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In this paper, we illustrate new functionalities for nonlinear optical applications of bio-molecular
systems. This study presents DNA complex with new ionic surfactants. These surfactants enabled
DNA solubility in solvents other than alcohols, like aromatic and chlorinated ones. Composites
with two nonlinear optical (NLO) active dyes are subjects of the second and third harmonic
generation experiments. The found effective nonlinear susceptibilities values are much higher
than that for standard fused silica. We also demonstrate any influence of the surfactant on NLO
properties. © 2011 American Institute of Physics. [doi:10.1063/1.3655985]

. INTRODUCTION

Characteristics of bio-derived materials are often inacces-
sible to man-made polymers. They are obtained from renew-
able resources, often food industry by-products and, therefore,
are biodegradable. Among natural polymers, the leading posi-
tion is occupied by deoxyribonucleic acid (DNA), the poly-
mer responsible for transfer of genetic code. DNA is a long,
thin, organic polymer, the rare macromolecule that represents
the atomic scale in width (c.a. 2.37 nm) and the human scale
in length (a molecule of DNA can be many centimeters long).
Although nucleotides (DNA building blocks) may be quite
different, all DNA molecules have the same regular structure.!
DNA chains can be precisely copied through replication—a
natural process, running in living cells. The replication pro-
vides mono-dispersed molecular mass of a bulk DNA sam-
ple—a feature inexistent among artificial polymers.

The crude DNA, extracted from a natural tissue, is solu-
ble exclusively in water, what practically excludes the stand-
ard thin film processing through the spin-coating technique. In
addition, DNA is very sensitive to hydration® what makes it
highly instable in ambient environment. A breakthrough in
DNA-based technology was made by demonstrating series of
DNA -cationic surfactant complexes obtained by ion exchange
reaction.” The smart choice of cationic surfactants enhanced
mechanical resistance of DNA complexes and made it insolu-
ble in water but in revenge soluble in a range of common
alcohols.

DNA and its complexes are materials of low optical
losses comparable or even lower than that of PMMA,4 what
is required for a matrix material in composites with optically
active molecules. The best quality films were obtained from
DNA complex with cetyltrimethylammonium®® (CTMA)
Figure 1(a). Therefore for the last decade, this complex has
been considered as a flagship of DNA-based materials for
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application in photonics and molecular electronics. Such
applications include: devices based on second and third order
nonlinear optical effects,”® low loss optical waveguides,'®
information storage,'’ organic photovoltaic,'? and organic
field effect transistors."?

Despite the success of DNA-CTMA, there is still need
for new cationic surfactants which would extend the range of
available solvents for DNA complex. In this paper, tests of
two such candidates—benzalkonium chloride (BA), Figure
1(b), and didecyldimethylammonium chloride (DDCA), Fig-
ure 1(c),—are described.

The surfactant molecule attaches its cationic head to neg-
atively charged phosphate groups of DNA strand. In the case
of CTMA, aliphatic queue is supposed to stretch out. This
queue hampers solubility in water and enhances it in other sol-
vents. Following such reasoning BA and DDCA possessing
twice as much queues as CTMA does would improve the sol-
ubility of DNA in the less polar solvents, including aromatic
and chlorinated solvents. The last ones are the most used for
dissolving optically active molecular dyes like for example
DRI1.

The purpose of our work was to verify whether the na-
ture of the surfactant may influence the overall nonlinear op-
tical (NLO) properties of a composite material consisting of
DNA complex and a NLO active dye.

Il. EXPERIMENTAL
A. Sample preparation

DNA complexes were prepared according to the proce-
dure adapted from Wang er al.® It was found that both
complexes regarding the solubility were superior over
classical DNA-CTMA. Composites of DNA complexes and
original push-pull dyes, belonging to azo-carbazole family
were prepared by co-solution in dimethylformamide (DMF),
common solvent for both constituents. The detailed synthetic
routine of such compounds has been described in Ref. 14

© 2011 American Institute of Physics
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FIG. 1. Surfactants structures CTMA (a), BA (b), DDCA (¢).

and schematic structures of these dyes are pictured in Figure
2. The dyes were supposed to be different regarding their
nonlinear optical properties due to the strength of acceptor
groups attached through azo-bond to electron accepting car-
bazole moiety (stronger in the case of Dyel). The samples
were produced by drop casting on the glass plates cleaned
according to RCA-1 recipe and afterwards were baked on
the glass plates at 200 °C. Samples contained c.a. 10% wt. of
the dyes. Three groups of thin films were prepared, consist-
ing of Dyel/DNA-DDCA, Dyel/DNA-BA, and Dye2/DNA-
BA ([Dyel] is 4 -(9H-carbazol-3-ylazo)-3-chloro-N,N-dihy-
droxy-aniline, and [Dye2] is 4-(9H-carbazol-3-ylazo)-N-
thiazol-2-yl-benzenesulfonamide).

B. NLO measurements and analysis

The NLO response was characterized by the optical sec-
ond harmonic generation (SHG) and third harmonic generation
(THG) techniques. The harmonic generation measurements
were performed using diode pumped passively mode-locked
Nd:YVO, laser, operating at a 1064 nm fundamental wave-
length with a 30 ps pulse duration and 10 Hz repetition rate.

The effective nonlinear susceptibilities and of thin films
were obtained in air by the Maker fringes technique.'> The
Maker fringes are the interference patterns obtained by the
rotation of a plane parallel slab under the excitation of a laser
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FIG. 2. Chemical structure of original dyes. (a) 4-(9H-carbazol-3-ylazo)-3-
chloro-N,N-dihydroxy-aniline [Dyel], (b) 4-(9H-carbazol-3-ylazo)-N-thia-
zol-2-yl-benzenesulfonamide [Dye2].
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beam of fixed direction. The interference arises from the
superposition of the free and the bound harmonic polariza-
tion waves generated in the medium by nonlinear interaction
with the pump beam.

The experimental analysis of the second order suscepti-
bilities was calculated by comparison with the SHG intensity
of a standard 0.5 mm thick Y-cut quartz crystal plate.'®'®
The simplified model of Lee ef al.'® was used.

21. 12(0 1/2
2) .2 q
= X§,>;7 (1—w> ; (D

Here, ¥ and ;{,(,2) denote second-order nonlinear susceptibil-
ities of the studied material and quartz>° (XE,Z) =1.0pmV"),
respectively, P and , are the second harmonic intensities,
and d is the thickness of thin film. More details are presented
in our previous work.*!

For THG data analysis, usually three theoretical models
are used, suggested by Kubodera and Kobayashi,”> Wang
et al.,zz’23 Reintjes,24 and Kajzar et al.®® The first relative
method is based on comparison with a reference sample
measured under identical conditions. It can be applied for
the thin film of amorphous material the thickness of which /
is much smaller than the coherence length /. of the refer-
ence material. In our case, / is comparable with /. ;, therefore
Reintjes and Kajzar models were chosen.

The THG intensities were calibrated with THG meas-
urements on a high purity fused silica slab, performed under
the same conditions. According to the work of Reintjes, the
intensity of the third harmonic generation in a nonlinear me-
dium is given by the following expression:

12 )
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Here, I, and I5,, denote the fundamental and harmonic light
intensities, respectively, and |73 is the modulus of the elec-
tronic contribution of third-order nonlinear susceptibility.

[3w

L = d(cos(arcsin[sin 6; /n)) " 3)

d is the thickness of the material, 0; is the incidence angle,
and ny is the refractive index of the medium.

In Kajzar model for a transparent thin film, one obtains
for the harmonic intensity=°

647
=72
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Here, Ac is the dielectric constant dispersion of the medium:
(), = &y — &7 5)

with A¢ = n”. The subscripts s and f refer to the substrate and

thin film, respectively. The phases appearing in Eq. (4) are
given by
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3wl
lp;);(/z _ s.f n?i;}m cos Ogu;w (6)

for the waves with the frequencies @ or 3w in the medium.
05’; “ are the propagation angles in the given medium. [ is
the medium thickness and 7 and T, are the factors arising
from transmission and boundary conditions®

pe'® = (X<3>/A8)_)¢'/(X<3>/AS)S' (7

¥, s is the phase of the thin film susceptibility (or difference
with that of substrate if not zero), I’ is the fundamental beam
intensity, and the phase mismatches Ay  are given by

(DY) gy = Wy — 37 @®)
Here, 1/12’3/}3“’ is given by Eq. (6).

lll. RESULTS AND DISCUSSION

The Second Harmonic Generation and Third Harmonic
Generation Maker fringes pattern measurements have been
carried out in transmission mode. The intensity and the polar-
ization of the fundamental beam (1064 nm) exciting the sam-
ple were adjusted by a half waveplate and a polarizer. The
second/third harmonic light was detected by a photomulti-
plier, and data were recorded depending on the precisely con-
trolled incidence angle. Before the detection, the fundamental
beam was removed by KG3 filter and two interference filters
(532 nm for SHG and 355 nm for THG) filtered off parasite
room light. SHG Maker fringes measurements have been
done for both p and s polarizations. Characteristic experimen-
tal curves are shown in Figure 3.

The SHG signal was very weak comparing to the refer-
ence quartz. The effective '* values have been found to be
0.011 pm/V and 0.003 pm/V for p and s polarization in the
case of Dyel and Dye2, respectively. THG Maker fringes
measurements were taken for three samples of each group
and used s-s and p-p polarization configurations. The high
THG intensity as a function of the angle of incidence was
observed in all samples and it can be seen in Figure 4.
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FIG. 3. An example SHG signal of Dyel/DNA-DDCA is in p and s
polarization.
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FIG. 4. An example of THG Maker fringes signal as a function of the inci-
dence angle in s polarization.

A negligible difference has been found between the ex-
perimental data obtained for s-s and p-p polarizations. In
order to calculate precise values of the electronic contribu-
tion of /Sgt susceptibility,”” the THG experimental data
were fitted with the formulas derived by Reintjes and Kajzar.

The results of the numerical procedure are pictured by
the solid lines in Figure 5.

The third order nonlinear susceptibility for both polar-
izations was the same within the experimental errors. The
determined effective /Se)( value for two theoretical models is
listed in Table I.

The 7 values of the sample Dye2/DNA-BA are one
order of magnitude higher than that of the fused silica®® used
as reference in THG experiment, whereas for the samples
Dyel/DNA-DDCA and Dyel/DNA-BA they are two orders
of magnitude higher than in the fused silica. Moreover, these
values (Dyel/DNA-DDCA and Dyel/DNA-BA) are about 5
times higher than reported in previous paper® for Dyel dis-
persed in cured epoxy resin and more than 1.5 times higher
in Ref. 30. This fact can be attributed to a better dispersion

1600 r——y—v—p—v—7 T T T T
1400 | 0
1200 |-
1000 -
300 [ o Experimental results
600 [: o Reference material
E Model of Kajzar

THG Intensity (a.u.)

Angle (deg)

FIG. 5. An example of THG Maker fringes of Dyel/DNA-DDCA (square)
in s polarization and of reference material (circle) and fitted (solid line)
curve.
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TABLE I. Comparison of the xS)

ec

values in different samples.

Rentjes Kajzar
Model Sample O x1077m* v Y (k107 mP VY
Fused silica 0.2
Dyel/DNA-DDCA 17019 150£1.0
Dyel/DNA-BA 19.0+1.8 17.0£0.9
Dye2/DNA-BA 1.9+0.2 1.8+ 0.1

of Dyel molecules confined in DNA-surfactant matrix,
which prevents dye molecules from aggregating. Azo-
carbazoles like majority of efficient NLO dyes have a strong
tendency to crystallize in the matrix. Crystallites (or other
aggregates) are of micrometer size (or smaller) so cannot be
observed through transmission optical microscopy. Since
they are not necessarily “true” crystals producing well devel-
oped x-ray diffraction peaks, their presence is most often is a
subject of speculations.

In the case of Rentjes model values of cubic susceptibil-
ity are higher as compared with Kajzar model, though the last
one is more precise, as it takes into account contributions both
of the substrate and the air. This important condition is
neglected sometimes.>'** The effects and differences of
DDCA and BA could be discussed, as this is the main topic of
the paper.

IV. CONCLUSION

Three series of different samples (Dyel/DNA-DDCA,
Dyel/DNA-BA, and Dye2/DNA-BA) were prepared, and
their nonlinear optical properties characterized using the
second and third harmonic generation by Maker fringes
technique. The second order nonlinear susceptibility was
very small: 0.011 pm/V and 0.003 pm/V for p and s polar-
izations, respectively. This proves a completely statistical
distribution of the dye molecules, i.e., absence of orienta-
tion induced either by the matrix or by the substrate.
According to THG measurements, highest value of XSe)c
was found for DyeI\DNA-BA sample and was two orders
of magnitude higher than that of the fused silica, the stand-
ard reference material. Within the experimental errors,
there were no differences observed in /Sjc values which
might have resulted from the ionic surfactant origin.
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