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ABSTRACT: Experimental data on the absorbance evolution of an UV irradiated PMMA film containing the TEDBCd CdS
precursor published earlier are fitted by the authors’ recently published model of precursor-mediated heterogeneous nucleation and
growth of nanoparticles in polymer films. Two types of nucleation centers are considered. The centers of the first type are
nanoparticles initially existing in the material. The centers of the second type belong to polymer chains. The study shows that the
experimental data indicate a wide size distribution of the obtained CdS nanoparticles. For the estimated parameter values, the
problem of core−shell nanoparticle growth where the nucleation centers of the first type are nanoparticles of a different nature is
considered.

1. INTRODUCTION
Photoinduced nanocomposites are initially homogeneous
materials in which inorganic nanoparticles are formed under
the effect of UV/laser radiation.1−22 In the following, we
consider photoinduced nanocomposites consisting of a
polymer matrix with dissimilated precursor molecules. The
polymer matrix with precursor can be prepared either by
casting or polymerization.1,18,22 Light-induced decomposition
of these molecules leads to the nucleation and growth of
nanoparticles. The resulting nanoparticles can be metal, which
gives the nanocomposite plasmonic properties.1,5,9,11 Alter-
natively, they can be of semiconductor nature, which imparts
the properties of semiconductor nanoparticles, such as
particular characteristic luminescence spectra, to the materials
produced.2−4,6−8,10,12−22 The idea of obtaining nanoparticles
of a different nature in the same sample opens up new
promising opportunities.23,24 The advantage of photoinduced
nanocomposites is that different kinds of structures with
different optical properties can be recorded within the initially
transparent media either by direct laser writing3 or by using
masks.25 This makes photoinduced nanocomposites promising
for photonic applications.3

This paper considers the evolution of absorbance at the
probing wavelength in the case of precursor-mediated UV
induced heterogeneous nucleation and growth of CdS

nanoparticles in PMMA films. We will fit the experimental
data published in.20 In that work, PMMA films with a thickness
of about 200 μm were prepared by casting from toluene
solution. The films contained a 5% mass fraction of the well-
soluble precursor bis(1,1,5,5-tetraethyl-2,4-dithiobiureto)-
cadmium(II)[Cd(N(SCNEt2)2)2] (TEDBCd) proposed ear-
lier.26,27 The obtained films were of good quality and
transparent in the optical range. The films were irradiated by
a light-emitting diode (LED) operating at a wavelength of 365
nm at different intensities and different temperatures. The
irradiation resulted in the appearance of increasing optical
absorption in the optical range. The transmission electron
microscopy (HR TEM) data allowed one to relate this
absorption increase with the nucleation and growth of CdS
nanoparticles. In situ monitoring of the process was performed
at a wavelength of 405 nm, at which the samples are initially
transparent.
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Theoretical models have been developed taking into account
photochemically induced precursor-mediated nanoparticle
nucleation and growth in polymer films. The papers consider
either homogeneous28 or heterogeneous29 nucleation of
nanoparticles.
These theories belong to a broader class of models that

consider the photochemical modification of a material under
the effect of monochromatic UV irradiation. UV photons are
absorbed by certain species present in the material, thereby
initiating processes that lead to its modification. There is an
important class of such processes for which the final result of
photon-induced transformations is determined by the irradi-
ation exposure, the integral of the light intensity over time.
When the light intensity is constant, the exposure is equal to
the product of the intensity and the irradiation time. A process
belonging to this class can be tested by irradiating the material
at different intensities such that the product of intensity and
irradiation time remains constant.30−33 If the irradiation result
is the same for different attempts, this means that the exposure
determines the material alteration, not the intensity or
irradiation time individually. The kinetics of the process can
be monitored using either a probing monochromatic beam20

or white light from a lamp30,32 or LED.34

In the case of optically thin samples, the absorption is
relatively small, and it can be assumed that the intensity of the
incident UV radiation is the same throughout the film.28,29 In
optically thick films, the outer layers shield the inner layers,
and the light intensity in the inner layers differs from the input
intensity. The material alteration leads to a change in the
optical properties, including the absorption spectra. Thus, the
absorption coefficient at the irradiation wavelength changes
during the process.
This means that even if the irradiation intensity is constant

in time, the intensity in the inner layers of optically thick films
is time dependent. This creates certain difficulties for the
development of an analytical model of the kinetics of material
change in thick films. However, in refs 35−37, a mathematical
approach that solves this problem has been developed.
Importantly, the published experimental data20 on UV

irradiation of precursor-containing polymer films show the
dependence of absorbance at the probing wavelength on the
UV irradiation exposure. Theoretical consideration suggests
that under some conditions UV induced nucleation and
growth of nanoparticles in polymer films can be described by a
heterogeneous model. This model permits one, contrary to the
homogeneous case, to explain the dependence of the process
parameters, including absorbance, on UV exposure.
Core−shell nanoparticles have improved optical and other

properties.38−45 It is of great interest to obtain them directly in
a solid matrix. The next application of the theory of precursor-
mediated heterogeneous growth of nanoparticles considered in
the present work is the model of shell growth on existing core
nanoparticles within the matrix. In contrast to the model
considered in ref 23, where shell growth is initiated by laser
heating of the metal core directly near the nanoparticle, the
present work reveals a precipitation mechanism (see, e.g., ref
39) initiated by homogeneous decomposition of the precursor
compound.
The paper is organized as follows.
In the Methods section, we review two theoretical

approaches that are used in this work. The first one is the
calculation of the absorbance evolution in the problem of
photochemical alteration of thick films. It is described in

Section 2.1. In Section 2.2, we review the main results obtained
using the heterogeneous model of nucleation and growth of
nanoparticles in polymer films29 and write down the basic
formulas needed in what follows.
The results and discussion consist of three parts. In the first

part, presented in Section 3.1, the approach discussed in
Section 2.1 is applied to the model described in Section 2.2.
The second part, presented in Section 3.2, involves fitting
experimental curves from20 using the formulas obtained in
Section 3.1.
In Section 3.3, based on the parameter values determined in

Section 3.2, some features of the problem of photochemically
induced growth of core−shell nanoparticles when core
nanoparticles are initially present in the polymer sample are
elucidated. The competition between the shell growth and the
growth of pure native nanoparticles is considered.

2. METHODS
In this section, we consider two theoretical models that are
used to understand and fit experimental data.

2.1. Model of Absorption Evolution due to Photo-
chemical Material Alteration in Thick Films. Consider a
flat homogeneous film of thickness L with a boundary located
at the point X = 0, where X is a coordinate. The film is
irradiated by UV light normally incident on the surface with
intensity I0 (see Figure 1). In general, I0 can be time-

dependent. Irradiation leads to numerous processes, which
may involve many {Si} species with different properties (see,
e.g., the corresponding equations in refs 30−32). Below we
consider the heterogeneous nucleation and growth of
inorganic, semiconductor nanoparticles within polymer films
where the nanoparticles of each size should be considered as
separate species with their unique optical properties. Here, the
number of different species is close to infinity. Nevertheless, if
the net process is exposure-dependent, the set of kinetic
equations can be reduced to the following (see refs 35 and 36):

s s q( )=
(1)

q
x

s q( )=
(2)

q

x
s q( )

p
p p=

(3)

s x t s( , 0) init= = (4)

Figure 1. Schematic representation of the thick-film problem. The
film is irradiated by UV light with intensity I0. The light absorption in
the film is nonuniform along the X coordinate and varies in time due
to the UV induced particle growth.
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q x t( 0, ) 1= = (5)

q x t( 0, ) 1p = = (6)

here, x is a dimensionless coordinate, which is usually
normalized to the initial penetration depth of UV light, τ is
a dimensionless variable playing the role of time, which is an
explicit increasing function of exposure I td

t

0 0 , q is a
dimensionless intensity q(x,τ) = I(x,τ)/I0(τ), and s(x,τ) is a
dimensionless variable fully characterizing the degree of
alteration of the material at point x at “time” τ. The correct
choice of this variable is very important.
It is productive to in situ monitor the process using probing

radiation. In ref 20, the probing wavelength is in the
transparency region of the original sample. In principle, this
can be done by measuring the optical spectrum with a white
LED or a special lamp.30,34 In eq 3 we consider one more
variable, namely qp, which is the dimensionless intensity of the
probing light at some frequency ωp, and α and αp are the
corresponding dimensionless absorption coefficients at the
irradiation wavelength and at the probing wavelength.
The experiment usually monitors the transmittance at the

probing wavelengths or, more precisely, the absorbance.
Speaking about absorbance D, it is understood that exp(−D)
= I(X = L)/I(X = 0) or, with variables of eqs 1−6,

q x l D( ) exp( )= = (7)

here, l is the dimensionless quantity L. The expression for D is
obtained in ref 37. There, the expression for the absorbance Dp
at the probing wavelength is presented as a function of
dimensionless time, which is proportional to the exposure. It is
written as a function of the value of the variable s at x = 0, here
s0 � s(x = 0):

D s s x s x
s s

s s
( ) ( ( , ))d

( )d

( ) d

l

s s

s

s

s s
s

p
0

0
p

0

( )

p
( )
( )

l 0

0

init

= =

(8)

and at the irradiation wavelength

D s s x s x
s

s
( ) ( ( , ))d ln

d

d

l s

s s
s

s

s s s
s

0

0

0

( )
( )

( ) ( )
( )

l
init

0

init

0= =

(9)

here,

s s x l( )l = (10)

s0 as a function of τ (which is proportional to the exposure)
can be found from eqs 1, 4, and 5, and sl(s0) can be found from
the ordinary differential equation

s
x

s
s
s

sd
d

( )
( )
( )

d
s

sinit
=

(11)

with boundary condition

s x s( 0) 0= = (12)

2.2. Evolution of the Particle Size Distribution in the
Problem of Precursor-Mediated Nanoparticle Nuclea-
tion and Growth: Analytical Solutions. A model of
heterogeneous precursor-mediated nucleation and growth of
inorganic nanoparticles in polymer films was formulated in ref

29. Below we address a few equations and formulas that will be
needed in what follows. A polymer film contains a precursor
compound with number density A, which decomposes
photochemically to release a “monomer” B; Bn is a number
density of the nanoparticles containing n monomers. Nano-
particle growth occurs when monomers are added. The initial
value of A is A0. The precursor decomposes according to the
equation

A
t

AIA A=
(13)

where I is the light intensity measured in photon/cm2 s, σA is
the absorption cross section, and ηA is the quantum yield of
precursor decomposition.
We introduce a variable C nBn n1= = , which is the

monomer number density inside all the nanoparticles.29

There is an approximate equality

A C A0+ = (14)

By introducing dimensionless variables bn = Bn/A0 and
passing from the discrete variable n to the continuous variable
z, the size distribution of the nanoparticles can be obtained as
b(z). For the dimensionless variant c = C/A0, we have

c b z z z( ) d
0

=
(15)

It was shown in ref 29 that along with physical variables (b,
z) it is useful to consider artificial variables (g, ξ),

g z k z b z( ) ( ) ( )= (16)

k z z( ) 1 1/3= + (17)

z z
k z

z z z( )
d
( )

3 3 ln(1 )
3
2

z

0

1/3 1/3 2/3= = + · + +

(18)

In variables (g, ξ), the kinetic equation considering the
evolution of the nanoparticle size distribution is given by (see
eq 26 in ref 29)

g
c V c

g1
( )

0+ =
(19)

It was mentioned in ref 29 that its solution is generally a
nondeformable profile propagating along the ξ axes with
velocity V c g z z( ) ( )d

0
= :

g c g V c c( , ) ( ( )d )
c

0
=

(20)

The shape of this profile can be found from the initial and
boundary conditions.
Following,29 we consider two different cases of heteroge-

neous nucleation. In the first one, further referred to as Model
I, the nucleation centers are actually nanoparticles formed
during the film preparation. Here, part of the precursor
compound initially is destroyed and A(t = 0) < A0. Thus, eq 19
should be supplemented with an initial condition for the
nanoparticle size distribution. Due to the requirement that the
nanoparticles are immobile, some minimum nanoparticle size
must be present in the system to fulfill this condition. In refs 28
and 29, it was estimated that for CdS nanoparticles in PMMA
matrix at temperatures near the glass transition point, the
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mobility of the nanoparticles with n ≥ 70 is almost zero. Thus,
the initial size distribution starts from n ≥ 70.
To be specific, we consider the simplest solution of the

problem, following.29 If the initial distribution of g on the ξ axis
is

g g gat and 0 at or0 R0 F0 R0 F0= < < = < >
(21)

where ξR0, F0 are the initial positions of the rear and leading
fronts of the distribution, then as the leading front ξF shifts to
the value

F F0= + (22)

the distribution comes to

g g gat and 0 at or0 R F R F= < < = < >
(23)

where

R R0= + (24)

In physical variables (b, z), this solution reads

b z z
g

z
z z z b z z

z z z z

( , )
1

at and ( , ) 0 at

or

F
0

1/3 R F F

R F

=
+

=

< > (25)

here, g0 is a constant factor. In order to find solution, we fix zF
and find zR, using the equation

z z z z( ) ( ) ( ) ( )R F F0 R0= + (26)

The relation between ξ and z is determined by eq 18.
The evolution of the nanoparticle size distribution (25) is

shown in Figure 3 of ref 29. The function c (see eq 15) can
also be represented as a function of zF.

c z
g z

z
z g F z z z( )

1
d ( ( ), )

z z

z

F
( )

0
1/3 0 R F F

R F

F
=

+
=

(27)

where

F z z z z z z

z z

z z z z
z
z

( , ) 3(( )
1
2

( )

( )

1
4

( )
1
5

( ) ln(
1

1
))

1 2 2
1/3

1
1/3

2
2/3

1
2/3

2 1

2
4/3

1
4/3

2
5/3

1
5/3 2

1/3

1
1/3

=

+

+ +
+

(28)

Initially, c = cinit > 0,

c g F z z( , )init 0 R0 F0= (29)

and

c z c
F z z z

F z z
( )

( ( ), )
( , )F init

R F F

R0 F0
=

(30)

One can find the exposure

E I td
t

exp irr
0

=
(31)

which corresponds to a given value of c,

E z
c

c z
( )

1
ln(

1
1 ( )

),exp F
init

F
A

A

irr
= =

(32)

here, ℏωirr is the energy of the photon at the irradiation
wavelength.
Thus, fixing zF, one can find the nanoparticle size

distribution (25), c(zF) (see eqs 28−30 and then Eexp(zF),
see eq 32). This means that we have an exposure dependence
of the size distribution in parametric form, where the
parameter to be excluded is the front position zF (or the size
of the largest nanoparticle in the continuous approximation).
In the second case (hereafter referred to as Model II), the

nucleation centers belong to the polymer matrix and are
located on the polymer chains, which are almost immobile.
The monomer enters the primary nucleation center (the

initial number density of centers is B̅00) and transforms into a
nanoparticle B1 with probability γ.
In variables (g, ξ), the solution of the problem is a

nondeformable profile propagating from minus infinity in such
a way that the shift δξ of this profile along the ξ axis
corresponds to the position of the leading front,

F = (33)

The solution suggests that at a given value of ξF and ξ < ξF

g c
B
A

c( , ) exp( ( ( )))00

0
F=

(34)

and g(ξ, c) = 0 for ξ > ξF. Coming back to physical variables,
we have

b z z
B
A

z z
z

( , )
exp( ( ( ) ( )))

1F
00

0

F
1/3=

+ (35)

and

c z
B
A

z j z( ) exp( ( )) ( , )F
00

0
F F=

(36)

where

j z z
z
z

z( , ) exp( ( ( ))
1 ( )

d
z

0 1/3=
+ (37)

The examples of the evolution of the size distribution
according to the solution 35) are shown in Figure 6 of ref 29.
The dependence of the exposure on zF follows from eq 32 at
cinit = 0.
With known nanoparticle size distribution and dependence

of the absorption cross section of a nanoparticle on its size, it is
possible to calculate the absorption coefficient of the
nanocomposite and its dependence on exposure. In a general
form, this is discussed in ref 29.
The present consideration is aimed at fitting the

experimental data20 on the exposure dependence of optical
absorbance of PMMA film with CdS precursor compounds.
Thus, we consider the size dependence of the absorption cross
section of CdS nanoparticles in PMMA using the approx-
imation proposed in ref 37.
We consider the absorption of CdS nanoparticles at two

wavelengths, namely, an irradiation wavelength of 365 nm and
a probing wavelength of 405 nm. Both of these wavelengths are
slightly shorter than the wavelength corresponding to the band
gap in bulk CdS, 513 nm. This means that sufficiently small
CdS nanoparticles are transparent at a wavelength of 365 nm
due to quantum confinement. Absorption at this wavelength
becomes significant for CdS nanoparticles larger than z* = 216
(see ref 37 for details). According to the model considered in
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refs 37 and 29, the absorption cross section of any nanoparticle
of size z > z* is proportional to z. That is, the absorption cross
section of a particle is σz, where σ is the absorption cross
section per monomer included in the nanoparticle. Estimates
made in ref 37 show that σ = 5 × 10−18 cm2

.
Similarly, this consideration can be applied to the absorption

at the probing wavelength. Here, the nanoparticles with z <
z** with z** = 340 are transparent for probing light, and the
absorption cross section of the nanoparticles with z > z** is
σpz, where (see ref 37) σp = 4.2 × 10−18 cm2.
In the following, we will operate with dimensionless

absorption coefficients (see eqs 2 and 3), which are normalized
to the initial absorption coefficient of the film at the irradiation
wavelength σAA0. The conditions of the discussed experiment
are estimated37 to be A0 = 6 × 1019 cm−3 and σA = 4 × 10−19

cm2. Let us introduce dimensionless cross sections

/ and /A p A
* = ** = (38)

and functions

f z b z z z z f z b z z z z( ) ( , ) d and ( ) ( , ) d
z z

F F p F F= =
***

(39)

Taking into account the approximate relation 14, we finally
obtain (see eqs 1−6)

z c z f z( ) 1 ( ) ( )F F F= + * (40)

z f z( ) ( )p F p F= **
(41)

3. RESULTS AND DISCUSSION
3.1. Solution of the Problem of the Exposure

Dependence of the Absorbance of Thick Films for
Model I and Model II. Relations 40 and 41 show that
absorption coefficients at both irradiation and probing
wavelengths are explicit functions of zF, which is the maximum
size of nanoparticles in the continuous approximation.
Equation 14 after the introduction of dimensionless time
(see eqs 31 and 32)

Eexp
0= (42)

reads

c c q(1 )=
(43)

The superscript in (42) means that the exposure is taken at
X = 0. Keeping in mind that c is the explicit function of zF (see
eqs 32 and 30), one can write

c c
z

z z c c
z

d
d

or /
d

dF

F F

F
= =

(44)

Finally, we obtain a set of equations that is a special case of
eqs 1−6:

z c z
c z

q
(1 ( ))

/
F F

F
=

(45)

q
x

c z f z q(1 ( ) ( ))F F= +
(46)

q

x
f z q( )

p
F p F p=

(47)

q x t( 0, ) 1= = (48)

q x t( 0, ) 1p = = (49)

z x t z( , 0)F F0= = (50)

Here, x = σAA0X. In the case of Model II, zF0 = 0. A
comparison of eqs 45−50 with eqs 1−6 shows that there is a
correspondence,

s z

s
c z

c z

s c z f z

s f z

s z

;

( )
1 ( )

/
;

( ) 1 ( ) ( );

( ) ( );

F

F

F

F F

p p F

init F0

+ *

**

= (51)

Thus, we can write an expression for the absorbance at the
probing wavelength (see 8)):

( )
D z

f z z

c z z
( )

( ) d

(1 ( )) dz z

z
c z

z

c z c

z

z f z
c z

c z
z

p F
0

( )

p F
d ( )

d F

F
( ) ( )

1 ( )
d ( )

d F
l
F F

0

F
0 F

F

F init

F0

F F

F

F

F

=
+

**
*

*

(52)

Here, zF0 is the value of zF at x = 0, zFl is the value of zF at x = l =
L/(σAA 0) , and we used the apparent re l a t ion

( )c z z z c z c(d ( )/d )d
z

z
F F F F init

F0

F = .

The analog of eq 11 reads

z
x

c z c z c

f z
c z

c z
z

z

d
d

1
(1 ( )) ( )

( )
1 ( )

d ( )
d

d

c
z

z

z

F
d

d

F F init

F

F

F

F
F

F

F0

F

=

+ *

i
k
jjjjj

y
{
zzzzz (53)

Solving the ordinary differential eq 53 with the boundary
condition zF(x = 0) = zF0 taken at x = l gives the function zFl (zF0)
needed to calculate eq 52.
Relations 52 and 53 show that the required absorbance is an

explicit function of zF0, which is the position in the size space of
the leading front of the nanoparticle size distribution located
on the irradiated surface of the sample, i.e., at the coordinate
point x = 0. Using eq 32 at the point x = 0 (specifying zF = zF0),
we obtain the dependence of exposure on zF0:

E z
c

c z
( )

1
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1
1 ( )exp

0
F
0 init

F
0=

i
k
jjjjj

y
{
zzzzz (54)

Fixing zF0, we find the value of Dp(zF0) from eqs 52 and (53)
and then the value of Eexp

0 (zF0) from eq 54. Excluding zF0 yields
the dependence Dp(Eexp

0 ) that is measured in the experiment.
3.2. Fitting the Experimental Curves Obtained in 20.

Below we fit the experimental data by Model I and Model II.
The experimental data, namely, the absorbance of the films

at the wavelength of the probing beam as a function of the UV
exposure, are obtained in ref 20 at three different thermostat
temperatures, 90, 100, and 110 °C.
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The first feature of the experimental data is that the induced
absorbance depends on the irradiation exposure. The data
points taken at the same exposure and different UV intensities
coincide with each other. This was taken into account in the
development of the models described above.
The second feature of the experimental data is that the

increase in absorbance at the probing wavelength in initially
transparent samples starts after some delay in exposure Eexp**.
This is due to the fact that nanoparticles need some time to
grow to the size at which they start to absorb light at the
probing wavelength.
This feature is true both for Model I and Model II since (see

eqs 39 and 52)

f z z z( ) 0 ifp = < **
(55)

For Model I (see ref 29),

f z g F z z z z( ) ( , ) ifp F 0 F R= ** < **
(56)

f z g F z z z z( ) ( , ) ifp F 0 R F R= **
(57)

Correspondingly,

f z g F z z z z( ) ( , ) ifF 0 F R= * < * (58)

f z g F z z z z( ) ( , ) ifF 0 R F R= * (59)

Here, the function F is determined in eq 28; c(zF) for Model I
is determined in eq 30. It follows from eq 30 that
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(60)

The function zR(zF) is determined either by relation 26 or as
a solution of the ordinary differential equation following from
relation 26:

z
z

z
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d
d

1

1
R

F

R
1/3

F
1/3= +

+ (61)

with condition zR(zF0) = zR0.
In the experimental conditions σ = 12.5, σ** = 10.5, and l =

0.42. We fix zR0 = 70.
Fitting parameters for Model I are β, which is proportional

to the quantum yield ηA of the precursor destruction (see eq
32), zF0 and cinit, which determine g0 at given zR0 and zF0 (see
formulas 29 and 30). It is understood that zF0 < z** since the
film is initially transparent at the probing wavelength. It should
be noted that zF0 and cinit should have the same values for each
temperatures because they characterize the properties of the
film that do not depend on the treatment conditions. The
quantum yield and thereby the value of β are temperature
dependent.
The best fit to the experimental data (discrete points with

bars) is shown in Figure 2. It corresponds to the smallest
standard deviation achieved at zF0 = 306 and cinit ≈ 0.15 (g0 ≈
2.3 × 10−5). At 90 °C, β ≈ 2.8 × 10−4 cm2/J (ηA ≈ 3.7 ×
10−4), Eexp** = 100 J/cm2; at 100 °C, β ≈ 3.7 × 10−4 cm2/J
(ηA ≈ 4.9 × 10−4), Eexp** = 77 J/cm2; at 110 °C, β ≈ 5 × 10−4

cm2/J (ηA ≈ 6.7 × 10−4) Eexp** = 57 J/cm2.
Figure 3 shows the dependence of fitting curves on the value

of parameter zF0.
For Model II (see ref 29), c(zF) is addressed in eq 36,
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Here, Θ(z) is a Heaviside function, and j(γ,z) and ξ(z) are
addressed in eqs 37 and 18. The fitting parameters for Model
II are β, parameter γ, and B̅00/A0.
When simultaneously fitting the three sets of the data

corresponding to different thermostat temperatures by the
model II, we should keep the same value of the parameter B̅00/
A0 for all three curves. Parameters β and γ depend on the
thermostat temperature.
Figure 4 shows the best fit to the experimental data. It

corresponds to the smallest standard deviation achieved at B̅00/

Figure 2. Comparison of experimental data (dots with bars) with
theoretical Dp(Eexp) curves. Dark-blue and blue points correspond to
data obtained at different light intensities (for detail, see ref 20) at the
thermostat temperature 110 °C, the dark blue curve is the fitting one
for this temperature, zF0 = 306 and cinit ≈ 0.15 (g0 ≈ 2.3 × 10−5), β ≈
5 × 10−4 cm2/J (ηA ≈ 6.7 × 10−4), Eexp** = 57 J/cm2. Magenta and
green points correspond to data obtained at different light intensities
(for detail, see ref 20) at the thermostat temperature 100 °C, the
magenta curve is the fitting one for this temperature, zF0 = 306 and
cinit ≈ 0.15 (g0 ≈ 2.3 × 10−5), β ≈ 3.7 × 10−4 cm2/J (ηA ≈ 4.9 ×
10−4), Eexp** = 77 J/cm2. Black and red points correspond to data
obtained at different light intensities (for detail, see ref 20) at the
thermostat temperature 90 °C, the black curve is the fitting one for
this temperature. zF0 = 306 and cinit ≈ 0.15 (g0 ≈ 2.3 × 10−5), β ≈ 2.8
× 10−4 cm2/J (ηA ≈ 3.7 × 10−4), Eexp** = 100 J/cm2.

Figure 3. Effect of the value of parameter zF0 on the fitting curves.
The black curve is the best fit: zF0 = 306, cinit ≈ 0.15, and g0 ≈ 2.3 ×
10−5 (see Figure 2). The dark blue curve corresponds to zF0 = 200,
cinit ≈ 0.02, and g0 ≈ 6.9 × 10−6 and the blue curve to zF0 = 80, cinit ≈
6 × 10−3, and g0 ≈ 4.2 × 10−5.
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A0 = 7.2 × 10−3. At 90 °C, γ = 5 × 10−4, β ≈ 3 × 10−4 cm2/J,
(ηA ≈ 4 × 10−4), Eexp** = 104 J/cm2, at 100 °C, γ = 7 × 10−4,
β ≈ 4.6 × 10−4 cm2/J (ηA ≈ 6.1 × 10−4), Eexp** = 93 J/cm2, at
110 °C, γ = 10−3, β ≈ 7 × 10−4 cm2/J, (ηA ≈ 9.3 × 10−4),
Eexp** = 88 J/cm2.
Figure 5 shows dependence of fitting curves on the value of

parameter γ.

The results show that the best fit parameters in both cases of
Models I and II correspond to broad size distributions (see
Figures 4, 6, and 7).

3.3. Growth of Core−Shell Nanoparticles. Below we
study the case where the initially existing nanoparticles
considered in the previous chapters of this paper are of a
different nature than the growing nanoparticles. Monomers
deposited on such nanoparticles form shells, thus building
core−shell nanoparticles. Such core nanoparticles are the
growth centers of nanoparticles along with the existing centers
of number density B̅00 considered above (see Figure 8).

The diffusion-controlled shell growth suggests that the
growth constant is determined by the radius of the nano-
particle. This means that if the initial radius of the core
nanoparticle is R, it corresponds to the value of the variable

z R
V

4
3

3

1
=

(65)

Here V1 is the volume of the native monomer, e.g., for CdS, V1
= 4.83 × 10−23 cm3. The initial distribution of core
nanoparticles is addressed in eq 21 in variables (g,ξ) and the
evolution of this distribution in physical variables (b, z), in eq
25. The distribution of native nanoparticles is considered in eq
33. Importantly, these distributions in variables (g, ξ) are parts
of the same profile. This means that when profile (21) is

Figure 4. Comparison of experimental data (dots with bars) with
theoretical Dp(Eexp) curves (Model II). Dark-blue and blue points
correspond to data obtained at different light intensities (for detail,
see ref 20) at the thermostat temperature 110 °C, the dark blue curve
is the fitting one for this temperature, B̅00/A0 = 7.2 × 10−3, γ = 10−3, β
≈ 7 × 10−4 cm2/J, (ηA ≈ 9.3 × 10−4), Eexp** = 88 J/cm2. Magenta
and green points correspond to data obtained at different light
intensities (for detail, see ref 20) at the thermostat temperature 100
°C, the magenta curve is the fitting one for this temperature, B̅00/A0 =
7.2 × 10−3, γ = 7 × 10−4, β ≈ 4.6 × 10−4 cm2/J (ηA ≈ 6.1 × 10−4),
Eexp** = 93 J/cm2. Black and red points correspond to data obtained
at different light intensities (for detail, see ref 20) at the thermostat
temperature 90 °C, the black curve is the fitting one for this
temperature. B̅00/A0 = 7.2 × 10−3, γ = 5 × 10−4, β ≈ 3 × 10−4 cm2/J,
(ηA ≈ 4 × 10−4), Eexp** = 104 J/cm2.

Figure 5. Effect of the value of parameter γ on the fitting curves. The
black curve is the best fit: γ = 5 × 10−4, γB̅00/A0 = 3.6 × 10−7, β ≈ 3 ×
10−4 cm2/J (see Figure 4). The dark blue curve corresponds to γ =
0.1, γB̅00/A0 = 8.6 × 10−6, β ≈ 2.2 × 10−4 cm2/J and the red curve to γ
= 1, γB̅00/A0 = 6.9 × 10−5, β ≈ 2.2 × 10−4 cm2/J.

Figure 6. Normalized particle-size distributions calculated within
Model I, zF0 = 306. Different colors correspond to different values of
UV exposure; z** denotes the minimum size of a particle that absorbs
light at the probing wavelength. The black curve corresponds to the
early stage of the process where the composite material remains
transparent. The onset of the absorption occurs when the particle size
distribution reaches z** (red curve). The green curve corresponds to
the stage where the entire particle size distribution contributes to the
absorption of the composite.

Figure 7. Normalized particle-size distributions calculated within
Model II, γ = 0.001. Different colors correspond to different values of
UV exposure; z** denotes the minimum size of a particle that absorbs
light at the probing wavelength. The red curve corresponds to a
transparent sample at early stages of the process. The green curve
corresponds to later stages where the sample absorbs the probing
light.
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shifted by δξ, the profile (eqs 33 and 34) is also shifted by the
same value of δξ.
Thus, the relevant parameter in this problem is δξ, a shift of

the profile consisting of two parts, the first of which relates to
the growth of core−shell nanoparticles and the second, to the
growth of native nanoparticles.
Given δξ, we can calculate c1, the number density of

monomers that make up the shells,

c c
F z z

F z z
( )

( ( ), ( ))
( , )

11 core
R R0 F F0

R0 F0
=

+ +i
k
jjjjj

y
{
zzzzz (66)

and c2, the number density of monomers in native nano-
particles growing at B̅00 centers.

c
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z j z( ) exp( ( ( )) ( , ( ))2
00

0
F F=

(67)

In eq 66 (see eq 29),

c g F z z( , )core 0 R0 F0= (68)

is proportional to the number density of “alien” monomers
constituting the core nanoparticles.
The function z(ξ) is determined in implicit form by eq 18.
Knowing c1 and c2, one can calculate the number density of

monomers within the nanoparticles of two species,

c c c( ) ( ) ( )1 2= + (69)

Excluding the variable δξ, we obtain the dependences c1(c)
and c2(c) in parametric form (see Figure 9).
Taking the values of the maximal and minimum core radii of

the nanoparticles, we can calculate zR0 and zF0 using eq 65.
Using eq 18, we can find ξR0 and ξF0. Calculating the values of
zR(ξ + δξ) and zF(ξ + δξ), we obtain zR(ξ + δξ) − zR0 and
zF(ξ + δξ) − zF0. Knowing the monomer volume (see eq 65),
we can obtain the shell volume for the maximum and
minimum radii of the core−shell nanoparticles, and using

simple geometric formulas, we find the corresponding shell
thicknesses dF and dR as functions of δξ and thus as functions
of the variable c (see eqs 66−69). The corresponding
dependences are shown in Figure 10.
An important parameter is ccore, which determines the

number of core nanoparticles. The dependence of the fraction
of monomers within the shells and the shell thickness on this
parameter is shown in Figures 11 and 12.
It is seen that a significant number of monomers enter the

shell at a relatively high value of the parameter ccore. With
increasing ccore, the shell thickness decreases due to an increase
in the number of core nanoparticles.
It is interesting to find out the dependence of the shell

growth process on the parameter γ, the efficiency of
crystallization centers.
If we fix the parameter B̅00/A0, then the smaller γ, the more

efficient the shell growth. However, if we fix the value of the

Figure 8. Monomers formed by the decomposition of precursor compounds come either to existing nanoparticles of a different nature that build
shells or to crystallization centers that build native nanoparticles.

Figure 9. Evolution of the number density of monomers constituting
the shell structures (black color) and native nanoparticles (red color)
for ccore = 0.5, B̅00/A0 ≈ 7.2 · 10−3and γ = 5 × 10−4. The core
nanoparticle radii lie in the range RR0 < R < RF0; RR0 = 3 nm and RF0 =
5 nm.
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parameter γB̅00/A0, the result is opposite. (See Figures 13 and
14).

4. CONCLUSIONS
Experimental data on the nucleation and growth of CdS
nanoparticles in a polymer film initiated by photochemical
decomposition of a well-soluble precursor compound show the
dependence of the process parameters on light exposure.
Theoretical models of this phenomenon were constructed in a
previous publication.29 In the present work, these models are
applied to find the exposure dependence of the absorbance of
optically thick films. In addition to the above models
describing the exposure-dependent growth of nanoparticles,
we also use the approach considered in ref 37. The important

point here is the choice of an appropriate single variable that
fully characterizes the growth process. This permits one to
represent the absorption coefficient as an explicit function of
this parameter. In the considered case, such a variable is zF, the
number of CdS units in the largest nanoparticle in the
continuous approximation. The use of the analytical technique
makes it possible to identify the main parameters involved and
determine their values by fitting experimental curves. The
exposure-dependent absorbance growth suggests a heteroge-
neous nucleation process. This means that some kind of
nucleation centers is initially present in the material. We
consider two types of these centers. Centers of the first type
are nanoparticles that spontaneously appeared in the material
before irradiation. In this case, the fitting parameters are the
quantum yield of precursor destruction ηA, the initial value of
the variable zF, that is, zF0 (the size of the smallest nanoparticle
is fixed by the condition of their immobility), and the
percentage of precursor molecules spontaneously decomposed
during sample preparation. The fitting yields zF0 = 306 and
15% of the precursor compound initially decomposed. The
quantum yield of the precursor decomposition depends on the
thermostat temperature, ηA ≈ 3.7 × 10−4 at 90 °C, ηA ≈ 4.9 ×
10−4 at 100 °C, and ηA ≈ 6.7 × 10−4 at 110 °C.
Nucleation centers of the second type are crystallization

centers related to polymer chains. In addition to the quantum
yield of precursor destruction, the fitting parameters here are
the parameter γ, which is relative nucleation rate with respect

Figure 10. Evolution of the shell thickness for core nanoparticles with
radii of 3 and 5 nm; B̅00/A0 ≈ 7.2 × 10−3, γ = 5 × 10−4 and ccore = 0.5.

Figure 11. Dependence of the fraction of monomer constituting the
shells on the value of the parameter ccore at c = 1; B̅00/A0 ≈ 7.2 × 10−3,
and γ = 5 × 10−4, RR0 = 3 nm, and RF0 = 5 nm.

Figure 12. Shell thickness as a function of ccore at c = 1; B̅00/A0 ≈ 7.2
× 10−3, and γ = 5 × 10−4, RR0 = 3 nm, and RF0 = 5 nm.

Figure 13. Dependence of the shell growth efficiency, the fraction of
monomers constituting the shells, on the parameter γ at a fixed value
of B̅00/A0 = 7.2 × 10−3 (red curve) and a fixed value of γB̅00/A0 = 3.6
× 10−6 (black curve); ccore = 0.5 and c = 1.

Figure 14. Dependence of the maximum shell thickness for core
nanoparticles with R = 5 nm, on the parameter γ at a fixed value of
B̅00/A0 = 7.2 × 10−3 (red curve) and a fixed value of γB̅00/A0 = 3.6 ×
10−6 (black curve); ccore = 0.5 and c = 1.
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to the diffusion-controlled limit, and the number density of
nucleation centers relative to the number density of precursor
molecules, B̅00/A0. The fitting yields B̅00/A0 = 7.2 × 10−3. The
value of parameter γ and the quantum yield of the precursor
decomposition depend on the thermostat temperature, γ = 5 ×
10−4, ηA ≈ 4 × 10−4 at 90 °C, γ = 7 × 10−4, ηA ≈ 6.1 × 10−4 at
100 °C, and γ = 10−3, ηA ≈ 9.3 × 10−4 at 110 °C.
The fitting parameters for both models indicate a wide size

distribution of nanoparticles.
If the nucleation centers of the first type are nanoparticles of

a different nature, for example, gold nanoparticles, the
attachment of monomers to such nanoparticles leads to the
growth of core−shell structures. Competition arises between
core−shell growth and the growth of pure native nanoparticles
in nucleation centers of the second type. This problem for
realistic values of the parameters found in the first part of the
paper is considered in the second part. The thickness of
growing shells and the fraction of monomers participating in
the shell growth process are estimated.
It is shown that the effect depends significantly on the

number of core nanoparticles and their size. For realistic
parameter values, the number density of monomers constitut-
ing the core nanoparticles, comparable to the density of
precursor monomers for native monomers, is required for an
efficient core growth process. The efficiency of the centers of
the second type is characterized by the parameter γ. It is shown
that at a fixed density of nucleation centers of the second type,
an increase in the parameter γ will lead to a significant decrease
in the shell growth process, while at a fixed value of the
parameter γB̅00/A0, an increase in the parameter γ leads to the
opposite result.
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