynamická, 
tj. aktivovaný stav· je na energeticky' vyšší hladině a v důsledku relaxačních pochodů 
dochází po ukončení aktivace k přechodu na hladinu energeticky nižší. 

Lineární diferenciální rovnice byla-v této práci řešena jak pro tvorbu, tak i pro de-
strukci barevných center metodou substituce. 

Tvorbu barevných center můžeme vyjádHt rovnicí 

Je-li 
O - On = (Oo - Ou). e-(kiI, + k,)T,

k= a.s 
a podle (2) 

(2) 

(3) 

(4) ·k =K(x + D),
pak pro praktickou aplikaci můžeme pro tvorbu barevných center v případě, že 

psát 
(a= 1 - 'Jl, (5) 

T - Tu = (To - T.,). e-<kiI, +�k,)T. (6) 

Z pro�edených měření vyplývá: žé tato rovnice je vhodná k vyjádření kinetiky tvorby 
barevných center a výpočtu jednotlivých konstant reakce. • . 

Vzhledem k tomu, že ·rovnováha mezi tvorbou a destrukcí barevných center je dyna­
mická, platí diferenciální rovnice (1) pro oba pochody. Destrukci barevných center tedy 
můžeme vyjádřit rovnicí . . •. • 

TB2 ·� T = (T,, - T61).  e-<k,r, +[k,)T. (7) 

Z kinetiky destrukce barevných center vyplývá, že po počátečním relativně rychlém 
průběhu dochází ke zpomalení reakčního pochodu. Měřením absorpčních spekter bylo 
zjištěno, že destrukce barevných center probíhá rozkladem nejméně dvou typů výrazně 
absorbujících barevných center. V prvé části průběhu destrukce barevných center do­
chází k rozkladu barevných center typu Ag0 podle rovnice 

(8) 
v druhé části pak doch1i.zí k podstatnému zpomalení reakce, tj. rozpadu barevných 
center odlišných od center typu Ag0

• 

Rovnice (7) je vhodná pro vyjádření destrukce barevných centér typu Ag 0 za před­
pokladu, že hodnotu Tsi budeme definovat čtyřnásobkem časové konstanty .• pro 
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oestrukci barevných center. Vhodnost čtyfoásobku časové konstanty -r' pro vyjádření 
stavu Ts2 byla experimentálně potvrzena. . • 

Na· základě rozboru kinetiky fotochemipkých póchodú, provedeného v této práci, 
, múžeme tato skla definovat následujícími vlastnostmi:. ·• 

To = počáteční tl'.ansmitancí skla před ozářením (při definované teplotě, případně 
přítomného záření, pro definovanou vlnovou délku) 

. Ts,. = rovnovážnou transmitancí pro tvorbu, barevných center (při ozařování defi­
novaným zdrojem záření a při definované teplotě, případně při definovariém 
záření zpúsobujícím destrukci barevných center pro definovanou vlnovou délku), 
kdy 0 

(9) 

Ts2 = transmitancí pro destrukci barevných center (při definované teplotě, případně 
přítomného záření, pro definovanou vlnovou délku)·, kdy 

dOs2 . O 
cfr� .

Je definována čtyř-násobkem časové konstanty pro destrukci barevných center 4-r'. 
Hodnotu Ts2 je nutno doplnit časovým údajem,, za.jak dlouho po ukončení aktivace
stavu 4-r' dosaženo. 1 . 

Na základě měření pak múžeme pomocí rovnic (6) a (7) vyčíslit konstanty ka, kt 

akt, Výsledky měření budou publikovány. 
O = koncentrace barevných center 
T = Čas 

ka = konstanta rychlosti tmavnutí
kt = konstanta rychlosti optického odbarvování 
ke = konstanta rychlosti tepelného odbarvování 

Ia,!1 = intenzity záření, vyvolávající tmavnutí a odbarvování 
A = koncentrace aktivních center ve skle . 

Or;1 = rovnovážná koncentrace barevných center (pro tvorbu barevných center) 
Oo = počáteční koncentrace barevných center před aktivaci 

k = absorpční koeficient 
a= absorpce 
s= r ozptyl 

K = konstanta úměrnosti 
x = koncentrace tvořících se barevných center 

D = koncentrace stálých barevných center . 
T = trarismitance, měřená v rúzných časových intervalech 

Ts1 = rovnovážná transmitance pro tvorbu barevných center 
To = počáteční transmitance, měřená před aktivací v zatemnělé místnosti 

Os2 = koncentrace barevných center pro destrukci, definovaná 4-r' 
Ts2 = transmitance pro destrukci barevných center (při Os2) 

Obr. 1. Závislost 1·ozdilu optických hustot [A"'] na.době ozařování [A'" = g;(.)]. Tvorba ba-
revných center. • ·' • { 
Co = počáteční kori.-Oentrace baverných center před zářením 

Gs{ = rovnovážná koncentrace barevných center po ozáření 
Obr. 2. Změna optické hustoty [A'"] v závislosti na energii aktivujícilw záření [E] ve 

jotochromickém skle, rozděleném do 8 tenkých vrstev. 
I = povrch • 1 II = povrch 2 III � výsledné fotochromické sko 

Obr. 3. Hodnoty transmitance T [%] v závislosti na tloušťce [d] dvou druhu skel: 
1 - bezbarvé borosilikátové sklo OGW 7910 
2 - odbarvené .fotochromické sklo EAcT = O, -r ....., O 
3 - q,ktivovanljotochromické,sklo EAcT = JO mJ/cm2, O < T < oo 

• 4 - aktivovanéjotochromické sklo EAcT = 60 mJ/cm2, O < -r < oo
5 - aktivované fótochromické sklo EAcT = 300 mJ /cm2, O < -r < oo
6 - aktivované jotochromické sklo EAcT = 1 J /cm2, O < -r. < oo
7 - aktivované jotochromické sklo -r -> oo
-r = doba aktivace
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Obr. 4. Funkce log (T - Ts,) = W1(-r) charakterizující tvorbu bai·evných center. 
Obr. 5. Závislost rozdílu optických hustot [A"'] na době [i-], po provedené aktivaci [A"' 

= W(-r)]. Destrukce barevných center. 
Obr. 6. Vznik zplodin fotochemických pochodů v závislosti na době ozařování v mono-

krystalu AgGl, dopovaném 0,20 mol % Ag�e. 
I - po prvém ozáření (i. = 405 nm) 

II - desti-ukce barevných center. červeným zářen,f,m 
Illa - opětovné ozáření (i.= 405 nm) 
Illb.- opětovné ozáření- (i. = 405 nm) 

Obr. 7. Absorpční spekti-a Jotochromického skla, obsahi�jícího mikrokrystaly AgCl.
1 - aktivované fotochromické sklo (stav Cs1) 
2 - fotochromické sklo po Jj2hod. destrukci barevných center (časově za stavem Cs2) 
3 - odbarvené jotochromické sklo (stav Co) 

Obr. 8. Absoi·pční spekti-a monokrystalu AgCl.

1 - před aktivací (ozářením) . . 

2 - po aktivaci 
Obr. 9. Typický průběh _jednoho cyklu tvorby a destťUkce barevných center ve Jotochromic­

kém skle s vyznačenými základními stavy Co, Cs1 a Cs2 (schematické znázornění).· 
I - ozařováno . , 

II - neozařováno 
Obr. 10. Funkce log (Ts2 - T) � W1(-r) pro Ts2 definovaný 2-r'. 
Obr. H.. Funkce log (Ts2 - T) = <P1(-c) pro Tsz definovaný 4,:'. 
Obr. 12. Funkce log (Tsz - T) = W1(-c) pro Tsz definovaný 8-c'. • 

.

Ob1·. 13. F=kce log (Tsz -
0

T) = W1 (-c) charakterizující destrukci barevných center.
Obr. 14. Typický pi·ůběh jednoho cyklu tvorby a destrukce barevných center. Při destrukci je

přítomno aktivující záření za předpokladu, že 

la> Ia1 > Ia2 > IaJ, 
Sklo bylo aktivováno zářením la. 

MCCllE�OBAHME KMHETMKM OBPA30BAHMH M �ECTPYK�MM 
�BETHhlX �EHTPOB B $0TOXPOMMqECKOM CTEKllE

C CO�EPlliAHMEM rAnorEHM�OB CEPEBPA 

MnaH $aHJ:(epmIK 

Hay11,no-ucMe8ooame11,bc1.uu uncmumym cme1'aa, I'pa8eq, Kpa11,ooe 

M3MeH0Hll0 KO�ElHTpanli:H ·norJIOil{aJOil{llX IIB8THhIX neHTpOB OT BpeMeHll B q>OTOXIIMH-· 
'18CKOM CT0KJI0 C co11:epmaH1I8M raJIQreHH)];OB cepe6pa MOIBHO corJiaCHO r. II. illMHTY (1)
BI,Ipa31lTb nocpe)];CTBOM JIHHeiíimro )];llq>cpepe�HaJibHOro ypaBH8HlllI 

dC � = kala A - (k1I1 + k1) C. 

Ha npl!B0)];8HHOro ypaBH8HlllI CJie)];yeT, 'IT_O Ha ·H3M8H8Hll8 KOHI(8HTpaIIHH nórJIOil{aIOil{llX 
IIB0THhlX neHTpOB OT BpeMeHH OKa8blBaIDT BJilllIHll8 )];Ba OCHOBHblX npoI(ecca, T. e. o6paao­
BUH!le H J:(0CTPÝKIIlllI IIB8THhlX neHTpOB, 11pll'I8M 0,1:(IIH H3 ynOMlIHYThlX nponeccon BCer,l(a 
CTaHOBHTClI npeo6Jia,l(aIOil{HM. TaK I<aR aKTIIBHpOBaHHIJ0 COCTOlIHll8 HMeeTClI C 3HepreTH­
'IeCKOĚ: TO'IKH apeHHlI Ha 6onee BhlCOI{OM ypoBHe, TO IlOCJie OKOH'IaHHlI aKTHBaIIHH n peayJib­
TaTe nponeccon penaKcaIIHH HacTynaeT nepexo11: Ha 6onee Ii:H3KHe ypoBHH, T. e. Ha ypoBHH 
IICXO)];HOro COCTOlIHlllI. 06paaonaH!l8 IIB8THhlX II8HTpOB o6ycJIOBJI8HO J:(8HCTB!l8M KOpOTKO�. 
BOJIHOBOro Bll,l(HMOro II. 6JIH3KOro YJibTpaq>HOJieTOBOro H3JIY'I8Hl'lll, B TO Bp8Mll KaK 11:ecTpyK­
IIHlI nneTHhIX neHTpOB o6ycJIOBJI8Ha )];JlllHHOBOJIHOBhlM Bl'll];l'IMhlM H3�Y'I8HH8M H T8IIJIOBbIM 
acpcpeKTOM. 0,1:(HaKo HM8IůTClI H8JIY'I8HHlI BH,l(HMOĚ:·06JiaCTH cneKTpa, KOTOpbie He BbI3bIBaIOT 
HH o6paaoBaHll0 HH 11:ecTpyKI(l'IIO IIB8THhlX neHTpOB. 
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B npeJVIOlli0HHOŘ pa6oTe aBTOp Il01lb3Y0TCJI ;JJHH0ŘHbIM Ampq,epeun;uanbHbIM ypaBH0HH0lll 
He T01IbKO /];1IJI 061>JICH8Hlj'.JI o6paaoBaHHJI D;B0THbIX n;eHTpOB,. HO II p;nJI 061>JICH8HHJI HX 
A0CTPYKJ."IHH. 06paaoaamrn J."(B0THbIX n;euTpOB MOlRHO Bblpa3Hb npu UOMOIJ."(II ypaauemrnx 

T-Ts1 = (To-Tsi). e-(kil, +�k,)i:

li /];0CTPYKJ."IHIO J."(B0THbIX J."(0HTp0B npn: UOMOIJ."(H ypaBH0HIIfl 

Puc. l.

Puc. 2. 

Puc. 3.

Puc. 4.

Puc. 5.

{'uc. 6.

Puc. 7.

Puc. 8.

Puc. 9. 

Puc. JO. 
Puc. 11. 
Puc. 12.
Puc. 13.

Puc.14. 

Ts2 -T = (T:s2 -Ts1). e-<k,r, + k,)i:.
o 

3aaucu.Awcmb paa11,u11,U11, onmu<iec1eux n,wm1-wcmeu [A"'] om apeMe1-1,u 0611,y�Hrtm 
[A"' 

= @(1')]. O6paaoaa1-1,ue tfeem1-1,bix tfe1-1,mpoa. Co - ucxo81-1,aJI i.01-1,tfeHmpatftm 
4aem1-1,Mx tfe1-1,mpoe 80 0611,y11,e1-1,U11,, C SL - pae1-1,oeecHaJI i.01-1,tfeHmpatj,UJJ tfÍlemHbtX 
1,1,e1-1,mpoa noMe 0611,y<ieHUII,, 
Ha.Me1-1,e1-1,ue,onmu<ieci.oii n11,om1-1,ocmu [A"'] e aaeucu.uocmu om Emepeuu ai.mueupy10-
Ufeeo 0611,y<ie1-1,U11, [E] a ffiomoxpo.1,m<ieci.o.M cmei.M, paaoeJte1-1,1-1,o.A1 e eoce.ub mow,ux 
c11,oee. I - noeepx1-1,ocmb 1, I I -noeepxHocmb 2, I I.I -1>0Het1,Hoe <ftomoxpo.Mu<ieci.oe 
cme-,;11,0. 
BeJtu11,u1-1,bt mpa1-1,c,,11,uccuu T [%] e aaeucu.Mocmu om mMUfUHbt [d] oeyx euooe cmei.11,a . 
1 - 6ea1teem1-1,oe 6opocUJ1,u1;am1-1,oe cme1.11,o CC- 7910, 2 -- 06ectfee11,e1-1,1-1,oe ffiomo­
xpo.Atu<iec1.oe cme1.M EAcT = O, -i; - O, 3 • - ai.mueúpoeaHHoe gfomoxpo.Mu<ieci.oe 
cme1.11,o EAcT = 10 m J /c,,11,2

, O < -i; < co, 4 - ai.mueupoaa1-1,Hoe <ftomoxpo.Mu<iec-,;oe 
cme1,·11,o EAcT = 60 m J /c,,11,2

, O < T < co, 5 - ai.niueupoeaHH0e ffiomoxpo.Mu<ieci.oe
cme,,-11,0 EAcT = 300 m J/c,,11,2

, O < -i; < co, 6 -ai.mueupoea1-1,Hoe <fiomoxpo,,11,u11,eci.oe
cme;:11,0 EAcT = J J /c.u2, O < -i; < co, 7 - ai.mueupoeaHHoe ffiomoxp0Mu11,eci.oe
cme,.-11,0 T - co, T -: ope.Ml/, a1.mueatfUU.
<Py1-1,1.tfU11, log (T -Ts1) = <l>1 (-i;), oaTOUfan xapai.mepucmui.y o6paaoeaHUJJ tfBem-
1-1,&ix tfe1-1,mpoe. 
3aaucU.Mocmb paa11,u11,u11, onmu�ci.ux n11,omHocmeii [A"'] om epe.MeHu [-i;], nocM 
npoeeoe1-1,1-1,ou ai.mueatfUU [A"' 

= <l>T]. J(ecmpyi.tj,UJJ tfBemHbtX tfeHmpoe. 
BoaHui.1-1,oee1-1,ue npoi}y1emoe <fiomoxuMu�ci.ux -npotfeccoe e aaeucuMocmu om epeMeHu 
0611,y'l,eHU//, e 1,io1-1,01.pucma./l,Jl,e AgCl, c 806aMmue,,11, 0,02 MM, % Ag2Ce 
I - noMe nepeoeo 0611,y�1-1,U11, (). = 405 1-1,,,11,), II -oecmpyi.tfUJJ tfeemHMX tj,enmpoe 
-,;pacH&i,,11, 0611,y�Hue..u, I I la _ - noemo pHoe 0611,y-imue (). = 405· HM), I Ilb - noe­
mo pnoe 0611,y�nue (). = 405 1-1,,M,) 
Cne1.mpbt a6cop6tfuu <fiomoxpo . .uu<iec1.oeo cme�11,a c cooep31Cam:teM MU1>po1epucma11,11,oe 
AgCl.1 -a1emuaupoda1-1,1-1,oe ffiomoxpo.1,m11,ec-,;oe- cme1e11,o cocmMHue Csi, 2 _;_ <fiomo­
xpo.Atu11,ec1.oe cme-,.11,0 noc11,e 30 .MUH. oecmpyi.tfUU tfBemHbtX tfenmpoe (epe.MeHno 
nocM cocmo11,HU11, C), 3 -06ec1tee<ie1-1,1-1,oe ffiomoxpo,,11,u�c1eoe cmei.11,0 ( cocmo1mue Co) .  
Cne1.mpbt a6cop6tfuu 1,w1-1,01epucma11,11,a AgCl. 1 - oo a,cmueatj,uu (0611,y'i,ťHUe.M), 
2 -noMe a1emueatfUU. 
Tunu11,Hbtu xoo 081-1,oeo tj,u1e11,a 06paaoea1-1,U11, u 8ecmpy-,;lfUU tfBemHbtX tj,eHmpoe e <flomo­
xpo.1,m11,ec-,;o.At cmei.M c ebioeMttHbt.4tu oc1-1,oeH&t.Mu cocmoRHU/1,MU Co, Cs1 u Gs� (cxeMa­
mu11,Hoe uao6pa:11ceHue). I -0611,y�nHoe, I I - neo611,y-ieHHOe. 
<I>yH1.tfím log (Ts2 -T) = <l>1 (-i;) OJl,II, Ts1 onpeoeJteHH&tu 2-i;'. 
<l>yHKlfU/1, log (Ts2 -TJ = <l>1 (-i;) OJl,II, Ts2 onpe8eMHHbtU 4-i;', 
<l>y1-1,1.tfu11, log (Ts2 -T) = <l>1 (-c) oJl.11, Ts2 onpeoeJteHH&tu 8-i;'. 
(l)yH1.tfu11, log (Ts2 -T) = <Pi (-i;), -oaTOUfUU xapa1.mepucmu1ey oecmpyi.tj,uu tfllem-
1-1,bix tfeHmpoe. 
Tunu•tH&iu xoo ooH,oeo lfU1>11,a o6paaoaaHU//, u 8ecmpy1e4uu tf6emHbtX tfeHmpoe. Ilpu 
8ecmpy1.tfUU ,.npucymcmeyem a1.muaupy10Ufee 0611,yt1,e1-1,ue npu npe811,o:>,ce1-1,uu, 11,mo 

Id < Id! < Id2 < Iď,J. 

Cme-,;11,0 a1.mueup011a11,u 0611,y11,eHue.At Id . 
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