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ABSTRACT

The first hyperpolarizability of the DNA bases Thymine and Cytosine were determined by
Hyper Rayleigh Scattering in neat water despite their low solubility. Due to the low intensity
levels collected, count statistics was performed instead of the standard dilution procedure. The
first hyperpolarizability were found to be Bry,, = (2.99 + 0.44) x 10739 esu for Thymine
and Beytosine = (3.35 +0.21) x 1073° esu for Cytosine. Due to its weak solubility, only an
upper limit Bagenine < (1.82 +0.10) x 1073% esu could be set for Adenine. The first
hyperpolarizability of Guanine could not be measured because of its too weak solubility.

Theoretical static and 800 nm dynamic first hyperpolarizability tensor elements were also

computed with Gaussian 09 for comparison.



INTRODUCTION

Engineered materials from organic compounds have received a large interest so far in order to
develop novel photonic devices for a broad range of applications' from sensing to
communication devices. In this respect, biomaterials possess an interesting potential, especially
in terms of costs, availability and waste. It is therefore attractive to determine the nonlinear
optical properties of materials like proteins and DNA®*. In the specific case of quadratic
nonlinear properties, but this may be extended to cubic properties as well, the nonlinear optical
technique of Hyper Rayleigh Scattering (HRS) is an efficient method to determine the first
hyperpolarizability of molecules in solution’®”’. HRS in liquid solutions is based on the
incoherent scattering of second harmonic light due to instantaneous molecular orientational
fluctuations. The method, in its standard procedure, entails the determination of the second
harmonic intensity as a function of the solute molecule concentration. Comparison with a
known reference, the so-called external reference method, or the solvent itself, the so-called
internal reference method, provides the first hyperpolarizability of the compound and therefore
a detailed insight into its electronic structure and dynamics®. This method has sparked a large
interest in molecular design and has been at the origin of the development of molecular
engineering with numerous applications in organic photonics, opto-electronic devices notably”.
First hyperpolarizabilities of a wide variety of solutes, including neutral and ionic species®!?
have thus been measured, in particular for push-pull compounds where donor and acceptor
groups provide large first hyperpolarizability magnitudes. Polarization resolved HRS has
besides also enabled a direct access to the symmetry of the nonlinear response of these
compounds with the determination of the ratio between their dipolar and octupolar character'-
16, More recently, coherent contributions have been identified in polarization resolved HRS
measurements, opening up the possibility to investigate molecular correlation between different

nonlinear optical sources like different sites in macromolecules containing more than one



nonlinear optical chromophore, or different molecules in aggregates or micelles!’. Studies of
biomolecules by HRS have been initiated with the bacteriorhodopsin protein contained in
purple membranes and its embedded retinal chromophore!'®?*. Since then, many different
proteins have been investigated as they may serve as target probes in tissue imaging for

instance?*.

In this paper, we extend further these previous studies to the experimental determination of the
first hyperpolarizability of the DNA bases. The measurements were performed in neat water
solutions to avoid any further complexity albeit with the drawback of weak solubilities. Hence,
the measurements were performed in a different way as compared to the standard dilution
method described above. Here, a single concentration is used but the experiment is performed
over long counting times with harmonic photon count statistics analysis. The experimental
results are then compared to Gaussian 09 calculations of the static and dynamic first

hyperpolarizabilities in order to point to the origin of the nonlinearity.

EXPERIMENTAL SECTION

HRS Measurements. The experimental HRS setup used in this study has already been
described elsewhere®®. Briefly, the output of a femtosecond Ti:Sapphire laser (Coherent,
Chameleon Ultra) with a pulse duration of about 180 fs and an average power of 500 mW
centered at a wavelength of 800 nm was used to generate incoherent second harmonic scattered
light from the sample cell. In order to control the polarization and the energy of the light
impinging onto the sample, the beam was passed through a half wave plate followed by a
polarizing cube. The fundamental beam was vertically polarized and gently focused using a low
NA microscope objective (X16, NA = 0.32) onto the sample cell. The latter was made from

fused silica and had an optical path length of 5 mm. The focus was nevertheless no more than



2 mm away from the cell walls for alignment convenience. The second harmonic light scattered
at right angle at 400 nm was then sent to a spectrometer (Jobin-Yvon, iHR 320) and a
photomultiplier tube (Perkin — Elmer MP 393CL) for spectral cleaning and detection. Each
measurement was statistically analyzed and averaged over long time acquisitions and the

figures present histograms of these measurements.

Determination of the First Hyperpolarizability. The experimental procedure for the
determination of the hyperpolarizability based on unusual statistical counting procedure was
the following. Indeed, when the measured HRS intensity is very low, a fine analysis of the
output second harmonic intensity must be performed. Usually, it is just a recording for a set
time of the harmonic intensity. This operation is repeated after modification of a selected
parameter, either concentration, wavelength or input or output polarization angle for example.
However, for very low intensities as in the present case, it is necessary to extend the
measurement over a much longer time interval. In this case, all parameters of the configuration
such as input and output polarization state, fundamental wavelength or solute concentration are
fixed. Nevertheless, it is not appropriate to perform this measurement for a single interval of
time. It is indeed preferable to repeat this operation over many intervals and extract the counting

statistics as a histogram, see Figure 1 where this scheme is applied to neat water.
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Figure 1: Histogram of the HRS intensity counts per 100 seconds for 47 intervals of equal 300 seconds

duration. The full line is a Gaussian fit.

This operation makes it possible to obtain a precise value of the average count intensity at the
set harmonic wavelength as well as its standard deviation. In addition, as can be seen in Figure
1, the counting distribution provides information on the process being studied. In the present
case, we note that the counting statistics obeys a Gaussian law as expected for a large number
of repeated independent measurements. We can therefore determine the mean value and the
standard deviation, in the present case for neat water 7130 counts per 100 seconds with a
standard deviation of 89.2 counts per 100 seconds. These parameters will allow to clearly
determine the first hyperpolarizabilities along with their error and to carry out finer comparisons
than with simple measurements over shorter times where the count statistics is poorer. In the
dilution procedure, only two sample concentrations were then used due to the weak solubility
of the DNA bases in neat water and thus the difficulty to prepare a set of well-defined sample
cells of different concentrations. For each DNA bases, the measured HRS intensity was
normalized with respect to the square of the incident power to account for temporal fluctuations

in the laser power. The count statistics for neat water and the DNA bases performed in the same



operating conditions were both adjusted with a Gaussian function. The first hyperpolarizability
was then determined with respect to that of neat water knowing the water and DNA base number
densities. The first hyperpolarizability of water was taken from a previous work as

0.087 x 10739 esu®.

Chemicals. Water was purified by reverse osmosis followed by ion exchange (Millipore,
Milli-Q SP reagent system). Adenine (Sigma-Aldrich, 99% purity), Cytosine (Sigma-Aldrich,
99% purity), Guanine (Sigma-Aldrich, 99% purity) and Thymine (Sigma-Aldrich, 99% purity)
were used as received. Solubility values of the different DNA bases are 1.03 mg/ml for
Adenine, 8 mg/ml for Cytosine and 10.8 mg/ml for Thymine whereas Guanine is insoluble in
water’*?6. Aqueous solutions of 5 mM Adenine, 5 and 10 mM Thymine and 5 and 10 mM
Cytosine were prepared. No solution from Guanine could be prepared due to its too large
insolubility. Figure 2 presents the four DNA bases chemical formula. The frame is indicated in

the standard orientation to allow us to compare our results with the literature ones™’.
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Figure 2: Adenine (A), Thymine (T), Cytosine (C) and Guanine (G) formula with the frame axes as used
in the theoretical calculations. White balls represent H atom, red balls Oxygen atoms, blue balls nitrogen

atoms and grey balls Carbon atoms?®.

RESULTS AND DISCUSSION
Experimental determination of the first hyperpolarizabilities. Due to the relatively low
solubility of all DNA bases in neat water, only low concentration aqueous solutions could be

prepared. As a result, and considering the chemical formula of each DNA bases and the



potential hyperpolarizabilities expected, the resulting HRS intensities could not be

distinguished from that recorded for neat water, see Figure 3, using short counting times.
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Figure 3: Neat Water (triangles) and a 10 mM Thymine aqueous solution (disks) HRS line for a 800 nm
fundamental excitation. Corresponding Gaussian fits are provided as full lines. Neat water HRS intensity

maximum is normalized to unity.

Standard deviations obtained from single short acquisitions were too large to unambiguously
separate the contribution of the DNA base itself from that of neat water. Hence, longer
acquisition times were used along with a statistical approach entailing repeated measurements
in order to increase the sensitivity. Typically, in the case of Thymine for example, the HRS
intensity counts were recorded during 14400 seconds split into 48 time intervals of 300 seconds
duration each for both neat water and the Thymine aqueous solution, see Figure 4. Plots
reported in Figure 3 were nevertheless required initially to ensure that no spurious light like

multiphoton excited fluorescence contribute to the detected intensity.
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Figure 4(a): Count distributions obtained for the HRS intensity for (left) neat water, (Center) SmM and

(Right) 10 mM Thymine aqueous solutions. See text for the experimental conditions.
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Figure 4(b): Average HRS intensity as a function of Thymine Concentration. Error bars correspond to

standard deviation of the adjustment procedure.

These histograms, constructed at the harmonic frequency are thus the sum of the background
noise and the HRS intensity for neat water whereas they are the sum of the background noise,

to which is added the contribution of water and Thymine for the Thymine solutions. From the



recorded HRS spectra presented on Figure 3, it is observed that no multiphoton excited
fluorescence occurs indeed and the background noise was subtracted using the HRS line profile.
With the Gaussian adjustments made on Figure 4(a), the amplitude of each Gaussian line is
determined, along with the standard deviation. In the case of neat water for example, the
average value is 7131 counts per 100 seconds for a standard deviation of 130 counts leading to
71.31 £ 1.30 counts/s. For the 10 mM Thymine solution, the average value is 8041 counts per
100 seconds with a standard deviation of 138 counts leading to 80.41 + 1.38 counts/s. Then,

using the equation the HRS intensity as a function of the hyperpolarizability as follows:

IHRS = G(NWater(ﬂlﬁ/ater) + N(ﬂz))lz (1)

and the internal reference method, the square of the first hyperpolarizability of Thymine is

obtained from the slope of Figure 4(b) :

(BFnymine)
Inrs X 1+ Nrpymine m ~

Using  Buwater = /(ﬁwaterz) = 0.087 £ 0.009 x 1073%su?* for the neat water

hyperpolarizability, we obtain for the Thymine first hyperpolarizabilty Srp, =

/ (Braymi ) = (2.99 + 0.44) x 1073 esu. This value is rather weak but can be compared to

aromatic and non aromatic amino acid first hyperpolarizabilities for example.
Hyperpolarizabilities values of 4.7 X 1073% esu, 4.1 x 1073° esu and 0.3 X 1073° esu have
been reported for Tryptophane, Tyrosine and Glycine respectively?®. In particular, it appears
that the Thymine first hyperpolarizability is within the range of those of Tryptophane and

Tyrosine, two aromatic amino acids whereas that of Glycine is about ten times smaller, as

10



expected for a non aromatic molecule. The same experimental procedure was carried out with
the other DNA bases. However, because Guanine is not soluble in water, we were not able to

present results for Guanine and therefore could not extract a first hyperpolarizability.

The procedure was thus repeated for the case of Cytosine. First, a short spectrum of the HRS
line was recorded to ensure the absence of multiphoton excited fluorescence in the 400 nm
signals recorded (Figure 5) and then long counting times were used to measure the HRS
intensities for two different concentrations, see Figure 6(a): Count distributions obtained for
the HRS intensity for (left) neat water, (Center) 5SmM and (Right) 10 mM Cytosine aqueous

solutions.

HRS Intensity (Arb. Units)
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Figure 5: Neat Water (full triangles) and a 10 mM Cytosine aqueous solution (disks) HRS line for a 800
nm fundamental excitation. Corresponding Gaussian fits are provided as full lines. Neat water HRS

intensity maximum is normalized to unity.
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Figure 6(a): Count distributions obtained for the HRS intensity for (left) neat water, (Center) SmM and

(Right) 10 mM Cytosine aqueous solutions.
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Figure 6(b): Average HRS intensity as a function of Cytosine Concentration. Error

bars correspond to standard deviation of the counting procedure.

The Gaussian fits yielded the average value for neat water of 71.24 £ 0.93 counts/s, 76.50 *
0.62 counts/s for the 5 mM Cytosine solution and 82.69 + 0.69 counts/s for the 10 mM

Cytosine solution. Using the neat water hyperpolarizability for reference and Eq.(2) adapted for

12



Cytosine, the value of the first hyperpolarizability of Cytosine is found to be Bcytosine =

/(ﬁcywsinez> = (3.35+ 0.21) x 1073° esu.

Finally, in the case of Adenine, the HRS line spectrum exhibits for Adenine a rather strong
multiphoton excited fluorescence background that must be subtracted before getting the first

hyperpolarizability, see Figure 7.

HRS Intensity (Arb. Units)

| |
390 395 400 405 410

Harmonic Wavelength (nm)

Figure 7: Neat Water (triangles) and a 5 mM Adenine aqueous solution (disks) HRS line for a 800 nm
fundamental excitation. Corresponding Gaussian fits are provided as full lines. Neat water HRS intensity

maximum is normalized to unity.

From the data plotted in Figure 7, we were nevertheless able to extract the height of the HRS
signal coming from the Adenine by fitting the data with a Gaussian function superposed to a
polynomial function of second order. No spurious signal counts were collected from the neat
water solution, as previously seen, apart from the noise background that can be subtracted.

Then, count histograms were performed as well following the above procedure, see Figure 8.
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Figure 8: Count distributions obtained for (left) neat water and (right) S mM Adenine aqueous solution.

In the histograms, the intensity measured for the neat water solution again corresponds to the
noise background augmented with the neat water HRS intensity counts. For the Adenine
aqueous solution, the intensity corresponds to the noise background augmented with the neat
water contribution and the Adenine contribution, both the multiphoton excited fluorescence and
the HRS counts. The noise background contribution was again determined by inspection at 390
nm, slightly off the HRS line. However, in the case of Adenine, the multiphoton excited
fluorescence contribution was found to be an overwhelming contribution as compared to the
HRS contribution precluding the use of the above described procedure. It appears indeed that
from the data reported in Figure 7, the HRS intensity is identical for neat water and the Adenine
solution. Therefore, no first hyperpolarizability could be determined as a result of the combined
limited solubility and weak HRS response. However, an estimate of the first hyperpolarizability
for Adenine can nevertheless been made. Considering the standard deviation of the histogram
of neat water, we may argue that Adenine HRS intensity could be detected provided its total
signal including background noise and HRS intensity of neat water and Adenine itself equals
the total signal of water augmented by two standard deviations of the neat water signal. If this

were indeed observed, Adenine would be indeed observed from the experimental data. With
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this procedure, and using as a superior limit for the standard deviation de square root of the
number of counts per 100 seconds, that is including the noise background and HRS intensity

30

for neat water, we determine a value less than (1.82 £ 0.1) X 107°" esu for Adenine first

hyperpolarizability. This value is thus an estimated upper limit.

From these measurements, all these experimental results lead to the following ordering of the

first hyperpolarizability of the three Cytosine, Thymine and Adenine, namely Bcytosine >
Brhymi > Badenine and no value is available unfortunately for Guanine due to its too weak

solubility.

Theoretical calculation of the first hyperpolarizabilities. In order to get a deeper insight into
the experimental results and the origin of the first hyperpolarizabilities of the DNA bases, a
simple theoretical calculation was performed for the first hyperpolarizabilities with Gaussian
09 in vacuum. For each base, the geometrical structure was first optimized using the DFT
exchange correlation functional B3LYP in Gaussian 09. Atom-centered split valence with
polarization functions 6-31+G* for C, H, O and N were used. The static and dynamic first
hyperpolarizabilities were obtained at the Hartree-Fock (HF) level. The first
hyperpolarizability is a third rank tensor involving 27 elements, a number that can be reduced
using the intrinsic frequency doubling symmetry, i.e. permutation of the last two indices. In the
static case, the Kleinman symmetry may be also used, i.e. full permutation of the indices,
reducing this number of elements to 10 only. The static first hyperpolarizabilities of the four

DNA bases are reported in Table 1.

Table 1: static B, components and S calculated at HF level using the 6-37+G* basis set with

Gaussian 09 for the four DNA bases. All values reported in atomic units. Conversion factors



are from atomic units to esu 1 a.u. = 8.639 X 10733 esu and from atomic units to SI units 1

a.u. = 3.206361 x 107°3 C’m’J 2.

Brxx  Pxxy Byxy  Byyy  Bxxz  Byxz  Byyz  Baxz  Bzyz  Brz
A -183 245 545 81.5 -0.02 0.003 -0.02 1.55 -13 -0.02
G 985 454 -238 -2245 -0.06 0.03 0.005 6.6 -15.7  -0.025
T -54 95 478 12.1  -0.004 0 0.005 -10.15 -8.15 -0.004
C 125 259 -795 343 -007 -0.01 0.03 -28.95 32.05 -0.001

To provide further insights into the comparison between theoretical and experimental values,

dynamic first hyperpolarizabilities were also evaluated at the experimental fundamental

excitation wavelength of 800 nm (fiw = 0.057 a.u.). In this case, Kleinman symmetry breaks

down and 18 elements are calculated. The results are presented in Table 2.

Table 2: Dynamic fjj, components and 8 calculated at HF level using the 6-31+G™* basis set

with Gaussian 09 for the four DNA bases. All values are reported in atomic units. Conversion

factors are from atomic units to esu 1 a.u. = 8.639 X 10™3 esu and from atomic units to SI

units 1 a.u. = 3.206361 X 107°3 C’m’J2.

Tensor Adenine Guanine Thymine Cytosine
components
Boexx 24.45 12.9 -56.5 162
Byxx 43.2 21 -6.85 10.05
Bxx -0.035 -0.105 51.5 -0.095
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Bryx 49.85 18.95 -0.0045 30.05

Byyx 69.4 -27.8 0.001 -107.5
Bayx 0.005 0.045 -11.1 -0.12
Bryy 60.75 -17.95 -8.65 -106
Byyy 111.8 153 51 40.3
Bzyy -0.025 0.01 16.5 0.04
Biczx -0.045 -0.135 0.0005 -0.095
Byzx 0.005 0.05 0.005 -0.005
Brrzx 2.7 5.55 -8.85 -40.3
Bxzy 0.01 0.06 -0.0045 -0.01
Byzy -0.025 0.01 0.001 0.04
Bazy -20.95 224 0.0005 46.25
Brzz 3.85 12.165 -11.1 -40.2
Byzz -18.15 -25.65 -9.4 47.8
Bzzz -0.025 -0.035 -0.0045 -0.004

In this calculation, the reference frame as given in Figure 1 is used where the z axis is normal
to the aromatic cycles. The magnitude of the elements of the first hyperpolarizability tensor for
Adenine, Thymine and Cytosine are found on average much larger than that of Guanine.
Besides, the values obtained for Guanine are in very good agreement of those calculated by
Alparone®. In order to perform a better comparison with the experimental data, the Hyper
Rayleigh Scattering molecular first hyperpolarizabilty in the laboratory frame was computed

from the above microscopic first hyperpolarizability tensor elements using :



(Burs) = \/(ﬁgzﬁ2 + (ﬁ)%zz) 3)
where the X direction is assumed to be the fundamental light beam propagation whereas the
unpolarized output harmonic light is collected in the Y-direction. The elements {8%,,) and
(B%,,) are the macroscopic averages calculated from the first hyperpolarizability microscopic

components f;, given in Table 2 using the standard formulae between the molecular averages

and the molecular first-order hyperpolarizability tensor components®!.

The ordering of the calculated HRS molecular first hyperpolarizability for the four bases is

then

.BCytosine(O-43 X 10_3 esu) > ﬁAdenine(OBZ X 10_3Oesu) > ﬁGuanine(0-17 X

1073%su) > Braymine (0.08 x 1073esu).

Cytosine therefore displays the largest first hyperpolarizability, both experimentally and
theoretically. On the opposite, we observe inversion for that of Adenine and Thymine. It must
be pointed however that the solvent medium is not taken into account for the theoretical first
hyperpolarizabilities and may be the cause of the difference between the experimental and the
theoretical data. In order to discuss further the first hyperpolarizability values, we also provide
the dipole moments obtained using B3LYP/6-31+G* level for the four bases. The ordering of

the theoretical dipole moment magnitudes u is found to be:

;uGuanine(7-253 D) > .uCytosine(7-09 D) > UThymine (4-70 D) > Hadenine (2-46 D)-

The link between the electric dipole moments of an organic molecule having donor —acceptor

subsituent and the first order hyperpolarizability has been recognized in the literature®. Large
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first hyperpolarizabilities result from an intramolecular charge transfer due to the - conjugated
electron framework disturbed by the presence of electron donor and acceptor groups.
This argument can be shown with a natural population analysis®*3* for the four bases, see Figure

9.

0.432

-0.199

(b)

(d)

Figure 9 : Dipole moments (green arrow) and NPA atomic charges of the Cytosine (a), Guanine
(b), Thymine (c) and Adenine (d). Color code: white hydrogen, gray carbon, red oxygen,

blue nitrogen. Red arrows indicate polar bonds orientation.



The Figure (a) displays the green vectorial representation of the dipole moment for Cytosine.
For this compound, polar bonds are parallel reinforcing the donor — acceptor scheme and
resulting in a relatively important dipole moment yu compared with the others compounds.
However, in the case of Adenine, the bond moment, see the red arrows in Figure 9(d), are in
mutual opposition. Consequently the dipolar contributions tend to cancel each other out leading
to the lowest value dipole moment. The Guanine dipole moment is for the same reason as that
of Cytosine fairly enhanced whereas for Thymine the bond moments are essentially in mutual
opposition. Thus, Cytosine and Thymine present similar experimental first hyperpolarizability
values despite the presence of a single aromatic cycle, at odds with the theoretical case.
However, the charge transfer as well as the meta position of the electron donor group NH; and
the electron acceptor group C=0 must be considered in determining the nonlinearity. It must
however be pointed out that in water, DNA bases have the ability to be present under several
tautomeric structures. These tautomers may possess differing nonlinear optical properties, a
feature not accounted for in the present situation. Guanine was also studied theoretically in the
past and was exhibiting such a behavior’’. Nevertheless, the present findings call for an in-
depth investigation of the first hyperpolarizabilities of DNA bases with careful account of the

different tautomeric structures and the solvent effect.

CONCLUSIONS

The experimental first hyperpolarizability of Thymine and Cytosine DNA bases dispersed in
neat water were reported as measured by HRS. For Adenine, only an upper limit can be
provided due to the presence of a large fluorescence background whereas for Guanine no value
is reported due to its too low solubility. Interestingly, Thymine and Cytosine first
hyperpolarizability values are rather similar. This result is somewhat at odds with the theoretical

values reported using Gaussian 09 at the HF level in vacuum, possibly due to the lack of the
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account of the solvent. Thymine shows a much smaller first hyperpolarizability as compared to
Cytosine despite a larger delocalized electronic structure. It is suggested that the role of the
tautomeric structures and the solvent cannot be neglected and must be incorporated in the
calculations for a better agreement with the experimental values reported.
SUPPLEMENTARY MATERIAL

In Supplementary Information file, we have added in Tables S1 and S2 the static and the
dynamic hyperpolarizability tensor values within the dipole oriented reference frame, namely
with the z-axis along the dipole moment allowing to evaluate influence of the dipole moment
orientation on the first hyperpolarizability tensor elements whereas the y axis is pointing up,
and the x axis completes the right-handed coordinate system.
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