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Abstract: In this paper, an optical setup for electric field-induced second-harmonic
generation (EFISH) at 1.9 pum experiment was arranged and used to investigate and
determine the hyperpolarizability of some nanostructure organic components in two
different solutions. First, a laser beam at 1.9 um was generated by pumping a hydrogen
Raman cell pressurized to 55 bar with 10 Hz Q-switched Nd: YAG nanosecond laser
operating at A = 1.064 um. Next, the generated laser beam was aligned with all optical
components within the assembly. The final step was to optimize the beam’s power and
polarization at the center of the EFSH cell. Different nanostructure organic samples in
solutions were prepared with nearly the same standard concentration of about 5 mmol/L to
be investigated under the optimized system. Two solvents were used in this work,
dichloromethane, or DCM (CH2CI2), and chloroform, or trichloromethane (CHCI3). First,
the harmonic order hyperpolarizability of five organic molecules in solutions with different
chemical components such as quinolinium groups and organic boron complexes (supplied
by the Chemistry Department at Catania University, Italy) were experimentally
investigated experimentally. Only component (2-(2-[5'-(N,N-dimethylamino)-(2,2’-
bithiophen)-5-yl]vinyl)-1-methyquinolin-1-ium iodide) in chloroform showed a significant
difference in Maker fringes amplitude of the applied electrical field in comparison with
fringes of its pure solvent. The value of uf3 for this component has been calculated as 1320
x 10-48 esu. This value indicates that the component is a suitable candidate for use in
second-harmonic generation imaging for biological applications.

Keywords: Electric field-induced second-harmonic generation (EFISH), Harmonic light,
Organic materials, hyperpolarizability.

PACS: Nonlinear optics, 42.65.-k, Electric fields, instrumentation for measurement, 07.50.-
e, Organic-inorganic hybrid nanostructures, 81.07.Pr, Organic materials optical
materials, 42.70.Jk

1. Introduction

Molecular materials for second-order NLO
are promising solutions to develop a new
generation of low-cost optoelectronic devices [1,
2]. A wide choice of NLO molecule designs has
been proposed and synthesized according to
well-established molecular engineering rules [3 -
6]. NLO molecules have been also utilized as

molecular markers of biologically active
molecules. They help to image targeted
structures of cells and membranes by offering
multi-photonic interactions such as two-photon
fluorescence (TPF) [7, 8] or second-harmonic
generation (SHG) [9, 10]. In particular, SHG
studies provide valuable information about the
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symmetry properties of these structures.
Combining therapeutic properties with NLO
responses helps to localize and characterize the
biological sites interacting with drugs and offers
a better understanding of the biological
processes underlying drugs’ therapeutic activity
[11]. Analyzing the nonlinear optical properties
of the molecule requires knowledge of the
quadratic hyperpolarizability coefficient, which
controls the nonlinear susceptibility of the
second order. Electric Field Induced Second-
Harmonic  Generation (EFISH) is the
predominant and highly effective technique for
measuring and characterizing the quadratic
hyperpolarizability of NLO polar molecules in
solution [12 - 15]. EFISH has been considered
the most suitable technique for the screening and
development of molecular systems with NLO
properties [16]. EFISH can be applied to dipolar
and neutral chromophores to measure the scalar
product of the dipole moment (i) and the vector
part of the hyperpolarizability tensor (B). It
typically displays better signal-to-noise ratios
due to the fact that the harmonic emitted light is
coherent. The EFISH technique employs a
harmonic light scattering (HLS) method for
determining the second and third
hyperpolarizability orders of organic molecules
[17 - 21]. The hyperpolarizability is calculated
by measuring I,, generated from a chromophore
solution under the influence of a strong static
electric field E’. The solution turns out to be
non-centrosymmetric when subjected to the
influence combination of an optical laser field E®
and a static field E’. The interaction of the laser
beam with the solution produces a coherent
second-harmonic (SH) signal. The macroscopic
polarization at the SH frequency is defined by
[16]:

PP = Bijk E’EQ + VijE EREY . (1)

In this equation, i, j, k, [ refer to molecular axes
X, Y, z, while Bjx and vjq represent the second-
and third-order hyperpolarizability tensor
components of the molecule, respectively.

The intensity of this harmonic radiation
depends on the nonlinear hyperpolarizability B of
the sample molecules. In EFISH experiments,
the fundamental beam has to be polarized along
the direction of the applied field. As a result, the
generated second-harmonic  will be also
polarized along the same direction. The resulting
quadratic susceptibility follows this formula [1]:
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where N is the number of molecules per unit
volume, F is the local field factor, and y is the
global EFISH hyperpolarizability which is given
by [16]:

up
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where 7. is a purely electronic cubic contribution
and p is the ground state dipole moment of the
molecule, B is the projection of the vectorial
component of the tensor of the quadratic
hyperpolarizability along the dipole moment
axis, and p-p/S5kT is a quadratic, orientational
one.

The molecular factor of merit (up) value of
the investigated chromophore can then be
determined from the amplitude and period of the
resulting Maker fringes. This determination is
possible because the cubic contribution vy, is
often negligible since the contribution of the
third-order hyperpolarizability vy, at 2w is usually
lower than the contribution of the second-order.
The need to use a wedge-shaped cell end to
measure the intensity of harmonic radiation 2®
as a function of the cell displacement (Fig. 1) is
due to the phase shift between the fundamental
and harmonic waves into the medium.

Solution ﬂ

Laser & —> 0
| ( /‘ ) | —> 20
Windows

ﬂ Displacement

EFISH CELL (fop view)

FIG. 1. The EFISH measurement wedge-shaped cell
end.

Upon cell translation, the intensity of the
second-harmonic radiation is modulated as
interference fringes, known as Maker fringes.
The width and the periodicity of the fringes are
related to the macroscopic susceptibility I'(x) of
the solution that depends on I* and on the
coherence length /c(x), according to this relation

[22]:

_ 1 [2° 6o E©) 12
'x) = IC(X).[A. 7o (0) B + B].lO esu
4)
with [13]:
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where [12w(x) and 12w(0) are the harmonic
intensity of solution and the solvent,
respectively; E(x) and E(0) are the intensity of
the electric field which are applied on solution
and the solvent, respectively; A and B are
constants depending on the solvent and the
windows; Ad is the separation of the fringes
minima; finally, o is the angle between the
wedged surfaces of the opposite windows (Fig.

).

The microscopic Yemsy value can be then
calculated from macroscopic susceptibilities of
the solvent I' (0) and of the solution I" (x), using
the following form [18]:

[(1+xr&) — I'0)] (6)

where N, is the Avogadro’s number (6.02 x 10
23), M is the molecular weight of the compound,
p is the density of the solvent, x is the molar
fraction of the compound, and f is a local field
correction factor introduced to take into account
the difference between applied field and field
experienced by molecule.

M
p.Ng xf

YEFISH —

The local field correction factor f can be
calculated from the solution refractive indices n,
and ny, for the optical fields at ® and 2w, and
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dielectric constants &, and € of the pure solvent
and solution, respectively, according to [13, 16]:

f= (nﬁ,+ 2)2 nZ,+2 (gt2)e %
3 3 Exot2€

The p B value can be then inferred directly
from the y EFISH value using Eq. (3). The
ground state dipole moment p can be measured
independently and as a result § can be calculated
by EFISH measurement.

In this paper, an optical setup was built and
optimized for the EIFSH experiment.
Hyperpolarizability of some nanostructure
organic components of four new organic boron
complex molecules and one iodide salt in two
different solutions were investigated. The value
of merit molecular factor (up) was calculated for
iodide salt which showed a good response to the
applied electric field and high-power laser beam.

2. Experimental Setup

In EFISH experiments (Fig. 2), it is important
to work in a non-absorbing, or at least weakly
absorbing medium, for this reason, a
fundamental wavelength of 1.907 um was used,
so that the wavelength of its second-harmonic
radiation 20 (i.e. 953.5 nm) is remote from the
absorption bands of the studied organic or
organo-metallic molecules (generally these
bands are not beyond 0.6 - 0.8 um [1]).

F

1064 nm lenses ‘ ‘
| Q-Switched Nd™:YAGl—4« M |—E B O@ iM
W2 P cell
A L II MC II

Laser synchronization

FIG. 2. The schematic diagram of the EFISH experimental setup, where F: Filter; M: Mirrors; L: Lens; A/2: Half
wave plate; P: Polarizer; A: Attenuator; PMT: Photomultiplier tube; DC: dichroic mirror; MC: Microcontroller;
PC: personal computer.

A commercial (SAGA from Thales Laser)
1064 nm Q-switched Nd: YAG nanosecond laser
at a 10 Hz repetition rate was used with a
hydrogen Raman cell to emit a beam at the
required wavelength of 1.907 um. The 9 ns pulse
duration of the 1.064 um laser beam was focused
through a long focal length lens and then
reflected by a dichroic mirror (which is HR at
1.064 um, HT at 1.9 um) into a 50 cm long
hydrogen Raman cell of high hydrogen pressure

(55 bar) which shifts the fundamental beam to A
=1.907 um by stimulated Raman scattering. The
backscattered 1.907 um Raman emission with
pulse energy of 10 nJ is then passed through the
dichroic mirror and a Schott RG 1000 filter is
used to filter out any remaining visible light
from the laser flash lamp and anti-Stokes
emission. Telescope lenses were added to the
setup to obtain a collimated beam with a cross-
section not to exceed the diameter of the optics.
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The polarization of the incident laser beam was
controlled by a half-wave plate and a Glan
polarizer to ensure normal polarization. The laser
power was attenuated by suitable attenuators and
then focused into the EFISH cell, which consists
of two thick fused quartz windows assembled on
a stainless steel holder, using a 20 cm focal
length lens. The windows are the most delicate
part of the system and can be damaged easily. To
avoid damage, the maximum pulse energy
incident on the cell should not exceed 3 nJ, while
the laser beam should be focused precisely at the
center of the cell. For this reason, it was
necessary to perform a preliminary alignment
using a He-Ne laser and to attenuate the main
radiation with filters before accurately focusing
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it at the correct position. The inter-electrode
distance within the cell measures 2 mm,
resulting in a 5 kV pulsed electric field with a
width of 200 us (Fig. 3, left). This electric field
is synchronized with the laser pulse. To generate
a periodic second-harmonic generation signal,
the entire cell is translated perpendicular to the
incident beam, producing what is known as
Maker fringes (Fig. 3, right). The “poling” field
is applied to align molecules and break the
statistical centro-symmetry of the solution by the
dipolar orientation of solvent and organic
molecules. This leads to the generation of two
output radiations, the fundamental beam (®) and
a second-harmonic (20) when the laser interacts
with the sample.

- 2&8 '
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FIG. 3. An example of a SHG signal plotted as a function of the angle of incident of the laser beam.

The fundamental radiation was removed by a
notch filter, allowing only the second-harmonic
radiation to pass through. This second-harmonic
radiation was detected by a photomultiplier
connected to a high-speed boxcar integrator card
and processed by a homemade computer
program to calculate the inter-fringe distance and
the fringe amplitude. These data were then used
to determine the p B value. In this experiment,

two commonly used solvents for J
measurements at  1.907 um, namely
dichloromethane (CH2CI2) and chloroform

(CHCI3), were utilized. These solvents have no
absorption band for the SH laser light, as
reported in the literature. The compounds were
dissolved in chloroform or dichloromethane
nearly with the same concentrations and poured
into the measurement cell which has a volume of
4 ml. For each sample solution measurement, a
scan for the pure solvent was first performed,
and then the compound solution was measured to
calculate the inter-fringe and the fringe
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amplitudes. The measurements of solvent and
sample solution were repeated five times, to
minimize possible errors due to the decrease of
the incident radiation energy during the
measurements.  Subsequently, the average
amplitude values obtained from these repetitions
were used to calculate the up value. The cell was
carefully washed after each scan (it is possible to
use any solvent, but it is necessary to clean the
cell with CH2CI2 before the new measurement)
and dried with compressed air.

3. Results

Maker fringes were investigated for different
types of organic molecules (supplied by the
Chemistry Department at Catania University,
Italy) dissolved in CF (chloroform, CHCI;) or in
DCM, (dichloromethane, CH,Cl,). Names,
properties, concentration, and measured marker
fringes of these solutions (Figs. 4 - 8) are as
follows:
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a) Nepla Carbo - nona Boro - hexadeca Hydro - Cobalt, CoC;BsH;s:

Colour  Molecular Weight (g/mol) N, (mmol/L)  Molecular structure

>

Co
Yellow 256.43 5.34 -
AA
0.4 0.6 COC7B9H15 in DCM
0.35 C0C7B9H15 in CF w
0.5
0.3 N
5 0.25 s 04
j=)
< 02 < 03 A
M 015 N = 02 Pure DCM
01 Pure CF )
0.05 ol
0 0
0 10 20 30 10 50 60 70 20 0 10 20 30 40 50 60 70 80

Angle of incident (degrees) Angle of incident (degrees)

FIG. 4. Maker fringes of CoC;BoH 4 in CF (right) or in DCM (left) and the pure solvent.
b) Octo Carbo - nona Boro - octadeca Hydro - Cobalt, CoCsBoH;js:
Colour  Molecular Weight (g/mol) N, (mmol/L)  Molecular structure

&>

Yellow 270.46 5.15 i
&p

CoCsBoH,gin CF 0.7 CoC3BoH;sin DCM

g3 0.6 lé
0.25 05
? 02 g 0.4

& 015 2 03 2

01 Pure CF 02 Pure DCM
0.05 0.1
0 0

0 10 20 30 40 50 60 70 80 0 10 20 30 40 50 60 70 80

Angle of incident (degrees) Angle of incident (degrees)

FIG. 5. Maker fringes of CoCgBoH ;5 in CF (right) or in DCM (left) and the pure solvent.
¢) Trideca Carbo - nona Boro - ecozan Hydro - Cobalt, CoC;3BoH:

Colour Molecular Weight (g¢/mol) N, (mmol/L)  Molecular structure

Dark Yellow 332.53 527
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d) Trideca Carbo - octa Boro - doecozan Hydro - dicobalt, Co,C,;BsHy,:

3wV ( AU)

60

FIG. 6. Maker fringes of CoC;3B9Hy in CF (right) or in DCM (left) and the pure solvent.
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FIG. 7. Maker fringes of CoC,3B9H», in CF (right) or in DCM (left) and the pure solvent.
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e) (2-(2-|5'-(N,N-dimethylamino)-(2,2'-bithiophen)-5-yl]vinyl)-1-methyquinolin- 1 -ium iodide):

Molecular structure

Colour Molecular Weight (g/mol) N, (mmol/L)
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FIG. 8. Maker fringes of Iodide salt in CF (right) or in DCM (left) and the pure solvent.
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4. Discussion and Calculations

Results of organic boron complexes that were
dissolved in either CF or DCM demonstrated no
significant changes in Maker fringes in
comparison with pure solvent. This means that
molecules are not polarizable or, thus other
techniques such as Hyper—Rayleigh light
scattering, have to be applied to measure the
value of the hyperpolarizability B [23 - 24]. On
the contrary, the iodides salt, (2-(2-[5'-(N,N-
dimethylamino)-(2,2'-bithiophen)-5-yl]vinyl)-1-
methyquinolin-1-ium-iodide), showed a good
response only when dissolved in a low dipole
moment polar CF comparing with the same
amount of salt dissolved in a higher dipole
moment polar DCM. This difference in response
could likely be attributed to the molecular
structure of the solvents. In CF, the three
chlorine atoms are at the bottom three points of a
tetrahedron. Thus the x and y components of the
individual C—Cl bond dipoles cancel, leaving

only the z component, while for dichloromethane
(DCM), the y components fully cancel, but the x
components do not. However, the harmonic
output in the EFISH cell arises only from the
discontinuities area between two glass windows
along the z-axis [13]. In this case, the second-
order nonlinear hyperpolarizability [ is equal to
Bux + Bayy T Bz and has a significant value if the
molecules of the solution have a considerable
dipole moment along the z-axis [13] as in salts
dissolved with CF solvent. The significant
Maker changes in fringes between the iodine salt
solution and its pure solvent (CF) make it
possible to calculate the value of the
hyperpolarizability for the sample with the aid of
the local software that was attached to the
experiments. For used parameters (i. e. mass
weighed: 23.6 mg; volume: 8§ ml; molar mass
588.61 g.mol™'; solvent: chloroform; inter-fringe
medium 1522.80; average intensity: 0.1544) the
results are:

2-(2-[5'-(N,N-dimethylamino)-(2,2'-bithiophen)-5-yl]vinyl)- 1 -methyquinolin-1-ium-iodide

L (x)(10™esu) 7 @msy (1077 esu)  pp (10%esu)  p (10 Fesu) B (10”7 esu)
15.12 £0.72 65.02 +£5.37 1320+ 15 3.52+0.3 375+6
The previous values are not yet calculated  investigate the coefficients of quadratic

theoretically to compare them with the modeling
methods of quantum chemistry but their order of
magnitude can be checked by comparing them
with other published organic components [25 -
27]. The p.p value of the studied iodide salt in
this paper displays a higher value in comparison
with the values that have already been obtained
for other iodide salts, which were up to 1200 x
107 esu [25]. The significantly higher value of
w.p of the studied iodide salt might make it
attractive to many applications. Unfortunately,
the amount of supplied tested samples was too
little and not enough to do further study of
hyperpolarizability values for the sample as a
function of solution concentration. However, the
results obtained from this optimized optical
setup show that iodide salts presented here have
good nonlinear properties perhaps due to the
increase in the conjugated interconnect length
band that enhances the optical nonlinearity [28].

5. Conclusion

An optimized optical setup with 10 nJ pulse
energy of 1.907 pm laser was arranged to

hyperpolarizability (which is a property of the
nonlinear optical second order) of nonlinear
organic molecules pumped using the method
called "Maker fringes". Four organic boron
complex molecules were studied in two different
solvents and showed no significant changes in
Maker fringes in comparison with pure organic
solvent. Thus, no quadratic hyperpolarizability
coefficients can be calculated for boron complex
molecules using this method. On the contrary,
the studied iodide salt showed a significant
change in Maker fringes when dissolved in CF
polar solvent. The merit molecular factor (up)
value of the investigated iodide salt was
calculated and was found to be (1320 £ 15) x 10
* esu which is considered a relatively good value
in comparison with other studied components in
some references. This means that the studied
iodide salt molecules have a good dipole
moment, which makes it an excellent candidate
for different nonlinear applications.
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