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The field of nonlinear optics emerged five decades ago, closely related to the 
invention of the laser. The discovery of new nonlinear optical (NLO) phenomena 
in inorganic materials generated much interest, owing to their promising role in 
the development of photonic technologies, and quickly spread to organic materi-
als. A huge number of molecules have been synthesized since the early 1970s, and 
the microscopic nonlinear parameters have increased by orders of magnitude since 
then. Along with the progress in the identification of structure–nonlinearity rela-
tionships made in the 1990s and 2000s, the practical requirements of transferring 
high molecular nonlinear response to bulk materials have been one of the main 
challenges. In particular, the improvement of poling-induced acentric order lead-
ing to macroscopic NLO response in polymers together with other properties, such 
as the reduction of optical losses, have been the focus of a great deal of work. This 
has borne fruit, and operating electro-optic devices based on guest–host polymers 
have been designed in recent years. On the other hand, side-chain polymers with 
attached nonlinear moieties allow a greater concentration of chromophores to be 
included without any phase separation and provide greater induced order stability 
than guest–host systems, but their synthesis raises more difficulties. The design 
of molecules with different functionalities, for instance incorporating photorespon-
sive units, provided a way to induce polar order at low temperature, via photoas-
sisted or all-optical poling processes, in both guest–host and side-chain systems.

In the thesis work by R. Alicante, side-chain polymers bearing photoaddressable 
azobenzene moieties and promesogen units are the materials of interest. The work 
deals with the use of polarized light irradiation and thermal treatments as tools to con-
trol the magnitude, the symmetry, and the spatial distribution of the NLO response of 
photoaddressable polymers. The highly anisotropic nonlinear responses of polymers 
showing thermotropic liquid-crystalline phases have been interpreted in terms of side-
chain intermolecular interactions. The tailoring of the NLO response of guest–host 
systems using light has been demonstrated even when photoadressability and nonline-
arity reside in distinct components. This relevant result allows one to foresee the exten-
sion of the advantages of photoassisted poling processes to a wider variety of systems.

Zaragoza, Spain, March 2012  Belén Villacampa Naverac
Rafael Cases Andreu

Supervisors’ Foreword
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Within the framework of electromagnetic radiation interaction, nonlinear optics 
is a subject covering a series of phenomena in which incident radiation is altered 
in its frequency, phase, or amplitude while interacting with a medium. Since its 
birth, linked to the discovery of the laser in 1960, nonlinear optics and photonics 
have been interrelated, where photonics is understood as the set of technologies 
that use photons to process information. Typical nonlinear phenomena, such as 
frequency conversion or optical modulation, have been the key to the development 
of  photonic technology.

Notwithstanding that any material may show nonlinear behavior, there is a list 
of unquestionable requirements concerning applications. The search for  materials 
showing high and stable nonlinear response, good processability, and,  moreover, 
thermal and photochemical resistance has aroused great interest. At first, the 
investigation was focused on inorganic materials, which led to results relatively 
quickly; nonlinear crystals (e.g. KDP, KTP, and BBO) were incorporated in com-
mercial systems and they are often found in frequency doubling and tripling or as 
parametric oscillators in tunable lasers.

Although organic materials appeared in the 1970s, it was during the 1980s and 
1990s that interest in this line of investigation increased hugely. One of the rea-
sons for this was their synthetic versatility, which allows molecules to be designed 
with specific properties, in particular, with very large nonlinear response. Parallel 
to the optimization of the nonlinear response, the need to transfer of these large 
responses efficiently to the macroscopic scale was also highlighted. It seems clear, 
therefore, that the investigation and development of organic materials for nonlin-
ear optical applications need to use molecular engineering to design and synthe-
size efficient molecular moieties and materials engineering to achieve macroscopic 
systems with a molecular arrangement that assures a high nonlinear response.

The difficulty of preparing organic crystals with good quality (moreover, many 
applications require the absence of centrosymmetry) drew attention to polymeric 
materials, given their easy processability, fast response and, generally, lower cost. 
The incorporation of nonlinearity in polymers can be achieved by dispersing non-
linear molecules in them (guest–host systems) or by attaching them to the polymer 
chain chemically, often as side groups. In any case, the mentioned noncentrosym-
metric arrangement requires the polymers to be able to be ordered polarly, usually 
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by an electric field that orients molecular dipoles. Unfortunately, many of the most 
efficient nonlinear molecules have large dipole moment values, promoting molec-
ular interactions that give rise to centrosymmetric structures and thus yielding a 
nonlinear response poorer than expected. In recent years, one of the objectives in 
the design of polymeric guest–host systems for electro-optic applications has been 
to decrease these interactions, while maintaining a high content of chromophore 
and to look for structures that contribute to stabilizing polar orientation.

Side-chain polymers, in turn, allow a higher chromophore content to be 
included while avoiding phase separation and they offer better stability in the 
induced order, particularly when high glass transition temperature (Tg) polymers 
are used if the orientation process takes place at very high temperatures. As an 
alternative way to force chromophore orientation, promoting the stability of the 
established order, the use of liquid-crystalline polymers has been proposed. In 
these kinds of systems, very anisotropic nonlinear responses have been reported, 
but the effect of chromophore interactions upon the global nonlinear response 
magnitude has not been so widely studied. Part of the work presented here falls 
within this line. The nonlinear response of a number of homo- and copolym-
ethacrylates showing nematic and smectic phases has been studied. Nonlinear 
chromophores in the side chain, besides having promesogenic nature, include 
photo-orientable azo groups, which has enabled their orientation to be modified 
optically and its influence on nonlinear response to be studied. On the other hand, 
they offer the possibility of using photoassisted processes to orient polarly with an 
electric field, allowing breaking of centrosymmetry at temperatures well below Tg, 
owing to the increase in the mobility induced by light. Furthermore, the applied 
selective illumination in this process leads to nonlinear gratings, which combine 
an efficient second harmonic generation in thin film configuration with a spatial 
filtering of 2ω light.

In Chap. 1 of this report, some theoretical concepts and material characteristics 
(chromophores and liquid-crystalline polymers) on which this thesis is centred are 
reviewed.

In Chap. 2, devoted to the experimental details, the techniques used to char-
acterize linear and nonlinear optical properties of molecules and thin polymeric 
films, as well as the experimental data analysis methods, are thoroughly described.

The second-order nonlinear response results, obtained from EFISH (electric 
field-induced second harmonic) technique measurements for several families of 
compounds are gathered in Chap. 3, as well as a discussion of these results.

The two following chapters are focused on the nonlinear properties of 
 polymeric films oriented by an electric field. Chapter 4 describes a series of copol-
ymers with different nonlinear and photo-orientable chromophore content in the 
side chain. The nonlinear response, which can be controlled by thermal and optical 
treatments, is analyzed by means of second harmonic generation measurements, as 
a function of the chromophore content. In Chap. 5, in turn, the nonlinear response 
of highly efficient chromophores mixed with photo-orientable polymers with 
a slight response is described, proving that polar photoassisted orientation tech-
niques can be extended to these kinds of systems. Moreover, the coupling between 

http://dx.doi.org/10.1007/978-3-642-31756-9_1
http://dx.doi.org/10.1007/978-3-642-31756-9_2
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the induced order in the polymeric matrix (by light irradiation or heating) and the 
order achieved by the dispersed chromophores is investigated.

Finally, in Chap. 6 diffraction grating formation is described in azopolymers 
with donor-π-acceptor chromophores. Furthermore, NLO properties were induced 
in the mentioned gratings and second harmonic diffraction efficiency was charac-
terized as a function of different parameters, as the amplitude of the surface relief 
or the different NLO response characteristic of each polymer. 

http://dx.doi.org/10.1007/978-3-642-31756-9_6
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In this chapter some basic concepts concerning nonlinear optics (NLO) 
will be covered as well as theoretical fundamentals on which the central 
measurements of this thesis are based. The development of the model used to 
characterize the studied polymeric systems will also be shown in the following 
pages, in order to make clear the subsequent treatment of the experimentally 
obtained data.

1.1  Nonlinear Optics

1.1.1 Introduction to Nonlinear Optical Phenomena

In general terms, nonlinear optical phenomena are thought to be those processes 
in which an interaction between electromagnetic waves occurs (in the opti-
cal frequency range) as they propagate through a material medium, giving rise 
to changes in their frequency, phase or amplitude with respect to the incident 
ones. Every material can be considered as nonlinear since if it is irradiated with 
intense-enough light, it will be able to produce nonlinear optical processes. The 
“ordinary” nonlinear optical response would be an approximation that considers 
that the polarization P of the material induced by the electric field E is linear with 
the field:

where ε0 is the vacuum dielectric permittivity and χ the susceptibility.
For small values of E the proportionality of the polarization with the field is 

maintained, as it is necessary to achieve values of E of the same magnitude as the 

(1.1)�P = ε0χ̃
�E
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2 1 Introduction and Basic Theory

inner field of matter1 before superior-order terms in the expression become impor-
tant [1]:

These field values were inaccessible until the advent of laser technology, so the 
birth of nonlinear optics is associated with this discovery. When a material is irra-
diated with very intense light, such as that generated by a laser, linear conditions 
are broken and new optical phenomena are observed related to the superior-order 
terms in the previous expression P(E) (Fig. 1.1).

1.1.2 Microscopic Origin of the Nonlinear Susceptibility

As an approach to the microscopic origin of the nonlinear susceptibility, one 
usually starts out from the analysis of the linear case according to the classical 
Lorentz harmonic oscillator model [2]. The medium is considered as a group of 
atoms, for simplicity each with just a single electron. An electric field induces the 
separation of positive and negative charges of the nucleus and the electron, and if 
it changes in a harmonic way with time, the medium behaves like a set of oscillat-
ing dipoles [3]. In the linear approach, these dipoles will radiate waves at the same 
frequency as the field that excites them. Neglecting nucleus movement, the equa-
tion of motion for each of the oscillators will be

1 
E =

k q

(rB )2
= 1011 V/m

q = 1.6 × 10−19C (electron charge)

k = 9 × 109 Nm2/C2 (proportionality constant)

rB = 0.5
◦

A = 5 × 10−11m (stationary orbit radius)

(1.2)�P = ε0

(

χ̃
(1) �E + χ̃

(2) �E
2
+ χ̃

(3) �E
3
+ . . .

)

(1.3)d
2
x

dt2
+ γ

dx

dt
+ ω

2

0
x =

−e

m
E,

Fig. 1.1  Illustration of the induced linear and nonlinear response vs. field
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where x is the displacement of the electron according to the equilibrium position 
and E is the field acting on the dipole.

The solution of the previous equation of motion is

When the external field frequency gets closer to the oscillator’s characteristic 
one, the displacement x increases and it is maximum when ω = ω0, which corre-
sponds to a resonance situation.

Bearing in mind that the electric dipole moment is the product of the charge e 
and the distance x between the charges, and that the macroscopic polarization, P, 
is the dipole moment per volume unit, its expression will be

where N is the number of atoms per volume unit. If we compare this expression 
with 1.1, it can be seen that χ, the linear susceptibility, can be expressed as

It can be seen that the susceptibility is essentially real when the damping, γ, is 
low (few losses). The real part determines the response of the material in phase 
with the external field and corresponds to the light dispersion that occurs when 
light passes through any material medium. The imaginary part, which corresponds 
to the polarization of the medium in quadrature with the external field, is related to 
the losses and it is associated with the optical absorption.

When the external fields are very intense, the charges are further away from 
equilibrium, so the restoring forces that appear are not linear any more with the 
displacement. If a nonlinear term is added to the motion Eq. 1.3, we obtain the 
equation of an anharmonic oscillator:

To obtain the solution for x, it is accepted that it can be written as a series expan-
sion [2]:

(1.4)E = E0 cos ωt =
1

2

(

E0 e
iωt

+ cc

)

, where cc = complex conjugate

(1.5)x =
−eE0

2m

e
−iωt

ω
2

0
− ω2 − iγω

+ cc

(1.6)P =
Ne

2
E0

2m

[

e
−iωt

ω
2

0
− ω2 − iγω

+ cc

]

=
1

2

[

ε0χ E0e
−iωt

+ cc

]

(1.7)

χ
(1)

(ω) =
Ne2

mε0

1

ω
2

0
− ω2 − iγω

=
Ne2

mε0

[

ω
2

0
− ω

2

(

ω
2

0
− ω2

)2
− γ 2ω2

+
iγω

(

ω
2

0
− ω2

)2
− γ 2ω2

]

= χ
real

+ iχ imag

(1.8)
d

2
x

dt2
+ γ

dx

dt
+ ω

2

0
x + ax

2
=

−e

m
E

x = x1 + x2 + . . . = a1 E + a2 E
2
+ . . . ,
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Substituting for x in (1.8), the terms in the same power of E can be grouped. 
If we take the linear ones, we will find the linear case, which has been already 
described, whereas taking the quadratic ones results in the expression

which can be solved by replacing x2 = a2E2. The solution is the sum of two terms, 
one oscillating at 2ω frequency (second harmonic), and the other independent of 
time [4].

If we use analogous definitions to those described for the dipole moment and 
nonlinear polarizations, we obtain that the second-order susceptibility can be 
depicted as a function of the linear susceptibilities corresponding to the different 
frequencies involved in the process [2]:

One general characteristic of any susceptibility is its great enhancement near 
resonance conditions. Resonance will occur if any of the incident frequencies or 
those resulting from interaction is close to the system’s characteristic one, ω0.

1.1.3 Nonlinear Polarization

As a result of what has been described in the previous section, it can be understood 
that when a nonlinear material is irradiated with very intense light, oscillations for 
every combination of incident frequencies occur. To a first approximation, if we 
consider an isotropic medium the expression 1.2 can be expressed simply as

where (real) susceptibilities of order m, x(m), are scalar magnitudes. We will 
develop Equation 1.12 for a monochromatic and linearly polarized incident wave 
E = E0 cos ωt. Then, the induced polarization (up to third order) can be written as

(1.9)d
2
x2

dt2
+ γ

dx2

dt
+ ω

2

0
x2 + ax

2

1
= 0,

(1.10)x2 =
−ae

2

4m2













�

E
2

0
e
−i2ωt

��

ω
2

0
− ω2

�

− iωγ
�2 ��

ω
2

0
− 4ω2

�

− 2iωγ
�

+ cc

�

+

�

2E
2

0
��

ω
2

0
− ω2

�

− iωγ
� ��

ω
2

0
− ω2

�

− iωγ
�

ω
2

0

�













(1.11)χ
(2)

(2ω = ω + ω) =
maε

2

0

Ne3
χ

(1)
(2ω)χ

(1)
(ω)χ

(1)
(ω)

(1.12)P(E) = ε0

[

χ
(1)

E + χ
(2)

E
2
+ χ

(3)
E

3
+ · · ·

]

,

(1.13)

P(t) = ε0χ
(1)

E0 cos ωt + ε0χ
(2)

E
2

0
cos

2
ωt + ε0χ

(3)
E

3

0
cos

3
ωt

= ε0χ
(1)

E0 cos ωt +
ε0χ

(2)

2
E

2

0
+

ε0χ
(2)

2
E

2

0
cos 2ωt

+
3ε0χ

(3)

4
E

3

0
cos ωt +

ε0χ
(3)

4
E

3

0
cos 3ωt
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In (1.13),2 the terms related to the different nonlinear phenomena can be identi-
fied. For instance, second harmonic generation corresponds to 2ω oscillation, 
where it can be seen that its intensity would be proportional to the square of the 
incident wave. The contributions to P(t) oscillating at different frequencies 0, ω, 
2ω and 3ω, can therefore be separated and they are written as

The term P(0) represents an stationary contribution involving the appearance 
of a constant potential, which is proportional to the second-order susceptibility. It 
is an optical rectification process, in which the material responds with a station-
ary perturbation to the excitation of the oscillating field at frequency ω. The terms 
P(2ω) and P(3ω) correspond to the second and third harmonic generation of the 
incident light, respectively. The intensity of the two harmonics is proportional to 
the square and cube, respectively, of the incident intensity. The term P(ω) includes 
the linear response P(ω)

L
= ε0χ

(1)
E0 cos ωt, together with the nonlinear term Pω

N L
, 

which modifies the response at the excitation frequency, causing changes in the 
refractive index [1].

From here on, we will focus this development on second harmonic generation, 
since the studies in this thesis are based on measurements of this property.

1.1.4 Second Harmonic Generation

Second harmonic generation (SHG) consists in obtaining light at frequency 2ω 
from light at frequency ω that strikes a nonlinear material (Fig. 1.2), [3].

SHG was observed for the first time by Franken et al. [5], at the University of 
Michigan. They focused a 3 kW pulse from a ruby laser emitting at 694.3 nm in a 
quartz crystal, and they detected light at 347.15 nm. This experiment took place 
1 year after the discovery of the laser, and it is considered to be the birth of nonlin-
ear optics, as it was the first experiment to show the possibility of energy exchange 
between coherent beams.

2 As cos
2
ωt =

1

2
+

1

2
cos 2ωt and cos

3
ωt =

3 cos θ+cos 3θ

4

(1.14)P
(0)

=
ε0

2
χ

(2)
E

2

0

(1.15)P
(ω)

(t) = ε0

[

χ
(1)

E
0
+

3

4
χ

(3)
E

3

0

]

cos ωt

(1.16)P
(2ω)

(t) =
ε0

2
χ

(2)
E

2

0
cos 2ωt

(1.17)P
(3ω)

(t) =
ε0

4
χ

(3)
E

3

0
cos 3ωt
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1.1.4.1 Nonlinear Susceptibility Tensor in Anisotropic Media

For an anisotropic medium, the mth-order susceptibilities (χ(m)) are (m + 1)-rank 
(m = 1 linear, m = 2, 3, … nonlinear) tensors and the components of the polariza-
tion can be expressed as a function of the corresponding tensor elements:

In order to simplify the writing regarding notation, we use convention II (see 
Appendix C) although the experimental values will be expressed using convention 
I, which is more common in the literature. Then, each one of the subscripts j, k, 
covers the three components of the electric field (x, y, z or 1, 2, 3). χ

(2)

i j k is then a 
3rd-rank tensor (27 components), which turns the action of the two electric vector 
fields into one polarization vector [6]:

This tensor is symmetric in the permutation of j and k as the component’s order 
of the fields is irrelevant. By applying this previously quoted symmetry condition 
with respect to index permutation, χijk = χikj, it is fulfilled tha

which leaves the tensor reduced to the following 18 components [4]:

In the contracted expressions of the polarization, the frequencies are usually 
included in the argument of the susceptibility tensor, such that the first one is the 
resulting polarization frequency:

(1.18)
P L

i = ε0χ
(1)

i j E j (m = 1, linear),

P N L
i = P

(2ω)

i = (1/2)χ
(2)

i j k E j Ek (m = 2, quadratic case) .

(1.19)







χ
(2)

x x x χ
(2)

xyy χ
(2)

xzz χ
(2)

xyz χ
(2)

xzy χ
(2)

xzx χ
(2)

x xz χ
(2)

x xy χ
(2)

xyx

χ
(2)

yx x χ
(2)

yyy χ
(2)

yzz χ
(2)

yyz χ
(2)

yzy χ
(2)

yzx χ
(2)

yxz χ
(2)

yxy χ
(2)

yyx

χ
(2)

zx x χ
(2)

zyy χ
(2)

zzz χ
(2)

zyz χ
(2)

zzy χ
(2)

zzx χ
(2)

zxz χ
(2)

zxy χ
(2)

zyx







.

χxyz = χxzy χyxz = χyzx χzxy = χzyx , etc.,

(1.20)





p
2ω

x

p
2ω

y

p
2ω

z



 =
1

2







χ
(2)

x x x χ
(2)

xyy χ
(2)

xzz χ
(2)

xyz χ
(2)

x xz χ
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E
2
x

E
2
y

E
2
z

2Ey Ez

2Ex Ez

2Ex Ey

















(1.21)P
(2ω)

i = (1/2)ε0χ
(2)

i j k (−2ω; ω,ω)E j (ω)Ek(ω)

Fig. 1.2  Schematic 
representation of second 
harmonic generation χ(2)

ω

2ω

ω
χ(2)

ω

2ω

ω
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Traditionally, most of the experimental information about the second-order 
nonlinear properties has been obtained from SHG measurements, in which the d 

coefficient is often used, normally defined as χ
(2)

i j k = 2di jk. It is also common to 
use the contracted notation (as in the piezoelectric tensor), identifying each ele-
ment with two indices [2] instead of three, so that dijk = dIL, where

I: 1 = x, 2 = y, 3 = z

and
L 1 2 3 4 5 6

jk xx yy zz yz zx xy
zy xz yx

Therefore

This would give

It is possible to make another simplification in the tensor form in those situations 
where the Kleinmann condition of symmetry holds [7]. This is based on the fact 
that when the involved frequencies are far away from the resonance condition of the 
material, and the energy is exchanged without dissipation in the medium, the value 
of the coefficients is the same for any permutation of the three Cartesian coordinates.

that is,

This way, the tensor is reduced to 10 independent components [2]:

Apart from the already mentioned symmetry conditions, the susceptibility ten-
sor has to describe the structural properties in the nonlinear medium. This results 
in certain restrictions on the number of nonzero and independent components of 
the tensor, depending on the crystalline symmetry of the medium. Each crystalline 

dx x x = d111 = d11 dxyz d123 = d132 = d14

dxyy = d122 = d12 dxzx d131 = d113 = d15

dxzz = d133 = d13 dx xy d112 = d121 = d16

(1.22)





Px

Py

Pz



 =





d11 d12 d13 d14 d15 d16

d21 d22 d23 d24 d25 d26

d31 d32 d33 d34 d35 d36





















E2
x

E2
y

E2
z

2Ey Ez

2Ex Ez

2Ex Ey

















χi j k = χki j = χ j ki = χ j ik = χkj i = χikj ,

d14 = d25 = d36 d12 = d26 d23 = d34

d13 = d35 d16 = d21 d24 = d32

d31 = d15

(1.23)dI L =





d11 d12 d13 d14 d31 d21

d21 d22 d23 d24 d14 d12

d31 d24 d33 d23 d13 d14
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solid belongs to one of the 32 point groups gathered in seven crystalline systems. 
If we apply one of the symmetry operations characteristic of the crystal to its sus-
ceptibility tensor, this must also remain invariant.

For instance, we can consider the inversion operation (�r → −�r,), which trans-
forms the electric field and the polarization as E → −E and P → −P. In a cen-
trosymmetric medium, this operation has to leave the sign and the magnitude of 
each physical property unchanged, in particular: χ(2) → χ(2). As a consequence, 
P(2) = χ(2)EE is transformed into −P(2) = χ(2)(−E)(−E), so χ(2) has to be zero 
[6]. That is, the χ(2) tensor is null for any centrosymmetric medium and therefore 
also in isotropic materials such as gases, liquids or amorphous solids. For each non-
centrosymmetric crystal, the tensor in expression 1.22 will have a particular form. 
As an example, we will consider the case of symmetry class 2 crystals of the mono-
clinic system, which would correspond to a sample with a binary axis of symmetry.

If the z-axis coincides with the binary axis, when the symmetry operation is 
applied, that is, for a rotation through 180°, the tensor and the sample will remain 
unchanged:

We will see that the coefficients dijk with none of the indices corresponding to z, or 
in which two are z, are going to cancel.

Let us suppose first that the field has only an x component:

For the previous condition to be fulfilled, d11 = d21 = 0 and d31 ≠ 0.
If we use the same reasoning for the components y and z, so that 

�E = (0, Ey, 0) and �E = (0, 0, Ez), we obtain

and

By assuming that 
→

E ≡
(

Ex , Ey, 0
)

 and by taking into account the nonzero coef-
ficients we obtain that

x → −x

y → −y

z → z

�E = Ex î , Ez = Ey = 0 �E = (Ex , 0, 0)

Px = d11 E2
x

Py = d21 E2
x

Pz = d31 E2
x

Applying180◦ rotation:
−−−−−−−−−−−−−→

2

−Px = d11(−Ex)
2

−Py = d21(−Ex)
2

Pz = d31(−Ex)
2

d12 = d22 = 0 and d32 �= 0

d13 = d23 = 0 and d33 �= 0.

Px = 2d16Ex Ey

Py = 2d26Ex Ey

Pz = d31E2

x + d32 E2

y + 2d36Ex Ey

−−−−→
2

−Px = 2d16(−Ex)(−Ey)

−Py = 2d26(−Ex)(−Ey)

Pz = d31(−Ex)
2
+ d32(−Ey)

2

+ 2d36(−Ex)(−Ey)
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From here, it is deduced that

Analogously, if �E = (Ex , 0, Ez) then

And, on the other hand, if �E = (0, Ey, Ez) then

If, in addition, Kleinman’s symmetry condition is fulfilled, we obtain that for a 
crystal with a binary axis, there are eight nonzero coefficients and four of them are 
independent, defining the tensor in the following way:

In this thesis the nonlinear response of materials with different symmetry will 
be analyzed: a quartz crystal and polymeric thin films with uniaxial and biaxial 
orientation. The corresponding tensors in each case will be shown in the part that 
is dedicated to the data treatment (Chap. 2).

1.1.4.2 SHG on a Planar Surface. Maker Fringes

As we have seen before, when an electromagnetic wave strikes a nonlinear 
medium a nonlinear polarization is induced, and one of its terms oscillates at the 
frequency 2ω. As a result of this oscillating polarization, each infinitesimal sheet 
with thickness Dy turns into a radiation emitter at frequency 2ω, coherent with 
the incident beam (Fig. 1.3). Therefore, to calculate the intensity of the beam as it 
exits the sheet it is necessary to introduce the sum of the harmonic waves gener-
ated at the different points in the material. In this way, an oscillating amplitude 
is obtained as a function of the light path in the material [1]. This is because the 
speed of the excitation light in the medium (frequency ω) generally differs from 
that of the second harmonic, so the waves generated in each element dy are out of 
phase with the others.

The coherence length lc is the maximum distance along which the second har-
monic waves interfere so that the resulting amplitude increases. From this point 
on, the intensity decreases, as is observed in Fig. 1.3b.

When the mentioned rates are equal, the sum of the waves (now in phase) 
gives rise to an increase of the resulting amplitude with the distance travelled 
(Fig. 1.3a). This is known as the phase matching condition.

Nonlinear characterization of the material, as has been seen in the previous sec-
tion, lies in the determination of the coefficients in the corresponding second-order 
susceptibility tensor, depending on the sample symmetry. The most widely used 
technique to measure those coefficients is based on measurements of the so-called 

d16 = d26 = 0 and d36 �= 0

d35 = 0, d15 �= 0 and d25 �= 0

d34 = 0, d14 �= 0 and d24 �= 0





0 0 0 d14 d31 0

0 0 0 d24 d14 0

d31 d24 d33 0 0 d14
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Maker fringes. In 1962, Maker et al. [8] found that the generated and transmit-
ted second harmonic intensity for a quartz crystal (I2ω) oscillated in a periodic 
way with the laser incidence angle. Then, nonlinear coefficients can be obtained 
from the amplitude of the second harmonic signal detected. The lc can be deduced 
from the distance between the minima of the Maker fringes. Appendix A gives 
the deduction of expression 1.24, which relates second harmonic intensity at the 
exit of the material (measurable parameter) to the nonlinear coefficients, using the 
model developed by Jerphagnon and Kurtz [9]:

Here t′′ is the air/sample transmission coefficient of the incident wave, and T2′′ the 
sample/air transmission coefficient of the harmonic light, both of which depend on 
the light polarization. The definitions of the other terms in 1.24 are as follows:

d nonlinear coefficients
p(θ) projection factor; its expression is characteristic of the configuration of the 

measurements, and it will be determined for each practical case
nωand n2ω refractive indices of the fundamental and harmonic wave, 

respectively
E ′

ω
 fundamental wave amplitude

ψ function that depends on the light path in the medium (L) as

where lc is the coherence length.

(1.24)I ′′
2ω
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(1.25)Ψ =
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Fig. 1.3  Propagation of the waves inside the material. Schematic illustration of the phase match-
ing of several waves. In a the different waves are in phase and in b they are not
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Second Harmonic Generation in Birefringent Materials

Throughout the deduction of 1.24, the existence of any noticeable dispersion and 
birefringence in the material has not been taken into account. Herman and Hayden 
[10] proved that for highly anisotropic systems and/or moderately dispersive ones, 
the JK model leads to wrong values of the nonlinear coefficients. The main dif-
ferences between the two treatments concern the way they consider the reflected 
waves at the different surfaces when the boundary conditions are stated, and in 
assuming, at some points in the development of the JK model, that the nonlinear 
material has the same refractive index at the fundamental frequency ω as at 2ω 
(nωθ) ≅ n2ω θ). This implies that θω′ ≅ θ2ω′, which would mean that the excitation 
and harmonic waves propagate in the same direction inside the material, which in 
fact does not happen.

The expression of the generated second harmonic power inferred in Hermann 
and Hayden’s work is

We see here that it is essentially a function of the same parameters as JK’s 
expression, but some differences can be observed. On the one hand, t are Fresnel 
coefficients (see Appendix A), and there appears a walk-off angle [11] γ, explic-

itly. The term “walk-off” refers to the deviation from the wave vector (
→

k ) direction 
suffered by the energy propagation direction (given by the Poynting vector, 

→

S ) in 
an anisotropic medium, forming an angle γ (Fig. 1.4). This angle is also the one 
existing between the direction of the field E and the electric displacement D. It 
only occurs for the extraordinary beam, propagating at a θ angle with respect to 
the optical axis, so ne and the phase velocity become dependent on this angle.

Throughout the fitting of the previous expressions, it is necessary to know the 
refractive indices at the incident and second harmonic frequencies. Some basic 
concepts about light propagation through a linear medium will be given now, 
briefly, to establish the terminology when talking about refractive indices in the 
birefringent samples.

Light Propagation in a Linear Medium

The speed of light in an optically isotropic material is the same in every propaga-
tion direction and it is equal to that in the vacuum (c) divided by the refractive 
index n = √ε. In general terms, however, this speed depends on the direction of 
propagation. For any anisotropic material it is possible to find some axes (x, y, z, 
crystalline symmetry axes) in which the dielectric tensor ε is diagonal, and so can 

(1.26)
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be expressed in terms of the principal dielectric constants εx, εy and εz. The square 
roots of these constants are the principal refractive indices, and they determine the 
propagation rate of the polarized waves along the corresponding axes. So, a polar-
ized wave along the x-axis propagates with a rate vx = c/√εx = c/nx, and so on [1].

Given the direction of wave propagation, its speed can be determined by the 
so-called refractive index ellipsoid. This is a geometric construction in which 
the semiaxes represent the principal values nx, ny, nz, which are usually differ-
ent. Depending on the symmetry, the index ellipsoid can be reduced to a sphere 
(isotropic medium, cubic crystalline symmetry) or to an ellipsoid of revolution 
(uniaxial material, a crystal with tetragonal symmetry for instance) where two of 
the principal indices are equal. In Fig. 1.5, an index ellipsoid is represented for a 
material with only one principal optical axis, the z-axis, while nx = ny.

If we focus our attention on the uniaxial case in Fig. 1.5, a wave propagat-
ing along the optical axis z, regardless of its polarization, “sees” one only index, 
called the ordinary index no = nx = ny. The unlike index, nz in this case, is called 
the extraordinary index ne, and the difference ∆n = ne−no is the birefringence. 

Fig. 1.4  Representation of 
the walk-off angle. Grey lines 
show the wavefront and the 
blue zone the region with a 
significant optical intensity. 
The angle magnitude is over 
dimensioned in the figure. 
As a direct consequence, the 
wave propagation efficiency 
is restricted [4]
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Uniaxial crystals having ∆n larger than zero are called positive (as in Fig. 1.5), 
whereas the ones with no > ne are said to have negative birefringence.

In a general case, for an arbitrary direction of propagation in a uniaxial 
medium, the electromagnetic wave will split into two, polarized in mutually per-
pendicular directions, which, as we have just seen, will propagate with different 
velocities. The corresponding refractive indices are given by the semiaxes of the 
ellipse that is defined when a plane perpendicular to the propagation direction cuts 
the ellipsoid. One of the waves, called ordinary, will always be polarized perpen-
dicular to the optical axis, so its index will be no and vo = c/no. The other one, the 
extraordinary wave, will propagate with a speed given by an index that is depend-
ent on the direction of propagation. Then, for an incidence angle θ, as shown in 
Fig. 1.5, the refractive index for the extraordinary wave would be expressed as

This expression [12] will be utilized usually in the calculation of the refractive 
indices for the fundamental and harmonic waves, which is necessary for the analy-
sis of the results of SHG in oriented polymers.

In the case of biaxial systems the axes of the ellipsoid will be different, and so 
nx ≠ ny ≠ nz.

1.1.4.3 SHG in Molecules (EFISH)

Firstly, we are going to deal with nonlinearity from a microscopic point of view, 
aimed at the characterization of the second-order optical nonlinear response of 
organic compounds. It is considered that the molecules interact weakly, so when 
the global response of the group is analysed, the properties remain essentially 
those of the individual molecules.

One molecule, in the presence of the electric field from the incident radiation at 
frequency ω, behaves as an oscillating dipole, which will emit radiation at ω, 2ω, 
3ω, … The dipole moment of this molecule can be expressed as

where α is the polarizability of the molecule and β and γ are the first- and second-
order molecular hyperpolarizabilities, respectively. Although we will treat molecu-
lar design later in this chapter, it is obvious that β, the parameter that characterizes 
the second-order nonlinear response, is zero for centrosymmetric molecules.

Characterization at the microscopic scale is usually carried out by means of 
measurements in solution. However, this results in a null nonlinear macroscopic 
response owing to the isotropic nature of solutions, even if the individual response 
of the molecules is really efficient (large values of β). The EFISH technique (elec-
tric field induced second harmonic) [13–15], used in this work, is based on the 

(1.27)1
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breaking of the centrosymmetric of the solution by applying a static electric field 
that forces the molecular dipole orientation along the field direction. From the 
analysis of the EFISH measurements the projection of the vector part of β along 
the direction of the dipole moment of the molecule is determined.

If we apply the expression 1.28 to the particular case of an EFISH experiment 
we have

It is interesting to note that, although the objective is to obtain a second-order 
molecular parameter (→

β ,
) during the EFISH experiment a third-order phenomenon 

occurs, as we apply three fields to the material, two of them optical (E, E), and the 
third one, “static” (E0). Then, the parameter we obtain from the EFISH measure-
ments is the macroscopic susceptibility ΓZZZZ, which relates the polarization of the 
solution to the mentioned fields:

In the usual configuration for an EFISH experiment the static electric field and 
the laser excitation field are polarized along the Z-axis, so [4]:

The relationship between ΓZZZZ and the microscopic hyperpolarizabilities is 
expressed [16], as we will see in Sect. 1.1.5, as

where γ0 is the averaged hyperpolarizability, which includes two contributions, 
one second order and one third order, and which can be written as

where μ0 is the permeability of free space and k and T are Boltzmann’s constant 
and absolute temperature, respectively. In order to calculate the exact value of β, 
it would be necessary to know μ and the second-order hyperpolarizability <γ>. 
However, for molecules with a noticeable charge transfer at room temperature, 
which will be the case for the chromophores studied in this thesis, μ is much 
 bigger than <γ>, and the contribution of the latter is considered negligible.

In Appendix B, the deduction of the expression for the second harmonic inten-
sity generated in the EFISH cell is explained, as in the case of thin films. It is a 
function that oscillates with the light path in the liquid, which corresponds to the 
typical Maker fringes record (see Fig. 2.10):

(1.29)p2ω

i = βi j k(−2ω; ω,ω)Eω

j Eω
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where IM
L is the half-height of the Maker fringes and lc the coherence length of 

the solution. From these two parameters μβ can be deduced.

Static Hyperpolarizability: Two-Level Model

In the calculation of the quadratic hyperpolarizabilities, it is common to use a two-
level model [3, 22] to describe the dependence of β on the excitation frequency. 
It is based on considering that there is only one excited state that contributes in a 
relevant manner to the nonlinear response.

Organic molecules with π—conjugated systems, such as the ones studied in this 
thesis, show large second-order nonlinearity owing to the electronic delocalization in 
the π bonds, and the presence of electron donor and acceptor substituents in oppo-
site positions. In these kinds of molecules there is a strong one-dimensional charge 
transfer, so it is possible to assume that molecule properties are determined by both 
states, the fundamental one and first excited state of the intramolecular chain transfer. 
Although this is a simplification, its use is justified in many families of compounds 
because the contribution to the first excited state is the most important one.

The coefficient β(2ω) obtained by this model is written as a function of the 
experimentally accessible properties, so that [17]

where

∆μ difference between the dipole moments of the two states
μ01 transition moment between the two states
hω1 transition energy
hω excitation energy

The previous expression can be separated into two factors:

where β(0) is the static hyperpolarizability of the molecule, which can be consid-
ered as an intrinsic measurement of the quadratic nonlinearity and F(ω, ω1) is the 
dispersion factor. β(0) allows the nonlinear properties of the molecules to be com-
pared regardless of their absorption spectrum.

The previous equation can be expressed as a function of wavelength λ, which is 
the expression we will use for the data treatment in Chap. 2:

where λmax is the absorption maximum position in the UV spectrum and λ the 
excitation wavelength.

(1.35)
β(−2ω; ω,ω) = βZ (−2ω; ω,ω) =

3

2h2c2

(µ01)
2∆µ

(ω
2
1 − 4ω2)

ω
2
1

(ω
2
1 − ω2)

β(2ω) = β(0)F(ω, ω1),
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1.1.5  Relationship Between Microscopic and Macroscopic 
Nonlinearities

Once the hyperpolarizability of one molecule is known, it is possible to calculate 
the response of the macroscopic system of which the molecule is a part. For a 
crystal, where the positions and orientations are well defined, the mentioned addi-
tivity criteria are applied. In the case of a solution or a polymer oriented by an 
electric field, molecular orientation distribution has to be taken into account when 
it comes to evaluating the macroscopic response.

The group of molecules in a polymer film can be treated as an oriented rigid 
gas, so the relationship between molecular hyperpolarizabilities and the macro-
scopic nonlinear coefficients is well defined. This relationship was developed by 
Meredith et al. (1982–1984) and Williams et al. and Singer et al. in 1987 [18–21].

The susceptibility χ
(2)

I J K is related to the microscopic coefficients by

where N is the number of nonlinear molecules, f includes the different local field 
factors and bIJK represents the βijk tensor, written in the macroscopic reference 
system.

The local field factors relate the applied external field E(ω) to the field that 
the molecules perceive in the condensed phase. For highly symmetric media the 
Lorentz correction factor is employed [2]:

where nω and n2ω are the refractive indices at frequencies ω and 2ω.
This factor takes account of the effects of dipoles induced by the electronic 

polarization in the medium. Moreover, the external fields and the fields associated 
with the neighbouring dipoles can induce orientation of the permanent dipoles, 
which implies an additional correction in the f factor. Local field factors ascribed 
to this process, known as Onsager’s factor, are added. They are written as [3]

where ε0 is the static dielectric constant.
The tensor bIJK shows the same features as the tensor βijk, but it is expressed in 

the film’s reference system. It describes the contribution of a single molecule to 
the macroscopic nonlinear coefficients, and it is related to βijk as

(1.37)χ
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Here, θIi is the angle between the macroscopic system axis I, and the molecular 
system axis i. The term cos θIi is the scalar product of the unit vectors I and i and it 
gives the projection of the molecular coefficients on the crystallographic reference 
system.

The problem can be simplified remarkably by assuming that the predominant 
microscopic component in the second order tensor (βzzz) is parallel to the dipole 
moment μ, as happens in our case. Besides, considering electric-field-oriented 
polymeric systems, the chromophore dipoles tend to align in the direction of the 
applied field, Z. In this situation, the only relevant angle is θ, between the molecu-
lar axis and the macroscopic axis Z. When evaluating bIJK it has to be taken into 
account that we have an orientation distribution of the molecules around the polar 
axis Z, so the orientation averages <cosθ> need to be calculated. In these condi-
tions, as shown in the data treatment in Chap. 2, there are only two nonzero com-
ponents of the b tensor:

So the relevant elements in the susceptibility tensor will be

where

The calculation of the mentioned orientation averages is performed by consid-
ering an orientation distribution function, F(θ) = exp(−U(θ)/kT, where U(θ) is the 
energy of the molecule in the presence of the field. As detailed in Appendix C, in 
this way, the expression for the nonlinear coefficients dij for an initially isotropic 
medium can be deduced as a function of the microscopic hyperpolarizability, in 
the limit for low fields and dipole moments [4]

where k is the Boltzmann constant, k = 1.38 × 10–16 esu = 1.38 × 10–23 JK−1, 
T the temperature and E0 the amplitude of the orienting field.
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1.2  Materials for Nonlinear Optics

1.2.1 Introduction

Any material may generate a second harmonic, as long as it lacks a centre of sym-
metry. However, in practice, some requirements need to be fulfilled. These are a 
large nonlinearity and a fast response, a wide spectral range of transparency, good 
processability (which allows its incorporation into a device) and good stability 
with respect to thermal or photo-oxidative degradation.

At first, the search for NLO materials was focused on inorganic materials but it 
was extended soon after to organic ones as well. In the 1970s, Davidov et al. [22] 
proved that organic molecules with donor and acceptor groups might be suitable 
systems for SHG. Since then, a vast number of compounds for NLO have been 
designed and synthesized, while pursuing the above-mentioned properties. The 
advantages and drawbacks versus inorganic crystals are gathered in Table 1.1.

As a first approximation, an added feature of the organic materials is that it is 
possible to predict their behaviour in the bulk from the determination of the non-
linear response at the molecular level characterized by the hyperpolarizability β.

1.2.2  Organic Materials for SHG. Donor–π–Acceptor 
Chromophores

It has already been mentioned several times in this chapter that the necessary con-
dition for SHG is the absence of a centre of inversion. At the molecular scale, this 
is achieved by using polarizable structures in an asymmetric way. The origin of the 
nonlinearity in the organic compounds lies in the high mobility or electron delo-
calization in the π bonds, particularly in the conjugated systems (compounds in 
which simple and multiple bonds appear alternately).

Traditionally, molecules with nonzero dipole moment in the fundamental state 
have been studied, that is, dipolar molecules with an electron donor group on one 
end of the conjugated structure and an acceptor one on the other end (push–pull 
systems). These kinds of push–pull molecules have a large dipole moment in the 
fundamental state, and show an intense transition in the UV–vis spectral region, 
assigned to the intramolecular charge transfer (CT) along the molecular axis. A sim-
ple molecule corresponding to this scheme, p-nitroaniline, is shown in Fig. 1.6 [23].

In these systems the first CT excited state is considered to control the opti-
cal nonlinear response. As has been explained in previous sections, by using the 
two-level model proposed by Oudar and Chemla [24], NLO properties can be 
expressed in terms of the transition moments (or oscillator strengths), excitation 
energies and dipole moment differences:

(1.47)β ∝
∆µ01 µ

2
01

E2
∝

∆µ01 f01

E3
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∆μ01 is the difference between the dipole moment in the first excited state and 
in the fundamental one. E is the difference in energy between the two states. μ01 
is the transition dipole moment, which is connected to the oscillator strength f01 as 
f01 ∝ μ01

2E. The oscillator strength f01 is related to the area under the absorption 
curve in the UV–vis spectrum.

This model was very useful, at first, for designing chromophores with the opti-
mum nonlinear response. The effects of changing the strength of the donor–accep-
tor groups and the π-conjugated system length on the NLO response were studied 
in detail. When the relative “strength” between the two groups is increased, larger 
β values are achieved, but the CT transition undergoes a red shift (bathochromic 
displacement), decreasing the range of transparency. On the other hand, gener-
ally, a larger conjugated chain (until a saturation point is reached) gives rise to an 
increase in β [25].

Since the 1990s, new criteria have been incorporated in the strategies to control 
NLO molecular properties. Thus, Marder et al. [26–30]. suggested that the use of 
compounds with an aromatic character in their fundamental state (and a basically 
quinoid excited state) was not suitable for optimizing β, highlighting the impor-
tance of the polarization degree in the fundamental state of the molecule, and 
relating it directly to β. From the molecular design point of view, it is helpful to 
describe the fundamental and first excited states as a combination of two extreme 
resonance structures: the neutral one (Fig. 1.7a) and the zwitterionic or charge-
separated form (Fig. 1.7b). The relative contribution of these forms to the funda-
mental state determines its polarization degree.

Table 1.1  Advantages and disadvantages of the use of organic materials for NLO

Advantages Disadvantages

Great versatility in their synthesis to modify 
their molecular structure

Low transparency in UV–vis; this restricts the 
operating range and decreases the optical 
damage threshold

Larger non-resonant optical nonlinearities Thermal and photochemical instability with 
increasing conjugation of the compound

Less response time due to the π bonds Worse mechanic properties
Smaller dielectric constants (electro-optic 

applications)
Easy processability

Fig. 1.6  p-Nitroaniline 
structure

β (+)

Donor  

Spacer π

Acceptor
NO2NH2
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In order to have a measurement of this polarization degree a structural param-
eter called bond length alternation (BLA) was introduced. It is defined as the aver-
age difference in length between single and double bonds in the polyenic chain. It 
is affected by the chemical structure (strength and nature of the donor and acceptor 
groups), the spacer topology and the surroundings of the molecule itself (solvent 
polarity). This parameter can be evaluated from the experimental data obtained by 
nuclear magnetic resonance (NMR) or theoretically calculated.

Between the two resonance forms there is an intermediate one that corre-
sponds to the so-called cyanine limit (CL), in which both extreme forms contribute 
equally.

In the case of a polyene substituted by weak donor and acceptor groups, the 
form that better represents the fundamental state would be (a), showing a large 
value of BLA. If we increase the strength in both groups, the (b) resonance form 
would have a higher contribution and, therefore BLA would decrease. The rela-
tionship between BLA and the hyperpolarizability β is shown in Fig. 1.8. As can 
be observed in the figure, when the charge-separated contribution dominates the 
description of the fundamental state, BLA and β are negative.

As a strategy in the molecular design, the incorporation of proaromatic frag-
ments in the donor groups as well as in the acceptor ones was proposed, so that 
the molecules gain aromaticity in the charge transfer, stabilizing the zwitterionic 
form and thus increasing the β value. Several studies were able to prove how 
the β value can be optimized, either positive or negative, by varying BLA. This 
is achieved by modifying donor and acceptor substituents and the π-conjugated 
bridge [26, 31–36].

1.2.2.1 Solvent Influence

The development of theoretical models and computational methods in order 
to describe the effect of the solvent on NLO properties of molecular systems 
face great difficulties, as the nature of solute–solvent interactions is extremely 
complicated.

Before explaining the influence on the nonlinear response, we will briefly 
comment on the solvatochromism phenomenon, which is described as the 
change in position, intensity and shape of the absorption UV–vis band of the 
chromophore in solvents with different polarity [37]. Only the solute–solvent 

D A D AD A

N CL ZW

δ δ

(a) (b) 

Fig. 1.7  Representation of the resonance forms of the donor–π–acceptor molecules. a neutral 
form b resonance or zwitterionic form
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interactions will be considered here, leaving aside the solute–solute type ones. 
In spite of the fact that the observed shifts in the absorption spectrum have their 
origin in several types of interactions [38], we will only comment on the electro-
static ones.

The electronic transition from the fundamental state to the CT excited one 
entails an important change in the electron density distribution of the molecule, 
so a large change in the permanent dipole moment is observed during the exci-
tation. Owing to the difference in solute–solvent electrostatic interaction energy 
between the fundamental and the CT states, larger solvatochromic shifts are 
observed as the solvents become more polar. Thus, there exists a linear depend-
ence between solvatochromic shift and the difference between dipole moments in 
the fundamental and excited states. Positive solvatochromism (bathochromic or 
red shift) becomes evident in molecules with larger polarization for the CT state 
than for the fundamental one. For these kinds of molecules, very polar solvents 
bring more stability to the excited state, so the excitation energy decreases sig-
nificantly. In negative solvatochromism (hypsochromic or blue or shift), polar sol-
vents stabilize the fundamental state more, with a corresponding increase in the 
transition energy.

1.2.2.2 Solvatochromism and Molecular Hyperpolarizability

The origin of the changes in the NLO response of the donor–π–acceptor chromo-
phores as a function of the solvent polarity is related again to the solute–solvent 
interactions in the fundamental and CT excited states.

Molecules showing positive solvatochromism are characterized by a larger β 
as the solvent polarity increases, whereas for molecules showing negative solva-
tochromism, β decreases as the polarity of the solvent increases. Therefore, it is 
possible that the same compound may have positive and negative hyperpolarizabil-
ity, as it will be assigned to one zone or another of Marder’s curve depending on 
the solvent in which it is measured.

Fig. 1.8  Marder’s curve 
representing nonlinearity 
versus BLA parameter
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1.2.3 Liquid-Crystalline Polymers with Azobenzene

1.2.3.1 Liquid Crystals

The liquid-crystalline state can be considered as intermediate between solid, show-
ing perfect long-range order, and liquid, which is isotropic and fluid. The mole-
cules in a liquid crystal (LC) are not totally ordered in space, but they show certain 
orientational fluidity. LCs can be classified depending on the way the liquid-crys-
talline phase is induced. Thus, there are lyotropic liquid crystals, in which the tran-
sition is induced by increasing the concentration in the solution, and thermotropic 
liquid crystals, in which it is induced thermally. Thermotropic mesogens (com-
pounds showing liquid-crystalline phases depending on the temperature) show a 
large variety of shapes. They can be elongated (calamitic), disk-shaped (discotic) 
or bent-core (banana). In all of them, the mesogen axis tends to align along a 
direction or a director axis [39].

Depending on the spatial arrangement of the molecules, different phases can be 
distinguished. For calamitic liquid crystals the mesophases can be as follows.

Nematic (N): The mesogens have no positional order, but they self-align to 
have long-range directional order with their long axes parallel, the positions of 
their centres of mass being randomly distributed (Fig. 1.9).

Smectic (Sm): The mesogens form well-defined layers, without any long-range 
order inside each layer. They show translational periodicity in one dimension. 
There are several types of smectic phases. In Smectic A, SmA, the molecules are 
oriented along the layer normal (Fig. 1.9).

A single material can show different phases depending on the tempera-
ture, ranging from most ordered at low temperatures to least ordered at high 
temperatures.

1.2.3.2 Polymers

Polymeric materials are suitable for a great variety of applications because of 
the versatility in their synthesis and processing as well as their relatively low 
cost of production. Polymers are macromolecules made up of many repeat-
ing basic units called monomers and they can be composed of one single 
monomeric structure—giving rise to homopolymers—or several,. If they are 
composed of two types of monomers they are called copolymers. Among copol-
ymers we can find several types depending on the monomer order: random, 
block or graft.

All the macromolecules in a polymeric material do not have the same size, so 
the molecular weight of a polymer is described by two parameters, the weight-
average molecular weight Mw and the number-average molecular weight Mn. 
The first represents the average of the molecular masses of the individual 
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macromolecules, and the second, the weighted average of the masses per each 
molecule’s mass. The ratio Mw/Mn is the polydispersity index, and it is equal to 
or greater than one. The mechanical properties (tensile strength, hardness, etc.-) 
depend on the intermolecular forces along the polymer chain, so they improve to 
some extent when the molecular weight is increased, depending on the polymer 
type. However, the viscosity of the polymer is influenced by the entanglements 
formed by the polymeric chains. As for the polymer architecture, the most com-
mon structure is the linear one, but there are polymers with side chains, branched 
randomly or subsequently (dendrimers), or star-shaped. The semicrystalline state 
is the most common one in the polymers. The chains intermingle, showing amor-
phous or disordered zones and certain regions where they are ordered, forming 
crystals. In semicrystalline polymers there are two types of transitions, one aris-
ing from the crystalline part and the other from the amorphous part. On reaching 
the glass transition temperature Tg (second-order transition) the amorphous part, 
which is rigid and disordered at low temperatures, begins to show fluidity and, at 
higher temperatures is found to be in the liquid phase. The other transition, a first-
order one, is caused by the crystalline part, which, after reaching the melting tem-
perature Tm, is found to be in a more or less viscous liquid state. The values of Tm 
are normally 33–100 % higher than Tg [40]. In general terms, it can be said that 
both Tg and Tm increase with the stiffness of the chain. The stronger the molecular 
interactions and the size of the rigid groups (aromatic, conjugated double bonds, 
etc.) the larger the rigidity. The chain symmetry increases Tm but decreases Tg. If a 
polymer is cooled down so quickly from its state at T > Tm to temperatures below 
Tg (quenching) that it does not have enough time to order into crystals it can be 
“frozen” in an amorphous state.

The glass transition occurs at a higher temperature as the cooling rate increases. 
This is because a temperature is reached at which the conformational movements, 
required by the chain to reach equilibrium, are slower than the experimental time 
scale, reaching a metastable or “frozen” state that relaxes more slowly the lower 
the temperature is [41].

Fig. 1.9  Schematic 
representation of a 
mesophase: a Nematic (N) 
and b Smectic A (SmA)
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1.2.3.3 Polymers with NLO Properties

The simplest and most intuitive way to prepare polymer films with large nonlin-
ear coefficients is by dispersing nonlinear molecules with high β values in poly-
meric matrices, so that by heating the film above Tg and applying an external 
electric field, polar orientation will be forced in the molecules. Subsequent 
cooling with the electric field on will give rise to a non-centrosymmetric 
medium. The χ value of these films is then a function of the obtained degree of 
polar order, the concentration of active molecules and the magnitude of β. 
However, these systems exhibit several problems that have to be solved. On the 
one hand, the polar orientation of the chromophores tends to relax with time 
and temperature. On the other hand, as the polarity of the molecules increases 
they tend to be less soluble in the polymeric chain, so it is not possible to 
achieve high chromophore contents, because phase separation or crystallization 
in microdomains occur. Chemical bonding of the chromophores to the poly-
meric chain allows an increase in their concentration and, moreover, improves 
the stability of the polar order induced by poling, owing to the restriction in the 
chromophore movement as it is linked to the polymer. In spite of the very 
extensive work performed in this field, many of the most relevant results come 
from Dalton et al. [42]. Their most recent strategies for improving nonlinear 
properties are based on the design of molecular and polymeric structures hin-
dering dipole–dipole intermolecular attractive forces to avoid aggregation. This 
group has designed systems with coefficients r33 (r33 = −4d33/n4) [43] between 
300 and 500 pm V–1 (at λ = 1.3 μm), by incorporating the chromophore dis-
persed in dendritic structures containing the same chromophore and aryl fluoro-
aryl groups 3 [44] .

1.2.3.4 Liquid-Crystalline Polymers with NLO Properties

Liquid crystalline polymers (LCPs) are polymeric structures having mesogenic 
units inserted in the principal chain or linked to it by a more or less flexible spacer 

3 These systems are called BCOGs (binary chromophore organic glasses). An example of a dis-
persed chromophore is YLD_124:

O CN

CN
CN

CF3

N

TBDMSO

TBDMSO
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as side chains. In this study, all the employed LCPs are thermotropic and show 
calamitic shape.

These kinds of structures are very versatile as they offer the possibil-
ity of changing different parameters affecting the mesophase formation. An 
increase in the flexibility in the principal chain or in a side chain (by length-
ening the methylenic spacer) decreases Tg and favours mesophase formation. 
Short spacers favour nematic phases, while long ones favour smectic ones. The 
mesogen ordering in the side chain can decouple from that in the polymer prin-
cipal chain because of the flexibility of this spacer, thus allowing mesophase 
formation.

Usually, there is no crystallization in LCPs, and below the liquid crystalline 
phase the glass transition is found. The orientational order obtained in one meso-
phase can be “frozen” in by simply cooling the polymer below its Tg. However, if 
it is suddenly cooled down from the isotropic phase to temperatures well below Tg 
(quenching), the disordered state remains “frozen” in.

Owing to the anisotropic nature of the mesogens, LCPs show anisotropy in 
their optical properties, which becomes clear in the birefringence and dichroism 
measured in the films. Birefringence is the difference between refractive indices 
for perpendicular directions of light polarization, as has been explained in this 
chapter, while dichroism is the difference in the optical absorption of the polarized 
light for different directions.

The first to explore the possibility of using side-chain liquid-crystalline poly-
mers as a nonlinear medium were Meredith et al. in 1982 [18–21]. Some of the 
key factors for NLO activity in the molecules (high axial ratio, planarity) are in 
line with those promoting liquid-crystalline properties in low molecular weight 
compounds. Therefore, a great effort has been made to synthesize liquid crystal-
line polymers with NLO properties in which nonlinear moieties show mesogenic 
properties by themselves. Some of the investigated structures are schematically 
depicted in Fig. 1.10 [43].

Fig. 1.10  Donor–π–acceptor-type mesogen structures
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The interest in exploring the nonlinear response in liquid-crystalline polymers 
has been due, partly, to the fact that it was expected that the axial order, charac-
teristic of systems with nematic or smectic phases, could contribute to favouring 
the polar order. However, the obtained results have been very diverse, and in some 
cases even contradictory. Just to mention some examples, Worboys et al. [45]. pre-
pared a number of copolyacrylates containing Disperse Red 1 as a side chain in 
different concentrations, giving rise to amorphous or liquid-crystalline materials 
depending on this chromophore content. Disperse Red 1 (DR1) shown in Fig. 1.11 
is a typical nonlinear azochromophore often used as a standard for EFISH meas-
urements at 1.9 μm. In their work, they found more intensity and stability of the 
nonlinear parameters in the case of liquid crystals.

In a later study Koide et al. [46]. found that in the case of liquid crystals the 
ratio χ33/χ31 was much larger than 3, which is the theoretical value predicted for 
isotropic systems, confirming that a larger anisotropy in the nonlinear response 
is achieved in the case of LCs (see Appendix C). This fact was observed by sev-
eral authors, as is reported in the review by Dubois et al. [43]. However, other 
authors state that it is impossible to achieve efficient polar orientations in the 
case of LCPs with smectic phases [47, 48]. This would be related to the fact that 
the obtained axial order in a liquid crystal favours the intermolecular interac-
tions between chromophores, which can decrease the intensity of the nonlinear 
response.

In any case, these interactions often also entail an increase in the stability of 
the obtained order versus the characteristic anisotropy of the amorphous materials, 
which is beneficial for the stability of the generated nonlinear response.

The copolymers based on mesogenic and nonlinear side chains offer the oppor-
tunity to change the properties of the polymer precisely, by modifying the meso-
gen content.

1.2.3.5 Azobenzene

The chromophores in the side-chain LCPs whose NLO properties are studied in 
this thesis have the azobenzene group as the π-conjugated system. The azopol-
ymers have proved to be excellent materials for NLO [49–52]. By incorporating 
the azo system, an added advantage is available, since light’s influence upon these 
chromophores can be used, as will be discussed later.

Fig. 1.11  Disperse red 1
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The interest in the azobenzene group is essentially based on the trans–cis–trans 
isomerization [53] (Fig. 1.12), which occurs in response to light irradiation with 
the suitable wavelength. The molecule, usually in trans “E” conformation, can 
change to cis “Z” by UV–vis irradiation. These isomers, having different geometry 
and dipole moment, show different absorption spectra. The trans isomer shows 
two absorption bands. One of them, of low intensity and located in the visible 
region, is associated with n−π* transition, which is actually a result of nonplanar 
distortions in the molecule and vibrational couplings, as this transition is forbid-
den in planar symmetry. The other band, with higher intensity, is assigned to the 
π−π* transition and it is situated in the near UV. When the isomerization occurs, 
the π−π* band is observed shifted to higher energies and with less intensity than 
that for the trans, while the n−π* band becomes more intense, keeping its posi-
tion more or less.

The cis–to-trans isomer conversion (thermodynamically more stable) can hap-
pen by thermal or photochemical means, while the trans to cis conversion only 
happens by light irradiation.

In the scientific literature, mainly two possible mechanisms of photoisomeri-
zation are discussed: rotation and inversion. The rotation mechanism is based 
on a turn around the –N = N– bond out of the molecule’s plane. On the other 
hand, in the inversion mechanism the occurs a turn of one or both of the nitro-
gens in the molecule’s plane through a stationary sp hybrid state, as shown in 
Fig. 1.13.

The particular characteristics of the isomerization undergone by the molecule 
depend on the types of substituents in ortho and para positions that are added to 
the aromatic rings. Thus, H. Rau [54] established a classification into three groups 
for azobenzoic compounds according to the position of the π−π* and n−π* tran-
sitions: azobenzene-type, aminoazobenzene-type, and pseudostilbene.

Azobenzene-type compounds show an absorption spectrum like that in 
Fig. 1.12, in which the n-π* transition appears at lower energies than the π−π* 
one, while the so-called aminoazobenzene compounds show both bands very 
near to each other. This is because the introduction of donor substituents in the 

Fig. 1.12  Absorption 
spectrum of a 
polymethylmethacrylate 
derivative with a side chain 
containing 4-cyano-4-alkoxy 
azobenzene
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ortho and para positions increases the π orbital’s energy and decreases that of 
the π* orbital. Finally, in the pseudoestilbene group the π−π* band undergoes 
such a bathochromic shift that the positions of the two bands can be reversed. This 
is what happens in the 4 and 4′ azobenzenes substituted by donor and acceptor 
groups. When the donor or acceptor character of these groups is increased, the 
half-life of the cis isomers decreases [55].

One of the consequences of the isomerization processes is the so-called 
Weigert effect, consisting of the induced orientation in the azobenzene molecules 
by linearly polarized UV-blue light. The probability of linearly polarized light 
absorption is proportional to cos2 θ, where θ is the angle between the direction of 
the molecular transition dipole μn−π* and that of the light polarization, as shown 
in Fig. 1.14 [56].

If we have an isotropic distribution of trans isomers, those with an orientation 
near to the direction of polarization will absorb preferably. After passing through 
the cis state, they will go back to trans with a different orientation than the initial 
one. A trans “falling” in the direction perpendicular to the light polarization stays 
in this situation.

After successive cycles of isomerization, azobenzene molecules are left ori-
ented preferably in a plane that is perpendicular to the excitation light polarization, 
as shown in Fig. 1.15.

Larger values and better stability of the photoinduced anisotropy have been 
found in mesogenic systems with azobenzene units than in amorphous systems. 
This behaviour has been attributed to the cooperative effects characteristic of liq-
uid-crystalline compounds [57, 58].

Fig. 1.13  Rotation (a) and 
inversion, (b) mechanisms 
for the azobenzene trans–cis 
photosiomerization
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The use of NLO chromophores containing azobenzene groups in their struc-
ture is very useful, as it is possible to use light irradiation instead of heating in 
order to orient them by means of the electric field. In this way, polar orientation 
is achieved at temperatures well below the polymer Tg. This process is called 
photoassisted poling (PAP) and it consists in taking advantage of the free vol-
ume generated by the isomerization of the moieties trans to cis, to orient the 
molecules by means of the electric field, because it increases their mobility at 
temperatures below Tg. This method was first applied in poly (methylmeth-
acrylate)/DR1 (PMMA/DR1) with the DR1 dispersed or chemically bonded to 
the main chain [59, 60], but it has been extended to different systems containing 
azobenzene[50, 51].

The aggregation of azobenzenes is the stacking of the aromatic rings, which 
align parallel to the electronic transition dipoles. The chromophore–chromo-
phore interactions giving rise to these aggregations are van der Waals type, and 
take place mainly between chromophores comprising an extended π-conjugated 
system, as in the case of azobenzene. This may happen in solution as well as in 
the solid state, and it is a function of both the chromophore structure (donor and 
acceptor character of the substituents, conjugated system length) and the environ-
ment surrounding the molecules. Among the described different types of chromo-
phores, we can find H-type aggregates (Fig. 1.16), which are one-dimensional 
molecular systems where the transition moments align perpendicularly to the line 
connecting the molecular centres, and J-type aggregates, in which the transition 
moments of each azobenzene align such that they form an angle θ with the line 
connecting the molecular centres.

Polarization 
direction 

Isotropic distribution Anisotropic distribution 

Fig. 1.15  Photoinduced order in compounds with azobenzene units
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Fig. 1.16  Representation of the two different types of azobenzene aggregates, J and H

1.3 Materials for Nonlinear Optics



30 1 Introduction and Basic Theory

The presence of aggregates in a polymer film reveals itself in its optical proper-
ties. In particular, the aggregation causes a substantial shift in the peak of maxi-
mum absorption. The direction and extension of this displacement depends on the 
number of aggregated chromophores and on the distance between them inside the 
aggregate, as well as on its orientation, that is, the angle θ [61]. This phenomenon 
can be described by means of the “molecular exciton model”, described by Kasha 
et al. [62], or by the “extended dipole model” developed by Kuhn and coworkers 
[63]. J-type aggregation, named after Edwin E. Jelley (one of the first researchers 
who investigated this phenomenon), displaces the absorption band from the posi-
tion occupied by the isolated chromophore to higher wavelengths, while H-type 
aggregates cause a hypsochromic shift.

The aggregation of polymers containing donor–π–acceptor azobenzene 
chromophores, such as those in this thesis, gives rise to absorption spectra with 
very wide bands. These materials usually show H-type aggregation more clearly, 
with the line in the spectrum shifted to the blue, if it is compared to the spectrum of 
the isolated chromophore. These shifts are due to the antiparallel arrangement that 
the chromophores acquire, which is more thermodynamically favoured than the 
parallel stacking, as the chromophores usually have high dipole moments. It is con-
sidered that the architecture of these aggregates is very diverse, thus anything from 
dimers to aggregates can be found, with different sizes and packing geometries. 
According to the exciton model, the interactions between nearby chromophores 
give rise to electron transitions to states with different oscillator strengths [64], so 
the absorption spectrum provides information about the presence of the mentioned 
aggregates but it does not allow a quantitative analysis of the supramolecular archi-
tecture [65]. Nevertheless, Menzel et al. [66] suggested a semi-quantitative proce-
dure to calculate the relative quantities of the aggregated azochromophores and the 
isolated ones. By means of a deconvolution of the UV–vis absorption bands, the 
complex absorption band decomposes into three bands, corresponding to the two 
types of aggregation and the isolated azobenzenes. From the relative area under the 
corresponding curves an estimate of the fraction of each moiety can be obtained.
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The tech niques and equip ment used for the char ac ter iza tion of the mate ri als 
(at the molec u lar and mac ro scopic level) that have been used in this the sis are 
detailed below. Besides, the pro ce dures used to mod ify the prop er ties of the 
poly mers of the study, mainly based on opti cal and ther mal treat ments, are also 
explained.

2.1  Sample Preparation

2.1.1 Synthesis and Basic Characterization of the Materials

The Department of Organic Chemistry of the University of Zaragoza took care 
of the synthesis of the molecules and polymers used in this thesis. Prof. Garín’s 
group synthesized the highly efficient NLO chromophores whose hyperpolar-
izability in solution were measured as explained in Chap. 3, whereas the Liquid 
Crystal and Polymer group was responsible for the monomer and polymer syn-
thesis of the research. Both groups belong to the Institute of Materials Science of 
Aragon (ICMA—Instituto de Ciencia de Materiales de Aragón).

The chemical structure of the synthesized compounds was confirmed by 
infrared spectroscopy techniques and 1H NMR. The particular features of its 
mesomorphic nature, as well as the thermal properties, were studied by means 
of differential scanning calorimetry and electronic microscopy. The molecular 
weights were determined by gel permeation chromatography (GPC).

The monomeric units of the main polymer of this research, Pol-PZ-CN 
(see Fig. 4.1), were prepared by azo-coupling of N-(hydroxyhexyl)-N′-
phenylpiperazine with the 4-cyanoaniline diazonium salt. The radical polymeriza-
tions, thermally initiated by AIBN (azobis(isobutyronitrile)), were carried out in 
DMF (dimethylformamide) kept at a temperature of 70 °C [1].

Experimental Methods
Chapter 2

R. Alicante, Photoinduced Modifications of the Nonlinear Optical Response in Liquid 
Crystalline Azopolymers, Springer Theses, DOI: 10.1007/978-3-642-31756-9_2,  
© Springer-Verlag Berlin Heidelberg 2013

http://dx.doi.org/10.1007/978-3-642-31756-9_3
http://dx.doi.org/10.1007/978-3-642-31756-9_4
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2.1.2 Film Preparation and Thickness Measurement

The polymer films were produced by “casting” followed by free evaporation of 
the solvent. A small amount of the polymer (1–3 mg) was dissolved in 0.8 ml 
of filtered dichloromethane (CH2Cl2) and placed on three glass or fused silica 
substrates, with a surface of 2 × 2 cm2. The thickness and quality of the films 
obtained in this way depend on the concentration of the solution and the rate of 
evaporation of the solvent, among other things, so several concentrations were 
tested until transparent and homogeneous films of about 0.5 μm thickness were 
obtained for some studies and in the range of 1–2 μm for others.

In order to produce the non-centrosymmetric orientation needed for second 
harmonic signal generation, a corona discharge on the sample was used. The sub-
strates used in these measurements had one of their faces coated with a ≅ 100 Å 
thick layer of ITO (indium tin oxide), which is a transparent conductor. Fused sil-
ica substrates (Qu-Suprasil) are also used for the optical absorption and refractive 
index measurements.

Substrate cleaning is a major necessity in order to obtain homogeneous films 
of good optical quality. The substrates underwent cleaning by sonication in sev-
eral steps, following a protocol in which distilled water, soap and finally methanol 
were used. After that, they were subjected to UV irradiation in an ozone photore-
actor. This method removes, by oxidation, any organic residues that may be on the 
surface, such as water or traces of solvent, grease from the skin or simply pollut-
ants that might have stuck during prolonged exposure to air.

Once the glass was clean, the solution deposition of the concerned polymer was 
performed. In order to remove possible traces of solvent, the films were kept cov-
ered at 40 °C on a hotplate for 12 h. In Fig. 2.1, a group of films that were part of 
the research in this thesis are shown. These films were prepared on glass substrates 
with ITO, as has been explained, and are composed of azopolymers, PMMA and 
mixtures of these with donor–π–acceptor chromophores.

Fig. 2.1  Azopolymer films and mixtures of polymers with chromophores prepared by free evap-
oration of CH2Cl2
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It is necessary to know the thickness of the films in order to calculate the sec-
ond-order nonlinear optical coefficients. To obtain the thickness two independent 
methods were used. One of the measurements was obtained using a contact pro-
filometer Veeco Dektak3ST, which also allowed the surface relief of the samples to 
be measured, with a vertical nominal resolution in the range of nanometres along 
a straight line of up to 50 mm length. In practice, in good quality films, up to 5 nm 
can be discerned. Previous to the measurement, a groove was made in the film 
with a bradawl, thus crossing through its thickness to get to the other surface of 
the substrate while avoiding notching it. The measurement was carried out using a 
needle with a 2.5 μm radius diamond point, which scanned the surface film. The 
irregularities of the sample make the needle move vertically, sending an electric 
sign to the differential transformer that is coupled to it. In these measurements, the 
strength that the point makes on the film can be controlled in order not to damage 
it. In our case, we worked with the minimum one, 10 mg.

2.2  Optical Measurements

In this optical measurements section, the basic characterization techniques of 
the linear optical properties, as well as other techniques more specifically used 
to obtain the parameters quantifying the nonlinear response at the molecular and 
macroscopic scale of the studied materials, are included.

2.2.1 Optical Absorption Spectroscopy (UV–vis-NIR)

As a preliminary step to the measurements of SHG, not only in the chromophores 
in solution but also in the polymer films, it is necessary to know the absorption 
spectrum. This limits, for example, the wavelengths that can be used in the NLO 
measurements. Besides, in the case of films, the absorption measurements give 
information on the molecule ordering in the films, degree of aggregation, etc.

2.2.1.1 Theoretical Basis

By using optical absorption spectroscopy, the transitions between electronic states 
involving the external electrons of a system are studied. In the case of organic 
compounds, the UV and visible radiation absorption is restricted to certain func-
tional groups, with valence electrons of low excitation energy.

These transitions entail a change in the electronic distribution, which leads to 
relatively wide absorption bands. In Fig. 2.2, a scheme of the different types of 
transitions occurring between the π, σ and n molecular orbitals is shown.

Among the schematic transitions in Fig. 2.2, the n → π* and π → π* ones 
constitute the basis of the absorption spectroscopy of organic compounds. These 
transitions need an unsaturated group in the molecule to deliver π electrons. The 

2.1 Sample Preparation
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maxima for these transitions fall in the region of the visible spectrum, between 
400 and 700 nm.

Solvent Effect. The energy of the schematized orbitals in Fig. 2.2 changes with 
the polarity of the medium. Therefore, the absorption spectrum of the molecules 
depends on the solvent in which it is measured. If we focus on the π − π* transi-
tions, the interaction between the solvated molecule and the solvent is translated 
into a decrease of the energy in the fundamental and excited levels, which is usu-
ally clearer in the last one, so a shift of the corresponding band to a lower energy 
(a bathochromic shift, i.e. to longer wavelengths) can be seen, giving rise to posi-
tive solvatochromism, as explained in Chap. 1. These interactions, between mol-
ecule and solvent, increase with the polarity of the latter.

Absorption coefficient. When a solution reaches an intensity I0, the intensity 
transmitted can be expressed as It = I0 × 10–OD, where OD is the absorbance of 
the sample. The absorbance or optical density, A, is directly proportional to the 
optical path l and the concentration of the absorbing species c. The Beer–Lambert 
law states that

where ε is a constant of proportionality called absorptivity or absorption coeffi-
cient. During this work, for some compounds, it was necessary to calculate this 
absorption coefficient at different wavelengths, to make the relevant absorption 
corrections in the μβ values experimentally obtained by EFISH.

2.2.1.2 Experimental Setup

The optical absorption measurements were performed with a Varian Cary-500 
UV–vis-NIR spectrophotometer, which measures the intensity It of the light trans-
mitted by the sample as a function of the wavelength. It is a double beam spec-
trophotometer, which uses a tungsten halogen lamp as an exciter for wavelengths 
over 350 nm and a deuterium arc lamp for the UV. The wavelength is selected 
using a double monochromator with 0.05 nm resolution. The beam is divided into 
two, one reference beam and one that crosses the sample, and then the respec-
tive light intensities transmitted by the sample and the reference are compared. 

A = ε cl,

Fig. 2.2  Electronic 
transitions for π, σ and n 
electrons
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Detection in the UV–vis range is by means of a photomultiplier and in the near IR 
with a PbS detector.

The wavelengths that were used with the polymer films ranged from 200 to 
800 nm, except for the mixtures, in which the range extended up to 1200 nm. If 
ITO glass substrates are used, only wavelengths down to 300 nm can be reached, 
as the glass absorbs a lot under that value. For the particular case of some solu-
tions of nonlinear chromophores, the range was also increased to frequencies in 
the near IR.

The measurements were made with non-polarized light and linearly polarized 
light. For the measurements with linearly polarized light, a Glan–Thompson prism 
was placed in the beam of the sample. On the other hand, the incorporation of a 
mount that could be rotated around a vertical axis allowed measurements to be 
made at an angle different to normal incidence.

2.2.2 Refractive Index Measurement

It is necessary to know the values of the refractive indices of the films at 1.91 μm 
and 953 nm for the further calculation of the nonlinear coefficients. Besides, 
knowing the nx, ny, and nz refractive indices allows us to characterize the chromo-
phore ordering in the film.

2.2.2.1 Theoretical Basis

In order to measure the refractive indices and the thickness of the polymer 
films, a technique based on light guiding with the film acting as a waveguide 
is used. The method is based on the fact that the light can be confined in a nar-
row transverse region with a refractive index higher than that of its surrounding 
medium and then guided through the medium by consecutive internal total reflec-
tions at its boundaries (Fig. 2.3). For a given wavelength of the incident light, 
thickness and index of the film, the light is only guided for certain values of the 
angle θ (propagating modes).

Fig. 2.3  Representation of 
light propagation in a plane 
waveguide (polymer film)

θ nF

n1

n2

nF = film index. 
n1 = air index. 
n2 = substrate index. 

d   1 µ

2.2 Optical Measurements
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The propagating modes are classified as TE (transverse electric) or TM (trans-
verse magnetic), depending on whether the incident light is polarized perpendicu-
lar or parallel to the incident plane. Once the angles at which the light is guided for 
the two polarizations are known, it is possible to deduce the values of the refrac-
tive indices: nTE for the light polarized in the direction parallel to the plane of the 
film and nTM perpendicular to it. For example, in the case of electric-field-oriented 
polymeric uniaxial films, where a Z optical axis is defined (Fig. 2.6) perpendicular 
to the film plane, the ordinary index no = nx = ny will be measured as nTE and the 
extraordinary one, ne = nz, will be deduced from the magnetic guided modes.

2.2.2.2 Experimental Setup

The refractive indices were measured using Metricon 2010 equipment, which 
includes a prism-coupled guided modes instrument.

The film, on a glass or quartz substrate, is placed in contact with the base of a prism 
through a pneumatic “knee”, whose force on the film can be controlled by varying the 
pressure of the compressed air (Fig. 2.4). Nevertheless, sometimes it is necessary to 
increase that pressure, so for this purpose a mechanic clamp that is controlled manu-
ally was designed. Once the light coupling into the film has been achieved by using the 
right pressure and correct focusing of the laser beam, the process is completely auto-
mated. The film/prism arrangement is rotated so that the angle of the incident light is 
changed and the detected intensity is registered as a function of the angle.

Sustrato, n 0

Condición de acoplamiento: 
β =n Psen Θ P=n Fsen Θ F

Película, n F>n 0
n F

Θ F

Θ P

n P

Substrate, n S

Couplingcondition:

β =n Psin Θ P=n Fsin Θ F

Filmn F>n S
n F

Θ F

Θ P

n P

Sustrato, n 0

Condición de acoplamiento: 
β =n Psen Θ P=n Fsen Θ F

Película, n F>n 0
n F

Θ F

Θ P

n P

Substrate, n S

Couplingcondition:

β =n Psin Θ P=n Fsin Θ F

Filmn F>n S
n F

Θ F

Θ P

n P

Sustrato, n 0

Condición de acoplamiento: 
β =n Psen Θ P=n Fsen Θ F

Película, n F>n 0
n F

Θ F

Θ P

n P

Substrate, n S

Couplingcondition:

β =n Psin Θ P=n Fsin Θ F

Filmn F>n S
n F

Θ F

Θ P

n P

Sustrato, n 0

Condición de acoplamiento: 
β =n Psen Θ P=n Fsen Θ F

Película, n F>n 0
n F

Θ F

Θ P

P: prism

n P

Substrate, nS

Coupling condition:

=nPsin P =nF sin F

Film F >nS

nF

Θ
F

ΘP

F: film
nP>nF

nP

⊗
E⊥

Air
n

EII

Pneumatic “knee”

Θ Θ

Fig. 2.4  Scheme of the experimental light prism coupling system in the film to measure the 
refractive indices



41

The laser beam, after striking the prism and reflecting completely at the surface of 
the film, reaches the detector except for certain discrete values of the incidence angle, 
where the propagating modes are located. For these values of the angle, the light pen-
etrates the film in wave guiding propagation mode. When this happens, that is, when 
the coupling condition is fulfilled, the detector registers an intense decrease of the 
light intensity reaching it. Figure 2.5 shows the typical guided modes record, which 
corresponds to the rough decrease of the light intensity that reaches the detector.

As soon as the modes are found, the equipment calculates the index and the 
thickness using an algorithm [2]. The angle at which the first mode is located and 
the angular separation between the modes allow the index and thickness of the 
film to be obtained. The coupling of two modes is therefore enough to determine 
uniquely the indices and the thickness.

The out-of-plane birefringence of the films, which will be referred to through-
out this thesis, is the difference Δn = nTM − nTE. Therefore, no is the index in any 
direction in the film plane and ne in the normal direction, as shown in Fig. 2.6.

The number of modes that can be guided increases with the film thickness. 
Films of at least 100–200 nm thickness are needed in most film/substrate combina-
tions, so that the first mode can be seen at 633 nm. As has already been mentioned, 
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two peaks are needed to determine the index and the thickness, so the minimum 
thickness will be ≅ 500 nm, given the substrates used.

The indices of the films were measured at the following wavelengths: 633, 780, 
and 1306 nm.

2.3  Nonlinear Response Characterization

2.3.1 Electric Field Induced Second Harmonic Generation

In this work, the NLO properties have been studied at the microscopic level for a 
large number of chromophores. It is a key characterization because the molecular 
properties are responsible for the nonlinear macroscopic response when the NLO 
chromophores are incorporated in the polymer systems. Besides, from a basic 
point of view, these measurements allow the results of calculations based on dif-
ferent theoretical models to be checked in the framework of NLO structure–prop-
erties relationship research. The theoretical background of these measurements is 
explained in Chap. 1, in the section dedicated to EFISH, as well as in Appendix B.

2.3.1.1 Experimental Setup

EFISH allows us to determine 
→
µ0

→

β , which is the scalar product of the mol-
ecule’s dipole moment in the fundamental state with the vector part of the first-
order hyperpolarizability tensor β̃(−2ω,ω,ω). The Maker fringes are obtained by 
measuring the second harmonic light generated by a solution where a static elec-
tric field is applied, and which moves in a perpendicular direction to the incident 

beam. 
→
µ0

→

β  is deduced from the intensity and spacing of these fringes.
The experimental setup for the SHG measurements in this work is shown 

schematically in Fig. 2.7. The setup, as can be seen in the figure, consists of (a) a 
light source, (b) a NLO spectrometer and (c) a high-voltage generator, which are 
described in more detail below.

(a) Light source

The fundamental beam is generated by a Nd:YAG pulsed laser, Quantel “YG780 
Q-switched”, which emits at wavelength λ = 1064 nm with a pulse duration of 
8 ns and a maximum energy of 1 J/pulse. The of the laser beam, measured energy 
at the laser exit, used to make the measurements in this thesis was about 2 mJ/
pulse. The frequency of repetition of the pumping lamps is 10 Hz.

In order to get light at 1.9 μm, the Nd:YAG beam is focused through a Raman 
cell, which consists of a 50 cm length tube in which high pressure hydrogen is 
locked (30 bar in this case). The stimulated Raman effect produces a shift in the 
incident beam frequency as a result of the vibrational mode excitation of the H2 

http://dx.doi.org/10.1007/978-3-642-31756-9-1
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molecule. If the incident frequency is ω, the result is light of frequencies ω + nΔω 
(anti-Stokes lines) and ω−nΔω (Stokes lines), where n is a whole number 
and Δω = 4160 cm−1 the H2 Stokes shift. The first Stokes line for pumping at 
1.06 μm will be 1.91 μm.

(b) Nonlinear optics spectrometer

(b1) Optical elements and detection system

The spectrometer used was purchased from Sopra. As shown in Fig. 2.8, the exci-
tation light enters the spectrometer and, by means of two prisms, is conducted to 
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a beam splitter, which directs approximately 10 % of the light intensity to a NPP 
(N-(4-nitrophenyl)-l-prolinol) sample. Suitable neutral filters are placed in front 
of the NPP sample as well as the lens that focuses the beam on it. The NPP is 
a non-centrosymmetric crystalline powder whose second harmonic signal is used 
as a reference to correct fluctuations of the light intensity of the laser. The inten-
sity of the harmonic signal coming from the solution is divided by that obtained 
for the NPP. The rest of the light is directed towards the solution to be studied, 
passing through a half-wave (λ/2) plate, which allows us to turn the angle of the 
light polarization plane to adjust its intensity, and a Glan–Thompson polarizer, 
which determines the polarization of the excitation light (Pω, parallel to the inci-
dent plane, which in our case is horizontal, and Sω, perpendicular). For the EFISH 
measurements, the excitation light has to be vertically polarized, since the signal 
is much less intense for Pω. The light is centred using a focusing lens in the cell 
containing the solution that we want to measure. The light coming from the sam-
ple passes through suitable interference filters (532 or 953 nm, full width at half 
maximum (FWHM) 20 nm) before reaching the detector.

In order to centre the sample as well as the reference, a He–Ne laser is used, at 
633 nm. The He–Ne beam follows the same optical path as the excitation light of 
1.06 or 1.91 μm.

The second harmonic generated by the sample and by the reference is detected 
using photomultipliers (Hamamatsu R2949 and R406), whose signal is integrated 
and later processed by the acquisition board (Keithley DAS 1600) incorporated in 
the computer.

(b2) Measurement cell

The cell where the solution to be measured is placed consists of two wedge-
shaped quartz windows (2 × 1 × 0.2 cm3) forming a relatively small angle (2–4º 
for measurements at 1.06 μm and 5–7º for measurements at 1.91 μm). The solu-
tion to be measured is then contained in the wedge-shaped space, and limited 
above and below by two electrodes (Fig. 2.9). The whole system is placed on a 
motorized platform, which moves in the direction perpendicular to the incident 
beam.
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l=2Xtg (α/2) 
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Fig. 2.9  Scheme of the cell for liquid measurements
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In order to determine the molecular hyperpolarizability of a compound in 
solution, it is necessary to know the solvent’s hyperpolarizability, as it is a rela-
tive measurement. Therefore, in the experimental protocol we follow, the gener-
ated signal of the solvent is measured before and after each solution. This way, 
the long-term fluctuations that can be found in the laser intensity in a series of 
measurements are corrected. Each concentration is measured twice, as well as the 
solvent, the sequence solvent–solution–solvent being repeated at least three times. 
It is necessary to evaluate at least two different concentrations of each compound 
to rule out any possible mistake in the preparation of the solution. The typical pro-
cess consists in the measurement of three solutions, although it is not unusual to 
need the measurement of several more.

(c) High voltage generator

In order to break the centrosymmetry of the considered solution, which is an iso-
tropic liquid initially, the application of an electric field is needed. The electrical 
potential difference applied by a pulsed high voltage supply is at least 5–7 kV. The 
two electrodes are separated about 2 mm, and they are in contact with the quartz 
windows, and the solution. The pulsed character of the applied tension is neces-
sary to avoid problems of hydrolysis and polarization in the solution. The pulse 
duration is 10 μs. The high tension pulse is synchronized with the laser pulse, 
whose brief duration (8 ns) compared to that of the tension allows one to treat the 
system as if an electric static uniform field existed in the solution. The pulse is fol-
lowed by means of an oscilloscope, which delivers a reading of the field applied 
to the solution, as it is possible to find slightly conductive solutions or those with 
a very high dielectric constant where the field experienced by the solution is less 
than the nominal one.

2.3.1.2 Data Treatment

The experimental determination of the μβz product of a molecule is carried out 
in several steps. Measurements of the second harmonic intensity coming from the 
pure solvent are made to obtain I2ω(0), alternating them with measurements of the 
solution at different concentrations x to obtain the coherence length lc(x) and I2ω(x).

In the experiment, the Maker fringes are registered for a solution of the nonlinear 
molecule of interest in a certain solvent, that is, the oscillating function of I2ω ver-
sus the light path, whose expression is reproduced in Equation B.15 (Appendix B):

where 2IM is the amplitude of the fringes, which depends on the concentration, 
and l is the length travelled by the light in the liquid, related to the movement in 
the X transverse direction of the cell through

(2.1)I 2ω
= 2IM sin2

(

πl

2lc

)

2.3 Nonlinear Response Characterization
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where l0 is the separation between the windows in the initial position (X0) and α 
the angle between them.

In Fig. 2.10 a typical recording of the Maker fringes in EFISH is shown. The 
maximum amplitude of the fringes is identified as 2IM and the spacing of the 
fringes as .

The curve (C.II) Eq. 2.1 can be fitted to the experimental data. In practice, we 
write it in a different way:

 with A, B and D as fitting parameters.
A corresponds to the intensity IM , B is related to the fringe spacing δ, which is the 
separation between two consecutive minima, by δ = 2π B; and D is related to l0, 
representing the initial phase.

The coherence length, lc, corresponds to the length in the liquid in which I2ω 
grows. In Fig. 2.10, we can see that the cell displacement must be δ/2 = Bπ, thus, 
substituting in Eq. 2.2, we have that

The lc of the solvent we use is calculated from refractive index data that can 
be found in the literature. With this data, the first thing to do is to fit the fringes 
of the solvent to calculate the angle α that the windows form in the cell. In Table 
B.2 (Appendix B), all the parameters used for the measurement of the μβ of the 
molecules in this thesis are gathered. Let us see now how to obtain the nonlinear 
coefficient from the fitting parameters.

We start from Equation B.16 of Appendix B:

(2.2)l = 2X tan(α/2) + l0

(2.3)I 2ω
= 2A

[

1 − cos

(

X

B
+ D

)]

(2.4)lc = 2π B tan(α/2)

√

I L
M = C [ΓLlc − K ] E0,

Fig. 2.10  Recording of the 
maker fringes obtained for a 
solution
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where C and E0 are given in the appendix and ΓL is the macroscopic nonlinear 
susceptibility.

As was mentioned at the beginning of this section, the measurements are made 
by alternating them with measurements on the solvent, which are used as a refer-
ence, before and after each of the concentrations that are going to be evaluated. If 
x is the concentration of the solution, we have

If we divide the previous equation by its equivalent for x = 0 (pure solvent) and 
find the value of the susceptibility ΓL(x), we find

We can see that it is possible to calculate ΓL(x) from the fitting parameters, 
and from the values of K gathered in Table B.1. In order to obtain μβz, we have 
to deduce an expression that relates the macroscopic parameter ΓL(x) to the 
hyperpolarizabilities.

To this end, we will start by characterizing the concentration of the solution, x, 
as mass of solute, mS, divided by the mass of solvent, mD.

Therefore, we can write the number of molecules per volume unit of the solute 
and the solvent as

where NA is Avogadro’s number and ρ the density of the solution, which we assume 
to be equal to that of the pure solvent because of the low concentration used.

The macroscopic nonlinear susceptibility is additive with respect to the contri-
butions of the solvent and the solute, so from expression 1.32 we can write

and, substituting the expressions 2.7, we obtain that for the solution and the 
solvent 

By setting x = 0 in Eq. 2.9 we obtain the microscopic hyperpolarizability of the 
pure solvent:

(2.5)
√

I L
M (x) = C(ΓL(x)lc(x) − K )E0(x)

(2.6)ΓL(x) =
1

lc(x)

[

(lc(0)ΓL(0) − K )

√

I L
M (x)

I L
M (0)

E0(0)

E0(x)
+ K

]

x =
mS

m D

(2.7)
ND =

ρNA

MD

1

1 + x

NS =
ρNA

MS

x

1 + x

(2.8)ΓZ Z Z Z = Nfγ
0

= f (NDγ
0

D
+ NSγ

0

S
)

(2.9)ΓL(x) =
ρNA f

1 + x

(

γ
0
D

MD

+
γ

0
S

MS

x

)

(2.10)
γ

0
D =

Γ (0)MD

ρNA f

2.3 Nonlinear Response Characterization
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Substituting Eq. 2.10 into Eq. 2.9 and finding the value for the hyperpolarizability 
of the solute, we obtain

By retrieving now expression 1.33 and finding the value μ0βz, we have

Therefore

To sum up, we can say that by using expressions 2.6 and 2.13 we can determine 
μ0βz from the amplitude of the recording of the intensity of the second harmonic 
induced by the electric field.

Cal cu la tion of μβ in cases where there is absorp tion
In order to calculate the static hyperpolarizability value, in many cases, and 

nearly always when working with dipole molecules under non-absorption-condi-
tions at the fundamental and second harmonic frequencies, the two-level model is 
used, as was explained in Chap. 1. This magnitude is more representative for com-
parison purposes, since it is independent of the frequency of measurement. The 
expression used to calculate β(0) is

where λmax is the maximum absorption wavelength of the compound in solution, 
and λ the measurement wavelength (1.06 μm, 1.9 μm).

In practice, the experimental data of the concentration and the A and B param-
eters from the fitting of Eq. 2.3 are entered in an Excel worksheet such as the one 
shown in Fig. 2.11, for more efficient treatment of the data.

Calculation of μβ in cases where there is absorption
In the data process described so far, the possibility that the solutions absorb 

the light used in the excitation (ω) or generated (2ω) has not been considered. 
Excitation at λ = 1.9 μm avoids the absorption of the fundamental, but it is not 
unusual to find molecules with strong donor–acceptor substituents for which the 
absorption tail reaches 950 nm. Then it is very important to evaluate the absorp-
tion of the solution at 2ω, as this decreases the second harmonic intensity that we 
register, which leads us to underestimate the value of μβ.

When the absorption spectrum of the molecules presents a slight absorption at 
the second harmonic of the measurement wavelength used in EFISH, the minima 
of the Maker fringes are not zero anymore, and the contrast of the oscillations 
decreases. The Maker fringes obtained thus were fitted to the following expression 
according to the model proposed by Oudar in 1977 [3]:

(2.11)γ
0
S =

MS

ρNA f x
[(1 + x)ΓL(x) − ΓL(0)]

(2.12)µ0βz = γ
05kT

(2.13)
µ0βz =

MS5kT

ρNA f x
[(1 + x)ΓL(x) − ΓL(0)]

(2.14)β(0) = β(2ω)

[

1 − 4

(

λmax

λ

)2
] [

1 −

(

λmax

λ

)2
]

(2.15)I
2ω

= 2O D exp

[

−

(

α2ωl

2

)] [

1 − cos

(

X

B
+ D

)]

http://dx.doi.org/10.1007/978-3-642-31756-9_1
http://dx.doi.org/10.1007/978-3-642-31756-9_1
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where α2ω is related to the optical density (or absorbance) as

The value of α2ω for each concentration used in EFISH is obtained by extrapo-
lating from the coefficient of molar extinction, which is determined from the meas-
urements of several more diluted concentrations prepared in an independent way.

By replacing l in the expression by its value, we obtain l = l0 − 2 tan(α/2)X, 
which would imply a cell displacement in the way shown in Fig. 2.12.

(2.16)α2ω =
O D ln 10

l
=

A 2.303

l

DATE: 12/18/2009 DAVID CELL

λ = 1,907 microns nwg= 1,44 G g   E-14= 2,90

tan(alpha/2)= 0,04925802 n2wg= 1,45

SOLVENT CH2Cl2 MOLECULE ELL79

nwl= 1,41 Γ(0)Ε−14= 8,00 SERIES ELL79
n2wl= 1,41 lc (mic)= 136 MOL. W.= 420,6

ε(0)= 9,08 K      E-14= 114,87 ABS(mic)= 0,546

ρ= 1,3220 f local= 4,1973051

FILE x A B HV (V) lc (mic) Γ (Ε−14) gamma(E-34) µβ (Ε −48) µβ (0)(Ε −48)
Ell7900-02 0 0,532 440,5 4,5 136,33 8
Ell7901 0,000427 1,11 436 4,5 134,94 11,29660885 97,31977021 1982,379389 1223,133186

11,29660885 97,31977021 1982,379389 1223,133186

µβ(Ε−48)= 1982 (esus)

FILE x A B HV (V) lc (mic) Γ (Ε−14) gamma(E-34) µβ (Ε −48) µβ (0)(Ε −48)
Ell7902-04 0 0,525 438,6 4,5 135,75 8
Ell7903 0,000237 0,827 436,5 4,5 135,10 9,872095073 99,55166087 2027,842444 1251,184007

9,872095073 99,55166087 2027,842444 1251,184007

µβ(Ε−48)= 2028 (esus)
Again c0

FILE x A B HV (V) lc (mic) Γ (Ε−14) gamma(E-34) µβ (Ε −48) µβ (0)(Ε −48)
Ell7904-06 0 0,523 438 4,5 135,56 8
Ell7905 0,0004377 1,099 435,1 4,5 134,66 11,29058074 94,77074149 1930,456311 1191,096513

11,29058074 94,77074149 1930,456311 1191,096513

µβ(Ε−48)= 1930 (esus)

µβ(Ε−48)= 1980,2 µβ(0)(Ε−48)= 1237,1586

S

S

O

CN

CN

Fig. 2.11  Excel worksheet for the calculation of μβ from the values of A and B parameters 
measured experimentally

Fig. 2.12  Detail of the displacement of the quartz EFISH cell containing the solution
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The initial point of the trajectory has to be measured, as it is the distance 
between the two windows at that point. Thus, we would have the following expres-
sion to adjust the fringes and to obtain A and B by fixing G = α2ω/2 and l0:

where 2X tan
α

2
∼= X tan α (if α < 10

◦
) .

Figure 2.13 shows a recording of Maker fringes for a solution showing absorption 
at the frequency of the second harmonic, together with the fit to the previous equation.

2.3.2  Thin Films: SHG in Thin Films Oriented  
by Corona Discharge

The SHG measurements described below allow the nonlinear coefficients that are 
the second-order susceptibility tensor (χ(2)) components to be obtained from the 
Maker fringe measurements.

Two kinds of polymer systems have been studied: side-chain liquid crystals 
(SCLCs) with donor-π-acceptor azo chromophores in the side chain, and mixtures 
of azo polymers with highly efficient nonlinear chromophores.

2.3.2.1 Experimental Setup

These measurements, as well as the ones for molecular characterization, require a 
light source, a nonlinear spectrometer, a continuous source of high voltage (to gen-
erate the field that breaks the film’s) and different sample holders (rotating, with 
temperature control, etc.) for each kind of measurement. These are described in 
more detail below.

(2.17)I
2ω

= A exp
[(

l0 − 2x tan
α

2

)

(−G)

]

[

1 − cos

(

X

B
+ D

)]

Fig. 2.13  Maker fringes 
fitted to Eq. 2.17. for a 
solution showing absorption 
at 954 nm
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(a) Light source, spectrometer and cell

The light source and spectrometer used are like the ones described previously. All 
the measurements were made at 1.91 μm, and basically two polarizations were 
used, Pω (horizontal in our configuration) and Sω (vertical).

Regarding the sample holder, several different ones have been used, designed 
according to the kind of measurements required and built in the workshop of the 
Condensed Matter Physics Department. One of them is a fixed and thermoregu-
lated brass holder, which is placed in a position at 40º with respect to the incident 
laser direction. This way, the second harmonic signal can be monitored during the 
orientation produced by the poling.

Another sample holder used is a rotating one, which in a routine measurement 
turns ± 50º around a vertical axis contained in the film, as shown in Fig. 2.14 (ver-
tical axis). A third sample holder allows rotation around an axis perpendicular to 
the plane of the film and was used to measure the Maker fringes for different ori-
entations of the film, as explained in Chap. 4.

(b) High voltage power supply. Polar orientation process by means of a field at 
high temperature

Thermal poling consists in orienting the sample by applying a field at high 
temperature and then cooling it down in the presence of the field to “freeze” the 
orientation. In our setup, a corona discharge is used, produced when a high volt-
age is applied between two conductors, at least one of which is sharp-shaped. 
This translates into a very intense electric field at the point, producing ionization 
of the surrounding air. The shape of the electrodes, distance, polarity and the gas 
present in the medium determine the particular features of the discharge. In our 
case, one of the electrodes (+) is a needle pointing towards the film. The film 
is placed on an ITO glass plate, which acts as the other electrode. The voltage 
applied to the edge of the approximately 1 mm diameter needle was between 
5000 and 7000 V (see Fig. 2.15). The discharge between the needle and the film 
is discerned by light emission and a slight hiss. The positive ions produced seek 
a zone with a lower potential and reach the surface of the film (with a quite low 
conductivity). The distance between the electrodes (the edge of the needle and 
the surface of the film) is 1 cm.

Fig. 2.14  Sample holder 
for the measurement of the 
Maker fringes in the oriented 
films

ω

ω

+ 5 kV

2ω

θ

Sω

Pω

2.3 Nonlinear Response Characterization
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The polar molecules of a polymer film can be aligned this way, but only if the 
right temperature is reached so that they are sufficiently mobile (≥Tg), so the pro-
cess involves sample heating. This was performed in one of the holders previously 
described. The heating rate used was 5 °C/min, and the highest temperature reached 
was maintained for a period between 20 and 40 min, depending on the system stud-
ied. The cooling process was carried out with the field applied to “freeze” the ori-
entation of the dipoles forced at high temperature [4]. A too-quick cooling process 
would result in the relaxation of the order achieved at high temperatures.

2.3.2.2 Data Treatment

The Maker fringe measurements are obtained with two polarizations of the excita-
tion at frequency ω (λ = 1.9 μm): Pω, which is parallel to the incident plane and 
Sω, perpendicular to it. The polarization of the generated second harmonic light 
will depend, in general, on the symmetry of the system and the excitation light. 
The Maker fringes obtained from a quartz crystal (X-cut and in the usual configu-
ration for measurements throughout this thesis) and for an oriented film (symme-
try C∞v) with excitation light at 1.9 μm polarized in Pω have the shape shown in 
Fig. 2.16a and b. In both cases, the nonlinear polarization is parallel to the inci-
dence plane, so we will call it P2ω. Therefore, the notation for the configurations of 
the measurements will be PωP2ω and SωP2ω.

As can be seen, the shape of the fringes is different from that obtained in the 
case of a solution, where all of them had the same height (Fig. 2.10). This is 
because the periodic variation of the sign, which is implied by the term sin2(Ψ) 
(see Chap. 1), is modified in the case of solids by a projection factor p(θ), which 
is the main responsible for the envelope shape (amplitude variation) of the Maker 
fringes in solids, that we can see in the quartz (Fig. 2.16a). The thickness to work 
with, in the case of films is ≈1 μm, while for quartz crystal it is ≈1 mm. Thus, in 
the case of quartz, we see more than one maximum, because the light covers a dis-
tance in the material several times the coherence length. However, for thin films, 
when turning between –50 and +50º the first maximum cannot be seen.
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Fig. 2.15  Scheme of the orientation of the chromophores (arrows in the picture) by a corona 
discharge applied during the thermal poling
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The determination of the nonlinear coefficients of the films is made from 
the measurements of the I2ω of the sample, with respect to that generated by 
quartz glass. The expression that we will have to adjust to the experimental 
data and which allows us to find the value of the nonlinear coefficients is the 
one proposed by Jerphagnon and Kurtz [5] for quartz and, in general, for sys-
tems with low anisotropy values, and Herman and Hayden’s one for highly 
birefringent films.

In this thesis, the nonlinear response of materials with different symmetry has 
been analysed: the X-cut quartz already mentioned (see Fig. 2.17) and polymeric 
thin films with uniaxial and biaxial polar orientation. Below, the features of the 
different experimental configurations will be detailed. Throughout, second-order 
nonlinear coefficients were used, dijk, whose relationship to the second-order sus-
ceptibility is given here as a reminder: 

di jk = χi j k/2.
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Fig. 2.16  Maker fringes for quartz glass a and for ( a) poly meric thin film from this research ( b)
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(a) For a quartz crystal

Quartz belongs to the trigonal point group 32 (international notation) or D3 
(Schoenflies notation), so we will find a ternary axis (optical axis) and three binary 
ones (see Fig. 2.17a) as symmetry elements. X-cut crystals are cut with the large 
faces perpendicular to the binary X-axis and the turns are made around the ternary 
Z-axis, Fig. 2.17b.

For this crystal, the only nonzero nonlinear coefficients are d12 = –d11 = d26 
and d25 = –d14. As d14 << d11, the relationship between the polarization and the 
fields that generate it is written as 

As the value of d11 is known (0.35 pm/V at 1.9 μm and 0.45 pm/V at 1.06 μm), 
we can use the second harmonic signal of this sample to scale the intensity 
obtained for samples whose NLO coefficients are unknown.

Since this material hardly shows dispersion, and its birefringence is small, we 
can apply the JK model (Appendix A) to fit the fringes obtained experimentally. 
We will use I2ω measurements of the crystal in the orientation that is shown in 
Fig. 2.18. Therefore

where d2 represents the nonlinear effective coefficient of the sample, whose shape 
depends on the precise configuration of the measurement. In this expression we 
know all the parameters except for the incident electric field amplitude, which will 
be the same for the measurement of any sample, as for the reference quartz.
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1. If the polarization of the incident light is parallel to the plane of incidence (Pω 
in the picture), the components of the excitation field will be

By substituting this in Equation A and developing the expression, we have that

We see that the P2ω nonlinear polarization is contained in the xy-plane, the inci-
dence plane, so we will name this configuration PωP2ω.

As we have defined η (see Appendix A), in the case of Fig. 2.19 it would be 
the angle formed by the nonlinear polarization and the –y-axis, which would be  
–(π/2 + 2θω′), as we infer from the expressions for Px and Py.

The projection factors will have then the following form: 
p1 = 1,

Then: p2(θ) = sin23θω′ .
On the other hand, the harmonic and the fundamental wave are polar-

ized perpendicular to the optical axis so, in the calculations, only the ordinary 
refractive index will be involved, both at the fundamental frequency no

ω and at 
the harmonic one no

2ω.

2. If the polarization of the incident light is perpendicular to the incidence plane 
(Sω in the picture), the E field would have just a Z component, that is, E = (0, 
0, E). In this case, it is very quick to check, by substituting in Equation A, that 
the three components of the nonlinear polarization are zero, PL

(2ω) = 0, so 
there is no nonlinear response for this configuration.

E =
(

Ex , Ey, 0
)

= (Esinθ, −Ecosθ, 0)

Px = d11E
2

sin
2
θ

′

ω
− d11 E

2
cos

2
θ

′

ω
= −d11 E

2
cos 2θ

′

ω
,

Py = 2d11E2
sin θ

′

ω
cos θ

′

ω
= d11 E2

sin 2θ
′

ω
,

Pz = 0.

p2 = cos(θ
′

ω
− η) = cos(3θ

′

ω
+ π/2) = − sin 3θ

′

ω

Fig. 2.19  Scheme of the 
incidence of the excitation 
light on the sample
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(b) For an oriented film

In the case of polymeric films oriented by an electric field, two different situations 
have been studied. The thermal poling method, already described, applied to ini-
tially isotropic samples, leads to uniaxial systems of C∞v symmetry with the axis 
perpendicular to the plane of the film. However, the use of photoassisted processes 
can vary that symmetry, giving rise, for example, to biaxial films with orientations 
compatible with C2v symmetry.

As the medium is dispersive and the birefringence in some of the films is quite 
high (Δn up to 0.3), we use Equation A.71 (Appendix A) from the model proposed 
by HH for the second harmonic power at the exit of a uniaxial film, which is  

where deff is the effective nonlinear coefficient, which includes the projection fac-
tor and the nonlinear coefficient, and the index expression for the bound wave is 

as explained in the Chap. 1 of this report.
In the previous expression, the effective indices and coefficients have to be dis-

tinguished for the two configurations of measurement SωP2ω and PωP2ω.

(b1) Uniaxial films. Point group ∞mm (international notation), C∞v (Schoenflies 
notation)

In the most common case of thin films oriented by a field, the C∞ symmetry 
axis is the one perpendicular to its surface. In this case, the dIL tensor is as given in 
Fig. 2.20.

By applying the Kleinman symmetry condition, we know that d15 = d31, so 
there are only two independent coefficients, d31 and d33 (Fig. 2.21).
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We define the film axes such that the z-axis matches the optical one (normal 
to the film), which is perpendicular to the incidence plane. We will make the film 
turn around the y-axis (Fig. 2.21).

1. If the polarization of the incident light is perpendicular to the plane of inci-
dence (XZ) Sω:

The polarization is in the plane of incidence, so the measurement configuration 
will be SωP2ω. Regarding the p(θ) = p1 p2 factor, we have that 

since 
∣
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, and for P2ω we have

because θω′ ≠ θ2ω′, where η, in this case, is the angle between P2ω and the film 
surface, or x-axis in the figure, which is 90º, because it goes along the z direction. 
Thus

The refractive index for the fundamental wave will be no
ω (perpendicular to the 

optical axis) and for the harmonic one it will be n2ω(θ), which, considering the 
ellipsoid of indices for the frequency 2ω (Fig. 1.5), will have the expression 
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The intensity generated by the film in this configuration depends only on the 
parameter d31, which can be obtained by fitting the experimental data to Equation 
A.71 (the refractive indices and the thickness of the sample are known).

2. If the polarization of the incident light is parallel to the plane of incidence Pω:

The nonlinear polarization is parallel to the plane of incidence, so we have a 
PωP2ω configuration. We have to consider, besides, the walk-off angle for θω′ and 
θ2ω′, given that the medium is birefringent and the dispersion is important (see 
Chap. 1):

where η = arctan(Pz/Px ) (Fig. 2.22), so we know

By applying the identity: 
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We have that

By introducing sin η and cos η in p2: 

which results in,

Regarding the refractive indices, we have to consider the ellipsoid for the fun-
damental wave and for the harmonic. The index for the bound harmonic wave is 
defined in Appendix A as

In this case, the intensity of the generated second harmonic depends on d31 and 
d33. By using the value of d31 obtained from the SωP2ω measurement, it is possible 
to find the value of d33 by fitting the measured data in PωP2ω to the expression.

(b2) Biaxial films. Point group 2 mm (international notation), C2v (Schoenflies 
notation)

Irradiation with linearly polarized UV light makes the chromophores orient prefer-
ably in a perpendicular plane, so when an electric field is applied, the typical con-
figuration of a single axis perpendicular to the film and equality in all directions in 
the plane of the film is changed.

For films oriented this way, there would be a Z-axis, perpendicular to the film 
and which matches the direction of the electric field orienting the dipoles, and two 
non-equivalent X- and Y-axes in the plane, one of which (Y) coincides with the 
polarization direction of the UV light. The chromophores would be, therefore, pref-
erably in the XZ plane. In Fig. 2.23 this situation is represented in a schematic way.
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The components of the nonlinear susceptibility tensor would be d31, d32, 
d33, d24 and d15, and by applying Kleinman symmetry conditions (d15 = d31, 
d32 = d24), we find the tensor has the form [6] 

In this case, the measurements of the Maker fringes will not be equivalent when 
turning around the perpendicular axis of the film (Z).

Orientation 1 (Fig. 2.24):

1. Perpendicular polarization of the incident light: Sω

Therefore, we have an SωP2ω configuration. The process to obtain the projec-
tion factors is analogous to the situation for a uniaxial film, except for the fact that 
the coefficient that matters is d24, instead of d31, and that the refractive indices will 
be the following: For the fundamental wave, ny

ω (perpendicular to the optical axis 
z), and for the harmonic, 
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2. Parallel polarization of the incident light: Pω

We have the same projection factors as in the case of the PωP2ω configuration, and 
the same coefficients, d33 and d31, are involved. The refractive indices are

Orientation 2 (Fig. 2.25):

1. Perpendicular polarization of the incident light: Sω

The configuration is the same as in the uniaxial case, giving the same projec-
tion factors. The equation of the second harmonic intensity will give us the value 
of d31, so, with this value and together with the PωP2ω measurement configuration 
in the other orientation, we find the value of d33.

The refractive index for the fundamental wave is nx
ω (perpendicular to the opti-

cal axis z) and for the harmonic one it is nx
ω (parallel to the optical axis z).

2. Parallel polarization of the incident light: Pω

The configuration of the measurement will be PωP2ω, and given the value of d24 
calculated by using the other orientation in SωP2ω configuration, it will be possible 
to calculate d33, and to confirm the value found before. The projection factors will 
be analogous to those obtained for this configuration in the other orientation.
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The refractive indices are

2.4  Nonlinear Gratings

A NLO grating is a system in which the nonlinear susceptibility shows a periodic 
spatial modulation. The devices based on these gratings are of particular interest 
because they can generate second harmonic diffracted beams, which can be spa-
tially separated from the excitation light [7]. Organic mesostructured materials 
with NLO properties have potential applications in photonics, as compact diode 
laser sources, or as waveguides [8].

In this work, the preparation of NLO gratings is based on providing a diffrac-
tion grating (previously induced by means of light irradiation) with NLO proper-
ties. First of all, we will briefly describe the formation of the gratings and then we 
will focus on their polar orientation.

2.4.1 Recording of Diffraction Gratings

Two monochromatic plane waves of coherent linearly polarized light are made to 
interfere, thus generating a periodic modulation (interference pattern) in the intensity. 
In the cases addressed by this thesis, linearly polarized light of 406 and 488 nm was 
used. If the overlapping of the two beams takes place on a photo addressable material, 
as in the case of polymers comprising azobenzene units, the refractive index of the 
film will be modified selectively, as the zones affected by light will be oriented, as we 
have seen before, by the so-called Weigert effect, and the dark zones will not.

In Fig. 2.26, a scheme of diffraction-grating recording is shown.
When a light beam strikes the optically recorded zone, besides the direct beam 

that passes directly through the sample, the diffraction maxima, which will depend 
on the recorded pattern, will be observed.

The intensity modulation period that is created on the plane of a thin film 
depends on the angle between the two beams and their wavelength (λg) as

If we irradiate this recorded grating with a beam with wavelength λ, we will 
obtain, as we said before, various diffraction maxima at some specific angles. If 
we irradiate the grating at an angle θin, the generated diffracted maximum of order 
m will be appear at an angle given by
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In order to characterize the grating, the diffraction efficiency is usually calcu-
lated as the incident light power fraction that appears in each diffraction order.

Besides the previously described recording of the gratings based on a periodic 
modulation of the refractive index, when an azopolymer film is irradiated with an 
interference pattern a modification of the surface relief takes place. This modifica-
tion consists in the modulation of the film thickness with the same period as that 
of the interference of the two beams [9]. In this way, relief gratings with periods 
on the micrometre scale, and surface modulations of hundreds of nanometres can 
be achieved. The relief in these gratings can be increased by heating the films to 
temperatures in the mesophase range.

The formation of the surface relief is due to polymeric chain migrations hap-
pening on a large scale, because of the photoinduced spatial anisotropy together 
with a component of the electric field gradient. The presence of azobenzene 
side groups is a critical structural requirement for the surface distortion pro-
cess. Moreover, the strong donor–acceptor structure of the main chain is also 
helpful, as its excited “cis” state shows a shorter half-life, so there are more 
cycles on the same time scale. On the other hand, LCs show some advantages 
in the recording process because they reach a higher degree of photoinduced 
anisotropy [10].

Among the theories developed to understand the process of formation of this sur-
face relief, one claims that the movements in the polymeric chains are due to the 
pressure gradients generated when the required volume increases during azoben-
zene isomerization. Thus, the mass would migrate from the zones undergoing pho-
toisomerization (irradiated zones) to those where there is less or no isomerization 
(dark zones). However, another theory says that the interaction between the oriented 
polar molecules generates an attractive force that makes molecules migrate to more 
ordered domains, and so an increase in relief occurs in the irradiated zones [11]. 
On the other hand, there are also studies in LCPs, which are similar to the ones we 
are going to deal with in this thesis, in which surface relief maxima in the irradi-
ated zones were found depending on the pulsed laser power used for the recording. 
Thus, below a certain value of the light power the irradiated zones show maxima and 
above it they show depressions, assigned to polymer ablation [12].

Fig. 2.26  Scheme of the 
interference of two beams on 
a film to create a diffraction 
grating

k1

k2

θ2

θ1

z

x

y

Λ

2.4 Nonlinear Gratings



64 2 Experimental Methods

2.4.2 Recording of Nonlinear Gratings

Nonlinear relief gratings are particularly interesting, because they separate 
automatically the second harmonic wave from the fundamental one. On the 
other hand, one of the problems in achieving the maximum efficiency of the 
nonlinear effects in a bulk material arises from the phase difference between 
the fundamental wave and the harmonics, caused by dispersion. In the particu-
lar case of SHG, it is very difficult to achieve the “phase matching” condition 
(the efficiency of the phenomenon would be maximum then) by using only the 
anisotropy in the material. An alternative way to obtain large efficiencies is by 
introducing a periodic modulation of the susceptibility tensor in the material, 
with a periodicity equal to the coherence length of the waves interacting in it 
[13]. As we have seen before, the modulation period of the grating can be cho-
sen by adjusting the incidence angles of the blue light used to record the grat-
ing (Eq. 2.19.).

The experimental setup used to record the relief gratings with light at 406 nm 
is shown in Fig. 2.27. As can be seen, the light from a diode laser at 406 nm and 
maximum power of 20 mW is split into two beams, which are overlapped in the 
film by using two mirrors, thus creating an interference pattern. In order to check 
whether the grating is being recorded, the recorded area is irradiated with a He–Ne 
beam to observe the diffraction maxima; a detector is placed in one of the first dif-
fraction maxima with the aim of monitoring the process.

NLO properties can be induced in the grating by applying an electric field at the 
same time as the grating is recorded, in what would be a photoassisted poling pro-
cess. Another effective method is to apply thermal poling to the grating afterwards.

Beam splitterMirror

0
-1

1

-

Detector

Mirror

Laser 633 nm

Laser
406 nm

Fig. 2.27  Scheme of the experimental setup for recording nonlinear gratings
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The nonlinear grating efficiency is characterized by applying a horizontally 
polarized (Pω) laser beam at 1.064 μm with an incidence angle of about 40º. 
The second harmonic generated light intensity at 532 nm will be detected by a 
Hamamatsu photomultiplier, with suitable interference filters to remove light at 
other wavelengths. Thus, for each film, up to three diffraction maxima intensities 
are measured. In order to characterize the nonlinear grating efficiency the intensity 
ratio of the first- and zero-order diffracted harmonic light is calculated.
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The work constituting this thesis includes a comprehensive characterization of 
the molecular hyperpolarizability by means of the EFISH technique. Part of this 
work has given rise to several publications in collaboration with different research 
groups, which designed and synthesized the molecules of the studies and also 
provided theoretical predictions of their NLO response. In this chapter the most 
interesting work from an experimental point of view, among the collection of 
measurements performed, is summarized. As a prior step to the study of the bulk 
materials, we start by analysing the properties in solution of the molecules that 
will become a part of the polymeric films. The study of these polymeric films will 
be described later in this report.

Most of the molecules studied in this thesis correspond to a basic structure in 
which a π-conjugated spacer acts as a bridge between an electronic density donor 
group and an acceptor one. Since the introduction of organic compounds to the 
field of nonlinear optics other kinds of structures have been explored, such as the 
octupolar ones, but most studies with a more practical aspect point to the dipo-
lar nonlinear chromophores as the most suitable to be incorporated in polymeric 
systems with applications in electro-optic devices. In this field, mentioned should 
be made of the work by the group of Dalton [1], in whose laboratory some of the 
most efficient molecules have been synthesized and studied, with μβ  values of 
the order of 10−43 esu measured at 1.9 μm. Although some of those molecules 
show intense absorption bands in the low energy zone of the visible or even near 
infrared spectrum, and therefore the measured μβ values can be affected by 
this proximity to a resonance situation, it is unquestionable that their incorpora-
tion in polymers has given rise to excellent nonlinear responses also at the mac-
roscopic scale. Electro-optical modulators with very low operating voltages and 
a large bandwidth have been built from very efficient chromophores dispersed in 
 polymers [1–3].

In this chapter the effects on the nonlinearity of the changes in the donor and 
acceptor groups and the length and nature of the spacer of the chromophores are 
shown.

Nonlinear Optical Molecular Response
Chapter 3

R. Alicante, Photoinduced Modifications of the Nonlinear Optical Response in Liquid 
Crystalline Azopolymers, Springer Theses, DOI: 10.1007/978-3-642-31756-9_3, 
© Springer-Verlag Berlin Heidelberg 2013



68 3 Nonlinear Optical Molecular Response

3.1  Study of NLO Chromophores with Azo Groups

Considering that one of the issues addressed in this thesis is the relationship 
between the molecular properties and the nonlinear response of the bulk material, 
it is necessary to determine the molecular hyperpolarizability values of the mono-
mers used in the synthesis of the polymers that will be studied in Chap. 4. We 
begin by studying the properties of several compounds bearing azobenzene in the 
π-conjugated bridge. The molecular structures that we are going to deal with can 
be seen in Fig. 3.1.

We work with these structures in order to obtain photoaddressable systems for 
nonlinear optics, in which the response is determined by the introduction of gradu-
ally stronger acceptor groups, such as the cyano, nitro and dicyano ones. All of 
them, except the one containing the dicyano group, show smectic phases.

The corresponding absorption spectra of the monomers (see Fig. 3.2) show 
a clear bathochromic shift when the strength of the acceptor group in the com-
pound is increased. Besides, for mon-O-CN, the donor group is also the weakest 

O O

O

N
N

6

CN
mon-O-CN

O

O

N
N

6 N N
CN

mon-PZ-CN

O

O

N
N

6 N N

CN
NC

mon-PZ-DCN

O

O

N
N

6N N
NO2

mon-PZ-NO2

Fig. 3.1  Chemical structures of the azochromophores studied

Fig. 3.2  Absorption spectra for solutions of the studied monomers in CH2Cl2
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one, so it shows the absorption maximum in the higher energy region. The wave-
length values at which the absorption is maximum in solutions of the monomers in 
CH2Cl2 are gathered in Table 3.1.

In Table 3.1, the molecular hyperpolarizability values for the monomeric units 
obtained by means of the EFISH technique can also be found. Where possible, two 
wavelengths were used, 1.06 and 1.91 μm, to analyse dispersion effects.

In order to calculate the μβ values of mon-O-CN and mon-PZ-CN at 
1.06 μm, the absorption at 532 nm of both compounds in the solvent used for 
the EFISH measurements had to be taken into account. To this end, at least five 
different concentrations were measured, and the slope of the fitting line of the 
absorbance values (at 532 nm) versus concentration was calculated. The values 
for the slopes were 192 and 1,770 (l/cm mol) for mon-O-CN and mon-PZ-CN, 
respectively. If it is assumed that the linearity between the absorption and the 
concentration is maintained for the values of the EFISH solutions, it is pos-
sible to determine the absorption coefficient α2ω needed to fit the experimental 
fringes obtained for each solution of mon-O-CN and mon-PZ-CN, as explained 
in Chap. 2 of this thesis.

The static hyperpolarizability values μβ(0) were deduced by using the two-
level dispersion model (Eq. 1.36). As can be observed in Table 3.1, the results aris-
ing from experimental values obtained at different wavelengths were very similar, 
which supports the validity of the two-level model for these kinds of dipolar com-
pounds with rod-like structure.

As expected, the introduction of the piperazine group as a donor, causes an 
increase in the NLO response, which also increases with the strength of the accep-
tor moiety (DCN > NO2 > CN). These results are consistent with reported stud-
ies for a series of donor-π-acceptor azochromophores containing dialkylamine as 
the donor group and the acceptor moieties we have included, among others [5]. 
These monomers will be polymerized in order to study their macroscopic NLO 
properties.

In addition, the study of certain azochromophores that were designed as 
V-shaped “bent-core” liquid crystals was proposed [6]. In principle, this geometry 
is suitable for maximizing the macroscopic response [7, 8], as it promotes the for-
mation of polar smectic layers, leading to non-centrosymmetric phases.

Table 3.1  Absorption-maximum wavelengths and nonlinear hyperpolarizabilities, in CH2Cl2, 
for the monomers studied [4]

Compound λmax[nm]) µβ[10
−48

esu]a µβ (0) [10
−48

esu] µβ[10
−48

esu]
b

µβ(0) [10
−48

esu]

mon-O-CN 365 180 80 90 70
mon-PZ-CN 430 950 280 340 260
mon-PZ-NO2 460 –c –c 440 320
mon-PZ-DCN 490 –c –c 750 510

Experimental error estimated for μβ  ±15 %. a Measurements at 1.06 μm. b Measurements at 
1.91 μm. c The bathochromic shift in the absorption spectrum makes it impossible to obtain reli-
able values at 1.06 μm

3.1 Study of NLO Chromophores with Azo Groups

http://dx.doi.org/10.1007/978-3-642-31756-9_2
http://dx.doi.org/10.1007/978-3-642-31756-9_1
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The synthesized compounds are azochromophores bearing donor and accep-
tor groups similar to the ones studied previously, but with different structures. As 
can be observed in Fig. 3.3, BC-PZ-CN and BC-PZ-CNO2 have 2D structures, in 
which the donor-π-acceptor system incorporated in the side structure is quite simi-
lar to the 1D molecules studied previously, mon-PZ-CN and mon-PZ-NO2, respec-
tively. BC-PZ-CN shows a columnar mesophase, while in the case of BC-PZ-NO2, 
liquid crystalline phases were not observed.

In this case, the EFISH measurements were carried out at 1.9 nm with dichlo-
romethane as solvent, and the results are shown in Table 3.2. The incorporation of 
the piperazine donor group and the cyano and nitro acceptors gives rise to μβ(0) 
values an order of magnitude larger than the ones usually measured in V-shaped 
liquid crystals [9]. In this table, the increase in the response on going from the 
most linear molecular structure PZ-CN-O-Me to the banana-shaped system can 
be seen. On the other hand, if we compare the μβ value of PZ-CN-O-Me with 
that obtained for mon-PZ-CN (in the previous section), a slight increase in the 
response is observed, which is related to the displacement of the absorption band 
maximum to longer wavelengths.
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Fig. 3.3  Chemical structure of the 2D azocompounds

Table 3.2  Absorption-maximum wavelength and hyperpolarizabilities for the 2D azocompounds 
and PZ-CN_OMe

Compound λmax [nm] µβ[10
−48

esu] µβ (0) [10
−48

esu]

BC-PZ-CN 485 560 390
BC-PZ-NO2 470 630 440
PZ-CN_OMe 472 470 330
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3.2  Characterization of Highly Efficient Chromophores

Throughout this thesis a wide variety of molecules have been characterized, in 
the framework of the collaboration with the group of Prof. Javier Garin from the 
Organic Chemistry Department of the University of Zaragoza. The experimental 
results from EFISH for several groups of molecules, in which the influence of the 
modification of the donor and acceptor groups, the nature and length of the conju-
gated chain as well as the solvent is reflected in the μβ values, will be presented 
below. Most of the studied compounds are referred to as merocyanines, which are 
defined as a polyene with donor and acceptor sustituents and an odd number of π 
centres, so that n+3π-electrons are delocalized in the system.

As was explained in Chap. 1, in many donor-π-acceptor systems the charge 
transference controls the NLO response. As a first approximation, this allows the 
value of the hyperpolarizability to be discussed in terms of a scheme in which only 
the fundamental and the first excited state take part. As we explained previously, 
these states can be described as combinations of the extreme resonance structures 
represented in Fig. 3.4.

In the design of the molecules for nonlinear optics, the control of the fundamen-
tal state polarization as a function of the relative contribution of the two extreme 
forms is considered a fundamental issue. The structural parameter BLA (bond 
length alternation) quantifies this contribution, by characterizing the degree of 
delocalization on the π-system. In the 1990s, Marder and co-workers established a 
relationship between BLA and the sign and magnitude of the molecular hyperpolar-
izability, as shown in Fig. 3.5. For instance, the fundamental state of a polyene with 
very weak D and A substituents will be dominated by the neutral form, with a large 
value of BLA. This system presents a positive β but small in absolute value. As 
the donor–acceptor strength increases, the charge separation resonance form grows 
in importance, providing smaller BLAs, until both resonance forms contribute 
equally and BLA becomes 0. In the case of the latter, the hyperpolarizability value 
also becomes zero, analogously to the case of a symmetric molecule. If we keep 
increasing the polarization of the fundamental state the transference charge reso-
nance form will control the fundamental state structure, giving rise to negative BLA 
values. In this way, we will have RHS and LHS compounds, which means that 
they are placed on the right-hand side (negative β values) or left-hand side (nega-
tive β values), respectively, of Marder’s curve. As can be seen in Fig. 3.5, different 
regions of the curve are distinguished and the compounds can be related to them.

Among the measured compounds we find merocyanines that, inside the same 
family, can be placed in different regions of Marder’s curve, depending on the sub-
stituents or the chain length. Systems have also been explored that are located near 

Fig. 3.4  Representation of the model resonance forms for the merocyanine-type structures
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the cyanine limit (CL) and that pass from one side to the other of this intermediate 
situation depending on the solvent, swapping between positive and negative val-
ues when the solvent is changed. Apart from the essentially one-dimensional (1D) 
D-π-A compounds, D-π-A-π-D type V-shaped (2D) molecules with the acceptor 
in the V vertex have been studied.

Finally, from an experimental point of view, it is necessary to note that all the 
values of μβ presented in this chapter, have been measured under conditions in 
which various measurements of dilute solutions of Disperse Red 1 (DR1) (reference 
molecule) converge on μβ(0) = 450 × 10−8 esu [10] in CH2Cl2. In addition, the 
estimated error inherent in the experiment, unless otherwise specified, is ±15 %.

Below, we will proceed to detail the results obtained, where the compounds are 
grouped according to the following scheme:

1.  Merocyanines with dicyanothiazole as a proaromatic acceptor Influence of the 
different donors, chain length and nature.

2.  Merocyanines with 1,3-dithiol-2-ylidene as a proaromatic donor Influence of 
the different acceptors, chain length and nature.

3.  Merocyanines with pyran derivatives as proaromatic donors Influence of the 
different position of the group, different acceptors, chain length and acceptor 
group’s substitution.

4.  Merocyanines with isophorone, pyran and dihydropyran as spacers.
5.  Merocyanines with thiophene spacers Influence of the chain lengthening on 

both sides of the thiophene.

3.2.1  Merocyanines with Dicyanothiazole as a Proaromatic 
Acceptor

Much effort has been devoted to the search for molecules with high and posi-
tive β values, that is, that are positioned on the left-hand side of Marder’s curve 

Fig. 3.5  Marder’s 
curve, which relates the 
hyperpolarizability to BLA
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(LHS). The systems having a ground state with a significant zwitterionic contribu-
tion have been much less studied. However, the right-hand side of the curve offers 
many possibilities since strongly polar molecules are found there, which can give 
rise to very high values of β although negative.

In order to investigate this line, the molecules presented below were synthe-
sized. Their common feature is the presence of a quinoid thiazole and a proaro-
matic donor. It was therefore proposed to characterize, by means of the EFISH 
technique, the merocyanines whose structure is shown in Fig. 3.6 with a quinoid 
thiazole linked to the dicyano acceptor group and different donors, which are also 
proaromatic [11, 12].

As mentioned, the compounds differ in the electron donor group and the 
spacer. Molecules 1a-d present 4H-pyran-4-ylidene, and 3a–c and 4 a 1,3-dithiol-
2-ylidene. Compound 2 was synthesized for the sake of comparison between two 
donors: piranylidene and pyridilidene. In addition, compound 4 allows the effect 
of the introduction of a thiophene ring in the spacer to be analysed. The substitu-
tion of aromatic spacers for linear ones in these kinds of molecules improves the 
limited thermal and photochemical stability of the former. Compounds 5a and 5b 
are included to study the influence of an aromatic donor. Finally, compounds 6a–c 
with a benzothiazole as a proaromatic donor are included.

In Table 3.3 the values of the wavelengths corresponding to absorption max-
ima in two different solvents are summarized. Moreover, in Table 3.4, we show 
the results for μβ at 1.9 μm in dichloromethane. The values of μβ(0) are obtained 
using the two-level model, as explained in Chap. 2.
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Considering the absorption spectrum in both solvents, all compounds show a 
band of intramolecular charge transfer with λmax in the visible, but with wide bands 
that extend to the NIR in some cases. In addition, many of the bands are compos-
ite or structured, showing shoulders and even different bands at high frequencies. 
The absorption maxima increase significantly in all series when the polyene chain 
is lengthened. In compounds 1, 3 and 6 the increase on adding a double bond is 
≥100 nm. Compounds 1, 2 and 6 show a clear negative solvatochromism on going 
from dichloromethane to dimethyl sulfoxide (DMSO), while 3 does not show a 
clear trend, which is compatible with fundamental states being close to the CL.

Thus, one can predict that compounds 1, 2 and 6 will be on the right-hand side 
of Marder’s curve (RHS), and so they will show negative hyperpolarizability val-
ues. The experimental results are compiled in Table 3.4.

Compounds 1, 2 and 6, in effect, resulted in negative μβ values. In the 1 and 
6 series, it can be seen how the absolute value of μβ increases with the length-
ening of the conjugated chain. If 1a and 2 are compared, the absolute values of 
μβ indicate that the strength of the donor decreases on going from pyridilidene 
to piranylidene, so compound 2 would be located further to the right in Marder’s 
curve, that is, in the C/D region. The larger values measured in DMSO for 1b and 
1c than for 1a confirm that the compounds would be placed in the C region in 
dichloromethane, approaching the D region when the solvent polarity increases, as 
in the case of DMSO, for which higher absolute values are obtained. It can be said 

Table 3.3  Absorption-maximum wavelength of the compounds with a dicyanothiazole proaro-
matic acceptor

λmax (CH2Cl2) λmax (DMSO) λmax (CH2Cl2) λmax (DMSO)

1a 550,583 564 3c 734,803 795
1b 634,683 666 4 725(s),795 822
1c 726,790 756 5a 598(s),638 657
1d 821,900 –a 5b 679,732 754
2 533 494 6a 592(s),636 608
3a 561(s),596 597 6b 674(s),739 669
3b 648,699 695 6c 850 681

a unstable, it decomposes; s shoulder

Table 3.4  Hyperpolarizabilities measured in CH2Cl2 and DMSO for the compounds with dicy-
anothiazole proaromatic acceptor

µβ[10
−48

esu] µβ (0) [10
−48

esu] µβ[10
−48

esu] µβ (0) [10
−48

esu]

1a −360 −200 3c 1900 460
1b −1070 (−1200) −450 (−540) 4 5440 1370
1c −3900 (−5960) −1010 (−1860) 5a 1610 790

1d −38000 −3200 5b 5940 (3040) 2080 (960)
2 −1150 −730 6a (−820) (−440)
3a −210 −115 6b (−4300) (−1900)
3b 300 (−900) 120 (−370) 6c (−5300) (−2300)

DMSO measurements: Values in parentheses ()
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as well by looking at the compounds 1b and 6b that benzothiazole is also a bet-
ter donor than piranylidene. Finally, since it was not possible to measure 6 com-
pounds in CH2Cl2 owing to their low solubility, it is not possible to assign them to 
a specific area of the curve, but would be in regions D and E.

On the other hand, compounds 5, with an aromatic donor, are predominantly 
neutral and are placed on the LHS in Marder’s curve. Proof of this is the small-
est value of μβ obtained in DMSO, since the chromophore approaches the CL, 
thus lying in region B of the curve. The incorporation of a thiophene cycle in the 
conjugated chain in compound 4 significantly improves the NLO properties, with 
respect to the analogous compound with a linear chain, 3c, placing the compound 
in region B of the curve.

As for the compounds of series 3, the results in CH2Cl2 show a change in the 
sign of μβ on going from 3a to 3b, indicating that the CL is exceeded from RHS. 
The larger and positive μβ value for 3c would confirm the leap to LHS. In addition, 
the value for 3b in DMSO becomes negative, which means that these compounds 
are located in the B/C region of the curve. This corresponds to compounds with 
ground states near the CL, as was mentioned in the discussion of solvatochromism.

3.2.2  Merocyanines with 1,3-Dithiol-2-ylidene 
as a Proaromatic Donor

In this section, the study of another series of compounds, whose common feature 
is that they have 1,3-dithiol-2-ylidene as a donor group, such as compounds 3 and 
4, is described in detail. However, they incorporate different acceptors, which are 
numbered below: tricyanofuran (TCF), phenyloxazolones, isophorones (with dicy-
ano and thiobarbituric), and pyrans (with dicyano and thiobarbituric).

The compounds have been grouped to show the results such that in each group 
the acceptor is the same, and their substituents and the length and nature of the 
conjugated chain can change.

3.2.2.1 With Tricyanofuran as the Acceptor Group

In Fig. 3.7, the structures of the compounds bearing dithiol as the donor group 
and TCF as the acceptor group are shown [13]. Also, in Table 3.5 the results of the 
absorption-maximum wavelength of the mentioned compounds, as well as the μβ 
values obtained by EFISH at 1.9 μm, are shown.

From the preliminary analysis of the data regarding the 7 and 8 series, the con-
clusion is that the lengthening of the conjugated chain leads to bathochromic shifts 
and better NLO properties of the molecule. Likewise, though the absorption of the 
compounds 8 is displaced to lower energies, no improvement in the properties can 
be seen when the methylenic substituents of TCF are replaced by trifluorometh-
ylenes (TCF-CF3), the former being a stronger acceptor. The compounds 7 show 

3.2 Characterization of Highly Efficient Chromophores
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positive solvatochromism, while for the 8 ones this is almost zero. This points to 
a strong polarization of the fundamental state and a proximity to the CL, reaching 
the B/C region of the curve, so the response is lower than in the compounds 7. As 
the measurement of μβ in a more polar solvent can help place these compounds in 
one region or another, we tried to measure 8b in DMSO. However, the compound 
decomposed, so dimethylformamide (DMF) was used, which is a more polar solvent 
than dichloromethane. The result was μβ = −800 × 10−48 esu, which shows that the 
change of the solvent makes the compound exceed the CL and be defined as RHS. 
Measurements of the analogous non-fluorinated compound 7b were made in DMF 
and DMSO, showing such a decrease that μβ = 1,500 × 10−48 esu in the first one 
and μβ = 2,900 × 10−48 esu in the second. Therefore, these compounds are LHS, 
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Fig. 3.7  Chemical structure of the compounds with dithiol donor group and TCF acceptor

Table 3.5  Absorption-maximum wavelengths and hyperpolarizabilities, in CH2Cl2, of the com-
pounds with dithiol donor group and TCF acceptor

λmax (CH2Cl2) λmax (DMSO) µβ[10
−48

esu] µβ (0) [10
−48

esu]

7a 600(s),653 664 1300 610
7b 678,732 751 5560 1940
7c 721,835(s) 710,869 16820 6170
8a 630(s),688 688 910 380
8b 711(s),791 789 5270 1360
8c 789(s),894 893 25800 2430
9 742,968(s) – 31000 10370
10 723 711 5440 1980
11 793 815 11200 2850
12 716 691 5600 2100
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and would be placed in region B zone of Marder’s curve. However, similar com-
pounds with π-TCF acceptor, but with a different proaromatic donor, pyrid-4-ylidene, 
have been categorized in the literature as RHS [14]. On the other hand, compound 9 
showed the largest μβ value known for chromophores based on 1,3-dithiol [15, 16].

It is interesting to note that when the thiophene group is included in the conju-
gated chain, μβ clearly decreases, as can be seen on going from compound 7c to 
10 and from 8c to 11. It is also possible to see that there is barely any bathochro-
mic shift in the absorption in either case.

Finally, a comparison can be made between compounds discussed in Sects. 3.2.1. 
and 3.2.2.1. It is possible to see that 4 and 10, on the one hand, and 3 and 7, on the 
other, differ only in the acceptor group: tricyanopyran and dicyanothiazole. The val-
ues of μβ for 4 and 10 are very similar, however μβ(0) is higher for 10, as its absorp-
tion,λmax, is shifted to the blue. Both compounds are LHS, but 4 is probably placed in 
region B/C and 10 in region A/B. In the other pair, the compounds 3 are close to the 
CL, as has been previously mentioned, and compounds 7 show a larger μβ. Because of 
all this, we can say that TCF acts as a stronger electron acceptor than dicyanothiazole.

3.2.2.2 With Phenyloxazolone as the Acceptor Group

The following study comprises compounds with dithiol donor and phenyloxa-
zolone acceptor with different chain length (Fig. 3.8). Besides, the impact of 
cycling the spacer by using an isophorone will be analysed [17].

The obtained results are shown in Table 3.6; they will be commented on below.
First of all, we will pay attention to the trends observed in Table 3.6, and sub-

sequently, the efficiency of the phenyloxazolone acceptor will be analysed in com-
parison to other acceptors.

All the compounds show a positive solvatochromism on passing from CH2Cl2 
to DMSO, which agrees with the positive results of μβ, characteristic of LHS 
molecules. In addition, compounds 13 show bathochromic shifts when the chain 
length increases. The trend of increasing μβ with chain lengthening is fulfilled for 
both compound series 13 and 14.

The effect of including isophorone can be studied by comparing compounds 
with the same conjugated chain length, in this case 13b and 14d and also 13c 
and 14a. On passing from a linear chain to a cyclic one, the λmax displacement is 
almost zero or negative in the first case, so no clear trend can be determined. In 
fact, for the first case, μβ decreases and for the second one, it increases.

3.2.3  Merocyanines with Pyran Derivatives 
as Proaromatic Donors

The compounds in this study will be grouped such that in the first block the pyran 
derivative acts as an electron donor, in the second as a spacer, and in the third as 
both simultaneously.

3.2 Characterization of Highly Efficient Chromophores
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3.2.3.1 As an Electron Donor Group

In the following group of compounds, structures containing 4H-pyran-4-ylidene 
as a proaromatic donor group and different acceptor groups and conjugated chain 
lengths are presented [18], as can be seen in Fig. 3.9.

The maximum absorption and μβ results in dichloromethane solution are pre-
sented Table 3.7. In this table the absorption maxima show a shift to the red as 
the polyenic chain is enlarged, as we have seen so far in the other families. This 
bathochromic displacement is accompanied by an increase of the NLO response 
in all cases, except on passing from 15a to 15b. The solvatochromism is, gener-
ally, very small. For 17 and 19 it is very small and positive, however, in 18 it is 
relatively large and negative. In series 15 and series 16, it is possible to see that 
for the short ones, solvatochromism is small and negative, but, when the chain is 
enlarged, it is positive, as the cyanine character decreases when the conjugation 
length is increased.

The longest structures give positive and high μβ values, which places them in 
region B of Marder’s curve. On the other hand, the shortest chains keep an impor-
tant zwitterionic contribution, which places them closer to or across the CL in 
region C. The wavelength of the maximum decreases with the acceptor strength in 
the following way approximately: 19 > 17 > 18 ≅ 15 ≅ 16.
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Fig. 3.8  Chemical structure of the compounds with dithiol donor and phenyloxazolone acceptor

Table 3.6  Absorption-maximum wavelengths and hyperpolarizabilities, measured in CH2Cl2, of 
the compounds with dithiol donor group and phenyloxazolone acceptor group

λmax (CH2Cl2) λmax (DMSO) µβ[(10
−48

esu] µβ (0) [10
−48

esu]

13a 547 520(s),553 250 150
13b 587,621(s) 598(s),637 1100 565
13c 633 646,726(s) 2200 1090
14d 622 632 720 380
14a 582(s),609 590(s),622 2750 1480
14b 606 624 4250 2230
14c 614 626 5540 2840
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Fig. 3.9  Chemical structures of the compounds with donor groups derived from the pyran group

Table 3.7  Absorption-maximum wavelengths and hyperpolarizabilities, measured in CH2Cl2, of 
the compounds with pyran donor group

λmax (CH2Cl2) λmax (DMSO) µβ[10
−48

esu] µβ (0) [10
−48

esu]

15a 392(s), 409 407 −50 −40
15b 501,530 502, 530 −90 −60
15c 584,628 585, 627 600 30
16a 397 396 –a –
16b 498,530 502, 529 100 64
16c 579,623 583, 626 740 380
16d 610(s),654,715 663, 725 3500 1320
17a 455 460 60 40
17b 535,568,601(s) 536(s), 570, 600(s) 210 120
17c 629,678 629(s), 678 1550 670
17d 719,787 718(s), 782 7500 2000
18a 382 358 25 20
18b 506,532 485 190 120
18c 584,625 552, 603(s) 705 360
18d 643,719 558, 713(s) 2650 980
19a 513 517 140 90
19b 592,639 595, 637 630 310
19c 675,740 680, 739 4500 1520
19d 688(s),753,841 763, 847 17400 3110

a The harmonic signal intensity of the solution can not be distinguished from the solvent’s one
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The interest of the comparison between series 17 and series 18 lies in the sub-
stitution of the acceptor group, that is, in 17 the tricyan acceptor has a phenyl 
group, however, in 18, it has an amine group, which is a stronger electron donor 
group. The substitution of the amine for the phenyl group leads to a clear hypsoch-
romic shift of the absorption λmax, and a clear decrease of the NLO response.

Finally, with all the studied compounds we can compare the efficiency of the 
pyran group as a donor with that of dithiol. The compounds 13 and 7 share the 
phenyloxazolone acceptor with 16 and the tricyanopyran with 19, respectively. As 
can be seen, the dithiol group yields much larger μβ values, showing the limita-
tions of pyran acting as a donor.

3.2.3.2 As a Spacer Group

In the following series of compounds, the pyranylidene, to which an acceptor 
group is linked, behaves strictly as a spacer. In order to study the NLO response–
transparency relationship, different 1D (donor–acceptor) and V-shaped 2D (donor–
acceptor–donor) geometries with multiple donors and acceptors placed in different 
ways are proposed [19]. On the other hand, as has been mentioned before, the lin-
ear polyenic spacers show a limited thermal and photochemical stability. The 1D 
and 2D structures combined with several acceptor groups are depicted in Fig. 3.10.

At this point, it is good to remember that by using the EFISH experiment there 
is only access to a part of the NLO response, as we measure the scalar product of 
the molecule’s dipole moment in the ground state and the vector part of the first-
order hyperpolarizability tensor β. In 2D molecules there can be important compo-
nents of the second-order tensor that are not parallel to the dipole moment μ so by 
using EFISH, the characterization of the molecular nonlinearity is not complete.

The absorption results and the μβ values are shown in Table 3.8. All the com-
pounds show positive solvatochromism. The order followed by the absorption 
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Fig. 3.10  Chemical structures for the compounds with the pyran group as a spacer
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maximum wavelengths is 20f > 20c > 20e > 20d > 20b > 20a. The structure with 
TCF acceptor group is the one showing absorption closer to the red, but it has to 
be remembered that the compound has an additional double bond with respect to 
the rest. The most efficient derivative is 20e, which contains tricyanophenyl as 
an acceptor group, followed by 20d and 20f, which show hardly any differences. 
Experimentally, it is not possible to tell 20a from 20b and 20c. In fact, in the anal-
ogous linear compounds 21a and 21b there is no difference between the contribu-
tion of the dicyano and indanedione groups.

On the other hand, it seems that the 2D V-shaped compounds show a shift to 
the red with respect to their homologous 1D structures, giving rise, at the same 
time, to better NLO results. The achieved results appear to show that the pyra-
nylidene group works as a polyenic spacer and not as an auxiliary donor group.

3.2.3.3 As a Donor and Spacer Group

Continuing with the research on the incorporation of pyran derivates in chromo-
phores for NLO, a group of molecules where this group appears in two different 
positions is presented in Fig. 3.11. In one of them it acts as a spacer and in the other 
one as a donor. Also in this group, 1D and 2D structures have been studied [20].

In the previous section, we have seen, by using two examples, that the 2D 
compounds with an extra donor group give rise to a larger μβ than their linear 
equivalent with just one donor group. In this particular case (Fig. 3.11), as we will 
see below, the differentiation is not so clear. The absorption results show a clear 
bathochromic shift of the maximum on passing from two double bonds in the lin-
ear polyenic chain to three (from 22 to 24), as has happened so far when lengthen-
ing the chain. Chain lengthening by incorporating the pyran group in the spacer 
also results in a shift to the red, though in this case it is much smaller. On the 
other hand, the increase of the acceptor strength (c > b > a) causes a shift of the 
absorption maximum to lower energies. All the compounds show positive solva-
tochromism when dichloromethane is replaced by a more-polar solvent such as 
DMSO.

Table 3.8  Absorption-maximum wavelengths and hyperpolarizabilities, measured in CH2Cl2, of 
the compounds with a pyran group as a spacer

λmax (CH2Cl2) λmax (DMSO) µβ[10
−48

esu] µβ (0) [10
−48

esu]

20a 492 498,557(s) 1440 990
20b 526 535 1570 1010
20c 530,598(s) 541,618(s) 1500 945
20d 533 540 2300 1455
20e 589 598 3000 1700
20f 649 654 2200 1045
21a 478 498 890 625
21b 520 533 900 585

3.2 Characterization of Highly Efficient Chromophores
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With regard to NLO properties, the expected trend cannot be seen when the 
strength of the acceptor group is enhanced in any of the three compounds, since 
the b ones, with indanedione, show the lowest μβ value. The thiobarbituric group 
acts as a better acceptor than the dicyano, giving rise to larger μβ values. Since the 
two-level model approximation is valid only for dipole rod-like compounds, with 
only a low-energy relevant transition, the μβ(0) values for compounds 22 will be 
only approximate. The geometry of compounds 23 precludes giving an estimate of 
the corresponding μβ(0) value. The addition of a double bond in the linear con-
jugated chain doubles the NLO response. On passing to the 2D structure a clear 
improvement of the NLO response cannot be seen. For the thiobarbituric acceptor 
the change in the geometry increases the μβ value by approximately 30 %, but in 
the other two cases the results are worse.

In the previous section (pyran as spacer) when comparing the 1D compounds 
with the 2D ones, we found the opposite phenomenon. Thus, when going from 
compounds 21 (1D) to 20 (2D) there was an increase of the NLO response. On 
the other hand, if we compare the linear compounds with different donors, diethy-
laniline (20) and pyranylidene (22), the donor character seems to be very similar. 
However, when comparing both V-shaped chromophores, 20 and 23, the μβ values 
are much larger for diethylaniline.

The difficulty in understanding the results obtained comes probably from the 
two-dimensional character of the nonlinearity of these compounds. The calcu-
lations made by the group of Prof. Garín using the coupled perturbed Hartree–
Fock (CPHF) method and time-dependent density functional theory (TDDFT) 
[16, 17] show the importance of the magnitude of the “diagonal” βzzz and “off-
diagonal” βzyy components. It makes clear the usefulness of making different 
kinds of measurements to have access to other components of the hyperpolariz-
ability tensor.

Fig. 3.11  Chemical 
structures of the compounds 
with pyran as donor and 
spacer group
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3.2.4  Merocyanines with Isophorone, Pyran  
and Dihydropyran Spacers

In the next group of molecules, the study will be comparative between differ-
ent cycled spacers: isophorone, pyran and dihydropyran. At the same time, the 
effect of three different donor groups will be analysed: diethylaniline, tert-
butylpyran and dithiol, and two acceptors: thiobarbituric and dicyan [10]. The 
compounds measured have been gathered according to the spacer group, in the 
following way:

With isophorone spacer: 25ai, 25aii, 25bi, 25bii, 25ci, 25cii
With pyran spacer: 26ai, 26aii, 26bi, 26bii, 26ci, 26cii
With dihydropyran spacer: 27ci, 27aii

a, b and c are different donor groups and i and ii the acceptor ones, as shown in 
Fig. 3.12.

As Fig. 3.12 shows, the compound 26ai is the same as 21a, which was studied 
in the previous section.

The results of the absorption-maxima wavelengths in two different solvents, as 
well as the μβ values obtained by EFISH, are shown in Table 3.9.

All the compounds show positive solvatochromism. The chromophores with 
isophorone (25) show a shift to lower energies in the absorption maximum, with 
respect to the ones containing pyran-derived spacers (26, 27), in both solvents. 
Of these two, the spectrum of the chromophore with dihydropyran (27) shows a 
bathochromic shift with respect to the spectrum of compounds 26.

Regarding the NLO response, the merocyanines with isophorone as a spacer 
show larger μβ values than the ones containing pyran. Considering that the latter 

Fig. 3.12  Structures of the 
compounds with isophorone, 
pyran and dihydorpyran 
spacers
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can withstand higher temperatures, it would be interesting to explore the result-
ant hyperpolarizability of the same compounds with the dihydropyran spacer. 
However, as can be seen in Table 3.10, changing the pyran spacer did not give rise 
to a related increase of the nonlinear response: the trend depended on the acceptor.

Changing the dicyan acceptor group (i) to a thiobarbituric one (ii) is advan-
tageous in all cases, giving larger μβ values for all the pairs: 25aii > 25ai, 
26aii > 26ai, 25cii > 25ci, 26cii > 26ci and 27aii > 27ai. As for the donor groups, 
despite the fact that it seems that the diethylaniline group is a better donor than the 
dithiol one, this does not happen for the compound with isophorone and dicyano 
(25ai), so there is no clear trend. On the other hand, the pyran donor shows similar 
or better results than the dicyan.

Table 3.9  Absorption-maximum wavelengths and hyperpolarizabilities, in CH2Cl2, of the com-
pounds with pyran as donor and acceptor groups

λmax (CH2Cl2) λmax (DMSO) µβ[10
−48

esu] µβ (0) [10
−48

esu]

22a 519,558(s) 526 1070 700
22b 547,557(s) 559 860 530
22c 587 593 1160 650
23a 522,574(s) 527,582(s) 900 –
23b 552,614(s) 560,631(s) 670 –
23c 552,633 561,658 1500 –
24a 543 555 2630 1633
24b 572 587 1600 932
24c 602 619 2530 1370

Table 3.10  Absorption-maximum wavelengths and hyperpolarizabilities, in CH2Cl2, for the 
compounds with isophorone, pyran and dihydropyran spacers

λmax (CH2Cl2) λmax (DMSO) µβ[10
−48

esu] µβ (0) [10
−48

esu]

25ai 519 538 1150 750
25bi 561 579 1430 850
25ci 560 569 1590 950
25aii 594 620 2500 1410
25cii 638 661 2315 1135
26ai 478 498 890 625
26bi 519,558(s) 526 1070 698
26ci 518 530 570 370
26aii 537 553 1220 765
26cii 575 585 1080 625
27ai 516 529 1040 682
27bi 565,605(s) 616 1000 590
27aii 599 570,614(s) 1850 1010
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3.2.5  Merocyanines with Thiophene Spacers: Influence  
of Chain Lengthening on Both Sides of the Thiophene

In the next group of molecules, NLO merocyanines with polyenic spacers contain-
ing thiophene will be analysed. In addition to a study about different donors and 
acceptors, the analysis of the influence of the lengthening topology of the spacer 
(polyenic chain) has been included. The structures of the molecules are shown in 
Fig. 3.13. As can be seen, some of the structures (10, 11) were part of the study 
presented in Sect. 3.2.2.

First of all, a comparative study of two acceptor groups will be made, TCF and 
TCF-CF3, since they have given rise to the compounds with the largest μβ val-
ues. In Sect. 3.2.2.1, it was shown that this substitution hardly influenced the NLO 
properties. However, there are publications in which it is assured that the trifluo-
romethane significantly improves the NLO properties [21]. Regarding the donor 
groups, we have diphenylpyran and dithiol for now.

In Table 3.11 the values obtained for the absorption maximum and the molecu-
lar hyperpolarizabilities of the mentioned molecules are summarized. The com-
pounds with TCF, 28 and 10, show negative or zero solvatochromism, which 
means that they would be close to the CL. However, with the trifluoromethylene 
group, 29 and 11, the solvatochromism is clearly positive, and μβ doubles its 
value. Besides, the values for the diphenylpyran, 28 and 29, are larger than those 
achieved by the compounds with dithiol, 10 and 11.

The analysis is extended to compounds that show the same structure as the pre-
vious ones except for the spacer, which includes one extra double bond, as can be 
seen in Fig. 3.14. In this figure, it is shown that the length of the spacer is the same 
in all the chromophores, but the lengthening of the polyenic chain takes place on 
the acceptor side in 30, 31 and 32, and on the donor side in 12, 33 and 34.

Fig. 3.13  Chemical 
structures of the compounds 
with thiophene spacers, 
different donor and acceptor 
groups and same chain length
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In Table 3.12 the influence of these design differences on the NLO proper-
ties and on the absorption-maximum wavelengths is shown. According to these 
results, the solvatochromism for these compounds with the diphenyl pyran group 
is clearly positive, while for 12 and 33, with dithiol, it seems to be negative, 
which would place it closer to the CL (region C in Marder’s curve) and gives rise, 
again, to lower μβ values than in the case of the diphenylpyran. Moreover, it can 
be checked, just as in the short chain compounds, that the most efficient acceptor 
would be TCF-CF3, as μβ for 31 and 34 reaches values more than double that for 
30 and 33.

In the dithiol compounds (32 and 12) as well as in the ones bearing diphe-
nylpyran as a donor (30, 31, 33 and 34), the lengthening of the spacer on the 
acceptor side, 30, 31, doubles the μβ value as compared with the same compound 
lengthened on the donor side, 33 and 34.

Globally speaking, the largest result so far is that for compound 34, length-
ened on the acceptor (TCF-CF3) side and with diphenylpyran as a donor group. 
It is interesting to note that the μβ values for 30, 31, 33 and 34 are influenced by 

Table 3.11  Absorption-maximum wavelengths and hyperpolarizabilities, in CH2Cl2, of the 
compounds with thiophene spacer, different donors and acceptors, and the same chain length

λmax (CH2Cl2) λmax (DMSO) µβ[10
−48

esu] µβ (0) [10
−48

esu]

28 708 708 6790 2630
10 723 711 5440 1980
29 827 847 13600 2735
11 793 815 11200 2850

30, 33 R= CH3

31, 34 R= CF3
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the absorption that these molecules show at 954 nm. Very dilute solutions have 
been measured and the α2ω coefficients have been considered. Thus, compounds 
31 and 34 needed the largest correction in their measured values. On the other 
hand, the absorption proximity of the compound to the second harmonic wave-
length (954 nm) induces a very large NLO response, as it is increased by reso-
nance. Usually, this is corrected by using the two-level model and the wavelength 
of the absorption maximum, which enables us to calculate the static β(0) coef-
ficient. However, this correction does not allow reliable values to be obtained in 
cases such as the one we are dealing with, in which the compound shows a very 
high absorption (ε° ≈ °6.6 l mol−1 μm−1) at the second harmonic wavelength.

In order to check that lengthening on the acceptor side gives better results, 
other structures with diphenylpyran as a donor group and different, less efficient, 
acceptor groups, such as thiobarbituric and tricyanophenyl, were measured. These 
compounds are detailed in Fig. 3.15.

In Table 3.13 the NLO properties of these molecules measured in dichlo-
romethane are shown.

The solvatochromism is positive for all the compounds, though quite small. 
The acceptor change from thiobarbituric to tricyanophenyl (from a to b) shifts 
the band to the red in the three studied cases, and the μβ values are higher for 

Table 3.12  Absorption-maximum wavelengths and hyperpolarizabilities, in CH2Cl2, of the 
compounds with a thiophene spacer and the polyenic chain lengthened on one side or the other

λmax (CH2Cl2) λmax (DMSO) µβ[10
−48

esu] µβ (0) [10
−48

esu]

30 739 742 11940a 4050
31 845 857–951 35000a 6040
32 719 691 5600 2100
12 716 – 12080 4470
33 734 703 17300a 6000
34 827–903 842–944 37000a 7500

a corrected values assuming the absorption at 954 nm

Fig. 3.15  Chemical 
structures with thiophene 
spacer and lengthening of 
the polyenic chain on one 
side or the other, containing 
diphenylpyran as a donor 
group
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tricyanophenyl. In both cases, the chain lengthening causes a bathochromic shift 
and a noticeable improvement in the nonlinear response (36,37 > 35). Again, it can 
be seen that a lengthening on the acceptor side doubles the μβ value, according to 
the previously observed displacements in the absorption and confirming the trend 
already described for the compounds with dithiol and diphenylpyran as donors.

3.3  Conclusions

Below, the most relevant conclusions of the study of the NLO molecular response 
developed in this chapter are summarized.

The results for the μβ values obtained by EFISH at two different wavelengths 
gave rise to a good agreement of the μβ(0) values in compounds bearing the 
azobenzene group. This result proves the validity of the two-level model for this 
kind of dipole rod-like compounds. The results obtained for different substituents 
show the benefits of increasing the strength of the donor and acceptor groups in 
structures of this kind. On the other hand, the formation of 2D structures, through 
the lengthening of these structures by using aromatic polyenes in the acceptor end-
ing, leads to slightly higher μβ values.

Regarding the series of merocyanines studied, the lengthening of the spacer 
chain has given positive results throughout all the research in terms of increas-
ing the efficiency of the nonlinear response, though it also causes bathochromic 
shifts. In addition, in general, it has been confirmed that the proaromatic character 
of both the donor and the acceptor groups introduces an outstanding improvement 
in their properties.

The incorporation of the thiazol group resulted in a series of merocyanines that 
are located at the RHS of Marder’s curve. The enlargement of the chain in these 
compounds places them progressively closer to region D, reaching very large neg-
ative μβ values. On the other hand, substitution of different donor groups allows 
the NLO response to be modulated, giving rise to systems that would be assigned 
to region B/C of the curve. As for the study of the influence of the morphology of 
the spacer, it has been seen that the introduction of cycles to the chain to improve 
the stability with respect to thermal or photo-oxidative degradation does not imply, 

Table 3.13  Absorption-maximum wavelengths and hyperpolarizabilities, in CH2Cl2, of the 
compounds with thiophene spacer, diphenylpyran donor and different chain lengthening

λmax (CH2Cl2) λmax (DMSO) µβ[10
−48

esu] µβ (0) [10
−48

esu]

35a 644 646 1380 670
35b 676 677 2900 1260
36a 688 696 3350 1400
36b 731 726 8500 2990
37a 668 679 3130 1400
37b 715 717 6900 2600
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in general, an increase of the response, different trends having been observed 
when using a thiophene group (μβ decreases) or the isophorone one, which modi-
fies μβ in both ways. However, the inclusion of pyranylidene derivatives as donor 
and spacer simultaneously provides 2D structures showing a noticeable improve-
ment in the NLO response. If the pyran-derived spacer is compared with the iso-
phorone one, the molecules containing the latter offer a larger NLO response, 
but their thermal stability is clearly lower. Using the dihydropyran spacer, which 
would be an intermediate moiety between the last two, did not improve the NLO 
response relative to the pyran. Finally, it has also been shown that lengthening the 
polyene spacer chain on the side of the acceptor group remarkably improved the 
NLO response in the series of compounds with thiophene in the conjugated chain.

Concerning the acceptor groups, the best performance is offered by TCF sub-
stituted with trifluoromethylene, although in the merocyanine with dithiol as 
donor there was no improvement in this regard. However, it was found that the 
compounds were in region B/C, since a change to a more polar solvent resulted 
in negative values of the hyperpolarizability. In the study of merocyanines with 
thiophene spacer, the largest positive NLO response was found for the compounds 
in which the spacer was lengthened on the acceptor side. The effect that causes 
the change of the substituent in the acceptor group was also studied, replacing an 
aromatic group by an electron-donor one, which gave rise to a lower value of μβ.

As for the donor groups, a study of the effect of a variety of them in different 
molecular structures was carried out. It is concluded that the best results in terms 
of μβ values were obtained with diphenylpyran.

Finally, given the high stability and good response of the compounds with thio-
phene in the conjugated chain lengthened on the acceptor group side, they were 
selected for incorporation into high-Tg polymers, and the studies in “guest–host” 
systems began. In addition, side-chain polycarbonates have been prepared with 
some of these compounds, particularly with 28, containing diphenylpyran and TCF.
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This chapter describes the linear and nonlinear optical (NLO) properties of thin 
films prepared from various liquid crystalline (LC) azo polymers with differ-
ent donor groups and different azo chromophore content. Initially, freshly made 
samples are characterized by refractive index measurements and optical absorp-
tion. These films are then subjected to various treatments, both thermal and irra-
diation with light, during which the evolution of these properties is followed so as 
to investigate the order acquired by the chromophores. Non-centrosymmetric order 
is induced by applying a corona electric discharge and the nonlinear response is 
studied by second harmonic generation (SHG) measurements. The influence of 
previous treatments with light and high temperature on the mentioned response is 
also analysed. Likewise, some methods for optimizing the second harmonic signal 
of these materials are proposed, and both the temporal and thermal stability of the 
second harmonic signal are studied.

We begin by discussing the results obtained for the homo polymers, and in a 
second part the behaviour of the copolymers with different side-chain azo chromo-
phore content will be analysed.

4.1  Homopolymers

The liquid crystalline polymer (LCP) on which this part of the study focuses is 
a polymethylacrylate whose side-chain is a mesogenic unit consisting of a piper-
azine donor group attached to the cyano acceptor by an azobenzene group. This 
side-chain is linked covalently to the polymer through a flexible aliphatic chain of 
six methylenes. Throughout this work we will refer to this material as Pol-PZ-CN. 
For the sake of comparison of certain behaviours, a parallel study on a known LCP 
with identical structure except for the donor group, oxygen in this case, was con-
ducted. This material will be referred to as Pol-O-CN. Two more polymers were 
synthesized from the azomonomers with nitro and dicyano acceptor groups that 
were characterized in Chap. 3. However, the low molecular weight achieved in the 
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synthesis as well as the poor solubility of Pol-PZ-NO2 and Pol-PZ-DCN precluded 
the preparation of films of sufficient quality to study their optical properties.

The chemical structures of the polymers studied are shown in Fig. 4.1. Both 
LCPs incorporate a relatively strong electron acceptor group, CN, and a different 
donor group in each case, as we have said.

The piperazine group in Pol-PZ-CN has a higher electron-donating character 
than the O in Pol-O-CN, meaning that we can expect a larger macroscopic nonlin-
ear response of the former.

The thermal characterization of the two polymers is shown in Table 4.1. The 
glass transition temperature Tg, as shown in the table, is greater for Pol-PZ-CN, 
resulting in an increased mechanical and thermal resistance of this material com-
pared to Pol-O-CN. In addition, both exhibit thermotropic LC behaviour with smec-
tic phases. Moreover, the Pol-PZ-CN polymer decomposes at high temperatures 
before reaching the isotropic state, while the Pol-O-CN can indeed reach that state.

4.1.1 Optical Study

4.1.1.1 Characterization of As-Prepared Films

Pol-PZ-CN polymeric films about 0.6 m thick were prepared by casting a solution 
of the polymer in dichloromethane onto fused silica substrates. The absorption 

Fig. 4.1  Chemical structures of the studied azopolymers
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Table 4.1  Thermal properties of the polymers studied

Polymer TGA decomposition temp. [°C]a Phase transitions [°C]b

Pol-PZ-CN 245 g 77 SmA 114/decomp T > 200
Pol-O-CN 280 g 56 SmA 163 I/decomp T > 200

a Decomposition detected from the thermogravimetric curve
b Data corresponding to the first heating scan
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spectra of a solution of Pol-PZ-CN and of a freshly made film are shown in 
Fig. 4.2.

In both spectra there is a broad band, but they show markedly different shape 
and position. The band obtained in solution is more symmetrical, with the maxi-
mum around 430 nm. As explained in Chap. 1, it corresponds to the characteristic 
absorption of pseudo-stilbene-type compounds, in which the bands of n-π* and 
π-π* transitions of the trans isomers appear overlapped. Since the solution is very 
dilute, we can expect that this band corresponds mainly to isolated azo chromo-
phores. On the other hand, in the case of the films the overlap of several bands is 
evident, with the most intense peak around 380 nm. The shape shown in Fig. 4.2 
is characteristic of systems in which there is aggregation. In particular, several 
authors have related similar absorption spectra (with the maximum in the high-
energy region) to a significant presence of H-type aggregates, described in Chap. 
1 [1]. Although it is not correct to speak of global displacements of the absorp-
tion, because they are complex bands, the presence of H-type aggregates causes 
the displacement of the absorption to higher energies [2–6]. On the other hand, the 
presence of J-type aggregates, which absorb at higher wavelengths than the iso-
lated chromophores, could explain the widening also observed in the lower energy 
region, because both spectra comprise complex bands. Therefore, these complex 
bands are the result of electronic transitions of different species with different 
oscillator strength: isolated and aggregated azobenzenes.

In Fig. 4.3, a possible deconvolution of the complex spectra is proposed, which 
in this case would consist of three bands corresponding to the different azoben-
zene moieties, isolated and aggregated. In the same figure, it can be seen that for 
a certain ratio of the present species, the sum of the three bands that are proposed 
reproduces well the experimental data. This has been used by several authors [5, 
6] to qualitatively analyse the evolution of the absorption band when the films 
undergo different treatments that modify the aggregation.

Fig. 4.2  Absorption spectra 
at normal incidence with 
non-polarized light, of the 
Pol-PZ-CN polymer in 
dichloromethane solution and 
as a freshly made film
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For comparison, Fig. 4.4 shows the absorption spectrum for a solution and a 
film of Pol-O-CN. As shown in the figure, if the piperazine group is replaced by a 
weaker donor, oxygen, the spectrum of the compound shows the absorption peak 
shifted towards the blue. This absorption is characteristic of azobenzene-type com-
pounds, as described in Sect. 1.2.3.5 (see Fig. 1.12).

On going from the dilute solution to the film, in the case of Pol-O-CN, there is 
also a broadening and a slight hypsochromic shift of the band, features that can 
be associated with the existence of different aggregated species, as in the case of 
Pol-PZ-CN.

In order to obtain some information about how side-chain azo chromophores 
are arranged in the film, absorption measurements with polarized light and dif-
ferent angles of incidence have been carried out. Next, in Fig. 4.5 the absorption 

Fig. 4.3  Possible 
deconvolution of the 
absorption spectrum for a 
freshly made film
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Fig. 4.4  Absorption spectra 
of Pol-O-CN polymer in 
dichloromethane solution and 
in a freshly prepared film, 
obtained at normal incidence 
with non-polarized light
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spectrum of a Pol-PZ-CN freshly made film is shown. The spectrum was measured 
at normal and 45° incidence and with vertical and horizontal polarization.

The absorption enhancement associated with the larger thickness of the sample 
in the measurements obtained with oblique incidence has been corrected by the 
Huygens–Fresnel law [4]:

where n is the refractive index of the polymer, and OD0 and ODθ are the optical 
densities at normal incidence and at the angle of incidence in question (45° in this 
case). Even after the correction has been made, the bands at oblique incidence are 
still more intense than at normal incidence, suggesting some out-of-plane anisot-
ropy in the starting film. The chromophores show homeotropic order preferably, 
i.e., perpendicular to the plane of the film.

The bands measured for the two polarization directions v00 and h00, at normal 
incidence, are the same, indicating an isotropic arrangement in the plane of the 
film. However, an increase of the peak at 380 nm is observed for horizontal polari-
zation (h00) with respect to vertical polarization (v00), at oblique incidence. Since 
we associate this peak with aggregation, this increase will be due to a greater num-
ber of aggregates that are placed perpendicular to the film surface. It seems, there-
fore, that these aggregates tend to orient homeotropically in the film.

In order to complete the optical characterization of the films, the refractive 
indices were measured, which provides a direct measurement of the optical ani-
sotropy of the films. As explained in Chap. 2, in the measurement configuration 
of the films for the transverse electric transmission mode, TE, the guided incident 
light is polarized parallel to the film plane, and for the magnetic one, TM, per-
pendicular to the film. The way the coordinate axes in the film are defined (see 
Fig. 4.6) implies that the optical axis has to be the Z one, so the ordinary index no 
(see Chap. 1) corresponds to light polarization parallel to the XY plane, and the 
extraordinary one to the polarization parallel to the Z-axis.

ODθ = OD0[

(

1 −

(

1/n
2

) (

sin
2
θ

)]−0.5

Fig. 4.5  Absorption bands 
for the Pol-PZ-CN freshly 
prepared film. (00 Normal 
incidence; 45 45º incidence; 
v vertical polarization of the 
incident beam; h horizontal 
polarization of the incident 
beam)
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The refractive index values measured at 633 nm for the two freshly pre-
pared samples are gathered in Table 4.2. These measurements confirm that the 
Pol-PZ-CN freshly prepared samples are isotropic in the plane of the film, with 
nx = ny ≡ no, while the component nz ≡ ne is clearly higher. This result agrees 
with that observed in the optical absorption measurements, indicating a preferred 
out-of-plane orientation, perpendicular to the film. The starting birefringence 
Δn = ne−no, varies slightly from film to film, with their average value at 633 nm 
near Δn = 0.1. In the case of Pol-O-CN polymer, a slight homeotropic tendency 
is also detected, although the measured values of the birefringence hardly exceed 
Δn = 0.01.

In addition to providing information on the molecular order in the films, the 
refractive index measurements are needed to calculate the indices corresponding 
to the excitation frequency (1907 nm) and to the second harmonic one (954 nm), 
whose values have to be included in the determination of the nonlinear coefficients 
of the films. From measurements of refractive indices at 633, 780 and 1306 nm 
and by using the Sellmeier equation

n values have been obtained at the required wavelengths for both polymers 
(Fig. 4.7).

4.1.1.2 Thermal Treatment: Optical Study of the Thermotropic Effect

In Appendix C of this report it is explained that the anisotropy of the medium in 
general and LC properties in particular have a significant impact on the degree 
of polar order that can be established subsequently by thermal poling. As already 
mentioned, several studies suggest that the use of liquid crystals would lead to an 

n2
(λ) = 1 +

Aλ
2

λ2 − B
,

Fig. 4.6  (Figure 2.6) 
Definition of the film axes in 
the polarization directions of 
the transmission modes

Z

TMn o
=n

T
E

Y

X

ne=n

no=
nTE

Table 4.2  Refractive 
indices at 633 nm for 
the as-prepared films

Sample no ne Δn = ne−no nav

Pol-PZ-CN 1.63 1.72 0.09 1.66
Pol-O-CN 1.64 1.65 0.01 1.64

http://dx.doi.org/10.1007/978-3-642-31756-9_2
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improvement in the stability of the nonlinear response. Moreover, the anisotropic 
nature would also result in nonlinear coefficient ratios d33/d31 higher than 3, which 
is associated with a better polar order.

Therefore, some studies were conducted on the effect on the anisotropy in 
freshly prepared films by successively heating them above the mesophase temper-
ature. It is important to recall that most of the processes to break centrosymmetry 
(electric poling) are performed at high temperature, so it is convenient to know 
the behaviour of the systems in purely thermal processes before adding other 
variables.

We will start by showing in Fig. 4.8 the evolution of the absorption spectrum of 
a ≈ 1 μm thick Pol-O-CN film with time at a temperature of 95 °C. As shown in 
this graph, when the film is maintained at a high temperature the absorption in the 
plane of the film decreases, since the material is a thermotropic liquid crystal that 
is oriented perpendicularly to the surface. The azobenzenes oriented this way do 
not absorb light at normal incidence.
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Fig. 4.7  Dispersion of the electric and magnetic refractive indices for Pol-PZ-CN and Pol-O-CN 
films

Fig. 4.8  Absorption bands 
for a Pol-O-CN film under 
thermal treatment, obtained 
with non-polarized light at 
normal incidence
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The refractive indices of the sample at 633 and 1306 nm were measured at 
each stage, and the results, together with the average index value, are shown in 
Table 4.3.

The representation of the evolution of the birefringence with heating time is 
shown in Fig. 4.9a. As can be seen, the out-of-plane birefringence value increases 
quickly at first and then more slowly to a saturation value of 0.28, after about 
90 min. From these data, we estimated the value of the order parameter P2, 
as explained in Appendix C. In Fig. 4.9b the evolution of P2 with heating time 
is shown, obtained from both absorption and refractive index measurements. We 
recall here the expressions used for this purpose.

From the absorption measurements: P2 = 1 −
A⊥

A0

, where A0 is the initial 
absorbance of the sample at normal incidence and A⊥ is the absorbance of the axi-
ally oriented sample measured at normal incidence.

From the refractive indices: P2 =
nT M −nT E

δn0
, where nTE and nTM are the electric 

(polarization parallel to the film) and magnetic (perpendicular) transversal indices, 
respectively, and δn0 =

δnT M +2δnT E

3
. (For this calculation 360 nm is taken as the 

wavelength value for the absorption maximum.)

Table 4.3  Evolution with heating time of the two refractive indices at 633 and 1306 nm for the 
Pol-O-CN film

Time at  
95 °C [min]

633 nm 1306 nm

no ne nav no ne nav

0 1.636 1.653 1.642 1.594 1.605 1.598
1 1.613 1.709 1.646 1.568 1.640 1.592
3 1.596 1.740 1.645 1.563 1.666 1.598
7 1.587 1.759 1.646 1.559 1.688 1.603
15 1.574 1.788 1.648 1.540 1.689 1.591
35 1.555 1.814 1.646 1.533 1.730 1.601
95 1.549 1.823 1.645 1.522 1.728 1.594
275 1.549 1.826 1.647 1.520 1.727 1.592
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Fig. 4.9  a Evolution of the out-of-plane birefringence with heating time in a Pol-O-CN film. b 
Evolution of the order parameter with heating time in a Pol-O-CN film calculated from absorp-
tion and refractive index data
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From Fig. 4.9b, we can say that the two final results do not converge. This 
may be due to a deterioration of the films generating an increased light scattering, 
possibly caused by the accumulated heating time. Therefore, as the heating time 
increases, the measured A⊥ value would be greater than the real one, and so we 
would underestimate the value of P2.

It should be borne in mind that since the initial state is not completely isotropic; 
the P2 value obtained by both methods would again be underestimated.

In the case of Pol-PZ-CN the thermal treatment also leads to a decrease of the 
optical absorption of the films, as shown in Fig. 4.10.

The behaviour of this polymer is similar to that of Pol-O-CN in that the chromo-
phores are oriented perpendicular to the film surface as it is heated. However, in 
this case, moreover, a change in the shape of the band is evident. This may be 
related to the various contributions (isolated chromophores and different aggregate 
types) that we mentioned earlier. This question is discussed in detail below.

In this case, measurements of the evolution of the refractive indices were made 
at two different temperatures (120 and 150 °C), both above the smectic meso-
phase. The study at two temperatures will be justified later when we analyse the 
influence of the temperature used in these polar orientation processes in the pres-
ence of an electric field. For the experiment at 120 °C, measurements at 1306 nm 
were also carried out, which are gathered in Table 4.4.

As an example, Fig. 4.11 shows the light propagation modes (TE electric 
and TM magnetic) obtained by the guiding light method (Metricon 2010TM) 
explained in Chap. 2 of this thesis, for a freshly prepared film and a film which has 
undergone heating at 120 °C for 40 min.

In the figure, the shifts in the minima that occur when the film is heated can be 
seen. In the case of the TE mode, the minima displace to lower indices and in the 
TM to higher ones.

Figure 4.12 shows the evolution of the birefringence at 120 (at 633 and 
1306 nm) and 150 °C (at 633 nm). As shown, the birefringence at this temperature 

Fig. 4.10  Absorption bands 
obtained with non-polarized 
light at normal incidence, 
for a Pol-PZ-CN film under 
thermal treatment
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Table 4.4  Evolution with heating time of the ordinary and extraordinary refractive indices at 
633 and 1306 nm for the Pol-PZ-CN film

Time at  
120 °C [min]

633 nm 1306 nm

nx = ny nz nav no ne nav

0 1.640 1.730 1.671 1.590 1.661 1.614
1 1.603 1.802 1.672 1.562 1.701 1.610
3 1.595 1.818 1.673 1.556 1.713 1.610
5 1.582 1.829 1.668
8 1.584 1.837 1.673 1.550 1.728 1.612
15 1.576 1.846 1.671
18 1.577 1.855 1.675 1.547 1.734 1.612
45 1.566 1.866 1.672
48 1.566 1.870 1.673 1.539 1.745 1.611
115 1.558 1.879 1.672
168 1.557 1.892 1.676 1.539 1.770 1.620
954 1.555 1.894 1.676
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Fig. 4.12  Evolution of the 
out-of-plane birefringence 
with heating time in the Pol-
PZ-CN film
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follows a similar evolution to that of Pol-O-CN but reaches greater saturation val-
ues of about 0.35. After 2 h at 120 °C, the birefringence increases very little. In 
the case of heating at 150 °C, the initial evolution is much faster, reaching values 
above 0.3 within 5 min.

As was done for Pol-O-CN, from the results of absorption and refractive index 
measurements, we calculate the evolution of the order parameter for a film of Pol-
PZ-CN, as shown in Fig. 4.13.

In this case, the parameter value calculated from absorption measurements is 
only slightly lower than that calculated from the evolution of the indices. The good 
agreement is somewhat surprising, given the complexity of the spectrum that in no 
way can be assigned to a single moiety. The absorption maximum for this estimate 
has been placed at 390 nm, which is the part of the band assigned to the H-type 
aggregated species, so it is assumed that these species play a very important role 
in the behaviour and alignment of the bulk material. In these Pol-PZ-CN films, the 
aging caused by thermal treatments is much less visible than in the case of the Pol-
O-CN films, and they stay reasonably transparent for much longer.

To conclude the study of the thermally induced anisotropy, we point out that 
the obtained birefringence values for both materials are stable over time, that is, 
the homeotropic alignment of chromophores in the side-chain does not decrease 
significantly over time.

As has been pointed out, aggregation plays a very important role in the optical 
properties in general, and particularly in the anisotropy of the Pol-PZ-CN polymer. 
As noted in Fig. 4.10, the freshly prepared film shows signs of a significant degree 
of aggregation. We have also seen that continued heating leads to changes in the 
absorption band shape of the spectrum at normal incidence. These changes are 
reflected more dramatically in the absorption spectrum measured at oblique inci-
dence, as shown in Fig. 4.14 for a sample heated to reach Δn ≅ 0.35.

The figure shows the increase in the overall absorption on varying the angle of 
incidence, that is, as the sample is rotated around the Z-axis. Moreover, the shape 

Fig. 4.13  Evolution of the 
order parameter with heating 
time for the Pol-PZ-CN film 
calculated from absorption to 
refractive index data
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changes significantly, so that the area under the part of the spectrum that is attrib-
uted to the aggregates (maximum around 380 nm) becomes more important with 
increasing angle. This result indicates that the chromophores oriented perpendicu-
larly to the film by the thermotropic effect are largely aggregated.

If we focus our attention now on the absorption spectrum measured at angles 
of incidence of 0° and 45° of a film under the same conditions as above but using 
polarized light (horizontally and vertically), this phenomenon is shown most 
clearly, as can be seen in Fig. 4.15.

The spectra with horizontal (h00) or vertical (v00) polarization are almost 
identical at normal incidence. However, the spectrum obtained with horizon-
tal polarization and at an oblique direction (h45) shows a significant increase in 
absorption at 380 nm compared with that obtained with vertical polarization (v45). 
This is because the aggregation is enhanced at elevated temperatures, placing the 

Fig. 4.14  Absorption 
spectra, at different incidence 
angles, of a Pol-PZ-CN film 
heated to induce maximum 
out-of-plane birefringence
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Fig. 4.15  Absorption spectra 
of a Pol-PZ-CN film at 
normal and 45° incidence for 
two mutually perpendicular 
polarizations of the incident 
light
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aggregates preferably in the direction perpendicular to the film surface. The rela-
tive weight of the area of the band assigned to H aggregates is clearly higher than 
before the thermal treatment, so the film is in an advanced state of aggregation. 
Moreover, it can be emphasized that the total area for the heated film is clearly 
smaller than that for the freshly prepared one, since the absorption oscillator 
strength corresponding to the aggregated species is much smaller than that for the 
isolated ones, as indicated in Chap. 1 of this thesis [7]

In the case of Pol-O-CN films, the aggregation effects do not appear so clearly 
in the absorption spectrum, although their presence is shown in Fig. 4.4.

4.1.1.3 Optical Treatment: UV-Blue Irradiation Effect

Continuing with the effects that the different optical and thermal treatments induce 
in the polymeric films studied, we will now analyse the influence of illumination 
with blue/purple light on the optical properties of the films.

This study started with very dilute solutions of both Pol-PZ-CN and Pol-O-CN 
polymers. They were subjected to brief irradiation with non-polarized light from 
a 350 W mercury lamp. Bandpass filters of 390 nm/FWHM 100 nm and 440 nm/
FWHM 100 were used. The behaviour of the two polymers under irradiation is 
very different, as seen in Fig. 4.16.

Fig. 4.16  Absorption spectra 
for Pol-O-CN (a) and Pol-
PZ-CN (b) solutions, freshly 
made, after irradiation, and 
after a rest period
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The photoisomerization of the Pol-O-CN sample can be related to an azoben-
zene-type behaviour, thus, when it is irradiated a large decrease in the absorption 
takes place, due to the trans isomers, and the maximum experiences a blue shift, 
revealing, in turn, a band with a maximum at 450 nm, which is attributed to the 
cis isomers. When the film is left to rest in darkness, the band is restored within 
24 h. Moreover, as was pointed out at the beginning of this section, the Pol-PZ-CN 
spectrum is identified with that of a pseudoestilbene-type compound since, upon 
irradiation, the band of the trans azobenzenes decreases but that of the cis isomers 
does not become visible, as the two bands now overlap. This is due to the intro-
duction of a strong donor group, such as piperazine, producing a bathochromic 
shift of the π-π* band. As seen in Fig. 4.16b, the recovery of the initial trans spec-
trum, once it is left to rest, is much faster than in the case of Pol-O-CN, so when 
the strength of the donor substituent on the azobenzene group is increased, the cis 
isomer’s half-life decreases [8, 9]. It must be said that the decrease in absorption 
observed in Fig. 4.16b may actually be larger, since the recovery of the band is 
very fast and in situ measurements were not made, which would have shortened 
the time interval between irradiation and the measurement of the absorption spec-
tra. This measurement is just intended to show how fast the characteristic evolu-
tion of pseudoestilbenes is.

With regard to light irradiation of Pol-O-CN films, the absorption band’s 
behaviour is very similar to that of the solution, and has been described by several 
authors [10, 11].

However, the case of Pol-PZ-CN polymer is quite different. When a Pol-PZ-CN 
film is irradiated with light of 440 nm for 1 min at normal incidence, a change in 
the shape of the absorption band at 0° is obtained, as shown in Fig. 4.17, which is 
related to the disruption of the aggregates. The use of UV light to break azoben-
zene aggregates has been widely described in the literature [2, 3] and is based on 
the fact that the photoisomerization E-Z cycles of the azo chromophores destroy 
the aggregate phase, separating the azo groups.

Fig. 4.17  Absorption spectra 
for the Pol-PZ-CN film 
first “annealed” and then 
irradiated
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In the figure it is seen that the peak at 380 nm has “disappeared” at normal 
incidence, but it is evident that there is still plenty of aggregated material, which 
becomes clearer as the angle of incidence of the measurement light increases.

This is why, in order to break the larger number of aggregates, it was decided 
to irradiate the films at an angle of incidence as large as possible, since illumina-
tion in a perpendicular direction would have an effect on only a small proportion, 
because they are mostly placed homeotropically to the film.

The result of this irradiation can be seen in Fig. 4.18a and b.
It is observed that after the irradiation, the initial band becomes fairly symmet-

rical and, at first glance, it could be considered as a single band, more intense and 
centred at 430 nm, as was the case with irradiation at 0° in the spectrum at normal 
incidence. When the sample is left to rest, the absorption continues to increase, 
but undergoes a small hypsochromic shift. This effect increases progressively with 
the time elapsed since irradiation in the stored films. Similar results were obtained 
using other irradiation wavelengths, such as 390 and 500 nm, however, with 
440 nm the phenomenon is fast and leads to highly reproducible results.

Fig. 4.18  Absorption spectra 
with non-polarized light 
for the Pol-PZ-CN film, at 
0º (a) and 45º (b) angles of 
incidence, irradiated and at 
rest
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The increased absorption is due to the sample disaggregating, since, as men-
tioned, the isolated azobenzenes have higher oscillator strength than the aggre-
gated ones.

If the same irradiation process is applied to a film with the maximum out-of-
plane birefringence achieved by heating above the mesophase temperature, the 
absorption spectrum of Fig. 4.19 is obtained for unpolarized light at normal and 
oblique incidence.

As can be seen in this figure, the absorption increases substantially, because the 
amount of aggregates in a heated film is very large, and they have partly evolved 
to isolated azobenzenes. In the bands of the irradiated film some shoulders are 
observed at about 390 nm, corresponding to aggregates still present in the film, 
which can be eliminated by subsequent irradiation.

Moreover, it is noteworthy that the re-dissolution and evaporation of films 
that have been irradiated or heated above the mesophase temperature leads to an 
absorption spectrum very similar to the original one, so that the initial “aggrega-
tion state” of the films is a result of the film formation mechanism.

Measurement of the refractive indices of the films after the mentioned irradia-
tion times (≅ 1 min) does not reveal a significant change in Δn, which remains 
practically the same as in freshly prepared films.

Once the possibility of modifying the aggregation state of the film by light 
has been recognized, it is interesting to explore the possibility of controlling or 
modifying the alignment of the molecules in the film also by irradiation. As dis-
cussed above, the starting samples have a strong tendency to the axial out-of-plane 
orientation. We considered whether it is possible to optically induce high levels 
of in-plane Δn and whether these values can be increased by thermal treatments 
(thermotropic effect). In order to achieve high anisotropy in the plane, films were 
irradiated with horizontally polarized light at normal incidence and also as oblique 
as possible (about 70°). The axes of the film and the direction of irradiation are 
defined in Fig. 4.20.

Fig. 4.19  Absorption 
spectra at normal and oblique 
incidence for a Pol-PZ-CN 
film that has been heated to 
maximum Δn and afterwards 
irradiated
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After irradiation, the spectra at normal (00) and oblique (45) incidence were 
obtained for the two polarization directions of the incident light, as shown in 
Fig. 4.21. The horizontal polarization direction (h) matches the Y-axis, and the 
vertical one (v) the X-axis of Fig. 4.20.

As can be seen in Fig. 4.21, a significant dichroism has been achieved in the 
plane through this process, although a homeotropic trend can still be observed, 
since the absorption at 45° is higher than at normal incidence.

The refractive index measurement of irradiated films in the situation corre-
sponding to Fig. 4.21 resulted in nx = 1.74, ny = 1.64 and nz = 1.72. It is observed 
that the in-plane index, in the X direction, perpendicular to the irradiation, is 
slightly higher than that measured in the Z direction, perpendicular to the plane. 
In this situation, if the film is heated above the mesophase transition temperature 
and maintained for 30 s at 120 °C, the azobenzenes align in the X direction (maxi-
mum index), owing to the thermotropic effect, and the following refractive indi-
ces are obtained: nx = 1.88, ny = 1.55, and nz = 1.60. The achieved birefringence 
is comparable to that obtained out-of-plane by exclusively thermal treatments 
Δn = 0.35). The absorption spectrum corresponding to a film subjected to this 

Fig. 4.20  Scheme showing 
the irradiation direction of the 
440 nm light with respect to 
the film axes Blue light irradiation  

Y 
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X 

Fig. 4.21  Absorption spectra 
of Pol-PZ-CN films irradiated 
with horizontally polarized 
light
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treatment (irradiation + 30 s at 120 °C) and leading to high in-plane anisotropy is 
shown in Fig. 4.22.

In view of the figure, it can be checked that the anisotropy obtained in the 
measurement of refractive indices corresponds to a significant in-plane dichroism. 
Likewise, the tendency to form aggregates is evidenced in these films when its 
temperature rises above the mesophase, since there is a clear hypsochromic shift 
of the absorption maximum, related to the increase of the contribution of the H 
aggregate’s band at 380–390 nm.

It is also noticeable that a large enough value of in-plane Δn (nx > nz) is neces-
sary in order to produce the in-plane thermotropic effect.

4.1.2 Nonlinear Response

After studying the effects of light and temperature on the arrangement and the 
degree of order acquired by the azo chromophores, we studied the nonlinear 
response of these systems. Firstly, an investigation of the macroscopic response of 
the polymers by means of SHG was proposed, relating it to the molecular hyperpo-
larizability values, in order to analyse the degree of polar order established after the 
poling process. Secondly, the films were subjected to different optical and thermal 
treatments, whose effect on the nonlinear coefficients values was also analysed.

4.1.2.1 As-Prepared Films

Two groups of films of Pol-O-CN and Pol-PZ-CN were prepared by evaporation 
of CH2Cl2 on ITO glass substrates. The first group was characterized by a thick-
ness of about 1.2 μm and the second, of about 0.6 μm.

Fig. 4.22  Absorption 
spectra of Pol-PZ-CN films 
with maximum in-plane 
birefringence
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In a common thermal poling process, the electric field is switched on at room 
temperature, heating the sample at a rate of 5 °C/min up to the poling tempera-
ture Tp, at which temperature the film is held for 40 min. One of the criteria used 
to establish the optimal value of Tp is based on monitoring the second harmonic 
signal while gradually increasing the temperature of the film. After a certain tem-
perature value, the generated intensity decreases as a result of an increase in con-
ductivity, sample deterioration, etc. Usually, we set Tp about 10–15 °C below that 
level, since the film will be kept for about half an hour at that temperature. In the 
case of Pol-PZ-CN films that were thicker than 1 μm and had not been exposed 
to previous optical treatments, the temperature was raised to 170 °C, and a clear 
decrease of the signal during the process was not observed. However, when work-
ing with thinner films, and especially if they had been previously irradiated with 
blue light, raising the temperature led to a signal decrease.

Figure 4.23 shows the orientation by thermal poling of a film of this material (up to 
160 °C). The evolution of the second harmonic signal generated by the film simulta-
neously with the application of the field can be observed. In these measurements, hor-
izontally polarized excitation light is used, because the generated intensity is greater.

The poling profile for Pol-O-CN films is shown in Fig. 4.24 for comparison. 
As can be seen, the initial slope is sharper in this case, that is, the intensity of the 

Fig. 4.23  In situ monitoring 
of the second harmonic 
intensity generated during 
the thermal poling of a 
freshly prepared Pol-PZ-CN 
film. The Pω polarized 
fundamental light strikes the 
film at 40º
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Fig. 4.24  In situ monitoring 
of the second harmonic 
intensity generated at an 
angle of incidence of 40° 
during the thermal poling of 
a freshly prepared Pol-O-CN 
film
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second harmonic signal rises faster. This is connected with the lower incidence of 
the aggregation in the case of Pol-O-CN, and will be discussed later. The two pro-
files show a drop when the electric field is removed that is associated with the neu-
tralizing of the trapped charges in the film surface during poling and with different 
relaxation processes [12–14].

Once the films had been oriented according to the procedures described, the 
characterization of their nonlinear response was performed. In order to do this, we 
measured the second harmonic signal generated by the films as a function of the 
angle of incidence of the excitation light. As described in Chap. 2, the measure-
ments were usually carried out for two orthogonal polarizations of the incident 
light, Pω and Sω. In Fig. 4.25, a typical set of results, which gives rise to so-called 
Maker fringes, is shown. These experimental curves are fitted to the expression 1.26 
to obtain the nonlinear coefficients d31 and d33: the former is obtained by fitting the 
curve measured with Sω polarization, while the fitting of the curve obtained with Pω 
polarization, which depends on both coefficients, leads to d33 once d31 is known.

When it comes to giving a value of the nonlinear coefficients of the systems con-
cerned, it should be recalled that the polar order induced by applying an electric field 
in polymers is not stable in general, resulting in a decrease of the second harmonic 
intensity generated by the films as time passes, starting from the poling process.

It is therefore necessary to measure the response of the films after different time 
intervals after the polar orientation process, in order to study the evolution of the 
nonlinear coefficients and to draw conclusions about the stability of the nonlinear 
response. The evolution of the effective nonlinear coefficient versus time elapsed 
since poling is shown in Fig. 4.26, calculated from the experimental values of d33 
and d31 by using the expression

for an incidence angle of 40°.

deff = d31 cos (θ
′

2ω
− γ2ω) sin 2 (θ

′

ω
− γω) + sin (θ

′

2ω
− γ2ω)

[

d31 cos
2
(θ

′

ω
− γω) + d33 sin

2
(θ

′

ω
− γω)

]

Fig. 4.25  Maker fringes 
obtained by the usual 
thermal poling for Pω and Sω 
polarizations of the excitation 
light for a Pol-PZ-CN film
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This coefficient is proportional to the detected intensity for Pω excitation. In the 
figure is shown the square of the coefficient normalized to the value corresponding 
to the recent poling (2 h). In the graph the results obtained for several films have 
been considered.

As can be seen, after 3 weeks a stable value is achieved that remains essentially 
constant for several weeks after poling. By contrast, in the case of Pol-O-CN, the 
signal decreases to 40 % in just one week.

Along with temporal stability, it is interesting to check the thermal stability of 
the induced polar order of the two polymers. With this goal, we measured the sec-
ond harmonic signal with 40° incident angle of the excitation light, while heating 
the samples at 5 °C/min. As shown in Fig. 4.27, after a certain time interval in 
which the signal remains stable, it begins to drop at a given temperature, until it 
finally disappears. As expected, in the Pol-PZ-CN polymer the second harmonic 
signal is maintained at a higher temperature than in Pol-O-CN. For the former, the 
deletion of the signal starts between 90 and 100 °C, while for the latter, the signal 

Fig. 4.26  Time evolution of 
the NLO response for several 
Pol-PZ-CN films normalized 
to the value measured 
approximately 2 h after the 
electric field was turned off
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Fig. 4.27  Second harmonic 
intensity evolution with 
temperature for the Pol-O-CN 
and Pol-PZ-CN films
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is maintained up to 70–80 °C. This result is consistent with the glass transition 
temperature, which is 20 °C lower in Pol-O-CN. Upon reaching Tg, the system 
starts showing fluidity, i.e., the polymer chains acquire a certain mobility, and thus 
it loses the achieved polar orientation.

The values of the nonlinear coefficients and refractive indices that are shown 
in Table 4.5 correspond to measurements performed two weeks after they were 
oriented, when the harmonic signal evolution is very small. These values reflect 
the average of several films with similar characteristics under analogous processes.

The values of the coefficients for Pol-PZ-CN, as can be deduced from the table, 
are somewhat higher for thin films than for thicker ones, which may be due to the 
fact that in thin films the chromophores are more accessible to be oriented by the 
electric field, which would be more uniform.

A first fact that can be highlighted is that the obtained d33/d31 ratio is clearly 
higher than 3, which is usually associated with a high polar order (higher than that 
achieved in amorphous polymers with the same field conditions as those used in 
this work). This result, which is related to the fact that the polymers are liquid 
crystals reaching very anisotropic conditions, will be discussed in more detail 
when we analyse the NLO response of pre-irradiated films.

In view of the nonlinear coefficients, the response observed for Pol-PZ-CN 
is greater than that for Pol-O-CN. It is an expected result, given the previously 
analysed molecular response, where the μβ value was much lower for mon-O-
CN than for the chromophore with piperazine. However, if we compare the val-
ues quantitatively, they do not appear to meet the expected relationship. We will 
see this more clearly if we compare the d33 values obtained for freshly oriented 
samples, since the different polar order relaxation processes, much more evident 
in Pol-O-CN, can obscure the phenomenon. In the case of Pol-PZ-CN the coeffi-
cient is d33 = 11 pm/V and for Pol-O-CN the result is d33 = 6.5 pm/V. The ratio 
between values of μβ for the two polymers is about 3.8 (see Table 3.1), how-
ever, at a macroscopic level, we see that the ratio of the experimentally obtained 
d33 coefficients is less than 2, well below the predicted value at the molecular 
level.

In order to explain this difference, we will use the estimate of the d33 value pre-
dicted by the model for oriented dipoles (oriented rigid gas), as discussed in Chap. 1.

Table 4.5  Nonlinear coefficients for Pol-PZ-CN and Pol-O-CN films two weeks after thermal 
poling (Tp = 120 °C for Pol-PZ-CN and 95 °C for Pol-O-CN), and refractive indices at the exci-
tation and second harmonic frequencies (error ±15 %)

Refractive indices dij [pm/V]

Polymeric film
Δn at  
633 nm nx = ny

ω nz
ω nx = ny

2ω nz
2ω d31 d33

Pol-PZ-CN (1.2 μm) 0.21 1.55 1.70 1.56 1.73 1.0 8.0
Pol-PZ-CN (0.6 μm) 0.22 1.55 1.72 1.56 1.74 1.3 10
Pol-O-CN (1.2 μm) 0.18 1.56 1.70 1.57 1.73 0.5 3.5

The superscript ω refers to the excitation fundamental frequency in SHG measurements: 
λ = 1907 nm. 2ω refers to the second harmonic of the excitation frequency: λ = 954 nm

http://dx.doi.org/10.1007/978-3-642-31756-9_3
http://dx.doi.org/10.1007/978-3-642-31756-9_1
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We will calculate these values by using expression 1.43: d33 = 1/2
(

Nβ
∗
zzz

〈cos
3
θ〉

)

, where∙β∗
zzz is the microscopic hyperpolarizability incorporating local 

field factors and <cos3 θ> the orientational average of cos3 θ, which is related 
to the polar order parameters (see Appendix C) and to the angle θ between the 
chromophore and the direction of the poling.

We can compare the estimated maximum value of d33 that they would 
achieve theoretically, knowing the dipole moment of the two molecules (6 D 
for the chromophore with the O donor group, and approximately 9 D [15] for 
the one with piperazine; 1 D (debye) ≈ 3.34 × 10−30 C m). The local field fac-
tors defined in Chap. 1 are estimated to be 4.6 and we can calculate the number 
of molecules per unit volume in the film. We take 1.1 g/cm3 as an approximate 
density for the polymers, since that of PMMA is 1.18 g/cm3 and there is a pub-
lished value of 0.98 g/cm3 for a similar system PMMA/DANS [16], where DANS 
is 4-dimethylamino-4′-nitro-stilbene. With these values, we would have maximal 
d33 coefficients (assuming a perfect polar order, that is, <cos3 θ> = 1) of 140 and 
30 pm/V for Pol-PZ-CN and Pol-O-CN, respectively.

In amorphous polymers oriented by a field, where all the induced anisotropy is 
associated with the polar order, it is usual to estimate this polar order from absorp-
tion or refractive index measurements, which actually provide the value of P2, the 
axial order parameter. In our case, the anisotropy value measured in the area of 
the film oriented by the field is similar for both polymers (Δn ≈ 0.2), which could 
be associated with similar degrees of polar order; then the <cos3θ>term would be 
equivalent in the two cases. Therefore, the ratio that should be obtained between 
the d33 values of the two polymers would be, in the case of the maximal values, 
larger than that obtained experimentally.

This seeming disagreement disappears if one considers that not only the 
chromophores that are polarly oriented by the electric field contribute to the axial 
order, there is also a contribution from the chromophores that tend to be placed 
perpendicularly to the substrate, which can form nonpolar aggregates, which can-
not be oriented by a field. When studying the effect of thermal treatment on the 
films, we have seen that heating results in a very important out-of-plane optical 
anisotropy. We propose, therefore, that a large part of the measured birefringence 
in the area where the electric field is applied at high temperature is actually related 
to the nonpolar axial order, especially in the case of Pol-PZ-CN.

One of the results supporting this hypothesis is the value of the birefringence 
measured several weeks after poling in samples subjected to polar orientation pro-
cesses. As discussed in the text, the value this birefringence achieves in the area ori-
ented by the field is around 0.2 (when the temperature Tp = 120 °C). Several weeks 
later, when the second harmonic signal has decreased considerably (see Fig. 4.26), 
Δn is virtually unchanged. If the birefringence were associated mainly with the 
polar order, a corresponding decrease should be observed. Something similar hap-
pens when the second harmonic signal is thermally erased, as shown in Fig. 4.27. 
During this process, the films are kept at high temperature just long enough for the 
harmonic signal to become zero. After this process, the measurement of the indices 
shows that the optical anisotropy has not been completely erased.

4.1 Homopolymers
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Having ascertained that not all the order induced by applying an electric field 
at high temperature (represented by the Δn value in the table) is polar, the ques-
tion of how far the orientation of the chromophores is affected by the electric 
field arose. Thus, we measured the optical anisotropy of freshly prepared films 
subjected to a poling process, comparing what happens in the central area, which 
was more strongly affected by the field, and in the surrounding areas. The average 
value of the birefringence at 633 nm obtained for Pol-PZ-CN films oriented this 
way ranges from 0.15 to 0.2, rather less than that measured in the areas that were 
not affected by the electric field. These areas only reached temperatures above the 
mesophase temperature for about 40 min, analogous to Fig. 4.15, and they reached 
birefringence values exceeding 0.3. Furthermore, they exhibit a lower absorption 
than the area where the electric field was very intense, as shown in Fig. 4.28.

Moreover, the NLO response was measured for films oriented by thermal pol-
ing, but in which maximal out-of-plane birefringence had been previously induced 
by heating. The NLO coefficients obtained were clearly lower than in the case of 
freshly prepared films.

These results suggest that the electric field is not able to overcome the chromo-
phore’s tendency to aggregate in Pol-PZ-CN during the poling process, although it 
is disturbed. There is competition between the electric field orienting the molecu-
lar dipoles and the intermolecular interactions themselves. By increasing the pol-
ing temperature, the formation of nonpolar aggregates (which cannot be oriented 
by the field) is favoured. The relatively low nonlinear response of this polymer 
is associated, therefore, with the aggregation already present in freshly prepared 
films and favoured at high temperature. The application of an electric field does 
not disaggregate it or prevent its formation.

With respect to Pol-O-CN, we have seen that the experimental value of d33 is 
closer to the maximum estimated for Pol-PZ-CN. This can be explained consid-
ering that in the polymer with piperazine the larger dipole moment favours the 
chromophore–chromophore interactions, and therefore the formation of nonpolar 
aggregates, which do not contribute to the nonlinear response. In the case of Pol-
O-CN, the lower dipole moment of the azo chromophores causes interactions that 

Fig. 4.28  Absorption 
spectra for the freshly 
prepared film, one subjected 
to T > Tmesophase, and one 
subjected to T > Tmesophase 
plus electric field
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are not so strong and so neither is the tendency to form stable aggregates, making 
it easier for the electric field to align a greater number of chromophores.

So, we can draw the conclusion that the electric field–induced orientation and that 
associated with the thermotropic effect compete for the alignment of the chromo-
phores in a parallel, and consequently non-centrosymmetric way, in the first case, 
and in an antiparallel and centrosymmetric manner in the second case. This phenom-
enon is illustrated in. Figure 4.29. In the figure the chromophores in the freshly pre-
pared film are depicted with a nonpolar axial trend (homeotropic) order. When the 
film is subjected to a corona discharge and high temperature an intermediate state is 
achieved in which part of the axial orientation is polar, and other part is antiparallel.

4.1.2.2 Films Treated with Blue Light

I. Unpolarized light effect

a. Previous irradiation

As has already been explained, the aggregation state of the films influences the final 
polar organization achieved, so it is desirable to start from a less aggregated state than 
the one shown by films prepared by evaporation. Therefore, the thermal poling pro-
cess was applied to films pre-irradiated with unpolarized light of 440 nm wavelength. 
In this previous process, the aim is to access as many aggregates as possible. Since, 
as we have seen, the aggregates tend to be positioned homeotropically, the light was 
focused on the film at angles up to 70°, as our goal was to break as many possible.

In Fig. 4.30 the thermal poling profile shown by the pre-irradiated Pol-
PZ-CN films of thickness ≅ 1.2 μm is represented. As shown in this figure, the 

Fig. 4.29  Ideal representation of the movement of the side chains in PCL films during the 
thermal poling process
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initial increase of the signal is faster than in untreated samples. This is because 
the irradiation produces cis isomers, breaking aggregates, and the global mobil-
ity of the material is larger [17–19], owing to the increased fr0065e volume. Also, 
slope changes are seen during heating, which could be associated with the differ-
ent mentioned axial orientation mechanisms. As can be observed in Fig. 4.30, as 
the temperature increases, the rapid initial polar orientation slows down, since the 
aggregation and antiparallel orientation are thermally favoured, even though there 
is a greater mobility than at low temperature. The initial slope of this graph is sim-
ilar to the case of Pol-O-CN, where, as mentioned, aggregation does not take place 
so noticeably.

The nonlinear response of the pre-irradiated films was characterized also by 
SHG measurements. An example of Maker fringes obtained with pre-irradiation, 
measured for two polarizations of the excitation light, parallel Pω and perpendicu-
lar Sω, is shown in Fig. 4.31.

The stable dij coefficients values, measured two weeks after the poling process, 
and the refractive indices for the fundamental wave and the second harmonic are 
shown in Table 4.6.

Fig. 4.30  Thermal poling of 
the pre-irradiated Pol-PZ-CN 
film
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Fig. 4.31  Maker fringes for 
Pω and Sω polarizations of 
the excitation light for Pol-
PZ-CN films
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As deduced from the data shown in the table, the nonlinear response is larger than 
in untreated films. The optimal result was found in thin films at 120 °C. The dij coef-
ficients obtained for freshly oriented films in such circumstances were d33 = 17 pm/V 
and d31 = 1.3 pm/V, whereas, for films of equal thickness but untreated with light 
they were d33 = 13 pm/V and d31 = 1.7 pm/V under the same conditions.

The measurement of the refractive indices of these films showed that the bire-
fringence in the electric field-oriented area is greater than in the samples without 
pre-irradiation, which is related to the increased mobility of the chromophores. 
The shape of the absorption band obtained after poling is similar to the initial one 
(before irradiation) but less intense, showing a clear peak due to the aggregates 
centred at about 390 nm, as shown in Fig. 4.32. It seems, therefore, that the light 
disrupts aggregates and groups of oriented molecules, allowing a greater change in 
axial direction by using electric field and temperature.

The results in Table 4.6 show that, by using pre-irradiation, higher values for 
d33 and for the ratio d33/d31 are obtained. Part of the observed increase in the NLO 
response is associated with the fact that disaggregation increases the number of free 
chromophores, which are now accessible to be oriented by the field. Regarding the 
coefficient ratio, we will bear in mind, as explained in Chap. 1, that in a polymer 
oriented by electric field the chromophores are distributed around the electric field 
director axis. For initially isotropic media, the d33/d31 ratio is 3 according to the 
mentioned thermodynamic model, where the induced order is due to the orientation 

Table 4.6  Refractive index values at 1.9 μm and 953 nm (ω and 2ω) and stable NLO coefficient 
values for pre-irradiated Pol-PZ-CN films with two different thicknesses

Polymeric film Refractive indices dij [pm/V]

nω

x=y nω

z n2ω

x=y n2ω

z
d31 d33

Pol-PZ-CN (1.2 μm, 160 °C) 1.53 1.73 1.55 1.76 1.0 12
Pol-PZ-CN (0.6 μm, 120 °C) 1.53 1.78 1.54 1.80 1.1 14

Fig. 4.32  Absorption spectrum evolution during the poling process with pre-irradiation
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achieved by using low fields [20]. For high field values, d33 approaches its satura-
tion value and yet d31 approaches zero, so d33/d31 ratios greater than 3 have been 
associated with a higher polar order caused by strong electric fields [21, 22] or 
interactions between chromophores that favour highly axially oriented states, as 
occurs in the case of side-chain LCPs, according to different researchers [23–25]. 
In order to establish whether the applied field is very large and therefore if it is 
questionable to consider the low-field approximation, films of a mixture of amor-
phous PMMA with a small amount of DR1 were prepared and a conventional ther-
mal poling was applied in the same conditions as for Pol-PZ-CN.

The fitting of the fringes measured for PMMA/DR1 film resulted in a ratio 
d33/d31 ≅ 3. Thus, it seems that the applied electric field is not very strong, and the 
high values for this ratio found in our polymers are associated with the LC nature 
of the materials in question, which are highly axially oriented, as can be deduced 
from the registered values of the birefringence. Since the birefringence values are 
higher in the pre-irradiated samples, the ratio is also higher.

b. In situ irradiation (photoassisted poling)

By using the photoadressability of the azobenzene it is possible to perform a polar 
orientation process of the azo polymers at a low temperature far from its Tg by 
so-called photoassisted poling, to avoid possible degradation. Photoassisted poling 
was tested for two different wavelengths, 406 and 488 nm. At equal power, there 
were no noteworthy differences, so we show the results obtained with an Ar laser 
emitting at 488 nm. The laser light is brought to the NLO equipment through an 
optical fibre, which offers the possibility of obtaining depolarized light. The study 
carried out using different light powers revealed that there is an optimum power 
(≈ 100 mW/cm2) above which its improving effect on the orientation with the field 
decreases. This is probably because the light induced such mobility that it caused 
a disorder effect instead of assisting the electric field to achieve a polar orientation. 
Therefore, the power at which the phenomenon was clearly observed was used, and 
the process was performed in two films of equal thickness, one freshly prepared 
and the other one previously irradiated, as was done for thermal poling, in order to 
see the effect of “disaggregation” prior to this process. Excitation light polarized 
parallel to the plane of incidence, Pω, was employed to monitor the signal.

The previous process of disaggregation seems to influence the initial part 
of the orientation process, as seen by comparing Fig. 4.33a and b. In Fig. 4.33b 
a gradual increase in the signal with the electric field is observed, owing to the 
increased mobility in the pre-irradiated material because of the disaggregation. At 
the moment at which the film is irradiated with light, we observe a decrease of the 
signal in both cases, larger in the pre-irradiated one, which is due to the disorienta-
tion of some of the previously polarly oriented chromophores.

In the case of the pre-irradiated film, the slope during irradiation does not 
vary noticeably with respect to the previous phase of the exclusive electric field 
orientation. However, in the freshly prepared film a clear increase of the slope 
can be seen. This suggests that the mobility gained by the material during in 
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situ radiation is due to the disaggregation. In both cases, when the irradiation is 
stopped, there is a clear increase of the slope, because of the cis isomers gener-
ated in the previous phase, whose presence increases the free volume in the mate-
rial, and thus facilitates the final orientation of the trans isomers with the field.

In the films oriented this way, the coefficients calculated from Maker fringe 
measurements were d33 = 7 pm/V and d31 = 1 pm/V. These values are less sta-
ble than those achieved thermally. This is because although the light increases the 
molecular mobility of the dipoles, in the main polymer chain the ordering is hardly 
induced below Tg [26–28]. By contrast, in thermal poling, local rearrangements 
occur in the chain, around the oriented dipoles, resulting in a greater stability of 
the induced polar order.

In order to optimize the NL response an orientation protocol by means of ther-
mal poling was proposed, which includes in situ irradiation with 488 nm wave-
length light during the first stage at low temperature. The improvement that light 
introduces is to be exploited with the stability that the high temperature pol-
ing provides. The values of the coefficients and the d33/d31 ratio thus obtained 
were the highest found for Pol-PZ-CN: d33 = 17 pm/V and d31 = 1 pm/V. The 
Maker fringe recording measured 15 days after the orientation showed very 
good stability, and after 6 months a signal that resulted in very high coefficients, 
d33 = 12 pm/V and d31 = 0.7 pm/V, still remained.

II. Linearly polarized light effect

a. Previous irradiation

In the section dealing with the optical study, it has been proved possible to 
overcome the homeotropic tendency of the Pol-PZ-CN material by irradiation 

0 5 10 15 20 25 0 5 10 15 20 25
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Fig. 4.33  Photoassisted poling of Pol-PZ-CN films. a Freshly prepared film. b Pre-irradiated film
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processes that control the arrangement of the molecules in the film. We propose 
here the application of thermal poling to pre-irradiated samples with in-plane ani-
sotropy, to assess the possibility of forcing different symmetries than those usually 
found in the oriented polymers. Thus, after applying this process, a material with 
biaxial NLO response is obtained, as outlined in Fig. 4.34. It is a two-step process, 
in which, firstly, the film is irradiated with linearly polarized light using orienta-
tion 2 of Fig. 4.35.

The films were irradiated at oblique angles of incidence in both directions to 
minimize any possible out-of-plane anisotropy and to access the largest number of 
aggregates. Thus, values were obtained in which one of the in-plane indices, in the 
X direction, is greater than that measured in the direction perpendicular to the film, 

Fig. 4.34  Schematic representation of the two-step polar orientation process (in-plane anisot-
ropy generation by means of irradiation and thermal poling). BP filter: Bandpass filter

Fig. 4.35  Scheme of the 
configurations of the films 
for pre-irradiation and 
experimental measurements 
of Maker fringes
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Z. As discussed in the optical study section, this condition is necessary to make the 
biaxial symmetry prevail over the axial trend (with the axes perpendicular to the 
plane), which is forced by the thermotropic effect.

Below, the standard orientation process by applying a field at high temperature 
(120 °C) is applied to the film irradiated under the conditions described above. 
Under these conditions the Maker fringe measurement show several different fea-
tures from those described so far. If we analyse the fringes measured with either 
of the two polarizations used, Pω or Sω, we find that the intensity of the fringes 
depends on the orientation of the film, as it rotates around an axis that is perpen-
dicular to the plane of the film itself. That is, if we consider orientations 1 and 
2 of Fig. 4.35, the measured intensity is clearly different. Moreover, the ratio of 
the intensities of the fringes measured with different polarization I(Pω)/I(Sω), also 
depends on the orientation of the film. Specifically, in orientation 1, the Pω inten-
sity is larger than in orientation 2, while in the fringes measured with Sω polari-
zation we have the opposite situation, with a larger intensity in orientation 2. An 
example of these results is shown in Fig. 4.36.

This lack of axial symmetry is related to the in-plane optical anisotropy 
described at the beginning of this chapter. That is, the optically induced biaxiality 
has been preserved during the poling process and results in a nonlinear response 
that is also biaxial. Figure 4.37 shows an idealized picture depicting the situation 

Fig. 4.36  Maker fringes 
for a Pol-PZ-CN film with 
in-plane anisotropy, for two 
configurations, 0° and 90°, 
and two polarizations of the 
excitation light, Pω and Sω
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in which the chromophores are preferably in the ZX plane, once the film has been 
irradiated with light with vertical polarization (Y direction) during the first step 
of the process. To simplify the drawing and make it clearer, the polymer chain to 
which the chromophores are joined is not represented. As can be seen, the direc-
tion of the chromophores is preferably homeotropic (Z direction in the drawing), 
since the starting films show out-of-plane birefringence.

The second step of the orientation, as was discussed, consisted in the applica-
tion of a thermal poling. In Fig. 4.38a and b we can see the orientation that the 
chromophores acquire in an ideal model after the treatment with electric field and 
high temperature, starting from the situation of Fig. 4.37.

In this measurement configuration, that is, that in Fig. 4.38a (orientation 2), the 
fringes obtained with Pω polarization will show less intensity, since the orientation 
of the chromophores has a smaller component in the YZ plane direction, which is 
the XZ of orientation 1. Moreover, the fringes with Sω light will present greater 
intensity in orientation 2 than in 1, as the orientation has a larger component in XZ 
than in YZ.

The in-plane anisotropy influence on the NLO properties of polymers has been 
explored by several authors. However, the orientation has been obtained mainly 
using mechanical methods. For example, the control of the refractive indices in 
the three directions for polymers by means of drawing or tensile strength was 
described [29]. In this case, moreover, the SHG in the phase-matching configura-
tion was studied by using the achieved in-plane birefringence for these polymeric 
systems [30]. In this way, the highest possible efficiency of conversion of light into 
the second harmonic is achieved, which increases the interest in these materials for 
applications in nonlinear waveguides. Yet, no reference can be found to this phe-
nomenon in polymers with photoinduced in-plane anisotropy.

Fig. 4.38  Scheme of the 
chromphore orientation 
in the films irradiated 
with polarized light and 
subjected to thermal poling. 
a Orientation 1 (Fig. 4.35). b 
Orientation 2 (Fig. 4.35)
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The nonlinear response of these films was quantified from the curve fittings in 
Fig. 4.36, from which we obtained the values of the three independent nonlinear 
coefficients, d33, d24 and d31, which are compiled in Table 4.7, together with the 
refractive index values measured at 633 nm.

In Table 4.7 the values of the NLO coefficients and the refractive indices for 
a film oriented by field but with maximum in-plane anisotropy are also listed. 
This anisotropy is achieved by irradiation with linearly polarized light and subse-
quent heating, as described in the optical study section. As can be seen, the abso-
lute values of the coefficients in this case are lower than those of the film that was 
only irradiated. This is due, again, to the aggregation favored at high temperature. 
However, the anisotropy of the tensor increases (d31 ≅ 3d24), because the starting 
optical anisotropy is larger.

The influence of the previous photoinduced alignment of the azo chromophores 
on the nonlinear susceptibility tensor is evidenced also by irradiation of the Pol-
PZ-CN films with unpolarized light of 440 nm, with an incidence angle of 45° 
with respect to the Z-axis in Fig. 4.35 (orientation 1).

In these conditions, the azo chromophores will preferably lie along the direc-
tion of light propagation [31]. The obtained second harmonic fringes were meas-
ured with Pω light, for three different orientations, by rotating the sample around 
its normal, and they are presented in Fig. 4.39. As shown in the figure, the signal 
is very asymmetric for 0º (orientation 1, Fig. 4.35) and 180°, whereas, the sig-
nal obtained at 90° (orientation 2, Fig. 4.35) is almost symmetrical. These results 

Table 4.7  Values of the three refractive indices and nonlinear coefficients for the pre-irradiated 
Pol-PZ-CN films

Refractive indices dij [pm/V]

Pol-PZ-CN (0.6 μm) nx ny nz d31 d24 d33

Pre-irradiated pol. light 1.68 1.57 1.80 1.4 0.9 11
Pre-irradiated pol. light + heating 1.87 1.55 1.61 1.5 0.5 5

Fig. 4.39  Maker fringes for 
a Pol-PZ-CN film irradiated 
at 45° with unpolarized light
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correspond with a polar axis generated by the effect of the electric field in the ani-
sotropic film along a direction different from its normal.

b. In situ irradiation (photoassisted poling)

Finally, we examined the influence of polarized light on SHG by means of pho-
toassisted poling. The azo chromophores are oriented in the direction of the plane 
perpendicular to the polarization of the incident blue light, as described by the 
Weigert effect. In Fig. 4.40 are shown the profiles of two photoassisted polings 
with 488 nm light. One of them has been obtained with vertical polarization and 
the other with horizontal.

As shown in this representation, when the vertically polarized blue light 
strikes the film, the azo chromophores are oriented perpendicular to this polar-
ization, i.e., they are preferably arranged in the horizontal plane. Since the 
horizontal plane, in this case, is parallel to the Pω polarization of the 1.9 μm 
excitation light, the measurements with Pω light will give rise to a larger inten-
sity than in the case of irradiation with horizontally polarized light, which places 
the chromophores in the vertical plane perpendicular to the polarization of the 
measurement light.

This process induces an in-plane birefringence in the films of Δn ≤ 0.08. Then, 
the possibility was proposed that later thermal poling could also generate a biaxial 
response in this case. However, the coefficients found are the same as for poling per-
formed with unpolarized light. Besides, the film was isotropic in the plane and axi-
ally oriented. This is because the difference of in-plane refractive indices achieved 
during the photoassisted poling process is not enough to modify the tensor symme-
try. Thus, when the temperature is raised above the mesophase, the material acquires 
such mobility that it erases the in-plane anisotropy, aided by both the thermotropic 
effect and the electric field, and leading back to C∞v symmetry. The cases where a 
biaxial NLO response is achieved, that is, those in which the in-plane anisotropy is 
preserved, have Δn ≥ 0.1 and nx (perpendicular to the irradiation) is slightly higher 
than nz.

Fig. 4.40  Monitoring of the 
second harmonic intensity 
for photoassisted poling with 
horizontally and vertically 
polarized light

0 5 10 15 20 25

0,000

0,002

0,004

0,006

0,008

0,010

0,012

0,014

I2ω
 (

u.
 a

.)

Time (min)

Vertical
Horizontal

ELECTRIC FIELD

Irradiation



125

4.2  Copolymers

The problems found when trying to orient the Pol-PZ-CN homopolymer effi-
ciently in a polar way derive from its remarkable tendency to aggregate, so that in 
addition to the irradiation method described in the previous section, the possibil-
ity of synthesizing copolymers of this material with lower azo chromophore con-
tent was considered. The copolymers that it proved possible to synthesize and their 
thermal properties are summarized in Table 4.8.

Both show nematic or smectic LC textures at temperatures above Tg, and the 
copolymer with the higher azo content decomposes before reaching the transition 
temperature to the isotropic state, as was the case for the homopolymer. Given the 
complexity of their synthesis, it was not possible to obtain a copolymer with inter-
mediate chromophore content.

4.2.1 Optical Study

4.2.1.1 Copol-PZ-CN_L

We will begin by describing the properties of the copolymer with lower chromo-
phore content, called Copol-PZ-CN_L. The optical absorption spectra of 
freshly made films are characteristic of a material with nitrostilbene-type azo 

Table 4.8  Ther mal prop er ties of the stud ied copoly mers

Copoly mer mol % (PMMA/mon-PZ-CN) Mn [g/mol]/PI Tg [°C] Ti/Tdec

Co pol-PZ-CN_L 65/35 (70 % weight) 28000/1.5 93 132/257
Co pol-PZ-CN_H 25/75 (93 % weight) 5100/1.9 104 –/237

 PI:  poly dis per sity index

Fig. 4.41  Absorption 
spectra of Copol-PZ-CN_L 
films, freshly made and 
heated above its mesophase 
transition temperature
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chromophores. In Fig. 4.41 we can observe the absorption spectrum of a freshly 
made film and that of a film that has been heated above Tg, at 105 °C, for 60 min.

This copolymer shows a more symmetric band than the homopolymer, with 
its absorption maximum at 420 nm, very close to that for the solution, 430 nm. 
In this situation the films of this copolymer have the following refractive indices: 
nx = ny = 1.62, and nz = 1.61, indicating that the homeotropic tendency of the 
homopolymer disappears when the chromophore content decreases. As shown 
in the figure, the heating of the film induces a small hypsochromic shift of about 
4 nm, hardly noticeable, which suggests that aggregation is not as evident as in the 
homopolymer. Measurements of the refractive indices and absorption spectra with 
different polarizations and angles of incidence show that, in this state, this poly-
mer presents no anisotropy.

The study of the effects of irradiation on the absorption spectrum, shown in 
Fig. 4.42, was performed starting from the situation of a film (thickness ≈0.6 μm) 
heated to 105 °C (initial in the figure).

Initially, the film was irradiated with unpolarized light of 440 nm wavelength for 
15 s, yielding a clear decrease in the absorption band area and a small bathochro-
mic shift of 20 nm. Two more periods of irradiation were tested, one of 30 s, and 
another of 2 min, which resulted in the same absorption band, indicating that the 
behaviour immediately reaches saturation. The successive rests led to an increase in 
the π-π* band area of the trans isomers and a slight hypsochromic displacement. 
Once at rest, renew irradiation results in the same band as with the first irradia-
tion. The behaviour of the copolymer under blue light irradiation has similarities 
with that of the homopolymer, although there are some differences. The presence 
of aggregated species is evidenced in blue shift of the absorption band of the heated 
film. Furthermore, the increase of the band area upon irradiation indicates disaggre-
gation, as happened for the homopolymer. However, the presence of aggregates is 
far less significant, since the increase of that area is not as large, and a peak centred 
at 390 nm is not observed. The measurement of the refractive indices for films irra-
diated in this way shows that the films remain practically isotropic.

Fig. 4.42  Absorption 
spectrum evolution of a 
Copol-PZ-CN_L film under 
irradiation
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Finally, treatments with polarized light and temperature were performed on the 
low-azo-content copolymer. A maximum photoinduced in-plane birefringence of 
0.03 was achieved by irradiation. This photoinduced birefringence is not increased 
by further heating at T > Tg. Indeed, on the contrary, on surpassing Tg the tendency 
is again towards an isotropic situation.

It can be said, therefore, that thermal and light treatments modify the optical 
properties of the film to a lesser extent than in the case of the homopolymer, owing 
to the decrease in the amount of mesogenic photoaddressable units, which entails 
less aggregation.

4.2.1.2 Copol-PZ-CN_H

Copol-PZ-CN_H films were prepared and they were submitted to treatment with 
light and high temperature similar to that applied to the low-azo-content copoly-
mer. The absorption spectra were recorded and are shown in Fig. 4.43. As can be 
seen, the behaviour is very similar to that of the Pol-PZ-CN homopolymer. The 
initial spectrum shows the peak that we associate with the aggregation at 390 nm. 
When the film is slightly heated, the band acquires more weight, and an overall 
decrease of the intensity is produced. On heating at higher temperature the band 
remains very similar to that of the homopolymer in the same conditions.

The irradiation with 440 nm light of the films in this highly aggregated state 
gives rise to the same spectrum and similar values of the refractive indices as the 
same treatment of freshly prepared film. The refractive index values associated 
with each treatment are gathered in Table 4.9.

As seen in Table 4.9, the homeotropic tendency of the side-chains in this case 
is much lower than in the homopolymer. With a relatively small reduction in the 
chromophore content, the birefringence of freshly prepared films obtained is sig-
nificantly lower (Δn = 0.02) than that of Pol-PZ-CN (Δn = 0.09).

Fig. 4.43  Evolution with 
heating and blue light 
irradiation of the Copol-PZ-
CN_H film of ≈ 0.7 μm 
thickness
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By means of irradiation with linearly polarized light, using a similar pro-
cess to that described for Pol-PZ-CN in Sect. 4.1.1.3, an in-plane birefringence 
of nx−ny = 0.09 and out-of- plane of nz−ny = 0.06 can be induced. From this 
state, by heating for a few seconds at 110 °C, an increase of in-plane Δn to 0.24 
is achieved, which is similar to the maximum out-of-plane value obtained by the 
thermotropic effect for this material (Table 4.9).

4.2.2 Nonlinear Response

We will begin by describing the results of the SHG measurements after poling, 
obtained for Copol-PZ-CN_ L.

4.2.2.1 Copol-PZ-CN_L

Thermal poling was applied to films (≈0.6 μm thick) starting from two states: 
freshly prepared and pre-irradiated. The temperature was raised to 105 °C and 
held there for 40 min, before the film was allowed to cool to room temperature 

Table 4.9  Refractive indices and out-of-plane birefringence values (at 633 nm) of the Copol-
PZ-CN_H films under heating and irradiation

Treatment nx = ny nz Δn

None (initial film) 1.63 Wavelengh(nm) 1.65 0.02
120 min at 100 °C 1.61 1.70 0.09
40 min at 120 °C 1.56 1.77 0.20
4 min 440 nm 1.65 1.71 0.06
Rest for 12 h 1.65 1.71 0.06

Fig. 4.44  Evolution of the 
second harmonic intensity 
generated by thermal poling 
for the Copol-PZ-CN_L film
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in the presence of the electric field. The poling profile is illustrated in Fig. 4.44. It 
is observed here that the initial slope is higher than that obtained for Pol-PZ-CN, 
probably owing to the small amount of aggregation.

The values of the d33 and d31 coefficients measured soon after poling and two 
weeks thereafter, as well as the birefringence values, are summarized in Table 4.10.

From the values of Table 4.10, it follows that the previous irradiation process 
hardly affects the coefficients, or the anisotropy, as could be expected given the 
low presence of aggregates. The coefficient values are high and very stable. After 
a month, the measured coefficients are d33 = 11 pm/V and d31 = 1.5 pm/V. It 
can be checked that a decrease in the azo content with respect to the homopoly-
mer not only does not result in a decrease of the dij values, but in fact produces 
an increase. The out-of-plane anisotropy decreases with the signal erasure, which 
in turn implies that much of it has a polar nature. Moreover, although the value of 
the ratio between the two coefficients is larger than three, as would be expected for 
a liquid crystal, it is much lower than that for the Pol-PZ-CN homopolymer. As 
can be deduced from the optical study, a very important difference is that the ther-
motropic tendency is smaller than in the homopolymer. Since the side-chains do 
not tend to align in an antiparallel way as clearly as in the homopolymer, aggrega-
tion, which would imply a more compact antiparallel arrangement, does not occur 
so extensively, and this is why the out-of-plane birefringence is so stable, while 
in the copolymer it drops, with the disappearance of the second harmonic signal. 
Therefore, the lower ratio of the two coefficients is possibly related to the lower 
thermotropic tendency, which in the homopolymer produces aggregation and a 
denser axial chromophore arrangement with a narrower angular distribution. Thus, 
it can be concluded that by reducing the amount of chromophore to 70 % by weight 
we have access to a larger number of chromophores to be oriented in a polar way, 
resulting in a very high NLO response and, moreover, the high coefficient ratio 
(d33/d31) characteristic of the increased order that leads to a liquid crystal is kept.

The thermal stability of the polar order induced by electric field at high tem-
perature has been studied.

The second harmonic signal drop with temperature is shown in Fig. 4.45. 
As can be seen, the signal is stable up to the proximity of Tg, where it starts to 
decrease and after 10 min is completely erased. In these films, after the polar order 
“erasure”, responsible for the NLO response, a certain amount of out-of-plane 
birefringence is still measured, this, although considerably smaller than before this 
heating, indicates that some of the side-chains are axially oriented. Again we find 
that not all the obtained axial order can be related to the NLO response, although 
this situation is much less pronounced than in the homopolymer.

Table 4.10  Stable values (two weeks after the orientation process) of the nonlinear coefficients, 
refractive indices and birefringence (at 633 nm) for the Copol-PZ-CN_L film

dij [pm/V], recently oriented dij [pm/V], 2 weeks

d33 d31 Δn d33 d31 Δn (633 nm)
As-prepared 16 2.6 0.17 13 1.9 0.11
Pre-irradiated 17 2.6 0.18 13 1.9 0.14

4.2 Copolymers
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Photoassisted polings were performed on Copol-PZ-CN_L films, resulting in 
an increase of the nonlinear response at room temperature (RT) larger than for the 
Pol-PZ-CN homopolymer. The problems associated with the low stability of the 
induced order can be avoided if the photoassisted process is carried out at higher 
temperature.

4.2.2.2 Copol-PZ-CN_H

In general, the behaviour of Copol-PZ-CN_H is very similar to that of the 
homopolymer, as shown in the study of the optical properties of freshly made 
films and those treated with light and temperature. The poling profile this material 
shows is very close to that of Pol-PZ-CN, so the figure is not included here.

Figure 4.46 shows the absorption spectra for the freshly prepared film, after it 
has been irradiated and for two different areas of the film after thermal poling, one 
of which has been oriented by high temperature and in an electric field, and the 
other away from the field but subjected to heating.

The figure shows that the absorption band corresponding to the area affected 
by the electric field undergoes a hypsochromic shift compared to its previous state 
(irradiated). This displacement is smaller than the one obtained for the band meas-
ured in the zone which was not oriented by the field, so the aggregation appears to 
be lower in the presence of the electric field, and also lower than in the case of the 
homopolymer.

The Maker fringes were measured in order to obtain the nonlinear coefficients. 
The dij results obtained for thin films (0.6 μm) recently oriented by poling at 
120 °C and after two weeks are shown in Table 4.11. The estimated error in these 
measurements is ±15 %.

As shown in Table 4.11, the nonlinear coefficients achieved by these freshly 
prepared copolymer films slightly improve on the ones obtained for the homopoly-
mer, both for recently oriented samples and after two weeks. Moreover, the value 
obtained for pre-irradiated samples is higher and more stable. In all the above 
cases, the copolymer shows a d31 coefficient higher than that of the homopolymer, 

Fig. 4.45  Thermal stability 
of the generated second 
harmonic signal in a Copol-
PZ-CN_L film
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as was also the case with the one with low-azo content, so that the d33/d31 ratios are 
lower, which is associated with a wider distribution of the axial order, probably due 
to the presence of the PMMA comonomer, which makes the packing of the side-
chains more difficult. The birefringence results for Copol-PZ-CN_H show that part 
of the axial order achieved in the samples oriented by the usual thermal poling is 
due to the polar order, because it decreases when the second harmonic signal drops 
in time. On the other hand, in the pre-irradiated sample there is an important part of 
Δn that is not assignable to the polar order as it remains constant even when part of 
the second harmonic signal is lost. This higher axial order achieved with pre-irradi-
ation also implies an increase in the d33/d31 ratio with respect to the sample without 
irradiation. Finally, it is worth noting the large stability found in the dij values.

4.3  Conclusions

The optical absorption spectra of the homopolymer and the studied copoly-
mers based on the mon-PZ-CN donor-π-acceptor chromophore are character-
istic of azobenzene-type molecules, as a result of the presence of piperazine 
as a relatively strong acceptor. The thin films of the homopolymer, which 
has a smectic mesophase, are anisotropic before any treatment, with a clear 

Fig. 4.46  Absorption spectra of Copol-PZ-CN_H films: freshly prepared, pre-irradiated and 
oriented either by thermal poling or only by high temperature
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Table 4.11  Nonlinear coefficient values measured in thin Copol-PZ-CN_H films. Values for 
recently oriented films and after two weeks are given

dij [pm/V] Recently oriented dij [pm/V] + 2 weeks

d33 d31 Δn (633 nm) d33 d31 Δn (633 nm)
Freshly prepared + poling 13 1.6 0.12 9 1.5 0.07
Pre-irradiated + poling 19 1.6 0.24 17 1.5 0.24

4.2 Copolymers



132 4 Piperazine Azopolymer Thin Films

homeotropic trend. The absorption spectrum, which now is shifted to higher 
energies compared with the solution, also shows the presence of aggregates in 
the starting films, preferably oriented in a direction normal to the plane con-
taining the film. These aggregated species, whose formation and out-of-plane 
orientation is favoured by raising the temperature, absorb less than the isolated 
chromophores.

The irradiation with UV-blue light disrupts the aggregated species to some 
extent, as indicated by the absorption spectrum displacement to larger wavelengths 
of the irradiated films and the noticeable increase in intensity. Disaggregated films 
evolve over time towards a greater state of aggregation, showing a gradual hyp-
sochromic shift of the absorption spectrum. The initial state of aggregation is a 
result of the film’s formation (by evaporation) dynamics, because if we start from 
any state of the film (irradiated, heated or oriented by thermal poling), the re-disso-
lution and subsequent evaporation leads to a film that has the same initial spectrum.

It has been proved that it is possible to control, by means of light and thermal 
treatments, the orientation of the chromophores in the Pol-PZ-CN films, moving 
from a distribution that is homeotropic and isotropic in the plane, to another with 
values of in-plane birefringence up to Δnin-plane = 0.3.

Regarding the NLO properties of the Pol-PZ-CN homopolymer, it has been 
possible to induce stable polar order, but the d33 value is significantly lower than 
what would be expected by considering only the μβ value that was measured for 
the monomer solution precursor. This is attributed to the substantial presence of 
aggregates, favoured by the interaction between chromophores leading to nonpolar 
entities, and which therefore do not contribute to the NLO response induced by 
the field. The comparison with Pol-O-CN, another azopolymer but with a weaker 
donor and therefore with a lower dipole moment, led to the finding that the ten-
dency to form “stable” aggregates is smaller and the polar orientation of a larger 
percentage of the chromophores is possible. However, aggregation is likely to con-
tribute to improve the temporal stability of the polar order induced in Pol-PZ-CN, 
as it was much better than that observed in Pol-O-CN.

As for the effect of light on the electric field orientation, it proved possible to 
induce a noticeable nonlinear response by photoassisted poling processes at tem-
peratures below Tg. However, the values of the coefficients obtained are lower and 
less stable than those obtained by a thermal poling, because in this case the rear-
rangement of the polymer chains around the chromophores oriented at low tem-
perature does not occur.

The pre-illumination of the films with UV-blue unpolarized light ostensi-
bly improves the NLO response, as it unravels the aggregates and generates iso-
lated chromophores, which are capable of being oriented by the electric field. If 
we add a short period of illumination in the first phase of the thermal poling to 
this pre-illumination, we obtain the optimal NLO response for the Pol-PZ-CN 
homopolymer.

The d33/d31 ratios found for all cases are much higher than three. Since the 
electric fields used are not very intense, the high out-of-plane anisotropy of this 
polymer, associated with its LC nature, relates to this fact.
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The orientation by thermal poling of pre-irradiated films with linearly polarized 
UV-blue light resulted in samples with biaxial NLO properties. The susceptibility 
tensor symmetry obtained has C2v symmetry, which differs from that obtained by 
the standard methods, C∞v.

Random copolymers with different azo chromophore contents gave rise to less 
aggregated films with less homeotropic tendency. This means that the nonlinear 
response is closer to the results predicted by the isotropic model, particularly in 
the polymer with the lowest azo content, Copol-PZ-CN_L. The d33 coefficient val-
ues are comparable to the case of the homopolymer, with a similar thermal stabil-
ity without requiring pre-irradiation. Therefore, the dilution of the chromophore 
content in the material is a good method to prevent aggregation and to improve 
significantly the NLO properties of the material.
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In this part of the thesis, a study of the nonlinear optical (NLO) properties of films 
composed of highly efficient chromophores dispersed in a photoaddressable liq-
uid-crystalline polymer (LCP) matrix is presented.

A common method of creating polymeric materials with NLO response is to 
disperse NLO chromophores in a polymeric matrix. While the chromophores pro-
vide the desired nonlinear properties, the matrix determines other properties, such 
as processability and both mechanical and thermal behaviour. The orientation of 
these mixtures by means of “thermal poling” is a process often used for materials 
lacking a centre of symmetry and therefore suitable for second harmonic genera-
tion (SHG) [1, 2]. If photoaddressable chromophores are used in such systems, the 
high temperature at which they undergo orientation can be changed by irradiation 
with a suitable wavelength, so-called “photoassisted poling”, which, as described in 
Chap. 4 of this thesis, involves the photoinduction of trans-cis-trans isomerization 
simultaneously to the application of an electric field. The difference now is that in 
Chap. 4 the chromophore, forming the side chain, had the azobenzene group, and it 
was therefore liable to isomerize. Most work on guest–host mixtures has been car-
ried out using photoaddressable chromophores, as in the case of the system com-
posed of PMMA and DR1 dispersed or attached to the main chain [3, 4].

However, in the present case, the photoaddressability properties will be dele-
gated to the polymer matrix instead of to the nonlinear chromophore. Thus, we 
will study mixtures of not photoisomerizable chromophores with matrices, as an 
alternative to single-component systems. One of the advantages of these systems is 
the possibility of using highly efficient nonlinear chromophores and exploiting the 
benefits of photoassisted processes for polar orientation while avoiding the incon-
venience of simultaneously optimizing both properties in a single system, which 
usually results in significant difficulties in the synthesis. The first and almost 
only approach to these systems was described by Ishow et al. [5]. In their work, 
they used N-(4-nitrophenyl)-l-prolinol (NPP) as the chromophore, and two azo-
copolymers with such a low nonlinear response that it could be neglected. They 
concluded that the excitation of the polymer matrix by means of light irradiation 
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facilitates the polar orientation of the dispersed chromophores. More recently, 
Dalton et al. [6–8]., in their study on the effects of laser-assisted polar orienta-
tion in binary systems, have suggested that the modification of the matrix order by 
photoassisted poling significantly affects the final order of the dispersed chromo-
phore, finding also a noticeable increase in the electrooptic coefficient value 
(r33) with respect to the purely thermal process. Therefore, the main objective of 
the work reported in this chapter was to study the influence of the interactions 
between the chromophores and the matrix in the generated polar order in azopol-
ymeric films with dispersed chromophores. For that, we will analyse the second 
harmonic intensity generated by these films after have undergone both thermal and 
photoassisted processes of polar orientation.

We begin with a brief description of the optical properties of the components 
of the matrix/chromophore systems to be studied. In particular, the arrangements 
that the polymers used as a matrix acquire when they are subjected to optical and/
or thermal treatments will be analysed. For this purpose, UV-vis absorption spec-
troscopy and refractive index measurements will be used. Then, the nonlinear 
response of the systems oriented under different conditions will be measured, and 
the characteristics of the mentioned response will be analysed as a function of the 
induced order in the matrix.

5.1  Description of the Guest–Host  
(Chromophore–Polymeric Matrix) Systems

The polymers used as photoaddressable matrices in this study are shown in 
Fig. 5.1. Initially, two side chain liquid-crystalline (LC) azopolymers with weak 
donor and acceptor groups were chosen. On the other hand, a random LC copoly-
mer was used, which bears azochromophores with a stronger acceptor group in 
half of its side chains. This copolymer is included to study the influence on the 

Fig. 5.1  Chemical structures 
of the studied azopolymers [9]
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intermolecular interactions of a higher dipole moment in the side chain of the 
matrix. At the same time, for the sake of comparison, films of the chromophore 
mixed with amorphous PMMA as an inert matrix (not photoaddressable) were 
prepared, with a molecular weight of Mn = 80000 g/mol.

The chemical structures of the two azo homopolymers have a methylene spacer 
with different length between the azobenzene and the main chain. The copolymer 
is composed of 50 % of the monomer of the PC6_O polymer and 50 % of the 
monomer of PC2_O but with the methoxy group replaced by a cyano group.

These structural differences translate into different thermal properties, which 
are summarized in Table 5.1. As shown in the table, the azopolymers show typical 
transitions of a LC nature. PC2_O and the CPO-CN copolymer showed nematic 
LC textures above the glass transition temperature Tg, while for PC6_O a smectic 
phase is observed above Tg and a nematic one above about 90 °C.

Regarding the incorporated nonlinear chromophores, in the preliminary stud-
ies, films with different molecules selected from among those studied in Chap. 3 
were prepared. Some of the mixtures did not give rise to films with sufficient opti-
cal quality, as happened with the mixtures made with the chromophore 28, which 
has the diphenylpyran group as a donor and tricyanofuran as the acceptor. In other 
cases, such as films doped with 26bii and 26bi, they did not properly withstand 
light treatment, and a photodegradation of the chromophore was clearly observed. 
This was true also for 35b and for another similar compound with a dithiol group 
as the donor. Some mixtures with the chromophore 19c were also prepared; how-
ever, the response to thermal poling showed very poor reproducibility, so its use 
was discontinued. Finally, we selected 14a [10] as the main chromophore of the 
study, which we will refer to as Me-3-FX in this chapter. Compound 14a has the 
structure shown in Fig. 5.2.

Table 5.1  Molecular weights and transition temperatures of the polymers

Polymer Mn [g/mol]/PI Thermal transitions Tdec.

PC6_O 25400/2.1 g 64 S 89 N 126 I 359
PC2_O 14000/2.1 g 111 N 157 I 272
CPO-CN 13675 g 74 N 142 I 347
PMMA 83000 g ≈ 100 –

Fig. 5.2  Chemical structure 
of the studied chromophore, 
Me-3-FX
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It is a merocyanine type of chromophore, whose acceptor group is an oxa-
zolone and the donor group a dithiol, both with proaromatic character. The spacer 
is an isophorone group, which improves the thermal and photooxidative stability 
with respect to the analogous linear polyene compound (see Chap. 3). This com-
pound shows an acceptable thermal stability at the temperatures employed in the 
orientation process.

5.2  Optical Study

The Me-3-FX chromophore to be used does not show any absorption at the 
1907 nm excitation wavelength and none at the 954 nm second harmonic either. 
The absorption at 406 nm (wavelength to be used for the photoassisted poling) is 
very small. As discussed in Chap. 3, it shows positive solvatochromism, that is, the 
absorption maximum is shifted to the red when a more polar solvent is used. The 
absorption spectrum in dichloromethane solution is shown in Fig. 5.3.

5.2.1 Azopolymer Films

Films of the three azopolymers were prepared by “casting”. The photoadress-
ability of the matrices was checked by subjecting freshly made films of PC2_O, 
CPO-CN and PC6_O to irradiation with light of 406 nm wavelength. The absorp-
tion spectra revealed the existence of a trans-cis-trans isomerization. The evolu-
tion is very similar for all three polymers, except for the fact that for PC2_O and 
PC6_O homopolymers the cis isomers have a longer half-life than in the case of 
the copolymer with the cyano group, a stronger acceptor. In Fig. 5.4a the evolu-
tion of the absorption spectrum with irradiation for CPO-CN copolymer is shown. 
The optical characterization and behaviour under irradiation of PC6_O and PC2_O 

Fig. 5.3  Absorption 
spectrum of the Me-3-FX 
chromophore in CH2Cl2 
solution
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materials have been previously described by absorption spectroscopy and the 
results reported in several publications (Fig. 5.1) [11–13]. Figure 5.4b shows that 
the behaviour we measured for PC6_O film, very similar to that of PC2_O, agrees 
with the reported data [11].

Irradiation of CPO-CN with 406 nm laser light induces a trans-cis-trans 
isomerization, revealing a band at 460 nm, while the band centred at about 
350 nm decreases in intensity. At rest the initial band recovers, and the one 
assigned to the cis species disappears. The small difference in the absorption 
maximum for freshly made CPO-CN film and that measured at rest after irra-
diation is related to the existence, not very significant, of aggregates in the initial 
state.

The irradiation of films of these materials with polarized light leads to photoin-
duced anisotropy, which was characterized by measuring the refractive indices.

The values of the refractive indices for freshly made and irradiated films are 
shown in Tables 5.2 and 5.3.

As can be seen, the refractive indices of the films were measured at two dif-
ferent wavelengths to obtain information about the refractive index dependence 
on the wavelength, since it is necessary to know them at 954 nm and 1,907 nm 

Fig. 5.4  Absorption spectra 
for the evolution of films of 
CPO-CN (a) and PC6_O (b) 
under irradiation with light
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in order to obtain the nonlinear coefficients. For this purpose, fitting of the data 
in the table and measurements of the indices at 780 nm was performed using the 
Sellmeier expression as shown in Fig. 4.7.

In order to analyse the orientation that these films attain as a result of the ther-
motropic effect, they were subjected to an “annealing” process, i.e. they were 
heated to a temperature in the nematic mesophase (95 °C for PC6_O and CPO-CN, 
120 °C for PC2_O) for a few minutes. The refractive indices at 633 nm and 
1,306 nm are shown in Table 5.4. As can be seen in the tables, the behaviour is 
different in terms of the arrangement acquired by the polymer side chains. PC6_O 
and CPO-CN are oriented homeotropically or perpendicularly to the film surface, 
while in PC2_O the side chains are oriented parallel to the film plane, reaching a 
lower absolute value of the birefringence. Moreover, the films remain isotropic in 
the plane (nx = ny) in all cases except when they are irradiated with linearly polar-
ized light.

Table 5.2  Refractive indices, birefringence and average index for the three azopolymer films

As-prepared films

633 nm 1306 nm

Polymer nx = ny nz

Δnout-of-

plane nav nx = ny nz

Δnout-of-

plane nav

PC6_0 1.63 1.63 0 1.63 1.59 1.58 −0.01 1.59
PC2_0 1.64 1.63 −0.01 1.64 1.59 1.58 −0.01 1.59
CPO-CN 1.65 1.63 −0.02 1.64 1.61 1.59 −0.02 1.60

Table 5.3  Refractive indices, birefringence, and average index for the irradiated films

Irradiated films

633 nm

Polymer nx ny nz Δnin-plane nav

PC6_0 1.64 1.62 1.64 0.02 1.63
PC2_0 1.66 1.63 1.65 0.03 1.65
CPO-CN 1.65 1.62 1.65 0.03 1.64

Table 5.4  Refractive indices, birefringence and average index for the three azopolymer films

Thermally treated films

633 nm 1306 nm

Polymer nx = ny nz Δnout-of-plane nav nx = ny nz Δnout-of-plane nav

PC6_0 1.54 1.82 0.28 1.64 1.51 1.74 0.23 1.59
PC2_0 1.68 1.56 −0.12 1.64 1.61 1.53 −0.08 1.58
CPO-CN 1.55 1.82 0.27 1.65 1.54 1.73 0.19 1.61

http://dx.doi.org/10.1007/978-3-642-31756-9_4
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5.2.2 Azopolymer/Chromophore Films

Once we had characterized the polymer films, films doped with the chromophore 
were prepared. The chromophore content was approximately 2.5 % by weight for 
the four chromophore/polymer mixtures: PMMA/Me-3-FX, PC2_O/Me-3-FX, 
PC6_O/Me-3-FX and CPO-CN/Me-3-FX. The area of the spectrum that corre-
sponds to the chromophore absorption in these mixtures is presented in Fig. 5.5. 
As can be seen in the spectra, the chromophore dispersed in PMMA shows a 
small hypsochromic shift in solution, whereas when it is dispersed in the azo-
polymers the absorption maximum is slightly shifted to lower energies. This 
behaviour is due to the greater dipole moment that the chromophore shows in the 
charge-transfer (CT) state with respect to the fundamental one, so a polar envi-
ronment such as the azopolymer matrix stabilizes the excited state by decreas-
ing the energy considerably, thus there is positive solvatochromism. In a nonpolar 
environment, such as PMMA, the ground state is favoured and a slight hypsoch-
romic shift takes place.

The three mixtures were subjected to analogous treatments to those used in 
the optical study of pure azopolymers. The values of the refractive indices for the 
films of the three mixtures are shown in Tables 5.5 and 5.6.

The indices were measured only at 1,306 nm, since at 633 nm the high absorp-
tion of the films prevented us from obtaining results. Also, the mixture with 
PMMA (nav (PMMA) = 1.49) showed a refractive index below that of the sub-
strate, which could not be determined by this technique.

As can be seen, the average refractive index is slightly larger than that of the 
pure polymers. Furthermore, it was found that by increasing the chromophore con-
tent in the films the average index value also becomes higher. However, the ther-
motropic trend characteristic of each matrix remains.

Fig. 5.5  Absorption spectra 
of the azopolymer and 
PMMA/chromophore films
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Once the orientational tendency of the matrix is known, and having found that 
the mixtures acquire the same kind of order as the matrix under different treat-
ments, we studied the influence of these factors on the nonlinear response gener-
ated by the highly efficient chromophore.

5.3  Nonlinear Optical Response

5.3.1 Thermal Poling

Below, we will analyse the NLO response by means of SHG measurements in 
chromophore-doped films previously oriented by thermal poling.

Prior to the study of films, the NLO properties of the Me-3-FX mole-
cule in dichloromethane solution were measured at 1.9 μm, giving the result 
μβ = 2750 × 10−48 esu (μβ (0) = 1475 × 10−48 esu), as stated in Chap. 3, where 
the molecule is called 14a. This value is very high, eight times that obtained for 
the chromophore mon-PZ-CN, which was the active unit of the films presented in 
Chap. 4. This high nonlinearity allows the study of mixtures of polymers with very 
low chromophore content, to avoid miscibility problems, aggregation, etc., while 
maintaining a high intensity in the NLO response.

Table 5.5  Refractive indices, birefringence and average refractive index for the three azopoly-
mer/chromophore films, freshly made and subjected to thermal treatment

1306 nm

As-prepared Thermal treatment

Mixture nx = ny nz Δn nav nx = ny nz Δn nav

PC6_0/Me-3-FX 1.60 1.60 0 1.60 1.53 1.76 0.23 1.61
PC2_0/Me-3-FX 1.62 1.60 −0.02 1.61 1.65 1.56 −0.09 1.62
CPO-CN/Me-3-FX 1.63 1.61 −0.02 1.62 1.57 1.69 0.12 1.61

Table 5.6  Refractive indices, birefringence and average index for the three azopolymer/chromo-
phore films, under vertical polarized irradiation at 406 nm (X direction)

1306 nm

Irradiated

Polymer nx ny nz Δnin-plane nav

PC6_0/Me-3-FX 1.58 1.60 1.59 0.02 1.59
PC2_0/Me-3-FX 1.59 1.63 1.62 0.04 1.61
CPO-CN/Me-3-FX 1.58 1.63 1.62 0.05 1.61

http://dx.doi.org/10.1007/978-3-642-31756-9_3
http://dx.doi.org/10.1007/978-3-642-31756-9_4
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The first step was to characterize the response of the chromophore dispersed in 
an inert polymer, orienting PMMA/Me-3-FX films by thermal poling at 95–100 °C. 
A thermal profile of the poling process was conducted to obtain the optimal tem-
perature conditions, where the chromophore acquires a maximum mobility while 
preventing possible damage in the sample. This process, as discussed in the previ-
ous chapter, consists in monitoring the intensity of the second harmonic generated 
by slowly increasing the temperature of the film during corona discharge. Once the 
film is oriented, this process must be reproducible, i.e. the film is then heated above 
the isotropic phase, thus completely erasing the SHG signal, and when the same pro-
cess is repeated the same results should be obtained. Once the thermal poling was 
completed, Maker fringes for two polarizations of the incident light were meas-
ured. The maximum value for the NLO coefficients we found 2 h after poling was 
d33 ≈ 6 pm/V and d31 ≈ 2 pm/V. The stability of this signal is very low, since the 
chromophore is just dispersed in the matrix, that is, it is not covalently bound to the 
polymer chain, and once the orienting electric field is removed it becomes free to 
return to its thermodynamic equilibrium position. Thus, after only 30 days the coeffi-
cients are reduced to 20 % of the initial value. Moreover, the ratio d33/d31 is three, the 
characteristic value for an amorphous material in low field conditions. In this way, 
we ensured that the conditions we would use with the azopolymers were suitable.

An estimate of the maximum achievable coefficients from the molecular hyper-
polarizability value results in the coefficients d33 ≈ 10 pm/V and d31 ≈ 3 pm/V. 
This calculation was done according to the isotropic model through the following 
equation, which appears in Chap. 1 of this thesis and in Appendix C:

 

E ≅ 108 V/m μβz = 3.84 × 10−66 C m5 V−1

N ≅ 2.5 × 1026 molec m−3 fω2 f2ω ≅ 4.6
T ≅ 400 K K = 1.38 × 10−23 C V K−1

Through this calculation estimates of some values of the electric field were 
made, which were more or less accurate approximations. Besides, a perfectly homo-
geneous dispersion of the chromophore in the PMMA was assumed for the calcula-
tion of N. The local field factor due to PMMA was calculated assuming a dielectric 
constant ε equal to that obtained by H. W. Guan and C. H. Wang [14] for a mixture 
of 2 % of the 2-methyl-4-nitroaniline chromophore in PMMA at 95 °C. Considering 
the approximations made and the accuracy of the measurements, we find that 
although the amount of chromophore added to the system is very small, the NLO 
response is quite large, when compared, for example, with that of Pol-O-CN (Chap. 
4), which includes 100 % of the chromophore attached to the main chain.

If we analyse the NLO response of the films of PC6_O (95 °C) and PC2_O sub-
jected to an analogous thermal poling, it is very low due to the low hyperpolariz-
ability of the azochromophore, almost symmetrical. The d33 values are at least an 
order of magnitude below that of the chromophore dispersed in PMMA. In this 

d33 =
N f

2
ω

f2ωµEβz

10kT
, where < cos

3
θ >≈

µE

5kT

5.3 Nonlinear Optical Response
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way, we ensured that the nonlinear response of the mixture we were going to meas-
ure was due essentially to the Me-3-FX chromophore dispersed in the film. It is 
also important to mention that in these two azopolymers there is no out-of-plane 
birefringence in the area affected by the electric field. Since the temperature and 
exposure time during thermal poling is similar to the “annealing” process that led 
to remarkable birefringence values (Table 5.4), it seems that the application of the 
corona discharge somehow hinders the thermotropic tendency of the mesogens [15].

It should be noted that the case of the CPO-CN copolymer oriented at 95 °C is 
slightly different, owing to the larger acceptor character of the CN group, which 
results in a greater SHG intensity. The orientation by electric field, in this case, gave 
rise to some out-of-plane orientation (Δn = 0.03) and to d33/d31 ratios somewhat 
higher than three (d33/d31 ≈ 4). The anisotropy value does not reach that obtained by 
“annealing” at the same temperature and for similar heating times, which suggests 
that, also in this case, the electric field perturbs the thermotropic trend. On the other 
hand, if the poling temperature is raised above 130 °C, an out-of-plane anisotropy of 
0.31 is reached and the following values for the coefficients are found: d33 = 6 pm/V 
and d31 = 0.4 pm/V. We note here that the d33/d31 ratio is 15, much higher than that 
for amorphous polymers [16], which is typical of systems with strong anisotropy.

In examining the behaviour of the films of mixtures under “soft” thermal poling 
conditions, we note that PC2_O/Me-3-FX and PC6_O/Me-3-FX showed no out-
of-plane birefringence, and the ratios obtained were close to three, so that in both 
cases the matrix would behave almost like an amorphous polymer. When the tem-
perature of the poling process was increased, a small birefringence (Δn of 0.04–
0.05) was measured and the d33/d31 ratio reached six. As explained in Chap. 4 of 
this thesis, these ratios are characteristic of liquid crystals and of a larger axial ori-
entation. Since dispersed chromophores are responsible for the SHG signal, it can 
be sensed that it acquires a similar orientation to that of the azopolymer. However, 
since the azopolymers in these mixtures do not acquire a clear homeotropy, further 
experiments were proposed to reveal the existence of this phenomenon.

Orientation of the CPO-CN/Me-3-FX mixture under “soft” conditions (95 °C) 
results in very low birefringence and d33/d31 ratios only slightly above three. 
However, when the poling temperature is increased to above 130 °C, the birefrin-
gence is close to 0.3 and the coefficients are d33 = 16 pm/V and d31 = 1.2 pm/V. 
Both values are nearly three times those of the undoped copolymer mentioned 
above (d33 = 6 pm/V and d31 = 0.4 pm/V) and therefore most NLO response is 
attributed to the chromophores, which have been oriented in the order established 
by the matrix, thus showing a coupling in the movement.

In order to extend our understanding of the nature of this coupling of the 
motion of the two components of the system, a study of the influence of the 
magnitude of the azopolymer side chain’s dipole moment was proposed. As we 
have seen, during the thermal poling of the samples with homeotropic tendency, 
PC6_O/Me-3-FX, this trend is hampered by the application of the electric field. 
However, orientation by “annealing” can be carried out prior to the induction of 
polar order in the films, so that before the thermal poling process we can have the 
matrix already oriented homeotropically (Δn = 0.23).

http://dx.doi.org/10.1007/978-3-642-31756-9_4
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This method results in the ratio d33/d31 = 6 for PC6_O/Me-3-FX, similar to 
that obtained in samples oriented at high temperature. Although in both cases the 
matrix takes on a very different degree of order, it seems that the movement of the 
chromophore is similar, and that there is a maximum content of chromophore that 
the matrix is able to orient. If we submit the mixture with larger dipole moment 
(CPO-CN/Me-3-FX) to the same process, higher ratios are obtained, of about 10, 
which points to an increased coupling of the motion of the chromophore with that 
of the side chain of the copolymer, compared to PC6_O. Therefore, it can be con-
cluded that the interactions between the side chains of the matrix and the chromo-
phore play an important role in the final NLO properties of the mixture.

5.3.2 Photoassisted Poling

In this section, we will study the behaviour of the mixtures when they are oriented 
by means of light and electric field at low temperature. Both films of the polymers 
used as the matrix and mixtures of these with the chromophore were subjected 
to photoassisted poling processes at 30 °C. The typical process consisted of three 
steps: first, the electric field was applied for 10 min, then the field was removed to 
let the signal relax and, finally, the sample was irradiated with light and the elec-
tric field was turned on again.

The orientation of the chromophores occurs, in principle, because they are in a 
matrix that generates free volume when it is isomerized by irradiation, and allows 
the movement of the chromophores by the electric field. So, we should begin 
by ruling out possible effects of light (orientation or degradation of the chromo-
phores) in the NLO response. Thus, the PMMA/Me-3-FX mixture was subjected 
to photoassisted poling with linearly polarized light of 406 nm wavelength. 
Figure 5.6 shows the in situ monitoring of the second harmonic signal during the 
three-step orientation process described.

As can be seen in the figure, the chromophore achieves the same intensity of 
generated second harmonic signal by using only the electric field at 50 °C as when 

Fig. 5.6  Photoassisted 
poling at 30 °C of the 
PMMA/Me-3-FX mixture

0 5 10 15 20 25 30

0,00

0,05

0,10
ELECTRIC

FIELD

Time (min)

ELECTRIC 
FIELD

I2ω
 (

a.
 u

.)

Irradiation 
  406 nm

5.3 Nonlinear Optical Response



146 5 Films of Doped Low Polar Azopolymers

the field and illumination are applied simultaneously, so any possible effect light 
may induce in the chromophores does not seem to have any consequences for 
the SHG signal. In any case, in order to confirm this result, we performed meas-
urements of the Maker fringes generated in this way for two orientations of the 
PMMA/Me-3-FX film and two polarizations of the incident light. Thus, we can 
see that the chromophore is not significantly altered, since it does not result in a 
decrease of the signal in the vertical direction (irradiation direction). The scheme 
of these measurements is the same as used in Chap. 4 for the Pol-PZ-CN material, 
and it is recalled as Fig. 5.7, which is a reproduction of Fig. 4.35.

The fringes obtained in this way present the same intensity in both orientations 
and are shown in Fig. 5.8.

If we now apply the same process to the three azopolymers, there is, in con-
trast, a clear orienting effect of the light of 406 nm wavelength. Then, Fig. 5.9 
shows the polar orientation profiles obtained for PC6_O and CPO-CN in the pho-
toassisted poling processes.

As can be observed, the behaviour under laser illumination with verti-
cally polarized light of 406 nm wavelength is very similar in the two cases. As 
was noted in the case of Pol-PZ-CN (Chap. 4), light exerts a beneficial effect 
due to the presence of the cis species, which gives mobility to the material at 

Fig. 5.7  (Same as Fig. 4.35.) 
Measurement configuration 
of Maker fringes. a 
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temperatures below its Tg, and in both cases the second harmonic signal is 
nearly tripled with respect to the orientation induced only by the electric field. 
In Fig. 5.9 it is shown that the intensity is larger for the copolymer (which has a 
higher Tg) than for PC6_O, owing to the presence of the CN group, a strong elec-
tron acceptor group.

The PC2_O azopolymer shows the same NLO response pattern (Fig. 5.10). 
However, globally, results in a lower response at 30 °C than the one for PC6_O. 
This may be because it is farther from its Tg and the material is more rigid, so that 
the side chains have less mobility and are thus less easily oriented by the electric 
field.

Fig. 5.9  Photoassisted 
poling (three-step process) 
for the azopolymer films 
PC6_O (a) and CPO-CN (b)
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Fig. 5.10  Photoassisted 
poling (three-step process) for 
the PC2_O azopolymer films
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If we measure the refractive indices of the sample oriented by photoassisted 
poling we find biaxiality in the irradiated area with the following indices meas-
ured for the three directions in the case of CPO-CN: nx = 1.65, ny = 1.62 and 
nz = 1.66. We chose CPO-CN for the following study, because the second har-
monic signal obtained from the other two azopolymers is not intense enough. 
Once it has been verified that the signal does not decay in time, Maker fringes 
have to be measured for two different orientations of the film (Fig. 5.7) and two 
polarizations of the incident light, since the sample has C2v symmetry. The fringes 
thus obtained are shown in Fig. 5.11. Given the difference in intensity between 
them, the second-order susceptibility tensor is described by three coefficients: 
d33 = 2.2 pm/V, d31 = 0.46 pm/V and d24 = 0.36 pm/V. We see that for the two 
orientations of the film the ratio between d33 and the corresponding coefficient 
in the plane, d31 or d24, is greater than three, indicating a higher order than that 
attainable in amorphous polymers under low field conditions. So far, the study is 
similar to that conducted for azopolymers Pol-PZ-CN in Chap. 4 but in that case 
the biaxiality of the NLO response obtained was much larger.

Once the behaviour of the matrices has been detailed, the response of the mix-
tures of azopolymers with Me-3-FX, under the same treatments, will be described. 
The first step is to check whether the NLO signal of the chromophore dispersed in 
the matrix is modified by irradiation. For this purpose, samples of the three doped 
azopolymers were subjected to the same process as the undoped ones. The result is 
qualitatively similar in all three cases, and it can be seen in Fig. 5.12 for a sample 
of doped PC6_O.

A clear increase of the second harmonic signal compared to the undoped copol-
ymer is observed, so the chromophore is being oriented under the electric field. In 
addition, there is a noticeable change in the slope before and after irradiation, as was 
the case with the films of undoped azopolymers. As can be seen at the bottom of the 
graph, when the polymer is not irradiated before the second application of the elec-
tric discharge, the generated harmonic intensity is almost identical to that achieved 
during the first poling, so it is proved that the increase of the second harmonic inten-
sity, associated with a more efficient orientation of the chromophores, is caused by 

-40 -20 0 20 40
0,000

0,001

0,002

 Orientation 1
 Orientation 2

I2ω
 (

S
H

G
)

Rotation angle (°)

SωP2ω

-40 -20 0 20 40

0,00

0,01

0,02

0,03

PωP2ω

Rotation anlge (°)

 Orientation 1
 Orientation 2

Fig. 5.11  Maker fringes obtained by photoassisted poling for a CPO-CN film

http://dx.doi.org/10.1007/978-3-642-31756-9_4


149

irradiation. In Fig. 5.13 the same process but for the CPO-CN/Me-3-FX mixture is 
depicted.

The signal enhancement registered as a result of irradiation depends on several 
factors, such as the thickness of the film and the intensity of the incident light, and 
no beneficial effect above a certain maximum intensity is observed.

This increase in the polar orientation of the chromophores by illumination may 
be due to the enhanced mobility in the matrix related to the presence of cis iso-
mers, which generate free volume around the chromophores, thus decreasing the 
temperature at which the glass transition occurs, and allowing the electric field to 
orient the donor-π-acceptor moieties.

As shown in Fig. 5.14, the ratio of intensities Pω/Sω is greater for orientation 
1 than for orientation 2. However, the low stability of the second harmonic sig-
nal thus generated prevents a quantitative measure of the coefficients from being 
obtained. Thus, thermal poling processes were applied to pre-irradiated samples 
with an in-plane birefringence of 0.03. PC2_O/Me-3-FX samples maintained this 
order as shown in Fig. 5.14 and resulted in higher NLO coefficients, d33 = 7 pm/V, 
d31 = 1.7 pm/V and d24 = 1.4 pm/V, with ratios of d33/d31 = 5 and d33/d24 = 4.

Fig. 5.12  Second harmonic 
signal intensity for PC6_O/
Me-3-FX films as a function 
of time for the three-step 
photoassisted poling
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However, as in the thermal case, the influence of the order the matrix acquires 
must be considered in the final orientation of the chromophores, that is, the degree of 
coupling between them. A stable in-plane birefringence of 0.03 was measured in the 
films of PC2_O and CPO-CN mixtures, oriented as in Figs. 5.12 and 5.13. PC6_O/
Me-3-FX films were discarded because they did not show sufficient optical quality 
for the evolution of the indices to be tracked and for NLO measurements to be made. 
The Maker fringes obtained in this way for the two orientations of the films show a 
different intensity ratio between fringes measured with polarization Pω and Sω.

As the final nonlinear response is very intense, it must necessarily come from 
the chromophore, and therefore the biaxiality of the response would be forced by 
the in-plane anisotropy of the matrix.

By contrast, in the case of CPO-CN/Me-3-FX, when it is oriented by thermal 
poling with previous irradiation, the homeotropic tendency “prevails” and the 
NLO response is uniaxial, with d33/d31 ratios of about 10. Therefore, the idea that 
the matrix arrangement to some extent imposes the ordering that the dispersed 
chromophore acquires is reinforced again.

5.4  Conclusions

Two LC azopolymers with different thermotropic tendencies and an amorphous 
polymer were studied. PC2_O shows in-plane orientation in the film and the 
PC6_O sample out-of-plane orientation by heating above Tg. However, when 
these films are oriented by thermal poling, the electric field alters this trend, and 
the refractive index measurement shows that the polymer remains in a state close 
to the isotropic initial one. Therefore, the orientation achieved by thermal pol-
ing in mixtures of these two azopolymers with a highly efficient chromophore 
gave rise to d33/d31 = 3, typical of amorphous materials, which are almost iso-
tropic. It was checked by using the same orientation conditions that for the mix-
ture PMMA (amorphous polymer)/chromophore the mentioned ratio was three. 

Fig. 5.14  Maker fringes 
for both measurement 
configurations and two 
polarizations of the incident 
light for a PC2_O/Me-3-FX 
film oriented by photoassisted 
poling
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If the conditions are intensified by raising the temperature of the thermal poling, 
a slight homeotropy in the matrix is forced, and results in d33/d31 ratios around 
6. In the case of the CPO-CN copolymer, the electric field disturbs the home-
otropic tendency characteristic of this liquid crystal, but by increasing the pol-
ing temperature a very high out-of-plane anisotropy is achieved. The copolymer/
chromophore mixture gave rise to d33/d31 ratios above 10, which highlights that 
the chromophore is oriented, at least partially, along the direction set up by the 
matrix.

Likewise, out-of-plane anisotropy was induced prior to thermal poling in 
PC6_O/Me-3-FX and CPO-CN/Me-3-FX samples, resulting in d33/d31 ≈ 6 for 
PC6_O and d33/d31 ≈ 10 for the copolymer. It seems therefore that the coupling 
between chromophore and matrix is larger in the most polar matrix and the impor-
tance of the coupling of the two movements is reinforced.

Photoassisted poling has proved to be a useful method for orienting highly 
efficient nonlinear chromophores in photoaddressable polymer mixtures. The 
increased mobility associated with the presence of cis species in the side chains 
of the azopolymer makes it easier to orient the chromophore in an electric field. 
That results in an intense NLO response of the chromophores oriented by light and 
an electric field. Furthermore, the symmetry of the nonlinear response induced by 
polarized light is compatible with a polar biaxial orientation, which makes it clear 
again that the polar orientation of the chromophore is determined by the interac-
tions with the azopolymer matrix.
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This chapter presents the results obtained on recording nonlinear gratings in 
 azopolymers. It should be recalled that a nonlinear grating is a system, a polymer 
film in our case, in which the polar orientation induced by an electric field has a 
spatial modulation, resulting in a modulation of the nonlinear susceptibility tensor. 
When a light beam hits a diffraction grating, a redistribution of the intensity of the 
transmitted light is observed, a sequence of diffraction maxima in increasing order 
(±1, ±2, …) appearing on both sides of the propagation direction of the incident 
beam (which determines the direction of the 0 order) as we move away from the 
incident direction. When a nonlinear grating is recorded in a material, diffraction 
maxima are observed also in certain directions corresponding to the second har-
monic light. In these systems it is possible to produce SHG in “quasi phase match-
ing” conditions. Very efficient SHG can be obtained, given a material in which a 
modulation of χ(2) with a certain periodicity (∧) has been introduced, for the right 
combination of excitation wavelength/angle of incidence [1, 2].

One of the recording methods is based on the illumination of photo addressable 
material films with a periodic intensity pattern, which selectively modifies the 
properties of the material. Chapter 2 briefly described that this variation leads to 
the formation of diffraction gratings in the material. We have also seen that the 
irradiation can disorder the material, so if the recording is applied to a polarly ori-
ented film, the deletion can be made in a selective way, leading to the aforemen-
tioned modulation of nonlinear susceptibility of the material. On the other hand, 
if the irradiation (not uniform) of an initially isotropic polymer is carried out at 
the same time as the application of the electric field, photo assisted poling will 
occur in the illuminated areas while those receiving no light (or much less light) 
remain in an almost isotropic state. Again, this leads to a modulation of the nonlin-
ear properties of the material.

Among the materials studied in this thesis, the copolymer with the lower azo 
content, Copol-PZ-CN_L, was the one chosen to study this phenomenon; its prop-
erties are presented in Chap. 4. The motivation for this choice is found in its good 
nonlinear response, the good reproducibility of the orientation processes, as well 
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as the efficiency of the photo assisted polar orientation processes. Moreover, the 
lower incidence of aggregation in this material compared to the homopolymer 
favours the photo addressing process. Along with this polymer, gratings in an 
amorphous copolymer, PC2-70, were recorded and characterized. The nonlin-
ear response of PC2-70 has been previously described [3]. The two polymers are 
shown in Fig. 6.1.

6.1  Recording Procedures

In this study we tested three different methods for the generation of nonlinear grat-
ings. In all of them the modulation of the irradiation intensity was performed by 
using the interference of two beams overlapping on the film. That results in an 
intensity distribution such as the one depicted in Fig. 6.2, where a succession of 
alternating light and dark vertical stripes can be seen. We used two wavelengths, 
406(diode laser) and 488 nm (Ar+ laser), both with horizontal polarization.

The recording of the grating is monitored by measuring the intensity of the first 
diffraction maximum, so that, for example, the effect of applying the field can be 
seen (see Fig. 2.27).

1. The first process consists in first orienting the polymer using conventional 
 thermal poling and then performing a selective erase of the polar order with 
light. Once it has been checked that the poling has been effective by measur-
ing the Maker fringes, the films are illuminated with the mentioned interfer-
ence pattern.

2. A second method is based on applying the electric field so that it coincides 
during a certain time interval with the irradiation. The polar orientation is 
therefore achieved by photo assisted poling in the illuminated areas.

Fig. 6.1  Polymers used to 
record nonlinear gratings
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3. Finally, an electric field was applied to films with previously recorded grat-
ings, in which the generated surface relief was significant. Generally, in this 
process it is necessary to raise the temperature to make the polar orientation 
effective, unless the field is applied immediately after the illumination.

As regards the first method, preliminary tests have not led to the expected 
results. Two extreme conditions were tested. Selective illumination of polarly 
 oriented areas for short times (≈1 min) resulted in the formation of inefficient 
gratings, though the nonlinear response in the zone was maintained. In contrast, 
when the gratings were recorded for long times (>15 min), the efficiency was right 
but the nonlinear response decreased dramatically. This may be due to a lack of 
stability of the interference pattern generated on the film, which causes a loss of 
contrast in the illumination, so that for long times it becomes practically uniform. 
Alternatively, if the intensity of the two beams is not exactly equal, the interference 
minima are nonzero and that light, although less intense, can cause the deletion.

Concerning the second method proposed, several gratings were recorded suc-
cessfully in both polymers at room temperature with light of 406 and 488 nm 
wavelength. However, the characterization of the nonlinearity of these gratings is 
more complicated, owing to the lower stability of the polar orientation achieved 
by photo assisted poling, as discussed in Chap. 6. It was decided therefore, that it 
would be more convenient to begin this study, which included the preparation and 
optimization of the experimental setup, with a recording method that would pro-
duce a more stable signal, as is the case for poling at high temperature.

6.2  Results

Let us focus, then, on the process of preparation and characterization of the 
 gratings produced by the third method, when the thermal poling is made on the 
previously recorded grating.

Fig. 6.2  Light intensity 
distribution when two beams 
interfere

6.1 Recording Procedures
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6.2.1 Recording of Gratings

Several gratings were recorded using both the mentioned wavelengths in Copol-
PZ-CN_L, a LC copolymer with high NLO response, and in PC2_70, which is an 
amorphous polymer. We should bear in mind that the wavelength and the angle 
between the beams (2θ) (see Fig. 2.26) that interfere on the film determines the 
periodicity of the grating (Λ):

In this study, the value of θ was between 2.5 and 2°, which fixes the value of 
the distance between the fringes in the interval 5 μm < Λ < 6.5 μm.

Figure 6.3 shows the evolution of the first-order diffraction maximum intensity 
corresponding to a recording of a grating in PC2-70. The recording was performed 
with light of 406 nm wavelength, with an approximate intensity of 50 mW/cm2 in 
each beam. The film thickness was close to 2 μm.

It can be seen that after a first stage in which the diffraction efficiency of the 
grating increases quickly, a level is reached after about 10–15 min that remains 
essentially stable (except for the fluctuations associated with the already men-
tioned difficulty of maintaining the contrast between the fringes for such long 
recording times).

During the recording process, the azochromophores orient selectively in the 
illuminated zones, and a surface relief modulation with the same periodicity as the 
grating is produced (see Fig. 6.4). The magnitude of the relief depends on various 
factors, such as the intensity of the irradiation, the film thickness and the distance 
between fringes. For the recording shown in Fig. 6.3 the relief reached 100 nm, 
being relatively uniform in the centre of the two beams’ overlap zone.

Several 15 min recordings in various films of similar thickness gave reproducible 
results for the relief amplitude and the approximate diffraction efficiency (accu-
rate quantitative measurements were not made). The gratings recorded under these 

(6.1)Λ = λ/2 (sin θ)

Fig. 6.3  Evolution of the 
diffracted intensity during a 
grating recording in a PC2-70 
film at 406 nm
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conditions in the two materials studied in this section were subsequently oriented 
by corona poling. In the following section the results obtained taking into account 
the different nonlinear responses of the materials (clearly greater for the polymer 
with piperazine) will be compared. The effect of the different depth of the relief on 
the diffraction efficiency of the nonlinear grating will also be discussed.

6.2.2 Recording of Nonlinear Gratings

Once the gratings were recorded, we proceeded to electric field orientation by 
applying a corona discharge using the method described in Chap. 2 (from RT to Tp 
at 5 °C/min, 40 min at Tp, and subsequent cooling with the electric field on). In the 
case of PC2-70, Tp was 125 °C, and for Copol-PZ-CN_L, 105 °C. In all the cases 
Maker fringes were measured in the grating zone to characterize the nonlinear 
response of each film. Since the excitation beam size (λ = 1.9 μm) was larger than 
the grating periodicity, the second harmonic intensity detected in these measure-
ments corresponded to the average of the illuminated and non-illuminated areas. 
In these measurements, the nonlinear response was much greater in the case of 
the piperazine copolymer, and the estimated coefficients were comparable to those 
obtained in the measurements of this same polymer after conventional thermal 
poling (see Chap. 4). Also, in these films the relationship between the coefficients 
d33 and d31 corresponds to a high anisotropy, while the d33/d31 ratio measured for 
PC2-70 was three, as expected when dealing with an amorphous polymer.

After the orientation process with the electric field, and once it had been veri-
fied that the poling had been effective, the surface relief was measured again. It 
was found that there were no appreciable alterations in the grating zone in PC2-70, 
and in some films of Copol-PZ-CN_L an increase in the depth of the modulation 
was observed, when the starting relief was marked enough.

Fig. 6.4  Relief measured 
in a PC2-70 film after the 
recording process of Fig. 6.3
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The observation of the second harmonic diffraction maxima generated in the 
grating zone evidences the modulation of the nonlinearity. This was carried out 
with a 1.064 μm beam in an oblique direction, forming an angle of about 40° 
with the normal. The beam was focused on the grating by a lens of ≈30 cm focal 
length. Our goal was to detect light of 532 nm wavelength in directions that are 
different from that of the 1.064 μm wavelength excitation beam and perfectly 
defined by the periodicity of the grating. The diffraction maxima of the fundamen-
tal light are easily detectable by a photosensitive card, and the position of the max-
ima for the harmonic light is such that the first 532 nm maximum is between the 
direct beam and the first diffraction peak of 1.064 μm; the second order maximum 
overlaps with the first maximum of 1.064 μm and so on, as shown in Fig. 6.5. It 
was possible to isolate the light of 532 nm corresponding to the different maxima 
by using a photomultiplier fitted with suitable interference filters.

6.2.2.1 Gratings with Large Relief in PC2-70 and Copol-PZ-CN-L

The intensity of the diffracted second harmonic in gratings recorded in thick films 
(≈2 μm) has been compared. The maximum relief of the analyzed gratings was 
approximately 100 nm, as seen in Fig. 6.6, which corresponds to a grating recorded 
by the interference of two beams of 488 nm wavelength (≈40 mW/cm2 each beam).

The piperazine copolymer presents a slight absorption at 532 nm, implying that 
part of the second harmonic light generated does not “leave” the sample. Despite 
this, the intensity of the harmonic light detected in the direction of the incident 
beam of 1.064 μm, at about 40° from the normal as we said (0 order in Fig. 6.5), 
was clearly greater than that detected for PC2-70, because the polymer with pip-
erazine has a much larger nonlinear response. For a first characterization of the 
process efficiency, we calculated the ratio of the intensity detected in the second 
harmonic light first-order peak and in the 0 order (incident beam direction) at 40° 
of incidence. These ratio values were approximately 0.1 and 0.3 for PC2-70 and 
Copol-PZ-CN_L, respectively.

0
0

1
2

Light 1.064 µm

Order 1 3

532 nm

Normal

Fig. 6.5  Schematic representation of the diffraction maxima directions of the fundamental beam 
and the second harmonic



159

6.2.2.2 Influence of Relief on the Grating Efficiency

In order to analyze the influence of the magnitude of the relief in the second har-
monic light diffraction, gratings were recorded with light of 406 nm wavelength in 
Copol-PZ-CN-L films (of equal thickness) under similar conditions except for the 
time of irradiation. Thus, we obtained films with the relief shown in Fig. 6.7.

In this case, the intensity of the second harmonic detected in the incident beam 
direction (for 40° incidence) was virtually the same, as was expected for the same 
material oriented in analogous conditions. However, the diffraction efficiency was 
clearly higher (more than an order of magnitude) in the case of the film with the 
larger relief.

Finally, it should be noted that for the recording conditions used in this work, 
it was easier to obtain high relief in thicker films (2 μm vs. <1 μm). The greatest 
 diffraction efficiency found was 30 % in films of Copol-PZ-CN_L with relief 
exceeding 100 nm, such as the one depicted in Fig. 6.6.

Fig. 6.6  Relief measured in a Copol-PZ-CN-L film after the nonlinear grating recording process
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As commented, in order to get a very intense second harmonic signal in a well-
determined direction, it is necessary to produce coupling between the fundamental 
and the harmonic light in the grating, when illuminating the nonlinear grating [1, 
2]. That condition is fulfilled more easily for small Λ and film thicknesses under 
1 μm. In our experimental setup, the control of the distance between fringes is rel-
atively simple. Gratings with half of the periodicity of those described so far have 
been recorded in films with thicknesses greater than 1 μm, with a well-defined 
relief. However, the lack of reproducibility of relief formation in films of ≈0.5 μm 
obtained so far will require greater control of all the process conditions, including 
the preparation of the films.

6.3  Conclusions

Diffraction grating recording was achieved in films of amorphous and LC azopol-
ymers with different relief using light of two different wavelengths. It has been 
proved that the application of a corona discharge at high temperature induces NLO 
properties in such gratings.

Diffraction efficiency of the second harmonic light generated in the grating 
zone has been correlated with the amplitude of the modulation of the surface relief.
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In order to close this report, the conclusions reached during its development will 
be summarized below.

Regarding the analysis made in Chap. 3 on the molecular nonlinear optical 
response, it has been proven that the two-level model is suitable for the calculation 
of nonlinear static hyperpolarizabilities in the case of dipolar azo compounds with 
rod-type structure. The study of the NLO properties of merocyanines by EFISH 
confirmed that the proaromatic character of both the giver and acceptor group 
enhances the hyperpolarizability value.

A comprehensive study of the effect of changing the length, morphology and 
structure of the spacer chain on the NLO response was performed. The cycling 
of the spacer chain did not result in an improvement of the NLO properties in 
all cases, revealing that the response does not depend only on the structure of 
the spacer. On the one hand, spacer groups containing pyran improved the com-
promise between good stability and high response, compared to the isophorone 
group. On the other hand, it was proven that the lengthening of the spacer with a 
 heterocycle on the acceptor group’s side improves significantly the NLO response, 
compared to the lengthening on the donor group’s side. Moreover, we also  studied 
the change of the sign of the hyperpolarizability value that different families of 
compounds experience when the spacer length, the donor or acceptor group type, 
or the solvent is varied. This behaviour is associated with different regions of 
Marder’s curve. The best NLO response, at the molecular level, was obtained for 
the compounds with diphenylpyran as the donor group and tricyanofuran substi-
tuted with trifluoromethylene as the acceptor one.

The results obtained from the EFISH measurements were decisive for selecting 
chromophores that maintain a good balance between nonlinearity on the one hand, 
and stability and transparency on the other, with the aim of their incorporation into 
polymers.

The study about side-chain LC azopolymers, reported in Chap. 4, led to the 
conclusions listed below:

The LC azopolymer films studied show a strong homeotropic tendency. The 
axial order reaches very high and stable values because of the thermotropic effect. 
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It proved possible to modify the anisotropy in Pol-PZ-CN films by changing the 
strong homeotropic tendency into a planar distribution of the chromophores by 
means of optical and thermal treatments.

The presence of azobenzene aggregates in the Pol-PZ-CN homopolymer films 
was confirmed by studying the absorption spectra under thermal treatment. These 
H-type aggregates are oriented preferably perpendicular to the plane of the film 
and show lower oscillator strength than the isolated species. The thermotropic 
effect clearly favours the formation of these aggregates. Irradiation with UV-blue 
light partially destroys this aggregation, but the aggregated initial state is recovered 
when the film is re-dissolved and reconstituted.

Concerning the NLO properties, the introduction of a strong donor group in 
the side chain of the LCP resulted in an efficiency value below that estimated by 
theoretical calculations by assuming the additivity of the microscopic properties. It 
was evidenced that this behaviour is related to the presence of aggregates, which 
are much more significant in the films of polymers bearing chromophores with 
higher dipole moment. However, the nonlinear response remains stable for a long 
time.

It was found that during thermal poling processes there is competition between 
the polar orientation induced by the electric field and the antiparallel orientation 
(centrosymmetric) established by the thermotropic effect, which does give rise to 
a NLO response. The pre-irradiation with UV-blue light provides access to more 
isolated azochromophores during the thermal poling, so that we obtain larger non-
linear coefficients values without diminishing their stability.

Pol-PZ-CN film orientation was achieved by photo assisted poling at low tem-
perature. The stability of the induced polar order increases with the temperature at 
which the process is performed.

The d33/d31 ratios found are much higher than three, indicating a high order, 
with a distribution around the polar axis narrower than that typically obtained in 
amorphous polymers. Furthermore, in processes that include blue light irradiation 
an increase in this ratio was obtained.

The modification of the second-order susceptibility tensor symmetry with 
respect to that usually obtained after thermal poling was achieved by means of 
optical and thermal treatments. The tensor symmetry changes from C∞v to a biax-
ial nonlinear response described by a C2v tensor.

A decrease in the azochromophore content of the copolymers based on 
 mon-PZ-CN led to large and stable NLO responses (higher than those of 
the homopolymer). The d33/d31 ratios were lower, corresponding to a wider 
 distribution of oriented dipoles. These results are associated with the reduction 
of aggregation that enables the orientation of a larger number of isolated chromo-
phores and increases the free volume in the film.

The study of the low or weakly polar azopolymer mixtures with dispersed 
highly efficient nonlinear chromophores described in Chap. 5 showed the exist-
ence of a motion coupling of the chromophores and the side chains of the pol-
ymeric matrix. During thermal poling processes, the electric field disturbs the 
orientation of the thermotropic liquid crystals with an almost symmetrical side 
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chain. Very high NLO coefficients are obtained, assignable to the oriented 
chromophore, but ratios d33/d31 = 3, typical of amorphous materials. However, 
when the dipole moment of the side chain is increased, high values of anisot-
ropy are reached. The NLO response, largely due to the dispersed chromophores, 
presents ratios well above three. Furthermore, the thermal induction of out-of-
plane anisotropy in the polymeric matrix prior to the thermal poling process also 
resulted in d33/d31 ratios typical of liquid crystals. Finally, it was found that this 
coupling also occurs in the orientation processes using UV-blue light, since doped 
azopolymer films with in-plane anisotropy induced by light have a response, 
after thermal poling, whose intensity is assignable to the chromophore and that is 
described by a susceptibility tensor with C2v symmetry.

In Chap. 6 it was proved that the application of a corona discharge to a diffrac-
tion grating that was previously recorded with light in an azopolymer results in a 
nonlinear grating owing to the modulation of the susceptibility tensor of the poly-
mer. Second harmonic light was detected in well-defined directions, different from 
the direction of incident light, relating its intensity to the amplitude of the surface 
relief.

7 General Conclusions
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Appendix A  
Expression for the Second  
Harmonic Intensity at the Exit  
of the Nonlinear Planar Surface

Maxwell’s equations are the fundamental equations of electromagnetism and 
the basis for describing electromagnetic interactions in any medium (usually not 
homogeneous, nonlinear and isotropic). In their differential form (when written in 
the International System of Units, SI) they can be expressed in terms of E and B 
vectors, the intensity of the electric field and the magnetic induction, respectively:

where ρt is the total charge density (both free and bound) and Jm is the current 
density due to movement of charges in the material. In addition, we have the con-
stitutive equations, characteristic of each particular medium. Thus, in a linear and 
isotropic medium, the relationship between the E, D and P vectors (electric field, 
electric displacement and polarization of the medium, respectively) is given by

where ε0 is the vacuum permittivity and εr the relative permittivity or dielectric 
constant of the medium.

The relationship between B and the magnetic field H and the magnetization of 
the medium M is

where μ0 is the vacuum magnetic permittivity and μr the relative permittivity of 
the medium.
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We will study the propagation of light through non-magnetic dielectric media. 
Therefore, B = μ0H, and the only contribution to the current intensity is the one 
associated with the polarization, Jm = ∂P/∂t. When these relations are introduced 
into the Faraday (A.2) and Ampère–Maxwell equations (A.4), these are expressed as

Taking the curl in A.7 and replacing the result with A.8, we have1

which is the propagation equation of electromagnetic waves in a medium.
In an anisotropic medium, εr is not a scalar but a tensor. In the case of a non-

linear medium, Eq. A.5 must include a polarization term that is nonlinear with the 
field (∝ E2

, E3
, . . .), which also appears in the wave propagation equation.

Previous Considerations

The aim is to obtain the second harmonic intensity expression (proportional to 
the square of the amplitude of the harmonic frequency field) at the output of a 
thin film. Figure A.1 shows a scheme of the problem and some variables that will 
appear in development are defined.

We consider an electromagnetic wave of fundamental frequency ω hitting a thin 
layer of thickness L at an angle θ. Eω is the electric field amplitude and kω the wave 
vector of the incident beam, perpendicular to the Y-axis (around which the sample 
will rotate). The refracted wave of frequency ω will propagate inside the layer in 
the direction given by Snell’s law and its amplitude Eω′ will depend on the air/
sample transmission factor 

∣

∣

∣

E
′

ω

∣

∣

∣

= t
′

ω
|Eω| .

The electric field Eω′ inside induces a polarization in the medium, which is the 
sum of a linear term (oscillating at the fundamental frequency) and various nonlin-
ear ones, among which only the second-order (2ω oscillating frequency) will be of 
interest to us.

This polarization radiates electromagnetic waves of angular frequency 2ω, 
called “bound” harmonic waves. In addition, there will also be “free” harmonic 
waves with frequency 2ω generated on the surface. The two waves will propa-
gate at different rates, nω and n2ω being the refractive indices of the bound and free 

(A.7)∇ ×
→

E = −µ0
∂

→

H

∂ t
,

(A.8)∇ ×
→

H = ε0
∂

→

E

∂ t
+

∂
→

P

∂ t

1 ∇ × ∇ ×
→

E = −
εr

c2

(

∂
2

→
E

∂ t2

)

−
4π

c2

(

∂
2

→
P

∂ t2

)

 in the c.g.s. system

(A.9)∇ × ∇ ×
→

E = −ε0µ0





∂
2

→

E

∂ t2



 − µ0





∂
2

→

P

∂ t2



,
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waves, respectively. When the sample is rotated around Y, the light path will vary 
and, as a consequence of the interference of the two waves, a second harmonic 
intensity I2ω″ will be observed that oscillates with the sample thickness passed 
through, i.e. with the angle of rotation.

In order to obtain the expression for I2ω″ generated by the sample as a function 
of angle θ, the work of Jerphagnon and Kurtz, (hereafter JK) [1] will be followed. 
During the development of their work they made several assumptions.

1. The sample does not absorb either at the fundamental or at the second har-
monic frequency. This condition was verified in all the polymers studied in 
this thesis.

2. The Poynting vector is taken to be collinear with the harmonic and fundamen-
tal wave vectors, i.e. it is not taken into account that the free and bound waves 
do not travel exactly in the same direction inside the crystal. This assump-
tion is acceptable in isotropic materials with low dispersion. In the case of 
the LCPs studied in this work it is necessary to introduce a correction to this 
model due to their considerable [2] anisotropy. In 1994 Herman and Hayden 
proposed a suitable model for birefringent samples (which in addition takes 
into account dispersion and absorption effects). The details of the correction 
will be given at the end of this appendix.

3. It is assumed that there are no multiple reflections on the input and output sur-
faces. This is a good approximation for low refractive index samples, suitable 
for the studied polymeric films.

4. It is also assumed that the transverse dimension of the sample is infinite and 
there are no effects due to the beam size, in whose cross section (A) it is con-
sidered that the field amplitude is constant (and A >> L2). If the beam size is 
too large some corrections will need to be introduced. These corrections will 
be important only for high θ values, in the case of very thick and dispersive 
films or highly focused light.

Fig. A.1  Propagation 
of waves of frequency 
ω and 2ω through a thin 
layer of thickness L. 
kω = fundamental wave, 
kb = bound harmonic wave, 
kf’ = free harmonic wave, k2

R 
and kf’

R = reflected waves. 
The primes and double 
primes refer to the values 
inside the sample (‘) and in 
the air (″), respectively, after 
crossing the layer

θ

θω
’ θ2ω

’

kω

kω
’

kf
’

k2ω”

Z=0 Z=L
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Deduction of the Second Harmonic Intensity at the Exit  
of the Layer

In order to calculate the electric field E2ω′ at each point of the layer, a term repre-
senting the existence of nonlinear polarization, P2ω′, has to be included in the wave 
Eq. (A.9):

Here p̂ is a unit vector in the direction of the nonlinear polarization and P2ω′ is 
the amplitude of the polarization (time-independent), whose relationship with the 
electric field is given by

By introducing the polarization of Eq. A.10 in Eq. A.9, we have

The solution to this differential equation can be written as a sum of two terms:

where ê f  is a unit vector perpendicular to the free wave propagation; 
→

k f  and 
→

kb are 
the propagation vectors of the free and bound waves respectively. In order to sim-
plify the mathematical expressions in the following development we will define

the unit vector in the direction of the electric field associated with the bound wave. 
Also

will be the amplitude of the bound wave.
The electric field will be

(A.10)�P ′
2ω

(�r , t) = p̂P ′
2ω

(�r , t) =
1

2

[

�P ′
2ω

exp(i �k · �r) exp(−iωt) + c.c.
]

.

�P ′
2ω

= χ
(2)

(−2ω; ω,ω) �E ′
ω

�E ′
ω

(A.11)

∇ × ∇ × �E ′
2ω

(�r , t) +

(

(

n2ω
)2

c2

)(

∂
2 �E ′

2ω
(�r , t)

∂ t2

)

= −

(

4π

c2

)

[

∂
2 �P ′

2ω
(�r , t)

∂ t2

]

.

(A.12)

�E ′
2ω

= ê f E ′
f exp(i �k f · �r)

︸ ︷︷ ︸

Free harmonic

+

[

4π P ′
2ω

/

(

(

nω
)2

−

(

n2ω

)2
)]

×

[

p̂ −

(

�kb(
�kb · p̂)/

∣

∣k f

∣

∣

2
)]

exp(i �kb · �r)

︸ ︷︷ ︸

Bound harmonic

(A.13)êb = p̂ −

[

�kb(
�kb · p̂)/

∣

∣k f

∣

∣

2
]

,

(A.14)
Q

′
= 4π P

′
2ω

/

(

(

n
ω
)2

−

(

n
2ω

)2
)

(A.15)

�H ′
2ω

= (c/2ω)(�k f × ê f )E ′
f exp(i �kb · �r)

+

[

4π P ′
2ω

/ (

(nω
)
2
−

(

n2ω
)2

)]

· (c/2ω)(�kb × p̂) exp(i �kb · �r)
.
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In the calculation of the second harmonic intensity at the exit, we will consider 
several steps, taking into account the boundary conditions at Z = 0 and Z = L, and 
the generation and propagation of harmonic waves in the material.

Boundary Conditions at the Input Surface  
of the Sample (Z = 0)

The fundamental wave arriving at an angle θ to the surface at Z = 0, is refracted at 
an angle given by Snell’s law.

The propagation vector modulus will be

which will be the wave vector. Similarly, for the free harmonic waves we have

and for the bound waves

There also exists in the air a wave of frequency 2ω reflected at the input surface 
of the sample, which propagates at an angle θR = −θ, given by

where 
∣

∣k R
2

∣

∣ = 2ω/c.

The values of Ef′, ER, êf and êR need to be found by imposing the boundary 
conditions, that is, the continuity of the tangential components of the electric and 
magnetic fields.

By introducing Eqs. A.13 and A.14 into A.12 and A.15, and since r = 0 at the 
entry of the sample, we obtain the following expressions for the electric and mag-
netic fields at the input to the sample:

(A.16)sin θ
′
ω

=
sin θ

nω
.

(A.17)
∣

∣

∣

�kω

∣

∣

∣

= n
ω

(

ω

c

)

,

(A.18)sin θ
′
2ω

= sin θ/n2ω and

∣

∣

∣

�k f

∣

∣

∣

= n2ω

(

2ω

c

)

(A.19)sin θ
′
ω

= sin θ/nω and

∣

∣

∣

�kb

∣

∣

∣

= nω

(

2ω

c

)

.

(A.20)�E R
2ω

= êR E ′
R exp(i �k R

2 · �r),

(A.21)�H R
2ω

= (c/2ω)(�k R
2 × êR)ER exp(i �k R

2 · �r),

(A.22)�E ′
2ω

= ê f E ′
f + êb Q′

,

(A.23)
�H ′

2ω
= (c/2ω)[(�k f × ê f )E ′

f + Q′
(�kb × p̂)].
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The mentioned continuity relations concern the tangential components, X and 
Y of the electric and magnetic fields, in this case. Therefore, by setting equal the 
waves of frequency 2ω before and after the boundary surface:

In order to simplify the notation, we will name the projections of the 
êb, êf, êR and p̂ unit vectors in X, Y, Z, as follows:

êb êf êR p̂

X bx fx Rx px

Y by fy Ry py

Z bz fz Rz pz

By developing the scalar and vector products and remembering that 
kRy = kfy = kby = 0, as the XZ is the plane of incidence, we find the four equations

We are going to consider, on the one hand, the situations in which the nonlinear 
polarization is perpendicular and, on the other, when it is parallel to the plane of 
incidence, XZ.

Nonlinear Polarization Perpendicular to the Plane of Incidence 
(XZ): bx = bz = 0, by = 1; px = pz = 0, py = 1

In this case, by particularizing Eqs. A.28–A.31,

(A.24)X̂ .êR ER = X̂ .ê f E ′
f + X̂ . êb Q′

,

(A.25)(�kR × êR).X̂ ER = X̂ .(�k f × ê f )E ′
f + X̂ .(�kb × p̂)Q′,

(A.26)Ŷ .êR ER = Ŷ .ê f E
′

f + Ŷ .êb Q
′

,

(A.27)(�kR × êR).Ŷ ER = Ŷ .(�k f × ê f )E ′
f + Ŷ .(�kb × p̂)Q′

.

(A.28)Rx ER = fx E
′

f + bx Q
′

,

(A.29)RykRz ER = fyk f z E
′

f + bykbz Q
′

,

(A.30)Ry ER = fy E
′

f + py Q
′

,

(A.31)(Rx kRz − RZ kRx)ER = ( fx k f z − fzk f z)E
′

f + (pxkbz − pzkbx)Q
′

.

(A.32)Rx ER = fx E
′

f ,

(A.33)RykRz ER = fyk f z E
′

f + kbz Q
′

,

(A.34)Ry ER = fy E
′

f + Q
′

,

(A.35)(RxkRz − RZ kRx)ER = ( fx k f z − fzk f z)E
′

f .
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Equations A.32 and A.35 are independent of Q′ (bound wave amplitude), and 
would be equal for the case where there is no second order polarization, that is, if 
there were no field at 2ω. It follows that Rx = fx = 0 = Rz = f, and fy = Ry = 1, so 
that Eqs. A.34 and A.35 are now

In A.36 we can replace the projections along the Z-axis of the free, bound and 
reflected wave vectors by

giving, from Eq. A.37,

In turn, by replacing ER in this equation by its value in A.37, we obtain an 
expression for the amplitude of the free second harmonic wave inside the sample:

Going back now to the expression for the electric field A.12, we can rewrite it as

Nonlinear Polarization Parallel to the Plane of Incidence (XZ): 
py = 0, by = 0

From Eq. A.13, the components in each direction of the polarization unit vector 
for the case in hand can be deduced:

Developing the dot product, and in view of the values of the components of the 
wave vectors, we find

Similarly, for the component in the Z direction we will have

If we now include Eqs. A.42 and A.43 in Eqs. A.28–A.31, they become

(A.36)kRz ER = k f z E
′

f + kbz Q
′

,

(A.37)ER = E
′

f + Q
′

.

k f z = cos θ
′

2ω

∣

∣k f

∣

∣ , kRz = − cos θ |kR | , kbz = − cos θ
′

ω
|kb| ,

(A.38)n2ω cos θ
′
2ω

E ′
f + nω cos θ

′
ω

Q′
= − cos θ ER .

(A.39)E
′

f = −Q
′ cos θ + nω cos θ

′

ω

cos θ + n2ω cos θ
′

2ω

.

(A.40)�E
′

2ω
= Q

′

Ŷ

((

−
cos θ + nω cos θ

′

ω

cos θ + n2ω cos θ
′

2ω

)

exp(i �k f · �r) + (exp(i �kb · �r)

)

.

(A.41)bx = px −

[

kbx(
�kb · p̂)/

∣

∣k f

∣

∣

2
]

.

(A.42)bx = px −

(

(

nω
)2

/(

n2ω

)2
)

sin θ
′

ω
(sin θ

′

ω
px + cos θ

′

ω
pz).

(A.43)bz = pz −

(

(

nω
)2

/ (

n2ω

)2
)

cos θ
′

ω
(sin θ

′

ω
px + cos θ

′

ω
pz).

(A.44)Rx ER = fx E
′

f + bx Q
′

,
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It follows from Eqs. A.45 and A.46 that Ry = fy = 0. Given that Rx = cos(–θ) and 
fx = cos(θ2ω

′), Eq. A.44 becomes

As for Eq. A.47, the left-hand side can be written as

Concerning the first term (free harmonic) of the right-hand side,

And, for the bound harmonic wave term,

So, by matching and simplifying terms it is deduced that

By removing ER between Equations A.48 and A.49, and isolating the amplitude 
of the free harmonic wave inside the sample, we obtain

Again, by substituting the expression for the harmonic field in the material, 
Eq. A.12, we have

Boundary Conditions at the Output Surface of the Sample (Z = L)

The harmonic waves are transmitted through this surface to the air, so that there is 
a free wave E2ω

″ with the wave vector k2ω
″:

We assume that there has not been any reflection for the bound wave. The free 
reflected wave at 2ω will be E ′R

f  and its wave vector k
′ R
f , where

As we did in the Z = 0 limit, we will consider, on the one hand, when the non-
linear polarization is perpendicular to the plane of incidence, XZ, and on the other, 
when it is parallel.

(A.45)RykRz ER = fyk f z E
′

f , since by = 0

(A.46)Ry ER = fy E
′

f , since py = 0,

(A.47)(RxkRz − RzkRx)ER = ( fx k f z − fzk f x )E
′

f + (pxkbz − pzkbx)Q
′

.

(A.48)−ER cos θ = cos θ
′

2ω
E

′

f + bx Q
′

.

(Rx kRz − RzkRx)ER = |kR | (cos θ cos θ + sinθ sin θ)ER = (2ω/c)ER.

( fx k f z − fzk f x)E
′

f = (2ω/c)n2ω E
′

f .

(pxkbz − pzkbx)Q
′

= (2ω/c)nω
(px cos θ

′

ω
− pz sin θ

′

ω
).

(A.49)ER = n2ω E
′

f + nω Q
′

(px cos θ
′

ω
− pz sin θ

′

ω
).

(A.50)E
′

f = −Q
′ bx + nω cos θ(px cos θ

′

ω
− pz sin θ

′

ω
)

cos θ
′

2ω
+ n2ω cos θ

= −β Q′

(A.51)�E
′
2ω

= −ê f β Q
′

exp

(

i �k f · �r

)

+ êb Q
′

exp

(

i �kb · �r

)

�k
′′

2ω
= 2�kω

θ
′ R
f = −θ

′

2ω
,

∣

∣

∣

k
′ R
f

∣

∣

∣

= n
′

2ω
(2ω/c).
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Nonlinear Polarization Perpendicular to the Plane of Incidence 
(XZ): py = 1; by = 1; fy = 1

By imposing the continuity condition on the tangential components of the electric 
and magnetic fields at the output of the sample (r = L) we have

Removing E
′ R
f

 between the two expressions and working out E
′

2ω
, we obtain

Having calculated the electric field corresponding to the second harmonic 
wave generated in the material, the intensity magnitude directly related to what is 
measured in a SHG experiment can be calculated. For this, we calculate the time 
average of the Poynting vector, which is the energy flow per area and time unit, 
that is, the intensity

In order to calculate the magnitude squared of the field, each side of Eq. A.54 
is multiplied by the corresponding complex conjugate. Furthermore, it should be 
noted that

The factors before the exponentials on the right-hand side of Eq. A.54, will be 
named A and B to simplify the expressions now in the following way:

(A.52)E ′
f exp(i �k f Ẑ L) + Q′ exp(i �kb Ẑ L) + E ′R

f exp(−i �k f Ẑ L) = E ′′
2ω

(2i �kω Ẑ L)

(A.53)
−n

2ω
cos θ

′
2ω

E
′
f

exp(i �k f Ẑ L) − n
ω
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ω

Q
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+ n
2ω

cos θ
′
2ω

E
′R
f

exp(i �k f Ẑ L) = − cos θ E
′′
2ω

exp(2i �kω Ẑ L)

(A.54)

E
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2ω

exp(i2�kω Ẑ L) =
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2n
2ω

cos θ
′
2ω

cos θ + n2ω cos θ
′

2ω

)

E
′
f

exp(i �k f Ẑ L)
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(

n
ω

cos θ
′
ω

+ n
2ω

cos θ
′
2ω

cos θ + n2ω cos θ
′
2ω

)

Q
′
exp(i �kb Ẑ L)

(A.55)
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1

2

)

Re
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E ′′

2ω
×

−→
H ′′∗

2ω

)
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〈

−→
S

〉

= I ′′
2ω

(A.56)I ′′
2ω

=

( c

8π

)

∣

∣E ′′
2ω

∣

∣

2
in c.g.s.units.

�k f · Ẑ =

∣

∣

∣

�k f

∣

∣

∣

cos θ
′

2ω
= n2ω

4π

λ
cos θ

′

2ω
and �kb · Ẑ = nω

4π

λ
cos θ
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ω
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(A.57)

|E2ω
′ |

2
= [Ae

i4π Ln
2ω

cos θ
′
2ω /λ

+ Be
−i4π Ln

ω
cos θ

′
ω /λ

]

× [Ae
−i4π Ln

2ω
cos θ

′
2ω /λ

+ Be
i4π Ln

ω
cos θ

′
ω /λ

]

= A
2
+ B

2
+ AB[e

i4π L(n
2ω

cos θ
′
2ω −n

ω
cos θ

′
ω)/λ

+ e
−i4π L(n

2ω
cos θ

′
2ω −n

ω
cos θ

′
ω)/λ

]
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The term in brackets may be simplified (2 cos θ = eiθ + e−iθ
), so there remains 

an oscillating term corresponding to

The ratio lc(θ) =
λ

4(nω cos θ ′
ω
−n2ω cos θ

′
2ω

)
 is identified as the coherence length 

(depending on the angle of incidence) for this SHG process. The argument of the 
previous oscillating function can then be written as Ψ =

π L
2lc(θ)

.

By substituting into the |E2ω
′|2 expression the values of Ef′ and Q′ ‘given by 

Eqs. A.39 and A.14, it is straightforward to check that the sum of the non-oscillat-
ing terms is several orders of magnitude lower than the amplitude of the oscillating 
term, so it can be neglected. Thus, the intensity of the second harmonic is given by

Nonlinear Polarization Parallel to the Plane of Incidence (XZ): 
pz = 0; bz = 0

By following the reasoning that we have used during this development, if we 
apply the continuity conditions to the electric and magnetic fields we have

Removing Ef
′R from these equations, it is deduced that

2 cos

(

n
ω

cos θ
′
ω

− n
2ω

cos θ
′
2ω

)

4π

λ
L = sin

2
[

(

n
ω

cos θ
′
ω

− n
2ω

cos θ
′
2ω

)

2π L/λ]

= sin
2 Ψ.

(A.58)
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(A.59)
cos θ E

′′
2ω

(2i �kω Ẑ L) = cos θ
′
2ω

E
′
f

exp(i �k f Ẑ L) + bx Q
′
exp(i �kb Ẑ L)

−E
′R
f

cos θ
′
2ω

exp(−i �k f Ẑ L)

(A.60)

E ′′
2ω

(2i �kω Ẑ L) = n2ω E ′
f exp(i �k f Ẑ L) + nω Q′

(px cos θ
′
ω

− pz sin θ
′
ω
) exp(i �kb Ẑ L)

+ n2ω E ′R
f cos θ

′
2ω

exp(−i �k f Ẑ L)

(A.61)

E ′′
2ω

exp(2i �kω Ẑ L) =

(

2n2ω
cos θ

′
2ω

n2ω cos θ + cos θ
′

2ω

)

E ′
f exp(i �k f Ẑ L)

+

(

n2ωbx + nω
cos θ
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(cos θ
′
ω

px − sinθ
′
ω
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cos θ
′
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+ n2ω cos θ
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exp(i �kb Ẑ L)
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By using again Eq. A.56 and substituting for the amplitudes of the free and 
bound waves now, given by Eqs. A.14 and A.50, we reach the expression for the 
second harmonic intensity at the exit of the film. As in the case just described, 
only the oscillating term remains:

This equation can be simplified if we recall the expression for the X component 
of the unit vector êb (bx, Eq. A.42), and we consider that there is little dispersion, 
i.e. nω ≈ n2ω

. Under these conditions, bx = px − sin θ
′

ω
(sin θ

′

ω
px + cos θ

′

ω
pz), 

which is equal to bx = cos θ
′

ω
(px cos θ

′

ω
− pz sin θ

′

ω
).

We now define an angle called η between the polarization vector and the X 
direction (Fig. A.2).
The unit vector components will be

so

Introducing the above in Eq. A.62 allows the expression to be reduced to

In view of Eqs. A.58 and A.63, a general expression for the second harmonic 
intensity at the exit of the film can be written, which relates it to the fundamental 
electric field amplitude:

(A.62)
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px = cos η and pz = sin η,

(px cos θ
′
ω

− pz sin θ
′
ω
) = (cos η cos θ
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In this expression, d is the nonlinear coefficient involved in the measurement 
and p(θ) is a projection factor, which depends on the nonlinear tensor form and 
the polarization direction P2ω

′
, such that p(θ) = p1 p2, where p1 is defined by the 

expression for the polarization amplitude as a function of the fundamental field 

amplitude: 
∣

∣

∣

P
′

2ω

∣

∣

∣

= p1d

∣

∣

∣

E
′

ω

∣

∣

∣

2

, and p2 depends on the direction of the nonlinear 
polarization:

p2 = 1 if it is perpendicular to the plane of incidence and
p2 = cos(θω

′ − η) if it is parallel to the plane of incidence

Furthermore, as mentioned previously, we consider the transmission factors air/
sample of the fundamental wave 

∣

∣

∣

E
ω

′

∣

∣

∣

= t
ω

′ |Eω| and sample/air factor for the har-
monic wave T2ω

′
. See Table A.1.

In view of Eq. A.64, it follows that the model proposed by Jerphagnon and 
Kurtz predicts that the second harmonic intensity is an oscillating function with 
the light path in the material, that is, with angle θ, varying when the sample is 
rotated. The periodic variation of the signal is modulated by the presence of the 
projection factor p(θ), mainly responsible for the “envelope” shape of the Maker 
fringes in the SHG experiments in solids.

Correction for Highly Birefringent Samples

As mentioned, in this thesis the Herman and Hayden method (hereafter HH) has 
been used to fit the data corresponding to polymer films owing to their remarkable 
birefringence. The measurement configurations were PωP2ω and SωP2ω. The first 
correction that we will consider is the inclusion of the mentioned walk-off angle. 
The formula to calculate it is [3]

(A.65)
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For the free harmonic wave.

Table A.1  Transmission factors

Fundamental, parallel to the plane of 
incidence Pω

Perpendicular to the plane of incidence 
Sω

Air/sample, 
fundamental 
light
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of incidence P2ω
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of incidence S2ω
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In the present case, we have to define a new refractive index for the bound har-
monic wave that will be dependent on the angle of refraction θ ′

ω
:

The HH model uses the same air/sample transmission factors for the fundamen-
tal beam as the JK model. However, it includes reflection losses at the sample/
glass interface for the harmonic, so it introduces two new factors, with an addi-
tional correctionfor the walk-off angle.

The incident light polarization is perpendicular, Sω

The air/sample transmission factor, ta→m
ω

, will be the same as in the JK model, 
because γω = 0, as the bound harmonic wave is polarized perpendicular to the 
optical axis and the index it will “see” will be no

ω.The transmission factor sample/
substrate will be 

nS
2ω substrate refractive index,

θS2ω′ propagation angle in the substrate.

The incident light polarization is parallel, Pω

The walk-off angle has to be taken into account in oriented films, since the fun-
damental wave propagates such that the direction of its polarization vector forms 
an angle (variable during the measurement) with the optical axis. Then the trans-
mission factor is no longer the same:

The T
′

2ω
 factors have the same form as in the JK model.

Moreover, an effective coefficient, deff, is defined, whose relationship with the 
parameters of the expression in the JK model is deff = p (θ) d.

Finally, by introducing these modifications, the expression for the second har-
monic power at the exit of the birefringent material is obtained:

(A.66)
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The second harmonic intensity at the exit of the measurement cell for liquids is 
an oscillating function of the distance travelled by the light, as it was in the case 
of polymeric films. The derivation of the second harmonic intensity expression at 
the output of the cell follows Oudar’s work [4]. As we saw, in that case the wave 
propagation equation for frequency 2ω is

In the case of EFISH, all the electric fields are parallel to the laboratory Z-axis 
(Fig. B.1), since the static electric field is applied in that direction, and the funda-
mental wave reaches the solution with a polarization perpendicular to the plane of 
incidence, X being the propagation direction.
So, the expression for the polarization as a function of the fields is

We recall here the expressions for the vectors of the fundamental wave and har-
monics defined in Appendix A:

A solution for the wave equation B. 1 would be

and for the fundamental wave
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→

E2ω +
ε2ω

c2

∂
2

→

E2ω

∂ t2
=

−4π

c2

∂
2

→

P N L
2ω

∂ t2
.

(B.2)P N L
2ω

= ΓZ Z Z Z(−2ω,ω,ω, 0)Eω

Z Eω

Z E0
Z = d Eω

Z Eω

Z with d ≡ ΓZ Z Z Z E0.

∣

∣

∣

∣

→

kω

∣

∣

∣

∣

= n
ω

(

ω

c

)

,

∣

∣

∣

∣

→

k f

∣

∣

∣

∣

= n
2ω

(

2ω

c

)

,

∣

∣

∣

∣

→

kb

∣

∣

∣

∣

= n
ω

(

2ω

c

)

.

(B.3)
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since Eω
(x) = Eωeikω x

.

With the above, Eq. B.1 becomes

whose solution is presented as a sum of two terms in an analogous way to that 
seen in Appendix A:

Under the usual conditions of an EFISH experiment, the amplitude of the 
bound wave Eb, is proportional to the nonlinear polarization:

This field is transmitted through the different media presented in the figure. 
At the boundary between two media the reflected and transmitted waves will 
appear, whose amplitudes are calculated by the boundary conditions of the fields 
→

E2ω and

→

H2ω, in a similar way to the case of the films described in Appendix A, 
that is, by matching tangential components at the interface between the media. The 
separation surfaces that the wave will find will be air/quartz, quartz/liquid, liquid/
quartz and quartz/air. At the second’s window output, the amplitude of the transmit-
ted harmonic field can be expressed in terms of the bound wave amplitudes in the 
quartz, Eb

Q and in liquid Eb
L, as well as of the corresponding transmission factors:

Where t and T factors are defined as in Table B.1.
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From the expression for the harmonic field in Eq. B.7, the intensity is calcu-
lated using Eq. A.56:

where

The coherence length is defined as

where λv is the wavelength in the vacuum.
Thus, finally, we have that

which is the expression used in fitting the Maker fringes to obtain IM
L and lc, as 

explained in Chap. 2 of this work.
IM

L can be written so that the value of the nonlinear susceptibility of the liquid 
appears explicitly. Thus, replacing Eb

L, Eb
Q, TL and TQ in Eq. B.12, we find
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Table B.1  Transmission factors
Quartz/Air

t
q→a
2ω

=
2n2ω

q

1+n2ω
q

Quartz/Liquid
TL =

nω

l +n2ω

l

n2ω
q +n2ω

l

Air/Quartz
t
a→q
2ω

=
2

1+nω
q

Liquid/Quartz
TQ =

nω
q +n2ω

l

n2ω
q +n2ω

l

Appendix B: Expression for the Second Harmonic Intensity

http://dx.doi.org/10.1007/978-3-642-31756-9_1


 182

Table B.2 summarizes the parameters needed to calculate µβ of the molecules 
in the different solvents and for the wavelengths used in this work.

Table B.2  Values of the parameters needed for the experimental calculation of 
μβ in different solvents

Quartz windows 
(Suprasil)

Dichloromethane 
(CH2Cl2)

Chloroform  
(CHCl3)

Dimethylsulfoxide 
DMSO ((CH3)2SO)

λ[nm] 1064 1906 1064 1906 1064 1906 1064 1906

nω

n2ω

1.450
1.460

1.440
1.450

1.420
1.430

1.407
1.410

1.438
1.450

1.435
1.439

Not used 1.462
1.467

Γ [10−14 
esu]

3.3 2.9 11.7 8 8.7 6.4 Not used −5.20

ε _ _ 9,080 4.806 46.7
ρ [g/cm3] _ _ 1.322 1.483 1.095
K [10−14 

esu]
_ _ 75.6 115 77.6 137.0 Not used 122

lc [μm] _ _ 27 136 22.5 120.8 Not used 95
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Appendix C  
Order Parameters

In the context of this work, the order parameters characterize the degree of order 
of a chromophore distribution in a polymer matrix. In a system composed of 
uniaxial molecules with cylindrical symmetry, the order parameters correspond 
to the coefficients of the orientational distribution function F(θ, ϕ) as a series of 
Legendre polynomials (Pn(cos θ)), where θ the angle between the axis and the 
macroscopic molecular axis, the only significant parameter (see Fig. C.1).

A centrosymmetric system involves only even-order terms. On the other hand, 
if there is polar order it is necessary to consider the coefficients of both the odd- 
and even-order terms.

The angular brackets < > refer to the orientational average of the corresponding 
magnitude. To calculate this, we note that the probability of finding a molecule ori-
ented in a certain interval dθ around θ is given by F(θ) sin θ dθ. So <P1> is calculated 
as

Throughout this report two types of arrangements have been mentioned, an 
axial orientation determined by the “long” axis of the molecules around a preferred 
direction (which corresponds to the parameter <P2>) and another polar one, in 
which the orientation of the dipole moment of the molecules with respect to a refer-
ence direction is decisive, where <P1> and <P3> also have to be taken into account. 
Below, we will see how to obtain the order parameters from experimental data.

F(θ) = 2π F(θ, ϕ) =

∞
∑

i=0

(

2i + 1

2

)

< Pi > Pi(cos θ),

P0 = 1 P1 = cos θ P2 =
3

2
cos2

θ −
1

2
P3 =

5

2
cos3

θ −
3

2
cos θ.; P4, P5 . . .

P1 = �cos θ� =

π
∫

0

cos θ F(θ) sin θ dθ

π
∫

0

F(θ) sin θ dθ
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Axial Order Parameter

The axial order parameter is defined as the statistical average of the Legendre pol-
ynomial of second order:

P2 =<P2(cos θ)>=
1

2
<3 cos

2
θ − 1>, so that <cos

2
θ>=

1+2P2

3
.

This parameter has been calculated by two experimental methods in the work 
reported in this thesis. One of them is based on UV-vis absorption measurements 
and the other on refractive index measurements of the films. It is obvious that nei-
ther of these techniques distinguish between dipoles pointing in the same direction 
or with opposite orientations.

From Absorption Measurements

The probability of absorption of a photon polarized along the ê vector by a dipole 
μ is proportional to (μ.ê)2 (see Fig. C.1). Therefore, for a uniaxial distribution of 
dipoles, the absorption of polarized light in a direction parallel and perpendicular 
to the optical axis will be [5]

where κ is a constant.
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By using the two expressions to remove the constant, we obtain the expression 
for the axial order parameter P2 as a function of the polarized absorption [6]:

If we define A0 as the initial absorbance of the sample (isotropic) measured at 
normal incidence and A⊥ as the absorbance of the sample axially oriented, meas-
ured with light polarized perpendicularly to the orientation direction (normal inci-
dence), it must be satisfied, taking into account the three directions of the film, that

and this expression can be reduced to

From Refractive Index Measurements

The calculation of the order parameter P2 from refractive indices was performed 
by following the method described by Page et al. [7]. This method is based 
on the fact that the contribution to the refractive index of the charge transfer 
band is proportional to the absorbance. The refractive index has therefore a fre-
quency-independent contribution, n0, and another one with resonant character, 
associated with the charge transfer transition at frequency ω0. We then have that

The frequency ω0, at which the absorption is maximal, is obtained from the 
UV–vis absorption spectrum of the film.

When the chromophores are oriented axially in the film, the components paral-
lel and perpendicular to the axis, δn‖ and δn⊥, respectively, vary with respect to 
their value in the isotropic system δn0, but the frequency dependence is the same 
for all the components, so that

According to Eq. C.2, the order parameter can then be expressed as

The technique used to measure the refractive indices utilizes TE polarized light 
(perpendicular to the plane of incidence) and TM (parallel to the plane of inci-
dence). In the event that the axis is perpendicular to the film plane, as in the cases 
analyzed, we must have

(C.3)P2 =
A� − A⊥

A� + 2A⊥

.

(C.4)A� + 2A⊥ = 3A0,

(C.5)P2 = 1 −
A⊥

A0

(C.6)n(ω) = n0 + δn(ω) and δn(ω) ∝
Const

ω
2
0 − ω2

.

(C.7)δn� + 2δn⊥ = 3δn0.

(C.8)P2 =
δn� − δn⊥

δn� + 2δn⊥

.

δnTM = δn�

δnTE = δn⊥
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Therefore

where  δnTM = nTM − n0

δnTE = nTE − n0

The method used in this thesis is based on the measurement of both nTE and nTM 
indices at two different wavelengths, (633 and 1306 nm), calculating the average 
for each wavelength:

Thus, solving the dispersion curve in Eq. C.6 leads to n0 and the constant. (The 
dispersion expression has been also used to calculate n(ω) at the frequencies of 
interest in the calculation of the nonlinear coefficients corresponding to 1907 and 
954 nm.)

Polar Order Parameters

The parameters P1 and P3 that describe the polar order may be estimated from the 
results of SHG measurements. To obtain them, the starting point will be the rela-
tionship between macroscopic and microscopic nonlinear coefficients in polymeric 
films, as discussed in Chap. 1 of this work.

The non-centrosymmetric order of the chromophores is achieved by applying 
an electric field, which orients the dipoles parallel to it. At the microscopic level it 
is a very complex problem, which depends on the potential energy of the molec-
ular dipoles, the energy associated with thermal fluctuations of the system, the 

(C.9)
P2 =

δnTM − δnTE

δnTM + 2δnTE

,

(C.10)n(ω) =

√

2(nT E )2 + (nT M )2

3
.

Fig. C.2  Relationship 
between the molecular 
dipole moment μz, the 
vector component of the 
susceptibility βz, and the 
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the macroscopic reference 
system (Z parallel to the 
external field and X and Y 
perpendicular)

X,⊥

Z,

θ

ϕ

µz

βz

Y ,⊥

x

z

yDonor -π-A
cce

ptor

z

Appendix C: Order Parameters

http://dx.doi.org/10.1007/978-3-642-31756-9_1


 187

dielectric properties of the medium, etc. At the macroscopic level, the polar orien-
tation process in an isotropic sample induces C∞v symmetry, with an axis perpen-
dicular to the plane of the film. The relationship between the axes of the molecule 
and the film oriented this way are shown in Fig. C.2.

The chromophores are distributed in a conical manner around the Z-axis, char-
acterized by the angle θ. When the poling is very weak, the θ distribution will be 
wide, but each molecule will show a certain tendency to align along the Z-axis. As 
discussed in Chap. 1 of this report, the nonlinear optical response of this kind of 
system is determined by only two nonlinear coefficients:

whose relationship with the microscopic hyperpolarizability is

For its part, the second coefficient (if the X-axis is defined to coincide with the 
component of the incident light in the plane perpendicular to the Z-axis) is

In the previous expressions, f refers to the corresponding local field factors in each 
case.

In order to calculate the angular function averages that appear in Eqs. C.11 and 
C.12, the following distribution function will be used:

where U(θ) is the potential energy of the molecule in the medium in the presence 
of the electric field. U(θ) has a contribution due to the potentials associated with 
local structures or the anisotropy of the medium U1(θ), and another contribution 
due to the interaction of the μ dipole with the applied field E. Therefore

Here E = Eextf(0), where Eext is the applied external electric field and f(0) the local 
field factor at zero frequency.

We shall first determine P1 = <cos θ>, which corresponds to the orientation 
average of a dipole in the system. Using the Boltzmann distribution law and con-
sidering an isotropic starting medium (U1(θ) = 0), we have

The solution is the first-order Langevin function, L1(p),

χ33 = χzzz and χ31 = χyyz = χx xz = χzyy = χzx x ,

(C.11)χzzz = N f <bZ Z Z>= N f <cos
3
θ> βz

(C.12)χzx x = N f �bp(Z X X)� = N f �(cos θ)(sin2
θ)(cos2

ϕ)�βz

(C.13)F(θ) = e−U (θ)/kT
,

(C.14)U(θ) = U1(θ) − �µ · �E = U1(θ) − µE cos θ.

(C.15)�cos θ� =

π
∫

0

cos θ F(θ) sin θ dθ

π
∫

0

F(θ) sin θ dθ

=

π
∫

0

cos θ exp
(
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kT

)

sin θ dθ

π
∫
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exp
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�µ �E
kT
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sin θ dθ

(C.16)�cos θ� = coth p −
1

p
= L1(p)
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which, expressed in a power series expansion of p = μE/kT, is

Analogously, we can calculate the statistical average <cos3
θ>, shown in 

Eq. C.11, which relates the macroscopic nonlinear coefficient to the molecular 
one:

whose solution is the third-order Langevin function

By introducing the Langevin function in Eq. C.11 we have

Once the expression for the first nonlinear coefficient (χzzz = χ33) is obtained, 
we can calculate χ31 by using Eq. C.12. In the case of a polarly oriented isotropic 
solid, the plane perpendicular to the polar axis direction should remain isotropic 
and the term (cos2

ϕ) should not appear in the Boltzmann average:

Since the relationships between the Langevin functions Ln(p) and the average 
values of the Legendre polynomials <Pn(cosθ)> are

in the notation used in this thesis we would have

(C.17)L1(p) =
1

3
p −

1

45
p3

+
2

945
p5

− . . . .

(C.18)�cos3
θ� =

π
∫

0

cos3
θ F(θ) sin θ dθ

π
∫

0

F(θ) sin θ dθ

,

(C.19)L3(p) =

(

1 +
6

p2

)

L1(p) −
2

p
. . . .

(C.20)χ
(2)

Z Z Z = N f 2
z (ω) fz (2ω) βz L3 (p)

�(cos θ)(sin2
θ)(cos2

ϕ)� =

π
∫

0

F(θ) cos θ sin3
θ dθ

π
∫

0

F(θ) sin θ dθ

2π
∫

0

cos2
ϕ dϕ =

�cos θ−cos3
θ�

2

=
1
2
(L1(p) − L3(p))

(C.21)χ
(2)

p(Z X X)
=

Nβz f 2
x (ω) fz(2ω)(L1(p) − L3(p))

2

(C.22)L1 (p) = < P1(cosθ) >,

(C.23)L2 (p) = 1/3 (2 < P2 (cosθ) > + 1) ,

(C.24)L3 (p) = 1/5 (2 < P3 (cosθ) > + 3 < P1 (cosθ) >) ,

(C.25)χ33 = 2d33 = Nβz f <cos
3
θ>= Nβz f

(

3

5
�P1� +

2

5
�P3�

)

,
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and therefore the polar order parameters can be estimated from the nonlinear coef-
ficient values [8]:

In the limit of very small fields and low dipole moments, the equations for the 
nonlinear coefficients take the following form:

By comparing the previous two expressions, it can be deduced that for initially 
isotropic media, where the induced order is due to the thermal poling orientation 
with low fields, the ratio d33/d31 is 3 [9].

In the other limit, for high field values, χ33 approaches its saturation value cor-
responding to L3(p) = 1, and yet χ31 approaches zero since it is proportional to 
(L1(p) − L3(p))/2, as shown in Fig. C.3.

On the other hand, the anisotropy in the medium, as in the case of liquid crys-
tals, has a significant impact on the degree of poling equilibrium. The principal 
axis of the liquid crystal is a non-polar axial axis resulting from the alignment due 
to van der Waals interactions between mesogens, while the external electric field 
orients these molecules polarly. Therefore, permanent dipoles experience both the 
potential associated with the orientation of the mesogens and that associated with 
the external electric field.

(C.26)χ31 = 2d31 = Nβz f

(

�cos θ − cos3
θ�

2

)

= Nβz f

(

1

5
�P1� −

1

5
�P3�

)

,

(C.27)�P1� =
2(d33 + 2d31)

Nβz f
,

(C.28)�P3� =
2(d33 − 3d31)

Nβz f
.

(C.29)d33 =
N fµEβz

10kT
,

(C.30)d31 =
N fµEβz

30kT
.

Fig. C.3  The Langevin 
function L3(p) and 
[L1(p) − L3(p)]/2
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Going back to Eq. C.14, the potential energy of the molecular dipole of the 
nonlinear chromophore in a liquid crystalline environment is

Us(θ) contributions to the orientational distribution function influence the 
degree of polar order that can be obtained in a positive way. To obtain the above 
expressions for <cos>, the value of Us(θ) has to be known. Although we do not 
know it, we can get an idea of what it is by imposing restrictions such as those 
derived from a very anisotropic environment, for example if we think of an 
extreme case such as that corresponding to the Ising model. In this scheme, the 
value of Us(θ)is equal to zero for θ = 0, π, 2π, etc. and infinite for any other angle. 
Under these circumstances, the obtained coefficients in the case of low fields are

For high fields the alignment saturates for both models and 
d33 (Ising) → d33 (isotopic) .

In practice, we can expect an alignment less rigorous than that of the Ising 
model. However, the use of liquid crystals appears to anticipate a degree of order 
higher than that obtained in isotropic materials [10] normally associated with 
d33/d31 ratios clearly greater than three.

(C.31)U(θ) = Us(θ) − −µE .

d33 (Ising) = 5d33 (isotropic) ,

d31 (Ising) = 0 .
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Appendix D  
NLO Parameter Units

The units we will use for the susceptibility are those of the International System, 
while the hyperpolarizability and the μβ product are given in cgs units, as is usual 
in the literature on the subject. Let us see the relationship between the units of the 
NLO parameters in the two systems.

Second-Order Nonlinear Susceptibility

We will begin by defining the nonlinear polarization in the two unit systems, as 
expressed in Eq. 1.2:

In this thesis the International System with Convention I will be used.
In Table D.1, the units of each parameter in the two systems are presented, 

together with the conversion factors to go from SI units to the cgs system.
Therefore, by Convention I, the relationship between susceptibility expressed in 

the two systems will be

Throughout this thesis the coefficients are given in pm/V (10−12 m/V).

First-Order Hyperpolarizability

In the cgs system the hyperpolarizability β, which relates the induced dipole 
moment to the squared field, p = βE2, is expressed in units of length to the fourth 
power divided by the unit of electrical potential (cm4/statvolt).

In the International System, as in the case of the susceptibility, we find two 
ways to define β:

P N L
S I = ε0χ

2(1)

S I E2
S I = χ

2(I I )
S I E2

S I

P N L
cgs = χ

2
cgs E2

cgs

χ
(2)

cgs(esu) =
(3 × 104

)

4π
χ

(2)

S I (m/V ).

http://dx.doi.org/10.1007/978-3-642-31756-9_1
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Definition 1: p = ε0β
I E2

Definition 2: p = β
I I E2

Therefore β I I = ε0β
I

The conversion factors from cgs to SI for β are shown below for both 
definitions:

and,

where esuβ means the electrostatic units of β, which are cm4/statvolt as 1 
statvolt = 3 × 102 V.

As already mentioned, throughout this thesis we will use cgs units, because 
they are most-often used in the literature. The value of μβ from EFISH measure-
ments often expressed in cgs units (esu). Its units are equivalent to the electro-
static unit of charge (u.e.q.) × centimetre (cm) × electrostatic unit of β (cm4/
statvolt).

To move from μβ in cgs to μβ in SI, one must take into account the rela-
tionship between the units of μ in the two systems. In the International System 
this is expressed in C m, and 1 C m = (3 × 109 u.e.q.) × (102 cm) = 3 × 1011 
u.e.q. × cm so that

Yet, to convert the μβ values in this thesis (in esu) to SI units (Convention I), 
we will have

In much experimental work μ is given in debyes (D), where 1 D = 10−18 
u.e.q. × cm

β
I
S I (m

4
/V) =

4π

3 × 1010
βcgs(

cm4
/

statvolt), so
m4

V
= 2.387 × 10

9
cm4

statvolt
,

β
I I
S I (

Cm3

V 2
) =

1

3 × 1010
ε0βcgs(esuβ) so

Cm3

V 2
= 2.7 × 1020esu,

µS I =
µcgs

3 × 1011
, so that 1 C m = 3 × 1011u.e.q. × cm.

(µβ)
I
S I

(

Cm5

V

)

=
1

(3 × 1011) (2.387 × 109)
(µβ)CGS (esu)

Table D.1  The units of the parameters PNL, E and χ(2) in the SI and cgs systems 
of units and their conversion factors

PNL E χ
(2)

SI C/m2 V/m m/V

Conversion factor
cgs

3 × 105

esua (u.e.q.b/cm2)
1/(3 × 104)
esu (statvolt/cm)

3 × 104/4π

esu (cm/statvolt)

a esu: electrostatic units; their equivalent in the cgs system is given in parentheses
b u.e.q.: charge equivalent units
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