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Abstract

The electronic spectra of four different types of organic colorants embedded into sol–gel SiO2 xerogel or into a hybrid SiO2-

PMMA matrix were studied experimentally using optical absorption, photoluminescence excitation, emission techniques,

atomic force microscopy and fluorescence microscopy. The results show a well defined set of energy levels for each type of dye.

It turns out that the type of matrix and the degree of aggregation of the organic molecules have relatively small effects on the

energy spectra, although they have a strong influence on the optical absorption of the material. A quantum mechanical

description of the electronic spectra of these molecules was developed on the basis of free electron molecular orbitals approach.

For that the molecule is considered as a two-dimensional potential well, using both periodic (Born-von Karman) boundary

conditions to take into account aggregation effects, and the commonly used infinite wall conditions. The results obtained have a

good agreement with experimental spectra without adjustable parameters. A new simple method to calculate the energy spectra

of and electron in a two-dimensional potential well is proposed. For that, it has been considered the electron motion in a ‘box’

with reflecting walls, giving us a result identical to the classical model for rectangular-shaped molecules. This method also

allows us to treat the triangular-shaped molecules, the results obtained being in a reasonable agreement with experiment, also

without any adjustable parameters.

q 2003 Published by Elsevier Ltd.
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1. Introduction

During the last two decades, considerable interest has

been paid to the investigation of the sol–gel glassy silica,

PMMA and other composite matrices colored with organic

dyes, in particular, due to their potential applications in

tunable dye lasers and for decorative purposes [1–15]. It has

been shown that the lifetime and thermal stability of dyes are

enhanced when they are entrapped in solid matrices [4,5,15].

This is especially essential for the case of the widely used

food colorants, which are cheap, not contaminating and easy

to handle, but very seldom have high thermal and optical

stability. For the food products, the absence of a high stability

is not of great importance, but for the applications mentioned

above it is essential. It must be noted that the color of any

particular dye is taken for granted, and its origin is very

seldom discussed.

For all applications, either traditional or new ones, a large

concentration of dye molecules is normally used, that makes

the formation of dye particles due to molecular aggregation

highly probable. Different colorants have different

behavior in this respect (for example, the Rhodamine dye

tends to form dimers, that is double molecules, whereas
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the 41000 C.I. Yellow No. 2 dye could form large aggregates

ranging between 102 and 106 molecules each [7,16]). It has

been shown [14,15] that the aggregation strongly affects the

optical density of the colored material as well as the color

stability, and has a small (but measurable) effect on the

absorption spectra. The analysis of one particular case of

aggregation effect on the optical properties was made by our

group [14], but the general treatment of the problem has not

yet given.

The influence of the host matrix on the embedded dye

molecules has been studied in many previous papers (see

Refs. [2,9–12]). It was demonstrated that the electronic

spectra are only slightly affected by the environment (in

particular, this effect depends on the matrix polarity [10]), but

the thermal and optical stability are strongly influenced by the

matrix. Some analyses with respect to the cage effect on the

dye molecule has been given before [10,12], but so far no

prediction could be made about the matrix effect on color and

on its stability in any specific case, so the problem is far from

being solved.

In this paper we present results of our experimental study

and the theoretical consideration of the effects mentioned.

Our main attention was concentrated on the effect of small

and large aggregates on the optical properties of the colored

film, and on the origin of color. We have used four types of

food colorants: blue, yellow and two red dyes. A different

approach of the free electron molecular orbitals (FEMO)

model is developed giving a good agreement with the

experiment.

2. Experimental technique

The colored SiO2 xerogel coatings were prepared by the

sol–gel technique using a precursor material composed of

TEOS, water, ethanol and dye. The ethanol-to-TEOS

(tetraethyl orthosilicate) and water-to-TEOS molar ratios

were of 4:1 and 11:1, respectively. This composition has

proven to give good quality SiO2 coatings [16]. The TEOS

was dissolved in the ethanol using magnetic stirring for

15 min. The water suspension of dye was added to the

ethanol–TEOS solution to form the starting material. The

dye concentration was around 5 wt% in all the dried

coatings. To catalyze the gelation/condensation reaction, a

small amount of i-phosphoric acid of 5 vol% was added to

the starting solution. The colored coatings were obtained on

microscope slide glass substrates using a dip coating

apparatus. The glass substrate was immersed in the starting

materials with viscosity of about 3 mPa s, and then

withdrawn with a constant speed. After that the coatings

were annealed at 100 8C for an hour in an oven at

atmospheric air conditions. The coating thickness measured

by profilometer was 0.5 mm.

The PMMA coatings doped with the dye were obtained

on pre-cleaned slide glass substrates using the same dip

coating method. The PMMA films were prepared dissolving

the dye in 2-hydroxyethyl methacrylate (HEMA) at

a concentration of 4.59%, and mixing this solution with

methyl-methacrylate (MMA) 95.4% in sealed glass serum

bottles (previously flamed) equipped with a magnetic

stirring bar, connected to a high purity nitrogen bubble

continuous injection system. Polymerization of methacry-

late monomers was carried out at constant temperature of

80 ^ 2 8C, in a thermostatic oil bath, using 2.20-azobis

(isobutyronitrile AIBN) as the initiator. The colored PMMA

obtained was dissolved in benzene until it reached a proper

viscosity for coating (from 1 to 3 mPa s).

To make organic–inorganic hybrid coating by the sol–

gel technique, we have prepared an acrylic polymer with the

composition of 37.3% of HEMA, 36.3% of butyl acrylate

(BA), 20.0% of styrene (St), 4.4% of MMA, and 2.0% of

isobutyl methacrylate (BMA). The obtained acrylic polymer

was mixed with TEOS in a weight proportion of 30/70

and then dissolved in 50/50 molar ratio in 2-propanol/

2-butoxyethanol solvent. The hydrolization and polycon-

densation were catalyzed with IN-HCl in a molar ratio

0.0025 M of HCl/TEOS. The composite coatings were

deposited on pre-cleaned slide glass substrates by a dip

coating method. The coatings were dried at 60 8C for 1 h. The

PMMA and hybrid coating thickness was from 1 to 10 mm.

To remove the polymerization inhibitor, MMA, St, BA

and BMA used in the preparation of PMMA and hybrid

coatings, were consecutively washed twice with 5%-NaOH,

the with NaHCO3 and finally with distilled H2O. After that,

they were dried over MgSO4 and distilled under a nitrogen

atmosphere. The initiator, AIBN, was recrystallized twice

from methanol. The solvents: benzene, 2-propanol, 2-

butoxyethanol, water and ethanol were used without further

purification.

To reduce the aggregation of the dye molecules in the

case of yellow dye used, the precursor solution was

subjected to a dispersion treatment using a ball mill. This

process was performed in a plastic vial with internal

diameter of 3.15 in., operating at 55 rpm (this corresponds

to 0:39Vc; where Vc is the critical velocity [18]) during 4 h,

using ceramic balls with diameter of 1 and 2 mm.

The optical density measurements were carried out in an

UV–VIS Perkin–Elmer spectrophotometer Lambda 2. The

fluorescence measurements were taken with an Ocean-

Optics SD2000 spectrometer and a D-100/DT-100 Deute-

rium/Tungsten halogen lamp system; for the fluorescence

microscopy, a homemade equipment was used. The atomic

force microscopy (AFM) analysis was done using a

Nanoscope 3a from Digital instruments.

3. Results and discussion

Four types of dyes were studied (Fig. 1): FD and C

green No. 3 (a), 41000 C.I. yellow No. 2 (b), FD and C red
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No. 3-erythrosine (c), and the red rhodamine 6GDN (d). One

can see the shape of the first two molecules is approximately

rectangular, and that the other two have a triangular shape.

From the light absorption, luminescence excitation and

emission spectra it can be seen that each molecule has its own

characteristic set of energy levels. These energy spectra

depend only slightly on the dye concentration, the degree of

aggregation and on the type of host matrix. An example of the

experimental spectra used for the determination of the energy

levels, for the red rhodamine and yellow dyes, is shown in

Fig. 2a and b; some other spectra have been shown elsewhere

[17]. Curves 1, 2 (Fig. 2b) and, V1 and V2 (Fig. 2a) show

the optical density of the colored coatings. Curves 3, 4, 5

(Fig. 2b), and V3 and V4 (Fig. 2a) show the emission spectra;

Fig. 2b refers to the yellow colorant in the sol–gel SiO2

matrix, curve 5 corresponds to the sample in the gel form, that

is before solidification, the others were taken in the solid

matrix. Curves V1 and V3 are the spectra of the rhodamine in

the PMMA and V2 and V4 are the corresponding spectra for

the same dye in the hybrid sol–gel glass-acrylic matrices.

Since we did not observed noticeable light scattering from the

coatings, the optical density has direct relation with the

absorption coefficient of the film.

To obtain the characteristic molecular energy levels from

the experimental spectra, we took the average in the spectral

positions of the long-wave edge of the absorption or

excitation band and the short-wave edge of the correspond-

ing emission band (in both cases, the measurements were

done at half of the maximum intensity). This method takes

into account the thermal broadening effects, providing a

better accuracy in the energy estimation.

The solid (1, 3) and dashed (2, 4, 5) curves in Fig. 2 show

the data for samples made from solutions with and without

the ball milling process, respectively. It is evident that the

milling process (i.e. dispersion of aggregates) enhances the

intensity of both absorption and emission spectra, without an

appreciable change in the shape of the spectra. From these

results it can be also seen that the type of matrix (sol–gel in

solid or gelled form, hybrid matrix) has weak influence on the

spectral position of the absorption and emission bands

observed. It is important to point out that the samples made

from the milled solution, except for the larger optical density,

have the most stable coloration (see Ref. [16] for details).

Previous microscopy fluorescence (MF) measurements

in similar samples [16], show that samples with dye

Fig. 1. Molecular structure of the dyes used: (a) FD&C fast green

No. 3, (b) 41000 C.I. Yellow No. 2, (c) FD&C red No. 3

(erythrosine), (d) rhodamine 6GDN.

Fig. 2. Light absorption (1, 2, V1, V2) and emission (3–5, V3, V4)

spectra of yellow dye in SiO2 xerogel (1–5), and of rhodamine in

PMMA (V1 and V3) and hybrid Acryl-SiO2 (V2 and V4) matrices.
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prepared from suspensions without the ball treatment, have

bright emitting regions which correspond to dye particles

(dye aggregates inside the matrix) with a size of about 1 mm.

After the suspension was milled for 4 h the whole coating

surface emits light uniformly, indicating a much better dye

dispersion. The AFM images from the coating surfaces for

samples obtained from suspensions without the milling

treatment, show surface features of about 1 mm, correspond-

ing to the dye particles, and for the mill-treated samples this

size is approximately 10 nm (the examples of the MF

microphotographs and the AFM images were shown

previously [16]).

The transition energy values obtained in the way

described above for each of the dyes studied are shown in

Tables 1–3 as Eexp: In the case of the rhodamine, the data

presented refer to the PMMA matrix. The energy values for

this dye in the hybrid and SiO2 glass matrices are 3–5%

larger, as can be seen Fig. 2, where the V2 and V4 spectra are

slightly shifted to shorter wavelengths with respect to V1

and V3 spectra. In all the cases investigated, the electron

transition energy values were primarily determined by the

type of dye, and have very small dependence on the type of

matrix and the sample treatment.

3.1. Aggregation effects

To account for the observed changes in the absorption

due to the variation of the aggregate size, we have developed

a simple model that assumes spherical aggregates and

averages the optical density over the sphere. The calculated

dependence of the optical density of coatings with a given

amount of dye molecules, on the diameter ðdÞ of the dye

aggregates in described (for calculation details, see Ref.

[14]) by the expression:

Dp ¼ ð3dnL3
=2dÞð1 2 expð20:67dDo=LÞÞ ð1Þ

where d is coating thickness, n is the number of dye

molecules in a unit volume, L the size of one molecule and

Do its optical density. This dependence is shown in Fig. 3. It

is seen that for small aggregates, when their total cross-

section exceeds the sample surface, the absorption does not

depend on the aggregate size. For this case (small d=L ratio),

the exponent in Eq. (1) is close to unity, so that the

approximation e x < 1 þ x can be used, giving us a constant

absorption value:

Dp
max ¼ dnL2Do ð2Þ

For larger aggregates (when they do not cover the whole

area of the coating), the ratio d=L is large and the exponent in

Eq. (1) is negligible compared with unity, thus

Dp ¼ 3dnL3
=2d; ð3Þ

therefore larger aggregates correspond to smaller absorp-

tion. Using this approach, it is possible to determine the

aggregate size from the optical data. In the case of the

molecules studied, the parameter L is of the order of 1 nm, n

is approximately 1020 cm23, Do is estimated from Eq. (2) as

0.025. Using these data we found out that a noticeable

decrease in the absorption occurs for aggregate with

diameter d around 10 nm or larger (Fig. 3). It means that

the aggregate contains approximately 1000 molecules, and

its diameter corresponds to about 10 molecules. The fact

that we observe noticeable variation in absorption due to

Table 1

Rectangular well 1.33 £ 2.0 nm2 (FD&C fast green No. 3 dye)

Quantum

number

E (eV) DE (eV) Eexp (eV)

n m

1 1 1.23 – –

1 2 2.36 E13 2 E12 ¼ 1:89 1.88

2 1 3.79 E21 2 E11 ¼ 2:56 2.53

1 3 4.25 E13 2 E11 ¼ 3:02 2.92

2 2 4.92 E22 2 E11 ¼ 3:69 3.70

2 3 6.81 E23 2 E11 ¼ 5:58 5.52

Table 2

Rectangular well 1.32 £ 0.96 nm2 (41000 C.I. yellow dye)

Quantum

number

E (eV) DE (eV) Eexp (eV)

n m

1 1 2.52 – 2.21

2 1 5.14 E21 2 E11 ¼ 2:62 2.64

1 2 7.47 E12 2 E11 ¼ 4:94 $4.14

Table 3

Triangular molecule (side of the triangle a ¼ 1:34 nm)

Quantum number E2 (eV) Eþ (eV) DE (eV) Eexp (Rh)

(eV)

Eexp (Er)

(eV)

n m

1 1 1.12 3.36 – – –

2 1 3.36 7.84 E221 2 E211 ¼ 2:24 2.24 2.2

2 2 4.48 13.44 E222 2 E211 ¼ 3:36 3.4; 3.8 3.55

– – – – Eþ21 2 Eþ11 ¼ 4:48 4.44 –
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the ball milling treatment means that the aggregates in our

samples are not smaller than 10 nm in average. The data

obtained with the AFM measurements, as it was mentioned,

give for the smallest aggregate a size of a round 10 nm for

the case of well-dispersed solution, and up to 1 mm in non-

treated samples.

It is evident that expressions (1)–(3) could be also used in

case of the emission, if we assume that for the emitted

radiation, the molecular absorption ðDoÞ is the same as in the

previous case. In a more realistic case which considers the

different absorption coefficients for the emitted and exciting

radiation ðDe – DoÞ; we shall get the dependence of

the emission from the aggregate size of the same character,

but with some averaged value of the molecular optical density.

3.2. Energy spectra

To calculate the energy spectra of the dye molecules, we

used the ‘particle in a box’ classic approach (based on the

FEMO approximation, see Refs. [19–21]). For that we have

considered a ‘potential box’ with periodic (Born-von

Karman) boundary conditions implied from the existence

of the molecular aggregates, instead of the most frequently

used zero boundary conditions for the C function (classic

well with the infinite walls). This model immediately gives

energy values that are four times larger than the obtained

using the classic model. We consider the dye molecules like

two-dimensional potential wells, and take for calculations

the real dimensions (Lx and Ly) along the two main

symmetry axes. For the molecules of approximately

rectangular shape (Fig. 1a and b), the corresponding

expression for the energy levels of electrons delocalized

inside this well is obtained by direct solution of the

Schrödinger equation:

E ¼ ðh2
=2m0Þðn

2
=L2

x þ m2
=L2

yÞ ð4Þ

where h is the Planck constant, m0 the electron mass, and n;

and m are quantum numbers. Calculated and experimental

data for the molecules of blue and yellow dyes are shown in

Tables 1 and 2, respectively. The bond lengths for the

molecule size calculation were taken from Ref. [22]. As it is

usually done in common practice [19,21], one bond length

(0.15 nm) was added at each side of the molecule. One can

see that the agreement between the calculated and exper-

imental data is reasonably good, which could be considered

as justification of the periodic boundary conditions used. It is

essential to stress that the lowest energy transitions (n;m

varying from 1 to 3) give all the spectra experimentally

observed, since the values of energy in Eq. (4) are four times

larger than in the classic expression used before.

On the other hand, the clear physical meaning of the

periodicity in the dye molecules structure exists only in

the case of relatively large aggregates. However, we see that

the energy spectrum does not change much at low

aggregation level or even in the absence of aggregation

(case of rhodamine [17,23]). To resolve this contradiction,

we suggest that the interaction between the delocalized

electron and the well’s boundaries (‘walls’ of the potential

well) could be considered as a mirror-like reflection; it is

evident that the rectangular ‘box’ with the mirror-like walls

is equivalent to the periodic structure.

Fig. 4a shows the rectangular cell with the wall-mirrors

together with its reflections; the arrows indicate the direction

of the plane wave representing an electron in this potential

well. It is evident that the well with its reflections form a

periodic structure, but with the period doubled compared to

the dimensions of the elementary cell. This doubling in the

period gives the following expression for the energy levels

E ¼ ðh2
=8m0Þðn

2
=L2

x þ m2
=L2

yÞ ð5Þ

corresponding to the classic case of the well with infinite

walls and zero boundary conditions for the C function. This

expression gives the energy of two independent systems of

the standing waves in ‘x’ and ‘y’ directions formed by the

reflections of the plane waves representing an electron. The

corresponding distribution of the probability density ðlCl2Þ
for one set of quantum numbers is shown in Fig. 5a. It is clear

that Eq. (5) possess all the levels given by Eq. (4), but with

doubled values of the quantum numbers.

Fig. 3. Calculated dependence of the optical density of coatings on

the size of the dye molecule aggregates d (given in nanometers) for

a given total density of absorbing molecules.

Fig. 4. Rectangular (a) and triangular (b) cell with reflecting walls

with the images of the reflected cells.
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If we approximate the molecules of the red colorants

with a triangle cell also having reflecting walls, then the

elementary cell with its reflections will form the structure

shown in Fig. 4b; using again the arrows for denotation of

the electron wave vectors, we see that this structure is

periodic with a rhombic elementary cell. Using the

corresponding periodic conditions (i.e. assuming that the

C function describing an electron does not change under

translation with the corresponding periods), we get the

electron energy

E ¼ ð2h2
=3m0a2Þðn2 ^ nm þ m2Þ ð6Þ

where a is the side of the triangle, n;m are the quantum

numbers; two options for the sign correspond to the two

translations. The data calculated are shown in Table 3;

subindexes ‘ þ ’ and ‘ 2 ’ indicate the sign in Eq. (6)

chosen for calculations. The corresponding length was again

found from the real molecule dimensions, with addition of

an extra bond length at each side of the molecule. One can

see that the calculations agree reasonably well with the

experimental data for the two red dyes investigated.

To substantiate our considerations, we have solved the

standard quantum-mechanical problem of a particle con-

fined in a triangular-shaped quantum well with infinite

walls. The wave function C and the energy levels for the

electron were found by direct analytical solution of the

Schrödinger equation, treating the problem as the three-

dimensional one to enable the separation of variables (this

analysis will be published elsewhere). Assuming that the

wavefunction is zero at the boundaries, we have obtained

two C functions:

C1ðx; y; zÞ ¼ C0
1 cos

ffiffi

2
p

pð1 þ 2nÞ

a
x cos

ffiffi

2
p

pð1 þ 2mÞ

a

� y cos

ffiffi

2
p

pð1 þ 2pÞ

a
z; ð7Þ

C2ðx; y; zÞ ¼ iC0
2 sin

2
ffiffi

2
p

pn

a
x sin

2
ffiffi

2
p

pm

a
y sin

2
ffiffi

2
p

pp

a
z;

ð8Þ

where n;m; p are quantum numbers and C0
i are normalizing

coefficients. It is necessary to emphasize that the presence of

three quantum numbers is due to three-dimensional

approach, though the model remains flat. Using the solutions

found we have obtained the distributions of the probability

density in the triangle presented in Fig. 5b, clearly showing

examples of the standing wave picture in the system. The

energy levels corresponding to our wavefunctions are

respectively

E1 ¼
h2

4m0a2
½3 þ 4ðn þ m þ pÞ þ 4ðn2 þ m2 þ p2Þ	; ð9Þ

E2 ¼
h2

m0a2
½n2 þ m2 þ p2	; ð10Þ

where n;m; p are integers. The second wave function does

not allow the case when any of n;m or p is equal to zero;

otherwise the wavefunction (8) is equal to zero. Eq. (9) has

no such limitation. It could be seen that the sequence of the

energy levels and the corresponding transitions given by the

last expressions, at least for the first seven levels, is very

close to that given by Eq. (6). Results of the calculation of

the probability density over the triangle (Fig. 5b) follow the

same rule as in the ‘classic’ quantum box case, when each

quantum number corresponds to addition of new halfwave

along the side of the well.

Matrix effects, according to our analysis which accounts

for the real molecular geometry, are related with molecular

deformations, which are different in the different environ-

ments. A small variation in size could explain the small

variations in the spectral positions of the bands observed. In

particular, in the case of rhodamine, the more rigid glass

matrix implies a smaller molecular dimensions and, there-

fore, higher transition energies, whereas in softer PMMA

matrix the molecular size (size of the potential well) is a

little larger, with the corresponding effect on the spectrum.

4. Conclusions

The incorporation of organic dye molecules into

inorganic SiO2 or hybrid (SiO2-PMMA) matrices prepared

using a modification of the conventional sol–gel method

produced colored thin film coatings with sufficiently high

optical density. New experimental options are developed for

the preparation of samples with different types of colors and

colorants, which prove to be simple, cheap and efficient.

Each doping organic molecule provides its own set of

electron energy levels, which is determined primarily by the

molecule shape and dimensions. These energy spectra can

be calculated on the basis of the generalized FEMO

approach considering the electrons delocalized within a

molecule with reflecting potential walls. The influence of

Fig. 5. Distributions of the probability density for an electron in

rectangular (a) with quantum numbers n ¼ 2; m ¼ 3 and triangular

(b) potential wells. Darker colors correspond to a lower probability,

lighter ones to a larger probability.
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the matrix on the energy spectra could be attributed to the

deformation effects.

The aggregation of the dye molecules influences both,

the absorption and the emission efficiency, which could be

accounted for with the help of a simple model considering

the geometry of the light absorbing and emitting sources.

From the comparison of the calculated and experimental

data, the aggregate size is estimated, in reasonable

agreement with the direct microscopic measurements.
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