The Final Report

Title: New materials, techniques and device concepts
for organic NLO chromophore-based electrooptic
devices (Part 1)

Principal Investigator:

Marek Samoc, Ph.D., Professor

Laser Physics Center

Institute of Advanced Studies

The Research School of Physical Science and Engineering
Canberra ACT 0200

Australia

Telephone: +61-2-6125-4611

Facsimile: +61-2-6125-0029

E-mail: marek.samoc@anu.edu.au

Contract Number: FA5209-05-P-0131

AOARD Reference Number: AOARD-054010
(Continuation of this R & D is AOARD-054099)

AOARD Program Manager: Misoon Mah, Ph.D

Period of Performance: 29-Nov-04 — 29-Jan-06

Submission Date: 23-Aug-06



Form Approved

Report Documentation Page OMB No. 0704-0188

Public reporting burden for the collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources, gathering and
maintaining the data needed, and completing and reviewing the collection of information. Send comments regarding this burden estimate or any other aspect of this collection of information,
including suggestions for reducing this burden, to Washington Headquarters Services, Directorate for Information Operations and Reports, 1215 Jefferson Davis Highway, Suite 1204, Arlington
VA 22202-4302. Respondents should be aware that notwithstanding any other provision of law, no person shall be subject to a penalty for failing to comply with a collection of information if it
does not display acurrently valid OMB control number.

1. REPORT DATE 2. REPORT TYPE 3. DATES COVERED
23 AUG 2006 Final Report (Technical) 29-11-2004 to 29-01-2006
4. TITLE AND SUBTITLE 5a CONTRACT NUMBER

New materials, techniques and device conceptsfor organic NLO
chromophore-based electrooptic devices (Part 1)

5b. GRANT NUMBER

5c. PROGRAM ELEMENT NUMBER

6. AUTHOR(S) 5d. PROJECT NUMBER
Samoc M ar ek

5e. TASK NUMBER

5f. WORK UNIT NUMBER

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 8. PERFORMING ORGANIZATION

The Australian National University, ACT,Canberra REPORT NUMBER
0200,Australia,AU,0200 AOARD-054010

9. SPONSORING/MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSOR/MONITOR'SACRONYM(S)
The US Resarch Labolatory, AOARD/AFOSR, Unit 45002, APO, AP, AOARD/AFOSR

96337-5002

11. SPONSOR/MONITOR' S REPORT
NUMBER(S)

12. DISTRIBUTION/AVAILABILITY STATEMENT
Approved for public release; distribution unlimited

13. SUPPLEMENTARY NOTES

14. ABSTRACT

14. ABSTRACT DNA (deoxyribonucleic acid) has been characterized for photonic applications. The
optical propertiesof DNA in variousforms: both the native, sodium ion-based DNA, and a surfactant
treated modification: DNA-CTMA wer e studied. Thework cover s study on interaction of DNA with dyes.

15. SUBJECT TERMS
Nonlinear Optical Materials

16. SECURITY CLASSIFICATION OF:; 17. LIMITATION OF 18. NUMBER 19a. NAME OF
ABSTRACT OF PAGES RESPONSIBLE PERSON
a REPORT b. ABSTRACT c. THISPAGE 47
unclassified unclassified unclassified

Standard Form 298 (Rev. 8-98)
Prescribed by ANSI Std Z39-18



August 2006

Dr. Marek Samoc

Dr. Anna Samoc

Prof. Andrzej Miniewicz

Laser Physics Centre

Research School of Physical Sciences and Engineering

The Australian National University

Final Report for
Special Contract (AOARD-05-4010).
“New materials, techniques and device concepts for organic NLO chromophore-

based electrooptic devices”

1. INTRODUCTION

This final report describes experiments carried out at Laser Physics Centre, the
Australian National University as part of a research program on specially prepared
materials based on DNA (deoxyribonucleic acid) for photonic applications. A part of the
results obtained by us during this program has already been presented in our Interim
Report. We present here some summaries and updates of these studies as well as
numerous new results obtained after the Interim Report was submitted.

Our interest was in the optical properties of DNA in various forms: both the
native, sodium ion-based DNA, and a surfactant treated modification: DNA-CTMA. We

also present results referring to the interaction of DNA with dyes.

2. REFRACTIVE PROPERTIES OF DNA FILMS !

We report here a range of results on the refractive index in our DNA films, as
well as the refractive index anisotropy and their dependence on film preparation and

storage conditions. Using a prism coupler, we measured the refractive indices in



orthogonal directions: ng, light polarization direction parallel to the surface of the thin
film, and np,, light polarization direction perpendicular to the surface of the thin film (i.e.
inside the film depth). The DNA films were prepared from solutions of a high molecular
weight DNA biopolymer (about 12 k base pairs). They were measured in ambient air
with a relative humidity (RH) ranging from 37 to 58%. The refractive indices from prism
coupler measurements were then used in the evaluation of the index dispersion,
calculated from interference fringes in absorption and reflection spectra measured in the

UV, visible and near infrared wavelength range.

2.1 EXPERIMENTAL
Material
Highly purified double-stranded sodium DNA was isolated from salmon milt and roe sacs
(which are the waste products of the Japanese fishing industry) and purified by an
enzymatic isolation process at the Chitose Institute of Science and Technology (CIST), as
described in ref.” The average molecular weight of the received DNA was 8 x 10° Daltons
(g/mol). This corresponds to 12 x 10 nucleotide base pairs (the average molecular mass
of the nucleotide base pair, 662 g/mol, was counted without water molecules bound to the
DNA).

DNA aqueous solutions of pH 6-6.5 were prepared at room temperature, 21-22°C,
by dissolving the fiber-like white solid material in deionized water. The concentration of
DNA was in the range 0.1-3 wt %. The solutions were made using a typical procedure in
which the components were placed in a glass vial; the vial was closed with PTFE-lined
cap, and placed on a rotating wheel for about 24 hours for homogenization by solvent
flow. Only the most concentrated solution (3 wt %) was homogenized with a magnetic
stirring bar on a magnetic stage. The limit in the concentration, about 30 mg/mL of the
high molecular weight salmon DNA, was due to the increasing viscosity of solutions.
Lowering the molecular weight of the DNA, for example by ultrasonic processing, helps
reduce the viscosity.” However, we did not utilize this treatment here because of the
possible effect of scission on the structure and optical properties of the films.

It is known that the properties of the nucleate ions in solutions and films are

dependent on the pH and ionic strength of the solution, the type of the counter-ions,



added electrolyte and the presence of other ions, temperature and even previous treatment
of the nucleic acid. In this project we used aqueous, buffer-free, sodium ion-based DNA
solutions of neutral pH, varying only the concentration of the solute and the method of
film deposition. We characterized the solutions with electronic absorption spectra prior
to the film deposition in order to learn about purity and the degree of denaturation of the
solute, which was randomly selected from various batches of the supplied solid material.
The spectra were measured with a UV-VIS-NIR spectrophotometer (Shimadzu, model
3101PC). They showed fair reproducibility of results and no sign of denaturation of the
DNA. The average value of the specific absorption coefficient for the salmon DNA used,

at the UV absorption maximum, A, = 258 nm, was found to be 18.1 £ 0.7 (mg/mL)" cm’

', corresponding to a molar absorption coefficient £=(6.0 + 0.2) x 10° M'cm™. This value
is about 10 % lower than the literature data* for double-stranded DNA (from bacteria) in
H,O solutions at neutral pH, where £ = 6.6 x 10’ M cm™” was measured for the
absorption peak at 260 nm. This corresponds to a specific absorption coefficient equal to
20 (mg/mL)"' cm™ = 0.020 (ug/mL)"' cm™. The lower € value could be induced by a
lower degree of purity of our material, different base composition or a hypochromic
effect,”” which gives a smaller € for better orientated nucleotide bases in the double-
stranded DNA. The absorbance ratio A,q/A,, is used as a relative spectroscopic measure
of the nucleic acid purity with respect to the protein content in a sample. A typical
A,/ Ay, for pure, isolated DNA is 1.9.” A smaller ratio indicates increased contamination
by proteins. The absorbance ratio A,ss/A,g,, Which we evaluated in the measured spectra
of solutions of randomly selected solid DNA fibers, gave an average valuel.90 + 0.02.
These estimations are in agreement with the given percentage of purity of the salmon

DNA used (96%), with a protein content of 2 %.’

Film preparation

Thin films of salmon DNA were prepared by casting and/or spinning of the DNA
aqueous solutions on fused silica (Infrasil, GE 124) and ITO-coated glass substrates, 24 x
24 x 1 mm size. A Headway Research photo-resist spinner (model 1-EC101D-R485) was
used for the film preparation. Films were dried in air, 21-22°C, RH about 40%, on a



laminar flow bench for about a day and stored in ambient air for several days. The list of
films prepared out of the aqueous solutions of various Na-DNA concentrations is given in
Table I. The various abbreviations of the films in Table I refer to the casting conditions
only. A set of films (Table I) was additionally dried in a vacuum oven (Cole-Parmer) at a
relatively low temperature range, 35-45°C for 24 hours. The chosen temperature range
should allow drying of the films without denaturation of the material and a hyperchromic
effect. The time scale in Table I is calculated against the reference time zero when the set
of films was removed from the vacuum oven (the sign “—* denotes the earlier time, which
includes 24 hours of heating in the vacuum oven). The time between the film deposition
and the end of the period of the vacuum drying was about 29 weeks for DNA-f1, about 6
days for DNA-{6, about 4 days for DNA-it6, about 5 days for DNA-f7, about 4 days for
DNA-f8, and about 4 days for DNA-f9. After vacuum drying the films were stored in
ambient air in a laboratory air-conditioned environment at a constant room temperature,
21-22°C. However, relative humidity fluctuated a few percent within a day, and from day
to day. In general, the films were exposed to the ambient air of RH level in the range 35%
- 65%.

The relative humidity was measured with a weather station equipped with a mechanical
hygrometer, a thermometer and a barometer. The RH data obtained with the analog
hygrometer were comparable with the data measured with an electronic, digital thermo-
hygrometer, Q-Trak Plus TAQ Monitor (TSI, Model 8554 with CO, the accuracy +3%
RH, resolution 0.1% RH).

The films absorption spectra were investigated in the wavelength range 200-3200nm
using UV-VIS-NIR scanning spectrophotometers: Shimadzu (model UV-3101PC) and
Varian Cary (model 5000). Prism coupler measurements enabling refractive index and
film thickness determination were taken before and after the vacuum drying showing a
response of a DNA film to a current humidity level. The response of refractive index of
the films to the same RH level was reproducible within about 1 unit at the second decimal
place. Thickness of the films was bigger in wet films, it decreased with drying and then
increased at a higher humidity level. Thicknesses of films were measured with a prism
coupler and also with a KLA-Tencor Instruments Alpha-step profiler (model 100). The

thicknesses of prepared films ranged from 0.5 to 4.8 um and for the various films were



not uniform through the entire sample area, but varied as it can be seen in Table I. The

average thickness of the particular films was: 1.9 um + 0.4 um in the film DNA-f1, 0.53
um + 0.04 um in the film DNA-f6, 4.2 um + 0.5 pm in the film DNA-it6, 2.3 um + 0.3
um in the film DNA-f7, 2.3 um + 0.5 um in the film DNA-f8, 3.7 um + 0.7 um in the

film DNA-f9. The standard deviation indicates the magnitude of the variation of a film

thickness at the spots measured in various regions of a film.

Prism coupler measurements

Refractive indices of the films were determined with the prism coupling technique
utilizing optical waveguiding in a film.> * The indices were measured with a Metricon
Prism Coupler, model 2010 (www.metricon.com), using a procedure in which the film is
being brought into contact with the base of a prism by means of a pneumatically-operated
coupling head. A laser beam, about 1-2 mm in diameter, with a wavelength of either
632.8 nm or 814 nm, is directed through the prism, striking the base of the prism at the
coupling spot. The light beam is normally totally reflected at the prism base, and is
collected by a photodetector. However, at certain values of the incidence angle, light can
tunnel across the air gap between the film and the prism at the coupling spot, and enter
into a waveguiding optical propagation mode in the film. This induces a sharp drop in
the intensity of light reflected from the base of the prism and creates a dip in the
reflectance curve measured by the detector. See Fig. 1. The index of the film is derived
from the light propagation constant determined by the angular location of the modes and
the index of the prism. The prism coupler measures the index of refraction of the film at
the laser wavelength and can provide the film thickness, if the film is sufficiently thick to
support two or more optically guided modes. The instrument specification for the
accuracy and resolution is £ 0.001 for index accuracy and + 0.0005 for index resolution.
The thickness accuracy is + 0.5 % and the thickness resolution is + 0.3 %.

Figure 1 shows examples of the reflectance curves obtained with the Metricon
prism coupler in a DNA film using the transverse electric (TE) plane polarized light and
the transverse magnetic (TM) plane polarized light. For TE polarization the electric field
vector is parallel to the substrate, for TM polarization the magnetic field vector is parallel

to the substrate.
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Figure 1. Prism coupler reflectance curves measured in a film of salmon DNA

(DNA-f7) on a silica substrate at an RH ~50%. The refractive indices: n; = 1.5445, nyy
=1.5597 at A = 632.8 nm, and the thickness 2.05 um were computed from the modes

obtained for TE and TM polarization of He-Ne laser light in the film. The film was dried
in vacuum at 35-45°C for 24 hours then stored for 1 day in air prior to the prism coupler

measurements.

2.2.RESULTS AND DISCUSSION

Anisotropy of refractive index

Refractive indices n for the orthogonal TE and TM light polarizations are reported for six
DNA films in the Table I. The refractive index data are presented against time, since the

film was dried under vacuum at a slightly elevated temperature (35-45°C).



TABLE I

Refractive indices n of DNA films measured with a prism coupler in ambient air, 22°C

Film, substrate, Time since RH N Ny Nyg-Nry Thickness
method, drying (%) 632.8nm 632.8nm 632.8nm (um)
solution conc. (week)
DNAfI, 0.04 45 1.5577 1.5563 0.0014 2.1
Infrasil, 9.7 39 1.5480 1.5402 0.0078 1.5
cast & spin, 600 rpm, 12.0 55 1.5371 1.5320 0.0051 1.7
3wt% 13.6 53 1.5293 1.5357 - 0.0064 2.4
DNAf6, 40 1.5367 1.5627 -0.0260 0.50
Infrasil, 0.04 45 1.5483 1.5671 -0.0188 0.59
spin, 200-700 rpm, 9.7 38 1.5338 1.5330 0.0008 0.50
many layers, 12.6 58 1.5184 1.5454 -0.0270 0.53
0.15 wt % 13.6 53 1.5309 1.5675 -0.0366 0.53
DNAIt6 40 1.5352 1.5612 -0.0260 39
ITO/glass, 0.04 45 1.5468 1.5633 -0.0165 4.0
spin, 120 rpm 2.9 55 1.5263 1.5369 -0.0106 4.7
many layers, 12.2 53 1.5130 1.5349 -0.0219 4.0
0.15 wt % 13.6 53 1.5145 1.5409 -0.0264 4.6
DNAf7 41 1.5362 1.5607 -0.0245 2.1
Infrasil 39 1.5363 1.5608 -0.0245 2.2
cast, 0.02 45 1.5486 1.5654 -0.0168 2.1
0.20 wt % 0.17 50 1.5446 1.5597 -0.0151 2.0
3.0 50 1.5234 1.5420 -0.0186 2.5
9.6 37 1.5424 1.5448 -0.0024 2.0
12.2 53 1.5212 1.5403 -0.0191 2.6
12.6 58 1.5153 1.5403 -0.0250 2.4
13.6 54 1.5126 1.5417 -0.0291 2.7
DNATS, 37 1.5361 1.5668 -0.0307 2.2
Infrasil, 38 1.5367 1.5662 -0.0295 2.2
cast, 0.02 45 1.5474 1.5732 -0.0258 1.8




0.11 wt % 3.0 50 1.5225 1.5544 -0.0319 24

9.7 45 1.5339 1.5628 -0.0289 1.8
9.7 42 1.5353 1.5639 -0.0286 1.8
9.7 40 1.5365 1.5648 -0.0283 1.8
12.2 54 1.5062 1.5360 -0.0298 3.0
12.6 56 1.5126 1.5431 -0.0305 3.0
13.6 53 1.5137 1.5442 -0.0305 2.9
DNAf9 39 1.5362 1.5616 -0.0254 4.8
Infrasil, 40 1.5361 1.5622 -0.0261 4.4
spin, 0.02 45 1.5505 1.5664 -0.0159 39
120-300 rpm 3.0 50 1.5366 1.5420 -0.0054 3.8
0.19 wt % 9.7 38 1.5418 1.5469 -0.0051 32
9.7 38 1.5426 1.5458 -0.0032 3.8
12.2 53 1.5309 1.5366 -0.0057 3.1
12.6 56 1.5282 1.5407 -0.0125 33
13.6 54 1.5204 1.5462 -0.0258 2.5

Films were dried in vacuum at 35-45°C for 24 hours then stored in air

We were concerned about the identity of the material and uniformity of the films at
various coupling spots. We checked the reproducibility of the values of refractive indices
measured with light coupled into different spots on films. The index values did not
change substantially. For example, the difference between the n values measured at two
spots was only 1 x 10, both for n.; and nyy,, in the film DNA-f7, (1-7) x 10* in the film
DNA-f8, and (1-5) x 10 in the film DNA-f9, before vacuum drying. The n values were
found to be different at two different places by about 9 x 10 on the film DNA-f9 when
the film was measured at an RH of 38% after 10 weeks after drying. Therefore, we
conclude that optical properties did not vary substantially from spot to spot in these films.
Also, the index fluctuation was within the instrument specification on the index accuracy
measurements. However, the thickness of films varied markedly between samples, from
spot to spot. The change ranged from a few percent in thinner films to about 20 percent

in thicker films.



We observed that the refractive indices of DNA films were highly sensitive to the
drying conditions and humidity of the environment during measurements and storage
(this effect is suppressed in DNA-CTMA films, as reported in detail elsewhere). Figure 2
shows the refractive index data (plotted from Table I) which we measured in DNA films
in ambient air of different relative humidity. The indices dropped markedly when the

humidity in the laboratory environment reached a level of 55-60%.
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Figure 2. Refractive indices nqy (filled diamonds) and npy, (open diamonds) for six
DNA films measured with a Metricon prism coupler at A = 632.8 nm, 22°C, before and

after vacuum drying for 24 hours at 35-45°C, and during 3 months of storage in ambient

air of different relative humidity.

An interesting observation can be made regarding birefringence of the films. In
most of the DNA films the n; values (electric field vector parallel to the surface of the
film) were lower than the n, (electric field vector perpendicular to the surface of the film
or along the film thickness). The birefringence, An = n - npy, was as high as -0.032 in

some films. Such a high value of the negative birefringence suggests a high degree of the



orientation of DNA molecules in a film. This can be deduced on the basis that the
polarizability of the rigid-rod DNA molecule is larger in the direction perpendicular to
the double helix axis than along it, due to a parallel stacking of the highly polarizable,
anisotropic aromatic nucleotide bases. Therefore, the refractive index in the direction
parallel to the nucleotide bases (i.e. across the DNA helix) is larger than along the length
of the molecule axis. The higher value of refractive index observed for the E-field
polarization direction perpendicular to the surface of the film suggests that the rigid-rod
DNA molecules lay mostly parallel to the surface of the film.

The chain alignment in DNA films was induced spontaneously during film preparation,
in the process of drying the diluted solutions. Evaporation of the solvent causes
formation of a concentrated layer near the surface, the molecules can align along the air-
liquid interface at the surface due to the “interfacial effect”.'” In this mechanism an
evolution of a concentrated layer near the surface may lead to the transitional formation
of a nematic-like liquid crystalline phase, resulting in an anisotropic birefringent DNA
film with good polymer chain alignment and orientation.

A careful inspection of the results in Table I reveals that some of our films were
highly anisotropic, molecules were aligned parallel to the film surface, some were nearly
isotropic and some even had an opposite anisotropy. The different structures of the films
arise as a result of the different preparation and environmental storage conditions. Fig. 3
shows refractive indices for TE and TM polarization in two selected films (data from
Table I). The film DNA-f1, prepared by spinning of a more concentrated solution (3 wt
% DNA), was almost isotropic, where film DNA-{7, prepared by casting from a diluted
DNA solution (0.20 wt % DNA) on an identical substrate, was highly birefringent. The
refractive properties of these films were also influenced by the humidity, however, in a

different way.
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Figure 3. Refractive indices at A = 632.8 nm of two selected DNA films measured

with a prism coupler at 22 °C in air of different relative humidity, before and after
vacuum drying (35-45°C, 24 h). Filled squares are for n;, open squares are for n, in
spin-coated film DNA-f1 prepared from 3 wt % DNA aqueous solution. Filled diamonds
are for n, open diamonds are for nyy, in the film DNA-f7 prepared by casting of 0.20 wt

% DNA aqueous solution, also on Infrasil substrate.

A small positive birefringence (n; > npy,) in a spin-deposited film of DNA-f1 (data
represented by squares in Fig. 3) indicated that the orientation of the DNA molecules
was almost isotropic with some orientation in the direction perpendicular to the surface of
the film (the molecules adopted a spherulitic-like form). This weak birefringence
changed sign at an RH of 53%.

The other strongly negatively birefringent film, DNA-f7, had molecules highly aligned in
the plane parallel to the surface (n, > nyz). Refractive indices were larger at a lower
humidity, but the birefringence almost disappeared at an RH of 37 %. The same
happened to the spin-deposited film DNA-f9. The spin-deposited film of DNA-f6



showed an inversion in the sign of the birefringence at an RH of about 38%. These
observations could be explained by polymorphism of DNA and by the phase transitions
observed in crystalline and semicrystalline fibers and films upon swelling and
dehydration.” ' "?

It is possible that the mechanism of alignment of DNA chains may involve the
formation of mesoscopic nematic, smectic and cholesteric liquid crystalline phases when
the solvent evaporates during film formation, when the solute concentration reaches a
critical value. Kagemoto et al."’ showed that the phase states of DNA in concentrated
solutions changed from an isotropic phase at DNA concentration below 2 wt %, to an
anisotropic phase in the concentration range of 3-5 wt % DNA, and to a liquid crystalline
phase at concentrations above 6 wt % DNA. The formation of lyotropic liquid crystalline
phases in more concentrated DNA solutions in the range of 100-300 mg/mL was also
studied, for example, by Brandes and Kearns,'"* Strzelecka," '* Van Winkle,'” '® Rill,"
Leforestier.”” Supramolecular hexagonal columnar organization*' and the formation of a
hexatic phase between the cholesteric and the crystalline phases have been reported for
oriented DNA sheets.” The formation of ordered structures in films following drying of
30-60 mg/mL solutions was reported in papers by Morii."

We inspected the morphology of DNA films with cross-polarized white-light
microscopy under low magnification. Preliminary observations revealed the presence of
textures and patterns of stripes, distinctly ordered at the films thicker edges, and
occasionally, colors, which might be related to the presence of the liquid crystalline
phases in the films.

Our DNA films showed a higher degree of birefringence and a better chain
alignment than that reported for films of the higher molecular weight, 29 k base pairs,
salmon DNA, where the highest (negative) birefringence was 0.027."° Brandes'* observed
a birefringence of 0.02 + 0.005 in a magnetically ordered liquid crystal at a concentration
of 248 mg/ml calf thymus DNA. The difference in liquid crystalline behavior and optical
properties can be accounted for by a different molecular weight of DNA, concentration of
the solute, the presence of electrolyte ions, and a speed of film drying.

We see from our data that it is possible to obtain molecularly-oriented DNA films

with an isotropic or anisotropic chain orientation which is orthogonal to the planar



orientation, found in most of our films. A strong positive birefringence in the DNA film,
reported by Wang® and Zhang,** where n.; = 1.534 and n,, = 1.497, might have origin in
a film structure generated by the method of film processing and material preparation
conditions, however, these parameters were not specified.

The values and the anisotropy of the refractive indices found in our solution cast
films, are in a good correspondence with the data obtained by Rupprecht and coworkers™
in a stretch-oriented, about 50 um thick fibril-like, films of Na-DNA. The indices,
measured at A = 514.5 nm, responded to the relative humidity and were anisotropic. The

refractive index perpendicular to the drawing axis was 1.551 + 0.009 at an RH of 45 %.
It was larger than the index in the direction parallel to the drawing axis, 1.505 + 0.005 at
an RH of 45%.” These films were negatively birefringent, the An was about 0.04 - 0.05
throughout most of the humidity range, and they were highly crystalline. The indices
decreased with increasing water content, like in our films. An anomalous behavior was
observed at an RH of between 70 and 86 %,'"*® that was accounted for by the transition
from the A to B phase of DNA (the B phase occurs at a higher water content).

The optical constants of a DNA film in vacuum were measured by Inagaki,” n =
1.58 at A = 620 nm and n = 1.59 at 496 nm. Presumably, they were obtained in the film
plane. They coincide poorly with the value 1.552 + 0.007 measured at A = 514.5 nm in
vacuum, in the stretch-oriented film, in the direction parallel to the drawing axis in ref.”
Surprisingly, they are similar to the n data for the film in a vacuum, in the direction
perpendicular to the drawing axis, 1.583 + 0.006.*

These observations indicate that DNA is an exceptionally complex material,
which requires rigorous handling procedures and well-defined conditions of the film
preparation methods in order to be able to predict film properties. Of special interest, as a
possible tool to control the orientation and anisotropy of DNA films, are unique methods
of preparation of oriented lyotropic liquid crystalline films successfully developed by

Kryszewski’s group.”™*



Dispersion of the refractive index

Inagaki®’ measured the wavelength dependence of 7 in a DNA film in a vacuum as well
as at an RH of 92 % in the range 2 — 4 eV (1= 620 — 310 nm). The change in the relative
humidity dramatically reduced the n value from 1.58 at an RH of O % to about 1.43 at an
RH of 92 %, at a photon energy of 2 eV.

The electronic spectra of DNA films show a prominent absorption peak at A =260

nm, a valley at A =231 nm in the UV range, and a relatively strong absorption peak in the

IR range. This peak, with a maximum at about A = 2990 nm and a side band at about A =

3120 nm, is caused by oscillation vibrations of the O-H and N-H bonds. The height of
this peak depended on the relative humidity and the content of water in DNA films.

Absorption and reflection spectra of thin DNA films can often display fringes due
to the interference of light being transmitted through the film, with that reflected from the
other interface. Fig. 4 shows an example of fringes in the absorption spectrum measured
in a 2.07 um thick film of DNA-f7 on a silica substrate.

We derived the dispersion of n in our DNA films from the interference fringes
measured in the absorption and reflection spectra in a wide spectral range, A = 200 to
3200 nm, at normal and oblique angles of incidence, respectively, employing a Cary 5000
and a Shimadzu spectrophotometer. It provided data for a comparison to the results

obtained using the prism coupling technique.

Transmission of light through a thin film depends on the values of the refractive
index of the film n(A) and of both the substrate and the upper dielectric medium (air). A
transmission spectrum contains fringes whose positions can be approximated from the
relation I(A) = I, sin(2k(A)d + A@), where k(A) = 2mn(A)/A is the light propagation vector
in the medium and A¢ is a phase shift. The positions of these fringes can be used to

obtain information on the thickness and the refractive index of the film, e.g. by the
method of Swanepoel.” For light with normal incidence on a film of thickness d, the

wavelengths of the transmission extrema are given by the well-known relation: 2nd =

mA, where m is the integer number counting maxima. In practice, n(A) can be estimated

for transparent films of thickness ranging from 0.5 pm to 5 um.
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Figure 4 The interference fringes in absorption spectrum of DNA-f7 film on Infrasil

substrate measured in air, RH ~ 45%, immediately after drying in vacuum (35-45°C for
24 h). The thickness of the film, 2.07 um, derived from fitting of the fringe pattern, using
nye = 1.5486 at A = 632.8 nm, and 1.5406 at A = 814 nm, is in fair agreement with
thickness of the film, 2.09 um, measured with the prism coupler.

We analyzed the interference fringes in the absorption spectra in order to derive
the thickness of the films, the refractive index n and its dispersion. We used a method
similar to that of Swanepoel in the approach, in which we made use of the knowledge of
the refractive index of the film at a single wavelength and applied the Sellmeier
dispersion equations for fitting of the transmission fringes in a broad wavelength range.

We have chosen to approximate the index dispersion n(4) by a Sellmeier-type formula

0.5




which requires knowledge of the dispersion parameters A, B and C.

We performed many measurements of absorption and reflectance spectra of pure DNA
films listed in Table I. The fringe patterns were fitted using the Mathcad 2000 program,
adjusting parameters in the Sellmeier formula to achieve the same number and position of
all the measured maxima and minima in the entire spectral region.

The refractive indices of DNA depended on a marked degree on factors, such as the
relative humidity, as shown in Table I. From the measurements, an 'average' index
dispersion formula was derived, i.e. a Sellmeier type equation, which can be used in the
case of our DNA films. For salmon DNA films prepared from deionised water solutions

we have found a relation:

.5

1.286

14000 ’ 2)
1- —

n(A) =/1.028 +

where A is in nm. In the case of DNA films for which the refractive index is very
sensitive to the content of water, the first parameter (A) of the equation had to be varied
to some extent in order to obtain a good fit to the measured thickness and refractive index
for films under different humidity conditions, while the B and C parameters did not
require such variation. Equation (2) gives nyy = 1.5364 at A = 632.8 nm, n; = 1.5303 at
A =814 nm, as possible values of refractive index, for example at an RH ~ 50 %.

The fitting of the fringes in the spectrum in Figure 4, for DNA film DNA-{7, 2.07 um
thick, measured at an RH ~ 45%, gave the dispersion parameters A = 1.0655, B = 1.2858,
C = 14000. Absence of “in plane” anisotropy has been detected for the refractive index
of studied DNA films, at least within the accuracy of absorption and reflectance methods.
The prism coupler values, ny; = 1.5486 at A = 632.8 nm and 1.5406 at A = 814 nm, were
obtained in this film at an RH ~ 45%, following the measurement of the spectrum in the
same film area. For the measurements of reflection spectra we used a Variable Angle
Specular Reflectance accessory (VASRA) designed for the Cary 5000 spectrophotometer,

allowing for reflectance measurements at angles between 20 and 70 degrees. However,



we will report this in detail elsewhere. The use of the absorption interference fringes
technique can be advantageous for the studies of uniformity of the optical properties of

DNA-based films.

2.3 CONCLUSIONS

Our films of double-stranded DNA, derived from salmon milt and roe sacs, have
demonstrated interesting linear optical properties. We prepared a series of films using
both spin-coated and cast aqueous solutions, in a range of concentrations of DNA solute,
0.1-3 wt %. The solutions were characterized with absorption spectra. Films were
measured with a prism coupling technique to obtained refractive indices for TE and TM
light polarization. The absorption and reflection spectra showed interference fringes,
which could be used to derive information on refractive index dispersion.

We observed that the values of refractive indices and birefringence in DNA films
vary considerably depending on the film fabrication method, solution concentration,
drying conditions, and relative humidity of the environment.

The refractive indices of DNA films decrease with increasing humidity in ambient

air. Prism coupler measurements show a varying degree of optical anisotropy of films.
A high negative birefringence, about -0.03 at an RH ~ 55 %, in the solution cast films,
indicates that DNA molecules are highly aligned in a plane parallel to the film surface.
However, this alignment changes with humidity. The birefringence almost disappeared
at an RH ~ 37%. This might suggest a transition to a different phase, a change in
orientation or a change in shape of the molecules.

An almost isotropic DNA polymer film, made by spin deposition, of a more
concentrated solution (3 wt % DNA) had a slightly positive birefringence. This suggests
that the molecules were randomly orientated. We see a fluctuation in the birefringence in
this film at an RH ~ 53-55 %, indicating a change in its molecular organization.

We are keen to rationalize the fluctuations in the optical data in a view of polymorphism
and liquid crystalline forms of DNA. The polymer may form mesoscopic liquid
crystalline phases during the process of densification of a solution by solvent evaporation

and formation of a solid film. The difference in optical anisotropy of the cast and spin-



coated films might have origin in a different speed of solvent evaporation and a
concentration-dependent freedom of alignment of the DNA molecules. The humidity-
dependent fluctuations of the birefringence indicate a change in the local structure and

organization of DNA molecules in moisture-swollen solid films.

3. COMPLEX NONLINEAR REFRACTIVE INDEX OF DNA*

It is important to critically evaluate those parameters which may be relevant for
photonic device applications of DNA itself and the materials obtained from it and to
understand ways in which these parameters can be controlled and modified according to
the device requirements. Of special interest is the fact that DNA is chiral and thus it also

. . . . 33, 34
possesses nonlinear chirooptic properties ~

and can impart chirality on intercalating
dyes which can be strong second-order or third-order nonlinear optical chromophores. In
the investigation of such nonlinear effects it is necessary to know the parameters of the
host material. We present here results of measurements carried out to determine cubic
nonlinear optical properties of DNA which are fundamental for evaluation of the

properties of waveguiding structures containing DNA-based materials.

3.1 EXPERIMENTAL

The salmon based DNA investigated in our study was the same material as that
used in other work "*. The weight average molecular weight MW of the DNA used was
8x10° Daltons (g/mol). This corresponds to 12.1 x10® nucleotide base pairs (the average
molecular mass of the nucleotide base pair is assumed to be 662 g/mol). To characterize
the material, we studied the absorption spectra of DNA dissolved in deionized water. The
UV absorption peak listed in literature for double-stranded DNA (from bacteria) in H,O

solutions at neutral pH, has A, at 260 nm, the molar absorption coefficient € = 6.6 x 10°

M cm™, and the specific absorption coefficient is 20 (mg/ml)"' ¢m™ = 0.020 (ug/ml)*
cm?

The aqueous (pH 6-6.5) solutions of DNA were prepared at room temperature,
21°C, by dissolving the fiber-like solid material in deionised water. The maximum

concentration of DNA was 3 wt %. The solutions were prepared using a typical



procedure in which the components were placed in a glass vial, the vial was closed with a
PTFE-lined cap, and placed on a rotating wheel for at least 24 hours to ensure
homogenization. UV-visible absorption spectra of the solute of various concentrations
were measured in a fused quartz cell with a 1 mm path length with a UV-VIS-NIR
spectrophotometer (Shimadzu, model 3101PC).

Figure 5 shows an example absorption spectrum measured in an aqueous solution

of DNA.
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Figure 5 The UV absorption spectrum of a solution of salmon DNA in deionised water at
the concentration of 0.0837 wt%, Imm thick cell. The average value of the specific
absorption coefficient for DNA solutions is 18.1 + 0.7 (mg/ml)' cm™, the molar

absorption coefficient is (6.0 £ 0.2) x10° M'em™ at A, = 258 nm.

We used the Z-scan technique *° to determine the dispersion of the complex cubic
nonlinear susceptibility (related to the nonlinear refractive index n, and the two-photon
absorption coefficient [3,) in the range of wavelengths 530-1300 nm. These experiments
were performed on water solutions of DNA using ~150 fs pulses emitted from an
amplified femtosecond laser system, using a Clark MXR CPA-2001 regenerative
amplifier, pumping a Light Conversion TOPAS optical parametric amplifier. The system

was tuned to wavelengths in the required range using the signal, the doubled idler, the



doubled signal and the idler-pump frequency mixing for four different ranges of the
operation of the TOPAS. The repetition rate was kept at 250 Hz for all measurements.
The spot size wy was in the range of 30 — 60 um for various wavelengths and the
light intensity was adjusted to keep the nonlinear phase shift A® typically in the range
0.5-1.0 rd for the cell with the DNA solution. As discussed elsewhere *® %, Z-scan
measurements on solutions provide a convenient way of determining both the refractive
and absorptive part of the complex cubic optical nonlinearity of the solute, provided that
sufficiently high concentrations of the solute can be prepared. Assuming additivity of the
nonlinear contributions from the solvent and the solute, one can write the complex

nonlinear refractive index of a solution as 71, ., = (1= &)1 pen + 875 1w Where g is
the solute content in the solution and 7, denotes the complex nonlinear refractive index.

In order to obtain information on the nonlinear refractive index of the solute we
perform, Z-scan experiments on cells with the DNA solutions, as well as on identical
cells with the pure solvent (water) and on fused silica samples. The latter is helpful in
uniform calibration of the nonlinear index data since the possible inaccuracies of
measuring the light intensities at various wavelengths (which involves measurements of
pulse power, pulse duration and the focused spot size) are then avoided. Numerical fitting
of Z-scan curves provided the values of the real and imaginary parts of the complex
nonlinear phase shifts A® which could then be used to calculate the real and imaginary
parts of the complex nonlinear index 7, of the solutions. The phase shifts obtained from
measurements on solutions placed in glass cells always include contributions from the
glass walls of the cells, but these contributions are eliminated when computing the

nonlinearity of the solute by the following relations

_ l A¢real,solution - Aq)real,solvent Lsilica
nZ,A‘olute,real - Aq) 2,silica
g silica 'solution
and
_ 1 A(I)imag,solurion inlica
n2,mlute,imag - A(I) n2,silica
g silica solution

where Lgjica and Lsontion are the path lengths in the silica standard and in the solution cell.

Thus, by comparing the solution results with those for pure solvent (water) we obtain the



extrapolated real and imaginary parts of 7, for pure DNA, assuming that the solvent and
the cuvette walls do not show nonlinear absorption, which is justified in the range of
wavelengths and light intensities used. In the computations we neglected the wavelength
dependence of nonlinearity of the standard, assuming the nonlinear refractive index

N2ilica=3%10"° cm*/W over the whole range of the wavelengths.

3.2. RESULTS

As shown in Figure 6 we find that the nonlinear refractive index of DNA varies in
the range appr. 2x10"° to 1x10™* cm*W from A = 1300 nm to 530 nm, respectively. The
nonlinear refractive index of water (the solvent) measured against the n, of silica was
estimated to be in the range 0.5-1x10™" ¢cm®/W. The range of n, values determined for
DNA corresponds roughly to the real part of X(3 )(-;00,—0,®) varying between 8x10™* esu
and 5x10"° esu. The increase of n, is accompanied by the appearance of a trace of two-
photon absorption at the shortest wavelengths (below A = 600 nm) which is manifested in
Fig. 2 as a slight increase of the imaginary part of n,. The latter parameter can be
converted to the nonlinear absorption coefficient B,. We find that B, reaches about 0.2
cm/GW at 530 nm, thus, moderate two-photon absorption is possible in DNA at the
wavelengths corresponding to twice the wavelength of the position of the main one-
photon absorption peak (it should be noted that two-photon absorption cross sections of
nucleotides were investigated at A = 532 nm previously; see *°).

Considering large errors in the determination of the nonlinear parameters of DNA
from solution data (due to the limitation in the accessible concentrations of the DNA
solutions), the interpretation of the dispersion of the nonlinear parameters can only be
considered preliminary at this stage. We have attempted to model the dispersion with a
simple expression for the complex nonlinear refractive index. Similarly to the case
described in * we used a strategy of a numerical fit of the complex nonlinear index with

the equation

R [ A B } 1
n, = — + - X >
V,=2v=il, v,=2v=il, | (v,-v-il,)



where A and B are constants, v, and vy, are frequencies of two transitions and I'; and I',
are the damping constants. Thus, we use here the same set of parameters to describe both
the refractive and absorptive optical nonlinearity of DNA. The fit parameters of this
equation, represented by the lines in Fig.6, were found to be as follows: the resonant

frequencies are v,=41900 cm™ and v,=50000 cm ', the damping constants are I',=350 cm’

Uand I,=500 cm™.
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Figure 6 Dispersion of cubic nonlinear optical properties of DNA derived from

measurements on water solutions.

We conclude that DNA is a moderately nonlinear photonic material, for which the values
of n, fall in the range similar to that of typical organic polymers. Apart from the cubic
optical nonlinear effects the knowledge of ¥ of DNA will also be useful for
understanding the second-order nonlinear optical effects in this material (like second
harmonic generation and the electrooptic effects) as those may contain components due

to the combination of external electric fields with the cubic nonlinearity.



It should be noted that the present study was carried out on native (sodium salt) DNA, not
on a surfactant cetyltrimethylammonium counterion substituted DNA (DNA-CTMA),

.. . . .23
and chromophore containing materials used in many other studies™.

4. NONLINEAR CHIROOPTIC STUDIES ON INTERCALATED DNA®

Nonlinear optical absorption and refraction are commonly known to depend on
the polarization of the interacting photons (see e.g. *'), however, relatively little attention
has been given so far to the fact that this polarization sensitivity is present even in the
case of the nonlinear optical interactions taking place in isotropic systems like glasses or
liquid solutions. The most common cases which necessitate the awareness of and control
of the polarization of interacting photons are when two or more beams of light are
simultaneously present (as in pump-probe or four-wave mixing interactions), but the
single-beam interaction with an isotropic medium is also polarization dependent. These
dependences are especially interesting in the case of chiral media: important for

. .34, 42
biophotonics™™

. Studies of polarization dependent nonlinearities can lead to
establishing new techniques for nonlinear imaging, detection of specific molecular
structures and understanding of microscopic mechanisms of nonlinear processes.

In the two cases of simple third-order nonlinear optical properties of isotropic
media: the nonlinear refraction characterized by the nonlinear refractive index n, defined

by:
An = n,l

and the nonlinear absorption characterized by the coefficient 3, defined by:
Ao=B.1

(where a is the absorption coefficient) one needs to consider two kinds of polarization
dependences. The first of them is the difference between the value of the nonlinear
coefficient for the linear and circular polarization of light and the second is the difference

between the values of the coefficients for left-handed and right-handed polarization of



light. We define the relative linear-circular nonlinear birefringence as
2(N2 tinear—<N2 circular™> )/ (N2 linear <Nz circular>) and the relative linear-circular nonlinear
dichroism as 2(B2.inear-<P2.circutar™>)/ (P2 tineart <Po.circular>). The triangular brackets in the
definitions stand for the average between the right-handed and left-handed circular
polarization of light. In fact, both n, and 3, can have different values for different senses
of the circular polarization if an isotropic medium is composed of chiral components.
Thus, the nonlinear circular birefringence can be defined as ny cire= N2 right-N2 et and the
nonlinear circular dichroism as 0B cire= Pa.right-B2,1ent and their relative counterparts can be
defined as 0Ny ¢ire/<Na circular™> and 0Ps cire/<P2.cireutar>. The nonlinear dichroism can also be
expressed in terms of the (orientationally averaged) two-photon absorption cross section
0, instead of the macroscopic two-photon absorption coefficient 3,. The relation between

these two parameters is:

o, :&ha)
N

where N is the concentration of the two-photon chromophores and 7@ 1is the energy of
the photon. Alternately, one can also consider the nonlinear optical properties as deriving

from molecular hyperpolarizabilities y and refer to the macroscopic nonlinear effects as

due to the polarization dependences of the real and imaginary parts of the
hyperpolarizabilities.

In the following we mostly concentrate on the absorptive nonlinearities. We first
recall some relevant theoretical work concerning the polarization effects in two-photon
absorption and then present examples of techniques that can be used to study those
effects and some representative results.

4.1 THEORETICAL BACKGROUND

Both the nonlinear birefringence and dichroism are effects deriving from tensor
properties of the nonlinear susceptibilities or the microscopic hyperpolarizabilities in
interaction with appropriate field components of the electromagnetic field. The

microscopic origin of the nonlinear dichroism is well described in the literature. The



linear-circular nonlinear dichroism is a generally occurring phenomenon explainable in
terms of symmetry properties of the sum-over-states expressions describing two-photon
absorption. According to Monson and McClain®, two-photon absorption in a system in
which chromophores are randomly oriented can be described by performing averaging of
the appropriate product of orientation cosines. The effective two-photon cross section can

be obtained for the case of the two electromagnetic field polarization vectors A and

describing the two photons being absorbed (of the same or different energies). Defining

polarization variables F, G and H as:

F=4pf—1-pp

= - [Apf+4-pt

= - [Apf -1+ 4 Ap?

one can present the effective cross section <¢,> obtained at the combination of photon

polarizations given by the F, G and H triple as

<6,> = ofF + 66G + oyH

where

2
OF o< |SOLOL| OG o< S(IB S(IB Oy o< Saﬁ SB“

and S, stand for the components of the molecular sum over states:



LM, LM, J

S = +
i Z(ki—kA k. —k,

i

where L and M are transition moments, k; is the transition state energy and k; and k, are
photon energies.

For two identical photons, both of them linearly polarized along the x laboratory
axis and propagating along z: A = = (1,0,0); (F,G,H) = (2,2,2) and accordingly <c,> = 2
or +4 0g (6 ¢ = on for two same energy photons). For two circularly polarized
photons copropagating along z, A = = (1/2)1/2(1,—1,0); (F,G,H) = (-2,3,3) thus <¢,> = -
2 or + 6 0. The linear-circular nonlinear dichroism is therefore predicted in terms of

molecular properties and it may be a useful indicator of the symmetry properties of the

two-photon absorption active excited states.

The other effect considered here is the nonlinear circular dichroism. The circular
dichroism is not present in the dipolar approximation used above and its rigorous
introduction requires extension of the Monson and McClain model. Such an extension

was presented by Tinoco in his 1975 paper*’. The difference between the G, values

obtained for the simplest case when two photons of the same circular polarization are

propagating in the same direction is given by the equation:

_@em)'vie@v) 4
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where the three polarizabilities o, with different upper indexes are calculated taking into
account the dipolar (1), magnetic (m) and quadrupole (Q) transitions as defined in
Tinoco’s paper. The coefficients b,, b, and b; have the same role as F, G and H in
Monson and McClain’s paper, i.e. they depend on the polarization of the two interacting
photons. They do depend also on the direction of propagation. For two copropagating left
circularly polarized photons (b,,b,,b;) = (6,2,-2). We note that Tinoco’s formalism was
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recently used by Jansik et al® to compute two-photon circular dichroism of tryptophan



and tyrosine thus there is potential for comparing the experimental results with theoretical

predictions.
4.2 POLARIZATION-MODULATED Z-SCAN

We have suggested in a previous paper> that polarization dependences of the nonlinear
refraction and nonlinear absorption may be conveniently studied with a number of
techniques based on Z-scan. A polarization-modulated Z-scan was shown to be a useful
tool for simultaneous recording of the absorptive and refractive components of the
nonlinearity as well as their polarization dependences. The idea of investigating
polarization dependences by Z-scan was already used by DeSalvo et al*® who measured
anisotropy of nonlinearities for crystalline samples and by Egorov et al*’ who compared
nonlinear absorption results for linear and circular polarization for solutions of nonlinear
chromophores.

In our implementation of polarization-modulated Z-scan a rotating quarter-wave
plate is used to modulate the polarization and signals are recorded at various harmonics

of the rotation frequency®. For a quarter-wave plate positioned at an angle ¢ to the zero

position the Jones matrix can be written as

MGy =" (c?w —sin¢J[1 0][ co.s¢ sin(b)'
sing cos¢ J{O i)\—sing cos¢
Thus,

M(p)= & ( cos’p+isin®¢ (1— i)sin¢cos¢]

(1-i)singcos¢ sin’¢+icos’ ¢

s0, using a laser polarized along x, the photon polarization after the quarter-wave plate is

M) = (o) = ™ (0052 ¢ +isin’ @, (1—i)sindcos, O). The polarization changes from
linear at ¢=0 to circular at ¢=n/4, M1/4) = W(n/4) = ¢™*(1/2+i/2,1/2-i/2,0); the

same linear polarization again at T/2, inverse sense circular at 31/4, AM(3n/4) = W(3n/4) =



e (1/2 +i/2,-1/2+i/2, 0); back to linear at 1 etc. It follows that any changes of

the signal due to circular-linear dichroism and birefringence appear with a period of 7w/2
while those due to circular dichroism and birefringence have the period of m. The
principle of the experiment is thus that one can simultaneously measure the usual Z-scan
aperture transmitted power Py(z) and its modulation at the second and fourth harmonics
of the quarter-wave rotation frequency P,o(z) and Pso(z) and relate those to the

polarization dependences of the nonlinear effects.

One can assume that, within a certain range of values, transmission changes seen
in closed-aperture or open-aperture Z-scans are proportional to the values of the
appropriate nonlinear coefficients. Taking as an example the open-aperture signal due to
two-photon absorption, the transmission change measured in the system with a rotating
quarter-wave plate averaged over all orientations of the plate can be defined as
APy=Py(z=0)-Po(z>>2zr) o< (G2 .lincart<O2circular>)/2. The modulation signals arise because
of the variation of the transmission with polarization. Ideally, the value of transmission at
low intensity, i.e. for the sample being far from the focal plane Pyo(z>>zg) should not be
polarization dependent and the modulation signal should be zero there, however, in
practice there may be residual signals due to optical (e.g. one-photon circular dichroism)
and electrical (e.g. pickup) sources. For the fourth-harmonic modulation amplitude we
find that the signal at z=0 should oscillate with the angle ¢, between the value for the
absorption of linearly polarized beam and that for a circularly polarized beam, thus
AP4o=P1(z=0)-Psg(z>>7r) o< (G 2incar-<O2circular>)/2. The relative linear-circular
dichroism of the two-photon absorption signal is thus determined in the following

manner:

lin circ
. - AP, o0, -0, 20,-0;
4=

- lin circ
AF, 0, +0, (o8

In terms of the tensor components of S this translates to:



In a similar way, the signal recorded at the second harmonic of the quarter-wave

rotation should be related to the nonlinear circular dichroism and will be given by

circ circ
K _APzg_O-z,L_Gz,R _ O; —0Op
* AP, o"+oic 2<0,>.,

4.3 THERMAL LENSING DETECTED TWO-PHOTON ABSORPTION

There are several difficulties in implementing polarization-dependent Z-scan.
Among them one needs to list the inherently poor signal-to-noise ratio when carrying out
experiments with low repetition rate amplified femtosecond laser systems. In the
following we consider polarization effects on two-photon absorption as investigated by
the technique of thermal lensing detected absorption of a mode-locked laser beam. This
technique appears to be suitable for investigations of two-photon absorption in liquid
solutions of two-photon chromophores, in particular, it is applicable to chromophores that
are not strong fluorophores and thus are not conveniently studied by the two-photon
induced fluorescence technique (e.g. **). We have performed tests of the use of the two-
photon induced fluorescence in conjunction with the Z-scan principle and with
polarization modulation using a rotating quarter-wave plate. Signals that could be
attributed both to the linear-circular two-photon dichroism (fourth-harmonic signals) and
to the circular two-photon dichroism (second-harmonic signals) were detected. Those

results will not be, however, discussed in the present paper.

The principle of the thermal lensing experiments is illustrated in Figure 7.
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Figure 7 The principle of thermal lensing-detected polarization dependent two-photon

absorption measurements.

The beam from a mode-locked laser source is passed through a rotating quarter-
wave plate and then focussed with a lens. The sample (typically a solution of a
chromophore in an organic solvent placed in a I mm glass cell) can be positioned at
different distances, z, from the focal plane, as in Z-scan measurements™. After passing
through the sample, the central part of the beam is blocked by a beam stop in form of a
disk, thus only its perimeter part is collected by a large diameter lens and focused on a
detector. This signal detection setup is thus identical to the so-called EZ-scan technique
(eclipsed Z-scan)* combined with the polarization modulated Z-scan®. The principle of
its operation is the detection of two-photon absorption by its accompanying thermal
effect. For the sample positioned close to the focal plane (z=0), the heat deposited
through the two-photon absorption process causes the appearance of a self-defocussing
effect (since the thermal-induced change of the refractive index in an organic solvent is,
as a rule, negative). This either decreases (for the sample at z<0) or increases (for z>0)
the transmission of the system. As discussed by Xia et al*’, the sensitivity of detection of
the nonlinear effect is dependent on the degree of obscuration of the beam by the disk,
the sensitivity being higher for a lower transmission.

The detector signal is fed into an A/D converter and collected by a computer
synchronously with the rotation of the quarter-wave plate. The frequency components of
the signal are calculated by the computer using a digital lock-in principle. The various

harmonics P,, (measured in our system up to the eighth, n = 0 to 8) are given by the

relation:



1 N b
P, = ;2P(i)sin(27m %)

i=1

where s is the number of steps for a complete rotation.

The thermal lensing detection was used to demonstrate feasibility of measuring
two-photon absorption in non-fluorescent dyes on an example of Disperse Red 1 (DR1).
Disperse Red 1 was investigated in two different environments: as a solution of the dye in
n-butanol and as a solution in n-butanol containing also 4% of deoxyribonucleic acid
treated with CTMA surfactant (DNA-CTMA)* *°. Clearly, the first of the solutions
contains a random collection of DR1 molecules while the DR1-DNA-CTMA system is
more complicated because of the intrinsic chirality of DNA chains which also imposes
chirooptic properties onto the dye which, to some extent, may be intercalating the DNA
chains or binding to them in another manner.

Figure 8 shows examples of EZ-scans obtained on the two solutions of DR1 using
~200 mW average power at 800 nm from a mode-locked femtosecond Ti-sapphire laser

system (Coherent Verdi-pumped Mira 900D laser) with ~150 fs pulses.
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Figure 8 Eclipsed Z-scans obtained on two samples of DR1 solutions: a 5%

solution in n-butanol (curve 1) and a 2.8 % of DRI in solution in butanol together with



4% of DNA-CTMA (curve 2). The full lines are curves computed from Z-scan theory™
by direct integration of the intensity profile at the plane of the beam blocking disk. The
fitted parameters are w,= 18.5 um, transmission = 15%, A¢,=-1.75 rd (curve 1) and

—1.1 rd (curve 2)

As expected, the EZ scans show a distinctive pattern of a valley followed by a
peak which is indicative of a negative refractive nonlinearity (n, < 0). There is no doubt
that this nonlinear effect originates from thermal nonlinearity. Since the repetition rate of
a mode-locked laser (86 MHz) is much higher than the inverse of the typical relaxation

time of the thermal effect in solution (ms range), the effective thermal nonlinearity can be

. . L .
treated in the same way as for a cw beam. From the relation A@, = 27n,I n the effective

n, for the two samples in Fig. 3 is found to be 5.7x10” and 3.6x10™ cm*/W, respectively,
which approximately scales with the concentration of DRI in the two solutions. As will
be shown below, these values can, in principle, be used to calculate outright the two-
photon absorption coefficient for DRI, however, due to numerous uncertainties
concerning the beam parameters and the particulars of the thermal nonlinear process,
such a calculation can only be considered an order-of-magnitude approximation and more
precise values should be obtained by comparison with solutions of standard
chromophores of known two-photon absorption properties. An estimate of the two-
photon absorption coefficient can be made from the equation for effective thermally

induced n, given in *”>' for the case of one-photon absorption:

n, (0,s)= (@j —nz_lﬁ o
2o ), 2n ioc,p+ 5K

where o is the frequency and s is the spatial frequency of illumination, B is the volume

expansion coefficient, o is the absorption coefficient, c, is the specific heat, p is the
density and x is the heat conductivity coefficient. Under the conditions of a mode-locked

train a cw approximation can be used (w= 0) and one can assume that the only absorption



process is that due to two-photon absorption and the refractive index change is only due

to volume expansion. One gets then:

n2 _1 ﬁ 1 ea
ot B

which indicates that the effective nonlinear refractive index depends on the peak intensity
of the fs pulses (which is not surprising: one expects that the amount of heat deposited in
a two-photon absorption process depends on the square of the peak intensity) and on the
square of the spatial frequency (which we approximate here as s=1/wy). Taking n=1.40,
B=1.3x107 K, k=1.5x10" W/cmK (CRC Handbook) we get Bolpea=5.6x10" cm™'. The
peak intensity can be estimated as 3 GW/cm®, thus B,=1.9x10""* cm/W and the two-
photon cross section for DR1 is evaluated as 0.6x10™° cm®s (0.6 GM). This is not very
different from 6,=2.8 GM derived from the direct open-aperture Z-scan measurement at

775 nm by De Boni’> and our own unpublished data, in both cases obtained with

amplified femtosecond systems.

Potentially, the technique used by us here may become a useful tool for
investigating nonlinear absorption, especially if reliable standards are used for calibrating
the measurement. However, the present implementation of the thermal lensing detection
is mostly targeting the polarization effects in nonlinear absorption.

Figure 9 shows data obtained by modulating polarization on the sample of DR1
dissolved in butanol containing DNA-CTMA. The Fourier components obtained at the
second and fourth harmonic of the rotation frequency of the quarter-wave plate are here
normalized by dividing their values by the dc component (the zeroth harmonic) of the
EZ-scan signal measured far from the focal plane Po(z>>zr). These components are
plotted as the function of the input power for two positions of the sample: that
corresponding to the maximum of the EZ-scan curve and that corresponding to the
minimum of the curve. As mentioned before, the thermal lensing detected two-photon

absorption signal is expected to be proportional to the square of the peak intensity of the



input beam, thus the normalized modulation signals plotted in Figure 4 are expected to be
linearly dependent on the input power. Indeed, approximately linear dependences are
seen, with the slopes of the lines being reversed between the data obtained for the
maximum and the minimum of the EZ-scans. It can be concluded that both the linear-
circular nonlinear dichroism and the nonlinear circular dichroism are observed in this
type of a sample. The magnitudes of these effects can be estimated from the results

presented in Fig.9.
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Figure 9 Polarization modulation signals for a sample of DR1-DNA-CTMA in butanol.
Full symbols denote data obtained at the maximum of the EZ-scan curve, open symbols

denote data for the EZ-scan curve minimum.

The results are listed in Table 2 together with the data obtained for DR1 solution in
butanol without the DNA

Table 2 Comparison of polarization modulation of the two-photon absorption in DR1 and

DR1-DNA-CTMA

Sample DR1 DR1 + DNA-CTMA
Modulation at 4™ harmonic | 1.4 +0.2 7.6+0.8

K, (%)

Modulation at the 2" <0.67+0.4 -4.1+£0.7

harmonic «, (%)




Figure 10 illustrates the modulation for rotating quarter-wave plate in the case of

DR1+DNA-CTMA.
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Figure 10 The recovered modulation of the two-photon signal at 200mW power for

DR1+DNA-CTMA solution

Interestingly, the modulation effects are in all cases distinctly observable with an

exception of the K, effect for neat DR1 solution which is within the experimental spread
of the results essentially nonexistent. This is what was expected, because the , effect,

due to circular dichroism, should be absent in DR1 solutions. Other effects are all well in
excess of 107 and above the experimental scatter. However, a warning must be made
concerning possible causes of spurious signals appearing at the second and fourth
harmonic of the rotation frequency. The lines in Fig.9 do not have zero intercept which
indicates that some modulation of the transmission takes place at low powers: obviously
not due to the two-photon absorption process. This is similar to the background
modulation signal which was observed in polarization-modulated Z-scans even for
z>>7zgp. In addition, there are also deviations of the signals from the straight-line
behaviour which appear especially at higher powers. For the current series of
measurements such deviations were particularly noticeable for powers above 200 mW
possibly due to noise caused by excessive temperature increase in the focal region of the
beam (it is not uncommon to see boiling of an absorbing solution when investigated by

Z-scan like techniques under cw illumination or with long pulses).



However, the results in Table 1 indicate that the nonlinear optical properties of the DR1
dye do become modified through the interactions with DNA and that polarization
dependent two-photon absorption may be a useful technique for investigating such
interactions.

4.4 CONCLUSIONS

Polarization-modulated cubic and higher-order nonlinearities offer a rich field of
studies. Linear-circular two-photon dichroism effects on the order of several percent are
observed in several cases. In particular, linear-circular dichroism of two-photon

absorption may be a useful contrast mechanism in microscopy.

S. DYNAMIC HOLOGRAPHICALLY WRITTEN GRATINGS IN DNA-
CTMA:DR1

DNA-based biopolymer used in this research was fabricated from the salmon roe
DNA by first purifying it and then complexing with a cationic surfactant, cetyltrimethyl-
ammonium (CTMA) chloride according to procedure described by Heckman et al.” and
Wang et al”. In DNA-CTMA the sodium ions are replaced with cetyltrimethyl-
ammonium ions enabling its solubility in several organic solvents including 1-butanol,
which was used here for sample preparation. We prepared a butanol solution of DNA-
CTMA and DR-1 to obtain a 4 % solution of DR1 in DNA-CTMA in a dry form. It
should be stressed that at present we do not know in which way DR1 is bound to DNA. It
can lie roughly perpendicular to the DNA helix axis or can be oriented in the major and
minor groves of the DNA double helix and lie parallel to the helix axis, or it can be
intercalated between the base pairs, however, we believe that different types of binding of
the oriented nucleic acid with nonlinear optical dyes may bring new functionalities to
DNA.

The absorbance of the film of DR1:DNA-CTMA obtained by casting is shown in
Fig. 11.
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Figure 11 UV-VIS absorption spectra of a DNA-CTMA:DR1 film deposited on

glass substrate.

The film was then placed between two ITO covered glass plates and sealed in
order to prevent optically induced oxidation, which degrades the nonlinear optical
properties of azobenzene derivatives.

Experimental set-up for holographic grating recording and diffraction efficiency
measurements is shown in Fig. 2. Polymeric sample is set at normal position to bisectrice
of Ar* laser beam illumination (A = 488 or 514.5 nm). Both beams are s-s polarized and
equal in intensity. Their interference is producing an light intensity pattern on the sample

with grating wave-vector |§| =2m/A. Angle 2 6 between the incident beams defines the

grating period A = # Another laser (He-Ne, (A = 632.8 nm) illuminates the

2sin(@/2)
sample within the grating area and the diffracted into first diffraction order direction light

is measured with fast Si calibrated photodiode.
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Fig. 12. Experimental setup for holographic grating recording and diffraction

efficiency measurements. A A/2 retardation plate enables polarization grating recording.

Measurements of light self-diffraction were performed using 488 nm and 514.5
nm of cw Ar" laser light. The light self-diffraction appears almost instantaneously in the
films of DNA-CTMA DRI1 and also the grating decay is very fast after light shut off.
This finding is important for the field of dynamic holography where materials exhibiting
the fast and reversible hologram recording properties are desired. In most azo-
functionalized polymers the grating build-up observed in typical two-wave mixing set-up
is a slow process with grating growth time constants of the order of seconds to hours.
Here we report for the first time, up to our knowledge, the optical grating recording in
Disperse Red 1 dye containing DNA-CTMA matrix with an excellent stability and
dynamics. In Fig. 13 we present the recording of grating using intensity pattern of 16.45
um period in thin film of DNA-CTMA DR1. Rectangular shape seen in an oscilloscope

trace corresponds to response of detector measuring chopped recording laser (A = 514.5

nm) beam while another trace corresponds to first order diffraction signal of the

remaining laser beam. The presence of this signal and its dynamics is directly related to



diffraction grating build-up and decay in the sample. Notice that the timescale of the plot

is in ms range and the signal repeatability is excellent.
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Fig. 13. 1% order self-diffraction signal measured for DNA-CTMA-DRI in two-wave
mixing experiment using A = 514.5 nm as excitation wavelength and grating period A =
16.45 um. One of the recording incoming beams was chopped. The s-s polarization

recording and 130 mW of total laser power at 514.5 nm were used.

In Fig. 14 the shape of the signal is shown for the expanded time scale to few
milliseconds. One can assume that for low light intensities (here < 1 W/cm®) diffraction is
mainly due to a cis-trans population grating that decays in a millisecond time scale.

These preliminary data show that investigations of dynamic gratings in dye-doped
DNA materials may lead to very promising results. Further studies of this phenomenon

are currently carried out.
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Fig. 14. An example of an oscilloscope trace during dynamic grating recording
(one of the recording beams is chopped at frequency 195 Hz — black line) in DNA-
CTMA-DRI. Light self-diffraction of Ar" laser beam (red curve). Polarization s-s, total
power 110 mW at 514.5 nm.
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