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In this work, we present the linear and nonlinear optical properties of DNA as functional material,

incorporated into a silica material matrix with rhodamine organic dye. We observed that even low

concentration of DNA affects the aggregate behavior of the dyes in silica films. The samples with

DNA showed higher transmittance and fluorescence efficiency. Moreover, the presence of DNA

has been found to significantly enhance the nonlinear optical response of the systems. In this way,

we prove that silica materials can provide suitable matrices for hybridization with functional

molecules and can be utilized as active optical waveguide materials with enhanced nonlinear

optical properties.VC 2011 American Institute of Physics. [doi:10.1063/1.3669406]

The unique double-helix structure of deoxyribonucleic

acid (DNA) results in optical and electronic properties that

are extremely interesting for developing functional elements

for photonic applications.1,2 The systems based on biological

molecules often show superior properties, as compared to

conventional organic or inorganic materials. In addition, the

natural biomaterials are inherently biodegradable and from

renewable resources.

DNA has been investigated as a material for fabricating

photonic and optoelectronic devices.3,4 Some lumophores

such as the fluorescent dye rhodamine 6G (Rh6G) interca-

lated in DNA result in amplified spontaneous emission from

the Rh6G-DNA-surfactant complex.5,6 Moreover, this dye

was incorporated into silica materials in order to be used in

tunable solid-state lasers.7 Different organic dyes were incor-

porated into sol–gel matrices for the preparation of optically

transparent materials with third-order non-linear optical

properties. Large third-order optical nonlinearities and fast

response were measured in sol–gel derived materials doped

with azo-dyes,8 cyanine, as well as rhodamine and coumar-

ins.9 The organic–inorganic hybrid host matrices are superior

in terms of thermal and mechanical stability,10 also they are

highly transparent. Moreover, the dopants maintain their

original optical and magnetic properties inside the silica ma-

trix.11 Small concentrations of the molecules can radically

change the structure of the hybrid organic–inorganic materi-

als, thus strongly influencing their properties.

The investigation of the nonlinear optical (NLO) proper-

ties of such organic–inorganic hybrid materials are of substan-

tial interest in terms of creating low-temperature technology

for optical fiber production, as well as for other various, im-

portant photonic applications. Silica materials can provide

excellent matrices for hybridization with functional molecules

and nanomaterials, which can provide the necessary optical

properties in order to match the needs of specific photonic

applications.

The aim of this work was the investigation of the linear

and nonlinear optical properties of DNA–silica/rhodamine

thin films, as they are promising systems for optical wave-

guide applications. The thin films were characterized by

means of UV-Vis spectroscopy and third harmonic genera-

tion (THG) measurements. All experiments were performed

at room temperature.

The DNA–silica materials were prepared using DNA

aqueous solutions of 1.0mg/ml with different rhodamine dye

concentrations (from 0.007% to 0.060%), by using Water/

TX—114/pinus oil microemulsion system as template. The

DNA-silica thin films were directly synthesized by microe-

mulsion assisted sol–gel dip-coating on glass substrates. The

thickness of the films has been in all cases precisely meas-

ured by means of a micrometer. The thickness was in all

cases found to be around 0.3mm, while small deviations,

which were unavoidable with the aforementioned prepara-

tion technique, have been taken into account during the anal-

ysis of the experimental results for the determination of the

nonlinear optical parameters. The detailed experimental syn-

thesis procedure was described elsewhere.12 In short, the

DNA/water solution was solubilised in a water/oil microe-

mulsion through vigorous stirring and then was encapsulated

into a silica matrix in acidic media. These hybrid materials

were water-insoluble. This approach is unique as compared

to the conventional methods involving adsorption on glass

surface, entrapment in polymer matrix or impregnation in

porous glass powders, because entrapment is based on the

forming of the silica network around the functional mole-

cules within the microemulsions colloidal aggregates.

The prepared films were characterized by transmittance

and diffuse reflectance UV–Vis measurements. The fluores-

cence and UV–Vis transmittance spectra of the samples were
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recorded within the range of 300 and 800 nm by using a

JASCO V-550 Spectrophotometer and a JASCO FP-6500

Spectrofluorometer, respectively. The transmittance spectra

are presented in Fig. 1. The absorption maximum at 532 nm

confirms the presence of rhodamine, homogeneously distrib-

uted in the silica or DNA-silica matrices. The same absorp-

tion maximum was observed in DNA doped rhodamine 6G

solution in polyvinyl alcohol.13 The maximum between

530–540 nm corresponds to absorption by the free Rh6G

monomer.14 The curves indicated as (a) and (b) in Fig. 1 cor-

respond to 0.007% and 0.060% concentration of dye, respec-

tively. It is obvious that by increasing the dye concentration,

the transparency of the films is reduced. However, the pres-

ence of DNA slightly improves their transparency as it can

be seen in the same figures, as well as in the inset of Fig. 1.

This may be explained by the location of the dye molecules.

When small dye concentrations are used, the molecules are

located in the DNA groves. On the contrary at high concen-

trations, they appear in the DNA groves but they are also

associated with the surfactant oxyethilenic groups. Intensifi-

cation of the fluorescence lines shown in Fig. 2 also supports

this conclusion. In many cases, the dyes act as fluorescent

labels for bio-molecules and can interact with the bio-

molecule either through covalent or non-covalent bonding.

Moreover, fluorescence dyes, that bind to double helical

DNA by intercalation or groove binding, reduce the fluores-

cence quenching caused by aggregation15,16 or the rate of the

nonradiative transitions from the excited state.17

The NLO properties of the films were analyzed by the

third harmonic generation technique. The measurements were

performed in the air by the Maker fringes technique,18 using a

diode pumped passively mode-locked Nd:YVO4 laser, work-

ing at 1064 nm with 30 ps pulse duration and 10Hz repetition

rate. The Maker fringes are the interference patterns obtained

by the rotation of the plane parallel to the sample under the

excitation of a laser beam of fixed direction. The interference

arises from the superposition of the free and the bound har-

monic polarization waves generated in the medium by the

nonlinear interaction with the pump beam. The third harmonic

signal (generated by the sample) at 355 nm was filtered by

selective filters and detected with an appropriate photomulti-

plier. A fused silica plate was used as a reference material for

the THG measurements, due to the well-known nonlinear sus-

ceptibility it exhibits (v
ð3Þ
silica ¼ 2:0� 10�22m2=V2).19 The

advantage of the THG technique is that it provides informa-

tion related only with the electronic contribution to the nonli-

nearity (v
ð3Þ
elec), while it is not affected by other contributions

(e.g., rotational, redistribution, etc.).

For the investigation of the nonlinear optical response,

several Maker fringes patterns have been recorded. In order

to characterize the nonlinear optical parameters, the experi-

mental data have been analyzed, taking into account also

the significant harmonic absorption loss (Fig. 1) using the

procedure described elsewhere.20–22

The THG measurements have yielded interesting results.

The samples have been found to be THG efficient, while the

nonlinear optical signal was highly dependent upon the angle

of incidence of the laser beam with respect to the sample,

resulting to Maker fringes patterns. In Fig. 3, characteristic

experimental curves corresponding to the Silica-Rh and

FIG. 1. (Color online) UV–Vis transmittance spectra of thin films, exhibiting

low—0.007% (a) and higher—0.060% (b) concentration of the dye. The

pictures I and II in the inset correspond to the DNA doped and non-doped

samples.

FIG. 2. Fluorescence spectra of the rhodamine-silica thin films in absence/

presence of DNA.

FIG. 3. An example of the THG Maker fringes signals as a function of the

incident angle in the case of the silica-Rh and silica-DNA-Rh systems.
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Silica-DNA-Rh samples, obtained under the same experi-

mental conditions, for comparison reasons are presented.

The period of the Maker-fringes patterns has been found to

be directly dependent upon the sample thickness as expected.

In Table I, the nonlinear optical parameters of the investi-

gated compounds can be seen. For comparison reasons, the

response of fused silica is also added in the same table. The

v
(3) values obtained for the films are higher than that of fused

silica by about a factor of 6 and 3 for the DNA-doped and

the non-doped samples, respectively. However, what is very

important is that the silica-DNA-Rh films exhibits signifi-

cantly higher third order nonlinear susceptibility than the

silica-Rh films. As it can be seen from the same table, the

increase of the v
(3) in the case of the sample exhibiting

0.007% concentration of Rh and 0.15% of DNA is higher

than 100% if we compare with the non-doped system. This

enhancement of the nonlinear optical response, related to the

presence of the DNA can be attributed to the increase of the

charge transfer, which takes place in the system and is due to

the many highly polarizable conjugated p electrons in DNA

(Ref. 23) and also in Rh6G-PVA-DNA.13 Moreover, the

interactions due to intercalation into the base pair stack at

the core of the double helix and/or insertion into the minor

groove of DNA are well known to have strong impact on the

optical characteristics of organic dyes.

In conclusion, the linear and nonlinear optical properties

of DNA-silica/rhodamine thin films have been characterized.

It was demonstrated that even low concentrations of DNA

bio-molecules of about 0.15% can strongly affect the aggre-

gate behavior of the dyes in silica materials, resulting in sig-

nificant enhancement of both the linear and nonlinear optical

properties of the systems. More specifically, the addition of

DNA has been found to result in higher transmittance and

fluorescence efficiency, as well as significantly higher third

order nonlinearity. Thus, silica materials are suitable matrices

for the optical dyes inserted into the double helix of DNA

molecules, enabling engineering of active optical waveguide

materials with very interesting nonlinear optical properties.
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TABLE I. Third order nonlinear susceptibility values for the investigated

compounds.

Sample

Thickness

(10�2 cm) v
ð3Þ
elec (�10�22 m2/Vþ2)

SiO2-DNA (0.15%)-Rh (0.007%) 3.4 12.56 0.2

SiO2-Rh (0.007%) 3.0 5.66 0.1

Fused silica 0.1 2.0
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