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ABSTRACT
In this paper, we investigated Disperse Red (DR1, DR13) and Disperse
Orange (DO3, DO13) dyes embedded into poly(methyl methacrylate)
(PMMA) polymeric matrix. The linear optical properties such as absorp-
tion coefficient, refractive index and energy band-gap of guest-host
polymeric thin filmswere studiedusing spectroscopy and spectroscopic
ellipsometry combined with transmittance measurements.

We found that the refractive index of DR1 is higher than the refrac-
tive indices for other studied azo dyes compounds. We also observed
that the energy band-gap of studiedmaterials varies from about 2 eV to
2.3 eV.

1. Introduction

Disperse Red (DR) and Disperse Orange (DO) are the azobenzene dyes. They can occur in
two different geometries: a linear, stretched trans configuration and an angular cis configura-
tion. The existence of these two isomeric configurations and reversible isomerization of the
azo (−N = N–) group under UV or visible light are the origin of the photosensitivity. This
transformation is connected with its volume change, just change of its rotational mobility. For
example there is a ca. 10% decrease of the volume occupied by molecule passing from trans
to cis form. As such conformational changes are connected with the change of π electron
conjugation length, as result the material index of refraction is also changing.

Disperse Red (DR) and Disperse Orange (DO) dyes are the most popular materials as
nonlinear optical compounds [1–3]. These compounds make an important class of materials
due to a wide range of optical applications including optical data storage, surface-relief holo-
graphic, optical switching, optical limiting, signal processing, optical modulators and nonlin-
ear optical devices [4–8].

However, the linear optical properties of these materials should be known in order to pro-
viding the accurate nonlinear parameters [2–3] for development of future nonlinear devices.
Therefore, in this paper, we present the optical properties such as absorption coefficient
and refractive index of Disperse Red (DR1, DR13) and Disperse Orange (DO3, DO13) thin
films using spectroscopy and spectroscopic ellipsometry (SE) combined with transmittance
measurements (T). These azobenzene dyes (as guest materials) were dispersed in poly(methyl
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methacrylate) (PMMA) polymer matrix (as host material). PMMA is one of the most com-
monly used polymeric hosts, which has high optical transparency in the visible spectral range,
high optical homogeneity and relatively high laser-damage resistance [9–10].

Therefore, this work allows insight into the linear optical mechanisms of Disperse Red
(DR) and Disperse Orange (DO) dyes and helps to understand some of them.

2. Experimental

The chromophores, DR and DO were purified by a recrystallization from an absolute
methanol solution. And then these dyes have been doped in polymer matrice PMMA (poly-
methylmethacrylate). The concentration of DR and DO to PMMA was 5 wt%. The DR and
DO and PMMA are commercially available in Aldrich. The DR and DO (5 g/L), PMMA
(100 g/L) were dissolved in trichloroethane and the resulting solution was filtered through
a 0.4 µm pore size nylon syringe filter. Spin deposition was used to fabricate thin films with
controlled thickness on the glass slides. The principle of spin deposition is based on a homo-
geneous spreading out of the solution on the rotating substrate with an angular speed of
1000 rpm. Immediately after deposition, the thin films were cured in an 80°C oven for 1 hour
to eliminate any remaining solvent.

Ellipsometric and transmission measurements were performed in the spectral range 300–
2000 nm using the V-VASE device (J.A.WoollamCo., Inc.) and spectrophotometer Cary 5000
(Agilent), respectively. Ellipsometric azimuths, � and �, were measured for three angles of
incidence (65°, 70° and 75°). The optical constants were determined using the four medium
optical model of the sample (glass/polymer layer (dp)/rough layer (dr)/ambient). The optical
response in the transparent spectral range was parameterized using Sellmeier dispersion rela-
tion of the refractive index. To describe the absorption of these materials, a sum of Gaussian-
type oscillators was used [11].

3. Results and discussion

Figure 1 shows the chemical structures of pseudo-stilbene type azobenzene dyes DR1, DR13,
DO3 and DO13. We can see that DR 1 contains disparate electron affinities on the opposite
sites of benzene rings (two polar end groups: an electron accepting group (–NO2) and an
electron donating group (–NR′R where R′ = CH2CH3, R = CH2CH2OH)) connected by a
delocalized, conducting π-electron system (–N = N–). Therefore, it consists of an azo group
(–N = N–) between two benzene rings, and push-pull donor and acceptor groups on the
opposite sides of the benzene rings. The high charge-transfer interaction occurring between
the electron-donor group (amino) and electron-acceptor group (nitro) which is characteristic
for the pseudo-stilbene type azobenzene dyes.

The difference between DR13 and DR1 is that we have chlorine substituent (Cl) in ortho
position of benzene ring. The Cl group in DR13 is an electron-withdrawing substituent, and
its presence raises the oxidation potential. In the case of DR13 and DR1 molecules hydrogen
atoms of amine group have been replaced by a substituent such as two alkyl groups. Whereas,
in the case of DO3 we have primary amine group (–NH2). Therefore, DO3 exhibits a push-
pull π-conjugated system, having an electron-acceptor nitro group and an electron-donor
amino group. The electron charge-transfer occurs from amino to nitro group through the
π-conjugated system. While DO13 belongs to azo disperse dyes, which are based on disazo
structures i.e. dye with two azo groups.
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Figure . Chemical structures of DR (a), DR (b), DO (c) and DO (d).

Figure 2 presents transmission spectra (T) of DR1, DR13, DO3 and DO13 thin films in
PMMA matrix in the spectral range 300–2000 nm. As we know from our previous papers
[12, 13] PMMA is transparent from about 380 to 2000 nm. While, in the case of DR- and
DO-PMMA, we can notice two absorption bands at about 490 nm and about 300 nm. The
absorption band in the range 400 – 600 nm is assigned to π-π∗ electronic transitions due
to the strong internal charge transfer (ICT) character of pseudo-stilbene azobenzene dyes,
and n-π∗ transition, which is hidden [14]. They are assigned to π-π∗ electronic transitions
occurring in aggregated and free azobenzene chromophores. Whereas, the absorption band
at about 300 nm is π-π∗ transition. The feeble n-π∗ transition, forbidden in strictly planar

Figure . Transmission of DR, DR, DO and DO thin films in PMMAmatrix.
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molecules by symmetry selection rules, and insensitive to push-pull substitution is not explic-
itly identified from the spectra because it remains hidden under the strong π-π∗ band. DR
and DO moieties are of pseudo-stilbene type, which means that the high-energy π-π∗ tran-
sition is overlapping the low-energy n-π∗ transition. This leads to a large structureless band
in the spectra of the trans isomer with an absorption maximum strongly depending on the
polarity of the host material which may be either a polymer or a solvent [15]. The electron-
donor and electron-acceptor substituents are increasing the charge transfer character of the
π-π∗ transition and consequently shifting the π-π∗ band to the red compared to PMMA.

From Figures 2 and 3 we can see that the maximum of absorption band is at 492 nm
for DR1. In the case of DR13, we have band at about 512 nm. The Cl group in DR13 is an
electron-withdrawing substituent, and its presence raises the oxidation potential. This causes
the bathochromic shift of absorption spectrum. In the case of DO3 the maximum of absorp-
tion band is at 452 nm, and for DO13 at 437 nm. Therefore, when we have primary amine
group (DO3) or two azo groups (DO13) we observe the hypsochromic shift of absorption
spectrum compare to DR1.

Figure . Absorption coefficient (α) of DR, DR, DO and DO thin films in PMMAmatrix.

Figure 4 shows the refractive index (n) of DR1, DR13, DO3 andDO13 thin films in PMMA
matrix obtained from spectroscopic ellipsometry (SE) measurements. SE yields information
on the dispersion behavior of the real (n) and the imaginary (k) parts of the complex refractive
index ñ. Parameters n and k are often referred to as refractive index and extinction coefficient
[16, 17]:

{
ñ = n + iκ
κ = α λ

4π

(1)
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where κ is the extinction coefficient, α is the absorption coefficient, λ is wavelength of light
in vacuum. The real and imaginary parts of ñ are related via the Kramers-Kronig relations
and are associated with the absorption and the dispersion of the electromagnetic radiation
respectively.

The refractive index (n) is a fundamental material property that is used in the design of
optical devices. From Figure 4 we can see that the value of the refractive index for DR1 is the
highest for all studied compounds in non-absorbing range (i.e. for hν < 2 eV, see Fig. 3). We
can notice the following relationship in the case of value of the refractive index: nDR1 > nDR13
> nDO3 > nDO13 in the spectral range 600–700 nm.

Figure . Refractive index (n) of DR, DR, DO and DO thin films in PMMAmatrix.

We can also notice that the refractive indices of studied films decrease continuously as the
wavelength increases thus displaying normal dispersion in the spectral range 600–2000 nm.
This behaviour of n is typical for dielectrics for wavelengths longer than the absorption
threshold [18–20].

To determine the optical energy band-gap (Eg) we used the Taucmethod. Figure 5 presents
the Tauc plot of studied compounds dispersed in PMMA. From the extrapolation of the linear
part of dependence (αhν)2, which is plotted as a function of photon energy, we can determine
the value of the optical energy band-gap of DR1, DR13 and DO3 thin films. Therefore, in the
case of DR13 we can observe that adding Cl group into DR1 causes the shift of energy band-
gap to a shorter energies compared to DR1 (Eg(DR1) = 2.10 eV> Eg(DR13) = 2.01 eV).Whereas,
the changing amino group in DR1 causes the shift of Eg to a longer energies DO3 (Eg(DO3) =
2.26 eV). In the case of DO13 the band-gap energy can be estimated at about 2.2 eV (Eg(DO13)

� 2.2 eV), however we could not precisely determine this optical energy band-gap due to the
difficulty of matching a straight line to the experimental data (the Tauc plot in Fig. 5). The
value of Eg(DO13) cannot be treated as exact absorption-threshold. For energies below Eg(DO13)
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Figure . Tauc plot of DR, DR, DO and DO thin films in PMMAmatrix.

the absorption coefficient is very low, however it is still higher than 0 (see Fig. 3). In turn,
for energies above Eg(DO13) the dramatic increase of α can be observed. Therefore, for DO13
the behavior of α can be explained as absorption associated with disazo structure (for hν
> Eg(DO13)) and sub-bandgap absorption (for hν < Eg(DO13)). The existence of sub-bandgap
absorption is also visible in the transmission spectra – T values decrease for energies below
2.2 eV (see Fig. 2).

4. Conclusions

The present study is an observation of the linear optical properties of guest-host system with
different azobenzene dyes thin film. We observe that presence a chlorine substituent (Cl) in
ortho position of benzene ring into DR1 causes the bathochromic shift of absorption spec-
trum. Whereas, we can observe the hypsochromic shift of absorption spectrum compare to
DR1 when the molecule has primary amine group (DO3) or has two azo groups (DO13).
Similar behavior is observed in the case of energy band-gap (Eg).

In the case of the refractive index we can notice that its value decreases (for select wave-
length in the certain range) as follows: DR1 > DR13 > DO13 > DO3.
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