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ABSTRACT

We present our results from the measurements of third-order optical nonlinearity in DNA doped Rhodamine 6G/PVA
films achieved through Z-scan measurements using ~2 picosecond (ps) pulses at a wavelength of 800 nm. The films
demonstrated negative nonlinear refractive index (n,) with magnitudes of (0.065 - 2.89) x 10'* cm*W with varying
concentration of DNA. Open aperture data demonstrated strong two-photon absorption with a magnitude of ~1.6
c¢cm/GW for films doped with 2 wt% of DNA. The recovery time of excited state population, retrieved from the degen-
erate pump-probe experimental data, was <4 ps. These data suggests that DNA is promising material for applications

such as optical switching.
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1. Introduction

Deoxyribonucleic acid (DNA), a highly nonlinear bio-
organic polymer, has been investigated as a photonic
material recently with adequate success [1-14]. Biomate-
rials are interesting due to their remarkable properties
which are not easily replicated with conventional organic
or inorganic materials in the laboratory. Furthermore,
natural biomaterials are a renewable resource and are
inherently biodegradable [1]. Two DNA strands organize
a DNA double helix through hydrogen bonds between
the bases and are stabilized by n-7 interactions [2]. DNA
in solid-state (thin-film) form has unique combination of
optical and electronic properties, which forms the foun-
dation of DNA photonics [3-4]. This potentially viable
organic polymer has established various applications in
organic light emitting diodes (OLED), organic thin film
transistors, polymer electro-optic modulators, polymer la-
sers etc. [5-6]. OLEDs containing DNA electron blocking
layers have been recently reported [7] to exhibit signifi-
cant enhancement in luminance and luminous efficiency
[8]. DNA-CTMA thin films doped with Sulphorhoda-
mine (SRh) have been reported to exhibit photolumines-
cence intensity more than an order of magnitude higher
than that of SRh in PMMA [10]. Dye doped DNA media
have demonstrated amplified spontaneous emission with
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pulsed laser excitation [11]. Sznitko ef al. [13] success-
fully demonstrated amplified spontaneous emission and
lasing action in deoxyribonucleic acid blended with cetyl-
trimethyl-ammonium chloride surfactant and doped with
3-(1,1-dicyanoethenyl1)-1phenyl-4,5dihydro- 1 H-pyrazol
e organic dye. Hanczyc ef al. [14] observed remarkable
multiphoton absorption properties of DNA intercalating
ruthenium complexes: 1) [Ru(phen)2 dppz]2"; 2) [(11,11°-
bidppz)(phen)4Ru2]4"; 3) [11,11°-bipb(phen)4Ru2]4" in
the spectral range of 460 to 1100 nm. Nonlinear optical
(NLO) properties of DNA in solution form [15] and in
silica films [16] has been investigated recently. Our
group recently reported the NLO properties of Rhoda-
mine 6G-PVA solutions doped with DNA where we ob-
served saturable absorption (SA) at lower concentration
of DNA and switching behavior at higher concentrations
[17]. We expect completely different performance in thin
film form and with shorter pulse excitation since the in-
tersystem crossing rates are much slower compared to the
pulse duration [18]. Moreover, for any novel nonlinear
optical (NLO) materials investigated, one needs to appre-
hend the linear absorption, nonlinear absorption, and
nonlinear refractive index magnitudes (in various forms
such as thin films) to establish their potential in appro-
priate fields of interest. Herein, we present results on the
NLO properties of DNA doped Rh6G-PVA films with Z-
scan technique using ~2 ps pulses recorded at a wavelength
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of 800 nm. The sign and magnitude of nonlinear refrac-
tive index were derived from closed aperture Z-scan data.
Open aperture Z-scan data revealed strong two photon abs-
orption (TPA) in these films. Degenerate pumpprobe stu-
dies disclosed a fast response time of ~few ps.

2. Materials and Methods

We had used poly vinyl alcohol (PVA, Merck) for dis-
solving DNA and Rh6G. Since DNA and PVA are water
soluble it is very easy to make thin films of DNA-PVA
mixture. PVA solution acts a good matrix for hybridiza-
tion of functional molecules and has excellent film form-
ing, emulsifying, and adhesive properties. In the DNA-PVA
system we have incorporated Rhodamine 6G owing to its
high fluorescence quantum yield, low intersystem cross-
ing rate, and little excited state absorption [18]. PVA
solutions (8 wt%) were prepared by dissolving appropri-
ate amount of PVA in distilled water at 800°C under con-
tinuous stirring for 3 hr. Weighed DNA powder (SRL,
extracted from herring sperm) was added to the prepared
PVA solution. Rhodamine 6G dye was then added to PVA-
DNA solution in desired concentration. After mixing
(stirring) the solutions for 4 hr, thin films were fabricated
on glass substrates using dip coating technique. Obtained
films exhibited good optical transparency in the visible
spectral range. The absorption spectra of prepared DNA
films were characterized by using UV-VIS NIR spectro-
photometer (Jasco V-570). Herewith, pure Rh6G-PVA
films are denoted as R6GPVA, DNA 1 wt% doped films
are denoted as DNA1, and DNA 2 wt% doped films are
denoted as DNA2.

3. Experimental Techniques

NLO measurements were performed on DNA1, DNA2
films with thickness of ~100 um. The Z-scan measurements
[19] were performed using ~2 ps (FWHM, confirmed
from independent autocorrelation experiments), 800 nm
pulses with a repetition rate of 1 kHz from an amplified
Ti:sapphire system (Legend, Coherent). The beam waist
(2a,) at focal plane was estimated to be ~60 um (FW1/e*M)
with a corresponding Rayleigh range (Zr) of 3.5 + 0.4
mm ensuring the validity of thin sample approximation.
Complete details of the experimental set up can be found
in our earlier publications [20-26].

4. Results and Discussion

Figure 1 illustrates the linear absorption spectra of DNA1
film and R6GPVA film. Figure 1(a) shows the presence
absorption peak near 260 nm which is the characteristic
of DNA. The peak is due to m-n  (where m represents
bonding orbitals and @ represents anti-bonding orbitals)
transition of the electrons of C = C bond in DNA bases
[10]. The prominent absorption peak of Rh6G, near 532
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nm, is evident from Figure 1(b).

Figure 2 illustrates the open aperture Z-scan data for
DNAI [(a) and (b)] and DNAZ2 [(c) and (d)] with different
peak intensities [110 GW/cm® for (a) and (c) 124 GW/cm®
for (b) and (d)]. We observed strong reverse saturable
absorption (RSA) kind of behavior in the intensity range
mentioned above. For higher peak intensities the sample
was damaged (confirmed through the discoloring of the
film). Obtained experimental data were fitted using equa-
tions for two-photon absorption (2PA, ) [20-25]. Solid
(blue) lines in all the figures indicate theoretical fits. The
fits from Figure 2(a) (110 GW/cm®) provided a 2PA co-
efficient of 0.45cm/GW and Figure 2(b) (124 GW/cm?)
provided 2PA coefficient of 1.10 cmi/GW for DNAI1. The
magnitude of § for DNA2 retrieved from the fits was
0.635 cm/GW for 110 GW/cm® and 1.61 cm/GW for 124
GW/cm’. The magnitude of § in R6GPVA film was <
0.25 cm/GW.
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Figure 1. Absorption spectra and (a) DNA1 film (b) R6GPVA
film.
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Figure 2. Open aperture Z scan curves for (a) DNA1L, 110
GWI/cm?; (b) DNAL, 124 GW/cm? (c) DNA2, 110 GW/cm?;
and (d) DNA2, 124 GW/cm?. Open circles indicate the experi-
mental data while the solid (blue) lines indicate theoretical fits.
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Figures 3(a)-(c) demonstrate the typical closed aperture
Z-scan curves obtained for DNA1, DNA2, and R6GPVA,
respectively, recorded with a peak intensity of ~110 GW/
cm’. The data were fitted using standard equations [20-
26]. It is apparent that all the samples demonstrated ne-
gative nonlinearity as indicated by the peak-valley signa-
ture. The magnitude of n, was ~4.61x 10" cm®> W' for
Rh6G doped PVA film. The magnitude of n, for DNA1
was ~6.5 x 10 em’*W ' while for that of DNA2 was
~2.89 x 10" cm® W', Both the magnitudes were higher
than that of n, recorded in R6GPVA. Enhancement in n,
can be attributed to increase of charge transfer, which takes
place in the system and is due to the presence of many
highly polarizable conjugated m electrons of DNA [17].
Moreover, the interactions due to intercalation into base
pair stack at the core of double helix and/or insertion into
the minor groove of DNA are documented to have strong
impact on the optical characteristics. The magnitudes of
n, (10" cm® W) obtained here are at least one order
higher than those obtained in solution form (10™* cm® W)
using femtosecond pulses [15]. The magnitudes of 2PA
coefficient obtained (1.61 cm/GW) are again higher than
those obtained (0.2 cm/GW) in solutions [15]. Krupka et
al. [27] obtained purely electronic, fast NLO susceptibility
in a DNA-CTMA complex thin film with a third-order
nonlinear optical susceptibility magnitude of 10 * e.s.u. In
our case the magnitudes of ¥ (third order nonlinear optical
susceptibility) were estimated to be 8.45 x 107" e.s.u. for
DNALI and 2.72 x 10™'? e.s.u. for DNA2, respectively.

We had also performed the degenerate pump probe stud-
ies of DNA doped Rh6G + PVA films using ~2 ps pulses
to evaluate the time response of the nonlinearity. Details
of the experimental setup can be found in our earlier
reference [23]. Figure 4 shows the data obtained indi-
cating photo-induced absorption. A sharp fall in AT was
observed near zero delay followed by a quick recovery.
The recovery time of population from the excited states
was estimated to be ~4.2 ps. The obtained lifetime is in
agreement with the non-radiative decay times observed
in DNA model systems measured by Kohler et al. [28]
using ultrashort pulses. Our future studies will focus on
evaluating the nonlinearities at different wavelengths in
the visible/near-IR spectral regions.

5. Conclusion

To summarize, we deliberated the NLO properties of thin
films of Rhodamine 6G, doped with DNA, obtained us-
ing ps pulses. The addition of DNA enhanced the NLO
properties of thin films. We identified that the films dem-
onstrated negative n, with a highest magnitude of 2.89 x
10 cm*W for DNA2 films. Open aperture data demon-
strated strong 2PA with a highest magnitude of ~1.6
cm/GW, again for DNA2 films. Ultrafast response ob-
tained from pump-probe experiments suggests that this
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Figure 3. Closed aperture Z-scan curves for (a) R6GPVA film,

(b) DNAL1 film, and (c) DNAZ2 film. Circles/squares represent

the data while the solid (blue) lines indicate theoretical fits.
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Figure 4. Degenerate pump-probe data of DNA2 film recorded
at 800 nm.

material has potential for applications in photonics. We
conclude that PVA is a good matrix for fluorescent dyes
incorporated into the double helix of DNA molecule
enabling them suitable for practical applications in optical
devices.
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