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Chapter

Synthesis and Nonlinear Optical
Studies on Organic Compounds in
Laser-Deposited Films
Maria Marinescu

Abstract

Organic semiconductors as active materials in thin-film electronic devices such
as alkynes, heterocycles, dyes, ferrocenes, spiranes, or porphyrins, with special
geometries and certain electronic molecular parameters, which possess nonlinear
optical (NLO) properties and offer several major advantages over their inorganic
counterparts, are presented in this chapter. There are a number of simple and
versatile techniques that can be employed for the deposition of these important
classes of materials. The matrix-assisted pulsed laser evaporation (MAPLE) tech-
nique provides advantages with regard to making organic films of different mor-
phologies on different types of substrates. New insights into the crystallization
growth mechanisms in MAPLE-deposited conjugated polymer films, which realize
the connection between the structure and the carrier transport properties, are
discussed herein. Second harmonic generation (SHG) capabilities of the thin films
were also investigated.

Keywords: organic synthesis, laser deposition, nonlinear optical properties,
thin films

1. Introduction

During the last decades, the nonlinear optical (NLO) materials have gained
significant role because of their various applications in medicine, molecular
switches, luminescent materials, laser technology, spectroscopic and electrochemi-
cal sensors, data storage, microfabrication and imaging, modulation of optical sig-
nals, and telecommunication [1–3]. Organic materials are distinguished by the fact
that they exhibit strong nonlinear optical (NLO) properties [4–8]. In the last years,
researchers have based on the synthesis of the target organic molecules with partic-
ular geometries and certain electronic molecular parameters, in order to have the
desired nonlinear optic properties [9–31].

The changes of optical properties (absorption coefficient, index of refraction),
through the increasing intensity of the input light, led to the discovery of the
nonlinear optical phenomenon, second harmonic generation (SHG), detectable only
after the improvement of the laser in 1962 [32]. Thus, nonlinear optics developed as
a tremendous field of research, especially after the profound understanding of
nonlinear optic phenomena (NLO) and the structure-property relations of
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chromophores, after the development of different tools to accurately measure and
calculate hyperpolarizabilities [33].

Recent literature highlights the increased interest in organic materials in recent
decades, as an alternative to their inorganic counterparts, and having several
advantages, such as their low cost, low toxicity, ease of solution processability,
flexibility for device fabrications [34], and modulation of their optical, electronic,
and chemical properties by adapting their molecular structure. Field effect transis-
tors, photovoltaic devices, organic light-emitting diodes (OLEDs), and white light
sources for indoor and outdoor lighting are some of the applications of organic
materials [33].

The deposition of organic materials in thin films, required for the design of new,
successful devices, implied the precise monitoring of their chemical, structural, and
morphological properties [35]. The deposition of organic substances in thin films
has to meet the requirements of the market: (1) good uniformity of simple or
multilayer structures of organic, polymeric, or composite materials—in the elec-
tronics industry; (2) thickness control, film uniformity of coating, and good inter-
facing properties—in OLED polymer applications; (3) conformal coatings required
to modify the interior surfaces of porous materials (membranes, foams, textiles) or
irregular geometries of surfaces—for optoelectronic and medical devices [36].

Several classes of organic compounds, including conjugated molecules, fuller-
enes, polymers, perylenes, dyes, and thiophenes, have been studied as materials and
investigated for their NLO responses [5]. Conjugated organic polymers with large
nonlinear responses correlated with rapid response time have been observed as
NLO materials with great expectations [37]. Although organic compounds have
been considered as frail, the experiments showed, with the optical damage, thresh-
old for polymeric materials can be greater than 10 GW/cm2 [37].

Two deposition techniques, physical and chemical, are used in order to obtain
organic thin films with good quality. For each type, there are several techniques
applied. Physical deposition techniques for thin organic films include physical vapor
deposition (PVD) [38–42], organic vapor phase deposition (OVPD) [43–45],
organic molecular beam deposition (OMBD) [46–51], solvent vapor annealing
(SVA) [52–56], self-assembled monolayers (SAMs) [57, 58], inkjet printing
[59, 60], pulsed laser deposition (PDL) [61–64], and laser evaporation [65–67]
techniques. The chemical methods include solution techniques and gas-phase depo-
sition methods. Techniques that use solutions include Langmuir-Blodgett (LB)
[68, 69], spin coating [70, 71], dip coating [72, 73], sol-gel [74, 75], and spray
pyrolysis [76]. Chemical vapor deposition (CVD) [77–82] uses the gas phase of
organic compounds.

Many articles report the synthesis of the novel organic molecules or polymers
with highly active chromophores and superior optical activity, as response to the
demand of substances with NLO properties for various applications [83–86].

This chapter refers to synthesis of organic compounds with nonlinear optical
properties in one of the techniques mentioned above, laser-deposited films.

2. Nonlinear optical (NLO) response in organic molecules

The optical response is due to a transition of the dipole moment from the ground
state to the excited state due to the transition of an electron between frontier
orbitals, from the highest occupied molecular orbital (HOMO) to the lowest unoc-
cupied molecular orbital (LUMO). The chemical activity of the molecule and the
availability of the internal charge transfer are due to the balance between the redox
ability of HOMO (as reducing agent) and LUMO (as oxidizing agent), which
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reveals the internal charge transfer responsible for the non linear optical properties.
Nonlinear materials are defined as optical media in which the refractive index
depends on light intensity [87]. So, the HOMO-LUMO gap energy is involved in
molecular electrical transport properties.

The designing and obtaining (synthesis) of the new molecules with high first
hyperpolarizability β (theoretical and experimental) is central in discovery of the
second-order and higher-order nonlinear optical materials and is quantified by the
induced dipole moment under an intense light field E in Eq. (1):

μi ¼ αijEj þ βijkEjEk þ γijklEjEkEl þ… (1)

with μi the ith component of the induced dipole moment, Ej the corresponding
component of the applied electromagnetic field, and αij, βijk, γijkl, the components of
the linear polarizability, the first hyperpolarizability, and the second hyperpolar-
izability. In case of an ensemble of molecules, the macroscopic polarization is
defined by Eq. (2):

Pi ¼ χij
1ð Þ Ej þ χijk

2ð Þ EjEk þ χijkl
3ð Þ EjEkEl þ…: (2)

with χs
(1), (2), (3) the macroscopic susceptibilities of the first (1), second (2), and

third (3) order, which can be directly related to the density of the organic chromo-
phore [88]. Recent advances in chromophore design report some features for classic
dipolar organic structures with good nonlinear optic properties [89]: (1) presence of
a π-conjugated systems with π electron delocalization, (2) a “push-pull” system,
which is a couple donor-acceptor or connected to a system that contributes to the
delocalization of the π electrons; (3) presence of a strong electron donor groups
(e.g., ─NR2, ─NHR, ─OR, ─OH), and strong electron withdrawing groups
(e.g., ─CF3, SO2CF3, ─SO3H, ─NO2, ─CN), positioned at opposite ends of a conju-
gated molecule in case of dipolar molecules; (4) great values of dipole moment and
polarizability; (5) small HOMO-LUMO energy gap; (6) planarity of the molecule
for neutral, polar, and zwitterionic resonance structures. Dipole organic molecules
have an intrinsic matter: the dipoles prefer to align antiparallel with each other in
the solid-state film to nullify the bulk effect. Octupolar molecules, alternative NLO
materials, present more advantages compared with dipole molecules [90]: (1) the
second harmonic response (SHG) does not depend on the polarization of the inci-
dent light because they are more isotropic than the dipolar molecules; (2) β values
of the octupoles can be increased by increasing of intramolecular charge transfer;
(3) octupoles form noncentrosymmetric crystals; and (4) they are less likely to
undergo relaxation due to the lack of ground-state dipole moment.

3. Synthesis of the compounds with NLO properties

In the last decades, literature reveals some classes of organic compounds suitable
for organic electronic devices, such as organic photovoltaics (OPVs) and organic
thin-film transistors (OTFTs), which possess certain characteristics, such as high
molecular hyperpolarizability coefficients (β), special geometry, and in most cases,
small HOMO-LUMO energy gaps [25–27]. Among these classes of organic
compounds, there are highlighting fullerenes, perylenes, thiophene compounds,
polymers, and dyes.

Furthermore, the polymers represent one of the most used classes of
substances in pulsed laser deposition (PLD), but also in the other methods for
preparing thin films. Organic compounds with nonlinear optical properties and
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organic compounds reported in laser deposition (PLD) will be presented in the
following two sections.

3.1 Synthesis of the nonlinear optical fullerenes

Canulescu group [91] studied thin films of fullerenes (C60) 1 deposited onto
silicon using matrix-assisted pulsed laser evaporation (MAPLE). MALDI analysis
showed that a dominant transfer of intact C60 molecules onto a silicon wafer is
realized when the laser fluence is carefully selected, for example, below a threshold
of �1.5≈/J cm2. Labrunie et al. synthesized triphenylamine-based push-pull σ-C60

dyad, as photoactive molecular material for single-component organic solar cells,
using a copper(I)-catalyzed 1,3-dipolar Huisgen cycloaddition under strict anaero-
bic conditions, leading to the selective formation of a 1,2,3-triazole ring and
affording fullerene 2 in 80% yield (see Figure 1).

Thin films of 2, prepared by spin coating of a CHCl3 solution, highlight the
ambipolar semiconducting behavior and also very good electron-transporting
properties for fullerene 2 [92]. Kim et al. synthesized new fullerene 3 soluble in
ethanol/water solvent mixtures and implemented these materials to fabricate
polymer solar cells (PSCs) using environmentally friendly solvents [93]. The
results of this paper provide important guidelines for the design of aqueous-
electroactive materials having high carrier mobilities suitable to achieve very
efficient eco-PSCs.

Kamanina highlights that there are two reasons for the importance of fullerenes:
their unique energy levels and high value of electron affinity energy (0.65–0.7 eV).
This value is larger than the one for most dyes and organic molecules with intra-
molecular acceptor fragment and can stimulate the efficient intermolecular
charge transfer complex formation in the fullerene-doped organic conjugated
materials [94].

Although fullerene acceptors were the predominant choice in the acceptor
materials for two decades, the limited tunability of electronic properties and weak
absorption of fullerene derivatives in visible range prevent further development of
organic solar [95]. Therefore, other classes of organic molecules have been
researched to obtain the desired properties of the electronic materials.

Figure 1.
Fullerenes with NLO properties [91–93].
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3.2 Synthesis of the nonlinear optical perylenes

Perylene compound 4 was synthesized by a catalyzed heteroarylation reaction
by McAfee et al. [83]. The geometry of perylene 4 exhibits planes of diketopyrro-
lopyrrole and perylene diimide at one dihedral angle too high for a good π-orbital
overlapping, which determines HOMO-LUMO orbitals on specific atoms, supposi-
tion confirmed by TDDFT calculations at B3LYP/6-31G(d,p) level of theory.
Optical, electronic, and self-assembly properties of the thin films of perylene 4
fabricated by solvent vapor annealing (SVA) recommended this compound as suit-
able for organic solar cells (OSCs) (see Figure 2).

Perylene diimides (PDIs) are a new class of nonfullerene electron acceptors for
organic solar cells with many attracting features, like low cost; significant thermal,
chemical, and light stability; good electron-accepting ability; and excellent electron
mobility [96]. Carlotti et al. investigated PDI dimers as nonfullerene electron
acceptors [96] for organic solar cells. Two isomers 5 and 6 have planar and twisted
geometries, which determined very diverse spectral and photophysical properties
(see Figure 3). Theoretical calculations and also the experimental time-resolved
investigation confirm isomers 5 and 6 show charge transfer following light
excitation.

Figure 2.
Perylene 4 with NLO properties [83].

Figure 3.
Perylene isomers 5 and 6 [96].
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3.3 Synthesis of the nonlinear optical thiophene compounds

Small-molecule semiconductors with an A-D-A core structure (D is an electron-
rich unit and A is an electron-deficient unit) function as an electron donor or
electron acceptor in organic photovoltaic cell devices [97].

Thiophenes are one of the most studied heterocyclic compounds for D-π-A
systems due to their relatively low resonance energies, the facile and cheap prepa-
ration of chromophores with high stabilities, and good nonlinearities [98]. The
hyperpolarizabilities β of derivatives 7–9 were measured using hyper-Rayleigh
scattering, and also the solvatochromic behavior of these thiophenes was investi-
gated [99] (see Figure 4). A series of formyl-5-aryl-2,20-bithiophenes 10 were
synthesized by Herbivo et al. through two methods: Vilsmeier-Haack-Arnold reac-
tion or through Suzuki coupling as precursors for NLO materials [100]. Raposo
et al. synthesized two series of donor-acceptor conjugated heterocyclic azo-
thienylpyrroles 11–12. Thienylpyrroles 11 have largest first-order hyperpolariz-
abilities (β = 460–660 � 10�30 esu, T convention) [101]. Two series of novel push-
pull 1-(4-(thiophen-2-yl)phenyl)-1H-pyrroles 13–14, reported by Castro et al., were
studied considering the electron-accepting moieties linked at the arylthiophene
bridge or to the pyrrole heterocycle, which plays the role of donor group. Thiophene
ring with functionalized thiobarbituric acid derivative 14 shows the largest first
hyperpolarizability (β =2480 � 10�30 esu) [102]. Batista et al. developed a series of
thienylpyrrolyl with π-conjugated system attached to functionalized benzimidazole
heterocycles 15–16 [103]. The new chromophores possess excellent solvatochromic
properties and good molecular optical nonlinearities. By condensation of
5,6-phenanthroline-dione with formyl-thiophene derivatives in the presence of
ammonium acetate in glacial acetic acid, oligothienyl-imidazophenanthroline com-
pounds 17–18 were synthesized by Batista et al. These p-conjugated compounds
possessed good values of β hyperpolarizabilities and solvatochromic properties
[104]. Liu et al. synthesized isomers 19 and 20 [97], very similar in chemical
structure, differing only in the substitution position of the alkyl groups attached to
their conjugated cores, two novel small molecule photovoltaic materials, by imply-
ing a Knoevenagel reaction and investigated their photovoltaic properties by blend-
ing each of them with a polymer donor and a fullerene acceptor. Compounds
present similar optical absorption spectra in solution and molecular energy levels in

Figure 4.
Thienyl compounds with nonlinear optical properties [97–104].
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a solid film. Compound 19 forms an ordered lamellar packed structure with com-
pact π-π stacking, whereas 20 shows only a weak π-π stacking effect in solid film.
Also, the authors correlate chemical structure of the A-D-A semiconductors with
their aggregation structure in solid state and their electron-donating and electron-
accepting properties in OPV devices (see Figure 5). Zhu et al. synthesized the
fused-ring electron acceptors 21 and 22 with a naphtho[1,2-b,5,6-b0]dithiophene
core and alkoxy side chains using a Stille reaction between an organotin compound
and ethyl 2-bromothiophene-3-carboxylate [105]. It was found that change in the
side chains affects electronic, optical, charge transport and morphological proper-
ties of these analogues. Compound 22 exhibits a narrower bandgap, redshifted
absorption spectra, and higher electron mobility compared with 21. The introduc-
tion of alkoxy side chains in fused-ring electron acceptors appears to be a promising
approach to enhance absorption and electron mobility and therefore efficiencies in
organic solar cells. Dai et al. synthesize fused-ring electron acceptors 23–24 using a
Suzuki reaction and found that extending the core size leads to upshift of the energy
levels, enhancement of molecular packing, higher electron mobility, more
balanced-charged transport, and reduced bimolecular charge recombination
(Figure 6).

3.4 Synthesis of the nonlinear optical dyes

Raposo et al. reported the synthesis of the 2,20-bithiophene-conjugated dyes 25,
using the Friedel-Crafts and the Lawesson reactions. The compounds 25 have
proved promising NLO chromophores (see Figure 7), exhibiting βo values of 2.5–4
times higher than that of 4-nitroaniline [106]. Also, azo-dyes 26 possessed great
values of molecular hyperpolarizability β0 [107]. Marinescu et al. synthesized by
azo-coupling reactions a series of pyrazole-5-ones 27–30, which possessed only
hydrazo tautomers and torsional structures, correlated with their NLO properties
and the efficiency of compounds was assessed by the relationship between high βtot
and low HOMO-LUMO energy gap [89]. Liu et al. synthesized porphyrin dyes 31 by
[2+2] click reaction, with very good yields and small energy gaps HOMO-LUMO for
each compound, and demonstrated that click moieties affected the third-order
nonlinear optical responses [108] (see Figure 8).

Pascal et al. obtained the push-pull dyes 33–34 with tricyanofuran acceptor
linked to donors of various strengths, by two consecutive condensations, and
investigated their second-order nonlinear optical properties [109]. It was found that
a high intrinsic hyperpolarizability coupled with a high static dipolar moment
results in excellent μβ values for polymethine dyes containing pyran, thiopyran,

Figure 5.
Small-molecule semiconductors based on an A-D-A structure [96].
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Figure 6.
Chemical structure of fused-ring electron acceptor 21–24 [104, 105].

Figure 7.
Azo-dyes as NLO chromophores 25–30 [89, 106, 107].

Figure 8.
Porphyrins 31–32 and push-pull polymethine dyes 33–34 [108, 109].
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selenopyran, and benzoindoline moieties, and therefore, these dyes are promising
for electro-optical modulation.

3.5 Synthesis of the polymers with nonlinear optical properties

A review of all the compounds deposited by MAPLE, including organics, with
their applications was carried out by Caricato et al. [33]. Consequently, here we
point out the newest structures reported in the literature with the most notable
nonlinear optical properties mentioned.

Mariano et al. combine spin coating with the MAPLE technique, to realize
polymeric multilayered thin films using three polymers 35–37 [110] (see Figure 9).
This is the first white light-emitting diode produced by multilayer polymeric thin
films reported in literature [110]. Constantinescu et al. reported fabrication of
thin solid layers of poly(3,3‴-didodecyl-quaterthiophene) 38 by MAPLE, on
silicon and quartz substrates and studied films with different thicknesses,
morphologies, and optical properties [111]. Thin films of polyvinyl chloride 39,
polyacrylic acid 40, and polyaniline 41 with potential use in optoelectronic were
reported by Constantinescu et al. [112]. Thin films of the blue-emitting
poly(9,9-dioctylfluorene) 42 deposited by MAPLE have been investigated at dif-
ferent laser fluence values and at different laser repetition rate. Authors reported
that at high laser fluence (450 mJ/cm2), the dioctylfluorene surface showed large
bubbles presenting the intrinsic blue emission. At smooth surfaces, it can be
observed that green emission becomes predominant [110].

Recent works reported new conjugated copolymers with different donor (D)-
acceptor (A) motifs (see Figure 10) for optoelectronic devices [113]. Authors syn-
thesized a series of four DAA copolymers 43–46 (see Figure 11) with thiophene
donors and isoindigo-based acceptors and compared the optoelectronic properties
of these four copolymers with those of the analogous. It was found that “increasing
the number of acceptors in the polymer repeat unit decreased the LUMO energy of
the polymer and increased the electron mobility” [113]. The authors studied the
influence of acceptor length and planarity on the optoelectronic properties of
donor-acceptor systems for the copolymers 43–46 with thiophene donors and
isoindigo acceptors and formulated that changing the number of acceptors in the

Figure 9.
Polymers deposited by MAPLE technique [110–112].
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polymer repeat unit is a key strategy that could be used to obtain donor-acceptor
systems with fine properties and better materials.

3.6 Synthesis of other classes of organic compounds with NLO properties

Other classes of heterocyclic compounds were reported to have nonlinear
optical properties, and some of them are presented below. 1,2,3,4,5,6,7,8-
Octahydroacridine (OHA) 47 (see Figure 12) thin films grown by matrix-assisted
pulsed laser evaporation (MAPLE) showed the SHG (second harmonic generation)
signal of the conformational asymmetry of OHA and therefore the nonlinear optical
applications of it [114]. Matei et al. studied the morphology and optical properties of
ferrocene 48 thin films grown by MAPLE technique, films that were further used in

Figure 10.
Donor (D)-acceptor (A) motifs along with magnetic moment and LUMO energy variations [113].

Figure 11.
Structures of DAA copolymers isoindigo-based acceptors and thiophene donors 43–46 [113].

Figure 12.
Structures of compounds 47–50 with NLO properties.
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two-photon absorption investigations, showing that the compound has SHG capa-
bilities [115]. Nonlinear optical properties of ferrocene carboxaldehyde 49 thin
films grown by matrix-assisted pulsed laser evaporation (MAPLE) were studied by
Constantinescu et al. [116] using two-photon absorption investigations. The exper-
iment revealed that the ferrocene 49 thin films deposited by MAPLE have second
harmonic generation capabilities improved compared to simple ferrocene, with
better applications in optoelectronics. 4-(Ferrocenylmethylimino)-2-hydroxy-
benzoic acid 50 was synthesized by a Schiff reaction, and deposited thin films of it
with controlled thickness were fabricated by matrix-assisted pulsed laser evapora-
tion (MAPLE), on quartz and silicon substrates [117].

4. Matrix-assisted pulsed laser evaporation

The main method used to obtain thin laser films is matrix-assisted pulsed laser
evaporation (MAPLE). Most organic compounds deposited by matrix-assisted
pulsed laser evaporation reported so far are polymers, so they are very important
for this chapter. There are three important advantages of the MAPLE technique
compared to solution cast techniques: (1) the control of thickness; (2) possibility to
deposit multilayers; and (3) fabrication of thin films on nonplanar substrates with
good surface coverage [110].

The fact that method pulsed laser ablation is not convenient for the deposition of
soft materials (almost all polymers, proteins, and other materials are chemically
and/or thermally modified or destroyed) has led to the invention of a new improved
method to remove these limitations. Two researchers McGill and Chrisey gave birth
to matrix-assisted pulsed laser evaporation (MAPLE) technique [33] in order to
deposit thin and uniform films of polymers and carbohydrates. The new method is
suitable for the deposition of the complex organic materials, such as polymers,
bioorganic molecules, and coordination compounds [118]. Fabrication of thin films
from such materials is very important for new devices with many applications,
including light-emitting diodes (LEDs) [110], field-effect transistors, sensors,
photovoltaic devices, and white light sources for indoor and outdoor lighting
[13, 110, 114, 115].

Three steps are necessary in the MAPLE technique:

1. dissolving the substance (solute) of interest in a volatile solvent (matrix) to
form a diluted homogeneous solution (concentration of the order of 1 wt%);

2. freezing the solution at the temperature of the liquid nitrogen; and

3. placing the solution in the vacuum chamber to act as a target for laser-assisted
deposition and irradiation of the frozen solution with a pulsed laser beam.

Matrix-assisted pulsed laser evaporation deposition of the desirable molecules is
effectuated in a light manner, which implied the passing of the condensed phase to
the gas phase. A low kinetic energy is implied in MAPLE process, in advantage to
laser ablation with a high level of kinetic energy [110].

In the MAPLE method, the laser pulse energy is absorbed by the solvent and
converted into thermal and kinetic energy, enabling the solvent to evaporate and
carry in the gas phase the solute molecules onto the deposition substrate where they
adhere as a thin film. A very volatile solvent is required to be pumped during the
flight from target to substrate, and thus, the deposited film is made up of the
dissolved material only.
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Most of the laser energy is absorbed by the volatile matrix, not the dissolved
molecules, which minimize the photochemical decomposition of the precursor
solution. In addition, the use of low fluences prevents or reduces thermal damage
and decomposition of molecules, so deposition can take place at low fluctuations
(0.05–0.5 J/cm2) compared to conventional pulsed laser deposition (PLD) (typically
few J/cm2).

Particularly important in this technique is the choice of solvent because it has a
great impact on the deposition of organic matter, it can interact with the dissolved
substance, it can lead to the production of secondary products from it, or it can be
present in the deposited films [33]. The role of solvent in MAPLE technique is
central; we can say that the solvent (1) must dissolve the solute without interacting
with it; (2) has to be volatile; (3) must absorb laser radiation; and (4) must trans-
port the dissolved substance from the target to the substrate.

The experimental setup of MAPLE deposition technique for thin-film fabrica-
tion is showed in Figure 13. The solution concentration must be of 0.1–2.0% (mass)
because of the hard laser interaction with the frozen solid. The solvent is desirable
to have a freezing point as high as possible. Only the solvent (also named matrix)
absorbed the radiation when the laser reaches the target, so the matrix evaporates,
the “solid” is ablated, and only the material’s molecules are deposited on the
substrate [119].

4.1 Investigation of NLO properties

4.1.1 Parameters of NLO properties

Interactions of electromagnetic fields in various media produce new fields
changed in frequency, phase, amplitude, or other characteristics of the incident
fields resulting nonlinear optical (NLO) properties [89]. The parameter used to
evaluate the NLO susceptibility is the total hyperpolarizability (βtot), meaning that a
compound with large βtot value is predicted to be a potential NLO active one and
vice versa [11]. Literature shows that experimental determination of the βtot value
and therefore the NLO susceptibility is an expensive and laborious process, which
led to using the quantum mechanical calculations including the DFT methods for
the designing of NLO materials. The mean polarizability α, the total static dipole

Figure 13.
Scheme of the MAPLE setup [119].
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moment μtot, the quadrupole moment Q, and the mean first polarizability βtot may
be calculated by using DFT theory. The x, y, z components are defined as follows:

αtot ¼
αxx þ αyy þ αzz

3
(3)

μtot ¼ μ2x þ μ2y þ μ2z

� �1=2
(4)

Q tot ¼ q3x þ q3y þ q3z

� �1=3
(5)

βtot ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

β2x þ β2y þ β2z

� �

r

(6)

βj ¼ βiii þ
1

3
∑
i 6¼j

βijj þ βjij þ βjji

� �

(7)

Therefore:

βtot ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

βxxx þ βxyy þ βxzz

� �2
þ βyyy þ βyzz þ βyxx

� �2
þ βzzz þ βzxx þ βzyy

� �2
r

(8)

The larger hyperpolarizability value of one component over the other compo-
nents means that the electronic charge delocalization is larger in that direction [11].
There are a lot of factors that contribute to enhance the NLO properties of the
compounds, which are cumulated with the prospective βtot calculated values [3].

4.1.2 Experimental determination of second harmonic generation (SHG) in thin films

Experimental setup used to investigate the SHG behavior [117] in thin-film
samples is represented in Figure 14. The component parts of the system used for
the determination of second harmonic generation (SHG) are a sapphire laser
(“Tsunami,” from Spectra-Physics; 780 nm, 60–100 fs pulse duration, 80 MHz
repetition rate); an optical system made of a half-wave plate and a Glan-Taylor
polarizing prism that allows the variation of beam intensity; a microscope's objec-
tive is to focus the laser beam onto the thin-film samples and collect the emitted
SHG radiation. A dichroic mirror (DM) separated the excitation radiation, and the
SHG intensity is measured by a camera spectrograph [117].

Figure 14.
Experimental setup for determining second harmonic generation.
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The experimental second harmonic generation of MAPLE-grown 1,2,3,4,5,6,7,8-
octahydroacridine (OHA) 47 using laser fluence 0.3 J/cm2, laser spot 2 mm2, and
40,000 pulses, on Si substrates, under fs-laser irradiation at 788 nm wavelength is
represented in Figure 15 [114]. In this case, the presence of the SHG signal is related
to the conformational asymmetry of the OHA molecule.

5. Conclusions

The synthesis of the most important classes of the nonlinear optical organic
compounds, fullerenes, perylenes, thiophene, azo-dyes dyes, thienes, polymers,
and other compounds, along with the techniques employed for the deposition of
these compounds, was presented. For the synthesis of the new compounds with
nonlinear optical applications, important reactions, like Stille, Suzuki, Knoevenagel,
Huisgen, Vilsmeier-Haack-Arnold, click, were employed.

Among the simpler and more sophisticated techniques, the matrix-assisted
pulsed laser evaporation (MAPLE) technique that permits making organic films
with different morphologies, on different types of substrates, is the main method
used to obtain thin laser films, with three basic advantages: the control of thickness;
possibility to deposit multilayers; and fabrication of thin films on nonplanar sub-
strates with good surface coverage. Crystallization growth mechanisms in MAPLE-
deposited conjugated polymer films that determine specific structure, therefore the
carrier transport properties, were discussed in relation with second harmonic
generation (SHG) behavior of the thin films.

Organic compounds are cheap, low toxicity, ease of solution processability;
therefore, their applications as NLO materials are growing.

Conflict of interest

The author has no conflict of interest to declare.

Figure 15.
The SHG experimental spectra of MAPLE-grown OHA thin films (adapted with the permission from reference
[114]).

14

Applied Surface Science



Author details

Maria Marinescu
Faculty of Chemistry, University of Bucharest, Bucharest, Romania

*Address all correspondence to: maria7marinescu@yahoo.com

©2018 TheAuthor(s). Licensee IntechOpen. This chapter is distributed under the terms
of theCreativeCommonsAttribution License (http://creativecommons.org/licenses/
by/3.0),which permits unrestricted use, distribution, and reproduction in anymedium,
provided the original work is properly cited.

15

Synthesis and Nonlinear Optical Studies on Organic Compounds in Laser-Deposited Films
DOI: http://dx.doi.org/10.5772/intechopen.83234



References

[1] Forrest SR. Ultrathin organic films
grown by organic molecular beam
deposition and related techniques.
Chemical Reviews. 1997;97:1793-1896.
DOI: 10.1021/cr9410140

[2] Achelle S, Baudequin C, Ple N.
Luminescent materials incorporating
pyrazine or quinoxaline moieties. Dyes
and Pigments. 2013;98:575-600. DOI:
10.1016/j.dyepig.2013.03.030

[3] Cinteza LO, Marinescu M. Synthesis
and nonlinear studies on selected
organic compounds in nanostructured
thin films. In: Chowdhury MA, editor.
Advanced Surface Engineering
Research. London: IntechOpen; 2018.
pp. 1-23. DOI: 10.5772/intechopen.79522

[4] Kamanina NV, Plekhanov AI.
Mechanisms of optical limiting in
fullerene-doped π-conjugated organic
structures demonstrated with polyimide
and COANP molecules. Optics and
Spectroscopy. 2002;93:408-415

[5] Likhomanova SV, Kamanina NV.
COANP-fullerenes system for optical
modulation. Journal of Physics:
Conference Series. 2016;741:012146.
DOI: 10.1088/1742-6596/741/1/012146

[6] Kamanina NV, Serov SV, Shurpo
NA, Likhmanova SV, Timonin DN,
Kuzhakov PV, et al. Polyimide-fullerene
nanostructured materials for nonlinear
optics and solar energy applications.
Journal of Materials Science: Materials in
Electronics. 2012;3:1538-1542. DOI:
10.1007/s10854-012-0625-9

[7]Kamanina NV. Peculiarities of optical
limiting effect in π-conjugated organic
systems based on 2-cyclooctylamino-
5-nitropyridinedoped with C70. Journal
of Optics A: Pure and Applied Optics.
2001;3:321-325

[8]Denisov A, Tocnaye JLB. Soluble
fullerene derivative in liquid crystal:

Polymer composites and their impact on
photorefractive grating efficiency and
resolution. Applied Optics. 2009;48:
1926-1931

[9]Makowska-Janusik M. Influence of
the polymeric matrix on the NLO
molecular response in guest-host
materials. Nonlinear Optical and
Quantum Electronics. 2007;37:75-85

[10] Liu X, Yang Z, Wang D, Cao H.
Molecular structures and second-order
nonlinear optical properties of ionic
organic crystal materials. Crystals. 2016;
6:158-165. DOI: 10339/cryst6120158

[11]Wazzan N, Safi Z. DFT calculations
of the tautomerization and NLO
properties of 5-amino-7-(pyrrolidin-
1-yl)-4-trimethyl-1,4-dihydro-1,6-
naphthyridine-8-carbonitrile (APNC).
Journal of Molecular Structure. 2017;
1143:397-404. DOI: 10.1016/j.
molstruct.2017.04.101

[12]Wang T, Wang X, Zhang J, Wang C,
Shao J, Jiang Z, et al. Synthesis, structure
and third-order optical nonlinearities of
hyperbranched metal phthalocyanines
containing imide units. Dyes and
Pigments. 2018;154:75-81. DOI: 10.1016/
j.dyepig.2018.02.031

[13] Pegu D, Deb J, Saha SK, Paul MK,
Sarkar U. Molecular structure, chemical
reactivity, nonlinear optical activity and
vibrational spectroscopic studies on 6-
(4-n-heptyloxybenzyoloxy)-2-hydroxy
benzylidene)amino)-2H-chromen-
2-one: A combined density functional
theory and experimental approach.
Journal of Molecular Structure. 2018;
1160:167-176. DOI: 10.1016/j.
molstruct.2018.01.090

[14] Liu J, Ykang M, Gao W, Fedorchuk
AA, Kityk IV. Synthesis and nonlinear
optical properties of novel conjugated
small molecules based on indole donor.

16

Applied Surface Science



Journal of Molecular Structure. 2018;
1165:223-227. DOI: 10.1016/j.
molstruc.2018.03.133

[15] Akchurin IO, Yakhutina AI,
Bochkov AY, Solovjova NP, Medvedev
MG, Traven VF. Novel push-pull
fluorescent dyes e 7-(diethylamino)
furo- and thieno[3,2-c]coumarins
derivatives: Structure, electronic spectra
and TD-DFT study. Journal of
Molecular Structure. 2018;1160:215-221.
DOI: 10.1016/j.molstruct.2018.01.086

[16] Ghiasuddin AM, Adeel M, Khalid
M, Tahir MN, Khan MU. A combined
experimental and computational study
of 3-bromo-5-(2,5-difluorophenyl)
pyridine and 3,5-bis(hydrate-1-yl)
pyridine: Insight into the synthesis,
spectroscopic, single crystal XRD,
electronic, nonlinear optical and
biological properties. Journal of
Molecular Structure. 2018;1160:129-141.
DOI: 10.1016/j.molstruct.2018.01.100

[17]Marinescu M, Emandi A, Marton G,
Cinteza LO, Constantinescu C.
Structural studies and optical nonlinear
response of some pyrazole-5-ones.
Nanoscience Nanotechnology Letters.
2015;7:846-854. DOI: 10. 1166/
nnl.2013.1552

[18] Bragiel P, Radkowska I, Belka R,
Marciniak B, Bak Z. Structural,
spectroscopic and NLO features of
4-chloro-1-naphthol. Journal of
Molecular Structure. 2018;1154:27-38.
DOI: 10.1016/j.molstruc. 017.10.017

[19] Katariya SB, Patil D, Rhyman L,
Alswaidan IA, Ramasami P, Sekar N.
Triphenylamine-based fluorescent NLO
phores with ICT characteristics:
Solvatochromic and theoretical study.
Journal of Molecular Structure. 2018;
1150:493-506. DOI: 10.1016/j.
molstruct.2017.08.084

[20]Drozd M, Daszkiewicz M. A
synthesis, X-ray crystallographic and
vibrational studies of guanidinium

o-nitrobenzoate hydrate. New NLO
crystal in guanidinium nitrobenzoate
family. Journal of Molecular Structure.
2018;1161:383-392. DOI: 10.1016/j.
molstruc. 2018.02.077

[21] Sangeetha K, Guru Prasad L,
Mathammal L. Structural elucidation
and physicochemical properties of an
organic NLO crystal: 4-Nitrotoluene-
2-sulphonic acid dihydrate. Journal of
Molecular Structure. 2018;1155:598-609.
DOI: 10.1016/j.molstruct.2017.11048

[22] Szukalski A, Sahraoui B, Kulyk B,
Lazar CA, Manea AM, Mysliwiec J.
Chemical structure versus second-order
nonlinear optical response of the push–
pull type pyrazoline-based
chromophores. RSC Advances. 2017;
2017:9941-9947. DOI: 10.1039/
C6RA26781E

[23] Zhang YX, Wang YH. Nonlinear
optical properties of metal
nanoparticles: A review. RSC Advances.
2017;2017:45129-45144. DOI: 10.039/
C7RA0755K

[24]Han P, Wang D, Gao H, Zhang J,
Xing Y, Yang Z, et al. Third-order
nonlinear optical properties of cyanine
dyes with click chemistry modification.
Dyes and Pigments. 2018;149:8-15. DOI:
10.1016/j.dyepig.2017.09.052

[25]Medishetty R, Zareba JK, Mayer D,
Samoc M, Fischer RA. Nonlinear optical
properties, upconversion and lasing in
metal–organic frameworks. Chemical
Society Reviews. 2017;46:4976-5004.
DOI: 10.1039/c7cs00162b

[26] Fernandes SSM, Herbivo C, de-
Sousa J, Comel A, Belsley M, Raposo
MMM. Theoretical and experimental
studies of aryl-bithiophene based push-
pull π-conjugated heterocyclic systems
bearing cyanoacetic or rhodanine-
3-acetic acid acceptors for SHG NLO
applications. Dyes and Pigments. 2018;
149:566-573. DOI: 10.1016/j.
dyepig.2017.10.00 1

17

Synthesis and Nonlinear Optical Studies on Organic Compounds in Laser-Deposited Films
DOI: http://dx.doi.org/10.5772/intechopen.83234



[27] Čibová A, Martinická A, Magdolen
P, Zahradník P, Cigáň M, Uherek M,
et al. Dicationic and monocationic
benzobisthiazolium salts as potential
NLO chromophores. Dyes and
Pigments. 2018;149:597-611. DOI:
10.1016/j.dyepig.2017.11.015

[28] Xu H, Wan N, Zhang X, Li Z, Deng
G. Monolithic NLO chromophores with
different pendant groups and matrix-
assisted-poling effect: Synthesis and
characterization. Dyes and Pigments.
2018;157:230-237. DOI: 10.1016/j.
dyepig.2018.04.061

[29] Fominykh OD, Kalinin AA,
Sharipova SM, Sharipova AV, Burganov
TI, Smirnov MA, et al. Composite
materials containing chromophores with
3,7-(di)vinylquinoxalinone π-electron
bridge doped into PMMA: Atomistic
modeling and measurements of
quadratic nonlinear optical activity.
Dyes and Pigments. 2018;158:131-141.
DOI: 10.1016/j.Dyepig.2018.05.033

[30]Durand RJ, Achelle S, Gauthier S,
Cabon N, Ducamp M, Kahlal S.
Incorporation of a ferrocene unit in the
π-conjugated structure of donor-linker-
acceptor (D-π-A) chromophores for
nonlinear optics (NLO). Dyes and
Pigments. 2018;155:68-74. DOI:
10.1016/j.dyepig.2018.03.029

[31] Erande Y, Kothavale S, Sreenath
MC, Chitrambalam S, Joe IH, Sekar N.
Triphenylamine derived coumarin
chalcones and their red emitting OBO
difluoride complexes: Synthesis,
photophysical and NLO property study.
Dyes and Pigments. 2018;148:474-491.
DOI: 10.1016/j.dyepig.2017. 09.045

[32]Nie W. Optical nonlinearity:
Phenomena, applications, and materials.
Advanced Materials. 1993;5:520-545.
DOI: 10.1002/adma.19930050704

[33] Caricato AP, Ge W, Stiff-Roberts
AD. UV- and RIR-MAPLE:
Fundamentals and applications. In: Ossi

PM, editor. Advances in the Application
of Lasers in Materials Science. Springer;
2018. pp. 275-308. DOI: 10.1007/
978-3-319-96845-2_10

[34]Mukherjee S, Thilagar P. Organic
white-light emitting materials. Review.
Dyes and Pigments. 2014;110:2-27. DOI:
10.1016/j.dyepig.2014.05.031

[35] Chopra KL, Paulson PD, Dutta V.
Thin-film solar cells: An overview.
Progress in Photovoltaics: Research and
Applications. 2004;12:69-92. DOI:
10.1002/pip.541

[36] Baxamusa S. Conformal polymer
CVD (chapter 5). In: Gleason KK, editor.
CVD Polymers: Fabrication of Organic
Surfaces and Devices. Wiley; 2015.
pp. 87-109. DOI: 10.1002/
9783527690275.ch5

[37] Kumar DU, Kiran AJ, Murali MG,
Adhikari AV. Donor-acceptor
conjugated polymers and their
nanocomposites for photonic
applications (chapter 6). In: Kamanina
N, editor. Nonlinear Optics.
IntechOpen; 2012. pp. 133-160. DOI:
10.5772/2073

[38] Lee YL, Chen CH, Yang YM.
Surface morphology and wetting
behavior of poly(α-methylstyrene) thin
films prepared by vacuum deposition.
Langmuir. 1998;14:6980-6986. DOI:
10.1021/la9800607

[39] Tang Y, Wang Y, Wang G, Wang H,
Wang L, Yan D. Vacuum-deposited
submonolayer thin films of a three-ring
bent-core compound. Journal of
Physical Chemistry B. 2004;108:
12921-12926. DOI: 10.1021/jp048607f

[40] Volpati D, Machado AD, Olivati
CA, Alves N, Curvelo AAS, Pasquini D,
et al. Physical vapor deposited thin films
of lignins extracted from sugar cane
bagasse: Morphology, electrical
properties, and sensing applications.

18

Applied Surface Science



Biomacromolecules. 2011;12:3223-3231.
DOI: 10.1021/bm200704m

[41] Costa JCS, Rocah RM, Vaz ICM,
Torres MC, Mendes A, Santos LMNBF.
Description and test of a new multilayer
thin film vapor deposition apparatus for
organic semiconductor materials.
Journal of Chemical Engineering Data.
2015;60:3776-3791. DOI: 10.1021/acs.
jced.5b00708

[42] Esaki Y, Komio T, Matsushima T,
Adachi C. Enhanced electrical
properties and air stability of
amorphous organic thin films by
engineering film density. The Journal of
Physical Chemisty Letters. 2017;8:
5891-5897. DOI: 10.1021/acs.
jpclett.7b02808

[43] Baldo M, Deutsch M, Burrows P,
Gossenberger H, Gerstenberg M, Ban V,
et al. Organic vapor phase deposition.
Advanced Materials. 1998;10:1505-1514.
DOI: 10.1002/(SICI)1521-4095(199812)
10:18 <1505::AID-ADMA1505>3.0.CO;
2-G

[44] Fraxedas J. Perspectives of thin
molecular organic films. Advanced
Materials. 2002;14:1603-1614. DOI:
10.1002/1521-4095(20021118) 14:22<
1603::AID-ADMA1603>3.0.CO;2-5

[45] Lunt RR, Benziger JB, Forrest SR.
Growth of an ordered crystalline
organic heterojunction. Advanced
Materials. 2007;19:4229-4233. DOI:
10.1002/adma.200701572

[46]Wang H, Zhu F, Yang J, Geng Y,
Yan D. Weak epitaxy growth affording
high-mobility thin films of disk-like
organic semiconductors. Advanced
Materials. 2007;19:2168-2171. DOI:
10.1002/adma.200602566

[47]Witte G, Woll C. Molecular beam
deposition and characterization of thin
organic films on metals for applications
in organic electronics. Physica Status

Solidi A. 2008;205:497-510. DOI:
10.1002/pssa.200723433

[48]Hagen JA, Li WX, Spaeth H, Grote
JG, Steckl AJ. Molecular beam
deposition of DNA nanometer films.
Nano Letters. 2007;7:133-137. DOI:
10.1021/nl062342u

[49] Yamashita A, Tayashi T. Organic
molecular beam deposition of
metallophthalocyanines for opto-
electronics applications. Advanced
Materials. 1996;8:791-799. DOI:
10.1002/adma.19960081004

[50] Borghesi A, Sassella A, Tubino R,
Destri S, Porzio W. Organic molecular
beam deposition of highly oriented β-
tetrahexylsexithiophene films.
Advanced Materials. 1998;10:931-934.
DOI: 10.1002/(SICI)1521-4095(199808)
10:12<931::AID-ADMA931>3.0.CO;2-#

[51] Bayliss SM, Heutz S, Clots R,
Middleton RL, Rumbles G, Jones TS.
Templating effects in the growth of
metal-free phthalocyanine polymorphic
double layers. Advanced Materials.
2000;12:202-206. DOI: 10.1002/(SICI)
1521-4095(200002)12:3<202::AID-
ADMA202>3.0

[52] Chao H, Koski J, Riggleman RA.
Solvent vapor annealing in block
copolymer nanocomposite films: A
dynamic mean field approach. Soft
Matter. 2017;13:239-249. DOI: 10.1039/
c6sm00770h

[53]Wessendorf CD, Perez-Rodriguez
A, Hanisch J, Arndt A, Ata I, Schulz GL,
et al. Understanding the effect of
solvent vapor annealing on solution-
processed A-D-A oligothiophene bulk-
heterojunction solar cells: The role of
alkyl side chains. Journal of Materials
Chemistry A. 2016;4:2571-2580. DOI:
10.1039/C5TA07713C

[54]Kim K, Park S, Kim Y, Ban J, Park C,
Ryu DY. Optimized solvent vapor
annealing for long-range perpendicular

19

Synthesis and Nonlinear Optical Studies on Organic Compounds in Laser-Deposited Films
DOI: http://dx.doi.org/10.5772/intechopen.83234



lamellae in PS-b-PMMA films.
Macromolecules. 2016;49:1722-1730.
DOI: 10.1021/acs.macromol. 5b02188

[55]Nelson G, Drapes CS, Grant MA,
Gnabasik R, Wong J, Baruth A. High-
precision solvent vapor annealing for
block copolymer thin films.
Micromachines. 2018;9:271. DOI:
10.3390/mi9060271

[56] Tomita K, Shioya N, Kise R,
Shimoaka T, Yoshida H, Koganezawad
T, et al. Structure control of a zinc
tetraphenylporphyrin thin film by vapor
annealing using fluorine containing
solvent. Thin Solid Films. 2018;665:
85-90. DOI: 10.1016/j.tsf.2018.09.015

[57]Heflin JR, Guzy MT, Neyman PJ,
Gaskins KJ, Brands C, Wang Z, et al.
Efficient, thermally stable, second order
nonlinear optical response in organic
hybrid covalent/ionic self-assembled
films. Langmuir. 2006;22:5723-5727.
DOI: 10.1021/la0602970

[58] Kroetch A, Buswell SC, Evoy S.
Fabrication of nonlinear optical devices
in ionically self-assembled monolayers.
Journal of Micro/Nanolithography,
MEMS, and MOEMS. 2009;8:013011.
DOI: 10.1117/1.3066521

[59] Teichler A, Perelaer J, Schubert US.
Inkjet printing of organic electronics
comparison of deposition techniques
and state-of-the-art developments.
Journal of Materials Chemistry C. 2013;
1:1910-1925. DOI: 10.1039/
C2TC00255H

[60] Amruth C, Luszczynska B, Dupont
BGR, Sieradzki Z. Inkjet printing
technique and its application in organic
light emitting diodes. Display and
Imaging. 2017;(2):339-358. DOI:
10.1117/2.1201506.005940

[61] Ringeisen BR, Callahan J, Wu PK,
Pique A, Spargo B, RA MG, et al. Novel
laser-based deposition of active protein

thin films. Langmuir. 2001;17:
3472-3479. DOI: 10.1021/la0016874

[62]Ouazzani HE, Dabos-Seignon S,
Gindre D, Iliopoulos K, Todorova M,
Bakalska R, et al. Novel
styrylquinolinium dye thin films
deposited by pulsed laser deposition for
nonlinear optical applications. The
Journal of Physical Chemistry C. 2012;
116:7144-7152. DOI: 10.1021/jp2118218

[63]Majumdar S, Grochowska K,
Sawczak M, Śliwiński G, Huhtinen H,
Dahl J, et al. Interfacial properties of
organic semiconductor�inorganic
magnetic oxide hybrid spintronic
systems fabricated using pulsed laser
deposition. ACS Applied Materials
Interfaces. 2015;7:22228-22237. DOI:
10.1021/acsami.5b04840

[64] Fischer D, Mankowski A, Ranft A,
Vasa SK, Linser R, Mannhart J, et al.
ZIF-8 films prepared by femtosecond
pulsed-laser deposition. Chemistry of
Materials. 2017;29:5148-5155. DOI:
10.1021/acs.chemmater. 7b00611

[65] Sima F, Mutlu EC, Eroglu MS, Sima
LE, Serban N, Ristoscu C, et al. Levan
nanostructured thin films by MAPLE
assembling. Biomacromolecules. 2011;
12:2251-2256. DOI: 10.1021/bm200340b

[66] Jeong H, Napolitano S, Arnold CB,
Priestley RD. Irreversible adsorption
controls crystallization in vapor-
deposited polymer thin films. Journal of
Physical Chemistry Letters. 2017;8:
229-234. DOI: 10.1021/acs.jpclett.
6b02573

[67] Jeong H, Chowdhury M, Wang Y,
Sezen-Edmonds M, Loo YL, Register
RA, et al. Tuning morphology and
melting temperature in polyethylene
films by MAPLE. Macromolecules.
2018;51:512-519. DOI: 10.1021/acs.
macromol.7b02345

[68] Liu Y, Hu W, Xu Y, Liu S, Zhu D.
Characterization, second-harmonic

20

Applied Surface Science



generation, and gas-sensitive
properties of Langmuir-Blodgett
films of 1,8-naphthalimide-tri-tert-
butylphthalocyanine. Langmuir. 2000;
104:11859-11863. DOI: 10.1021/
jp0018798

[69]Modlinska A, Filipowicz M,
Martynski T. Bulk organisation and
alignment in Langmuir and Langmuir-
Blodgett films of tetrachloroperylene
tetracarboxylic acid esters. Journal of
Molecular Structure. 2016;1125:680-687.
DOI: 10.1016/j.molstruc.2016.07.054

[70] Ronchi M, Biroli AO, Marinotto D,
Pizzotti M, Ubaldi MC, Pietralunga SM.
The role of the chromophore size and
shape on the SHG stability of PMMA
films with embebbed NLO active
macrocyclic chromophores based on a
cyclotetrasiloxane scaffold. Journal of
Physical Chemistry C. 2011;115:
4240-4246. DOI: 10.1021/jp1107476

[71]Dragonetti C, Colombo A, Fontani
M, Marinotto D, Nisic F, Righetto S,
et al. Novel fullerene platinum alkynyl
complexes with high second-order
nonlinear optical properties as a
springboard for NLO-active polymer
films. Organometallics. 2016;35:
1015-1021. DOI: 10.1021/acs.
organomet.6b00094

[72] Brinker CJ. Dip coating (chapter
10). In: Schneller T, Waser R, Kosec M,
Payne D, editors. Chemical Solution
Deposition of Functional Oxide Thin
Films. Wien: Springer-Verlag; 2013.
pp. 233-261. DOI: 10.1007/978-3-
211-99311-8_10

[73]Huang L, Hu X, Chi L. Monolayer-
mediated growth of organic
semiconductor films with improved
device performance. Langmuir. 2015;31:
9748-9761. DOI: 10.1021/acs.
langmuir.5b00349

[74]Ohishi T. Preparation and
properties of sol–gel thin film
containing rhodamine B derivative with

ethoxy silano group on organic substrate
and its application to surface-treatment
thin film for display. Journal of Sol-Gel
Science and Technology. 2004;32:
281-285. DOI: 10.1007/s10971-004-
5803-7

[75]Kang EH, Bu T, Jin P, Sun J, Yang Y,
Shen J. Layer-by-layer deposited
organic/inorganic hybrid multilayer
films containing noncentro
symmetrically orientated azobenzene
chromophores. Langmuir. 2007;23:
7594-7601. DOI: 10.1021/la700749s
CCC

[76] Perednis D, Gauckler LJ. Thin film
deposition using spray pyrolysis. Journal
of Electroceramics. 2005;14:103-111.
DOI: 10.1007/s10832-005-0870-x

[77] Karaman M, Cabuk N. Initiated
chemical vapor deposition of pH
responsive poly(2-diisopropylamino)
ethyl methacrylate thin films. Thin Solid
Films. 2012;520:6484-6488. DOI:
10.1016/j.tsf.2012.06.083

[78] Jeevendrakumar VJB,
Altemus BA, Gildea AJ, Bergkvist M.
Thermal properties of poly
(neopentylmethacrylate) thin films
deposited via solventless, radical
initiated chemical vapor deposition.
Thin Solid Films. 2013;542:81-86. DOI:
10.1016/j.tsf.2013.06.056

[79] Christian P, Coclite AM. Thermal
studies on proton conductive copolymer
thin films based on perfluoroacrylates
synthesized by initiated chemical vapor
deposition. Thin Solid Films. 2017;63:
3-8. DOI: 10.1016/j.tsf.2017.01.023

[80] Coskun H, Aljabour A, Uiberlacker
L, Strobel M, Hild S, Cobet C, et al.
Chemical vapor deposition–based
synthesis of conductive polydopamine
thin-films. Thin Solid Films. 2018;645:
320-325. DOI: 10.1016/j.tsf.2017.10.063

[81] Chen WY, Matthews A, Jones FR,
Chen KS. Immobilization of carboxylic

21

Synthesis and Nonlinear Optical Studies on Organic Compounds in Laser-Deposited Films
DOI: http://dx.doi.org/10.5772/intechopen.83234



acid groups on polymeric substrates by
plasma-enhanced chemical vapor or
atmospheric pressure plasma deposition
of acetic acid. Thin Solid Films. 2018;
666:54-60. DOI: 10.1016 /j.
tsf.2018.07.051

[82]Ozpirin M, Ebil O. Transparent
block copolymer thin films for
protection of optical elements via
chemical vapor deposition. Thin Solid
Films. 2018;660:391-398. DOI: 10.1016/
j.tsf.2018.06.044

[83]McAfee SM, Dayneko SV, Josse P,
Blanchard P, Cabanetos C, Welch GC.
Simply complex: The efficient synthesis
of an intricate molecular acceptor for
high-performance air-processed and air-
tested fullerene-free organic solar cells.
Chemistry of Materials. 2017;29:
1309-1314. DOI: 10.1021/acs.
chemmater.6b04862

[84] Cao FY, Huang WC, Chang SL,
Cheng YJ. Angular-shaped
4,9-dialkylnaphthodithiophene-based
octacyclic ladder-type non-fullerene
acceptors for high efficiency ternary-
blend organic photovoltaics. Chemistry
of Materials. 2018;30:4968-4977. DOI:
10.1021/acs.chem mater.8b01089

[85]Matthews R, Swisher J, Hutchins
KM, Pentzer EB. Perylene diimide
bearing different trialkyl silyl ethers:
Impact of asymmetric functionalization
on self-assembly into nanostructures.
Chemistry of Materials. 2018;30:
3571-3577. DOI: 10.1021/acs.
chemmater.8b01543

[86]Wang F, Dai Y, WangW, Lu H, Qiu
L, Ding Y, et al. Incorporation of
heteroatoms in conjugated polymers
backbone toward air-stable, high-
performance n-channel unencapsulated
polymer transistors. Chemistry of
Materials. 2018;30:5451-5459. DOI:
10.1021/acs.chemmater. 8b02359

[87] Karabacak M, Karaca C, Atac A,
Eskici M, Karanfil A, Kose E. Synthesis,

analysis of spectroscopic and nonlinear
optical properties of the novel
compound: (S)-N-benzyl-1-phenyl-5-
(thiophen-3-yl)-4-pentyn-2-amine.
Spectrochimica Acta A. 2012;97:556-567.
DOI: 10.1016/j.saa.2012. 05.087\

[88] Li M, Li Y, Zhang H, Wang S, Ao Y,
Cui Z. Molecular engineering of organic
chromophores and polymers for
enhanced bulk second-order optical
nonlinearity. Journal of Materials
Chemistry C. 2017;5:4011-4122. DOI:
10.1039/C7TC00713B

[89]Marinescu M, Emandi A, Marton G,
Cinteza LO, Constantinescu C.
Structural studies and optical nonlinear
response of some pyrazole-5-ones.
Nanoscience and Nanotechnology
Letters. 2015;7:1-9. DOI: 10.1166/
nnl.2015.2032

[90] Jeong MY, Cho BR. Octupolar
molecules for nonlinear optics: From
molecular design to crystals and films
with large second-harmonic generation.
The Chemical Record. 2014;15:132-142.
DOI: 10.1002/tcr.201402013

[91] Canulescu S, Schou J, Nielsen SF.
Processing of C60 thin films by matrix-
assisted pulsed laser evaporation
(MAPLE). Applied Physics A. 2011;104:
775-780. DOI: 10.1007/s00339-011-
6432-y

[92] Labrunie A, Gorenflot J, Babics M,
Alévêque O, Dabos-Seignon S, Balawi
AH, et al. Triphenylamine-based
push�pull σ�C60 dyad as photoactive
molecular material for single-
component organic solar cells:
Synthesis, characterizations, and
photophysical properties. Chemistry of
Materials. 2018;30:3474-3485. DOI:
10.1021/acs.chemmater.8b01117

[93]Kim Y, Choi J, Lee C, Kim Y, Kim C,
Nguyen TL, et al. Aqueous soluble
fullerene acceptors for efficient eco-
friendly polymer solar cells processed
from benign ethanol/water mixtures.

22

Applied Surface Science



Chemistry of Materials. 2018;30:
5663-5672. DOI: 10.1021/acs.
chemmater.8bo2o86

[94] Kamanina V. Introductory chapter:
Why the study of fullerenes is so
important? In: Kamanina V, editor.
Fullerenes and Relative Materials.
London: IntechOpen; 2018. pp. 1-6.
DOI: 10.5772/intehopen.74812

[95]Dai S, Xiao Z, Xue P, Rech JJ, Liu K,
Li Z, et al. Effect of core size on
performance of fused-ring electron
acceptors. Chemistry of Materials. 2018;
30:5390-5396. DOI: 10.1021/acs.
chemmater.8bo2222

[96] Carlotti B, Cai Z, Kim H, Sharapov
V, Madu IK, Zhao D, et al. Charge
transfer and aggregation effects on the
performance of planar vs twisted
nonfullerene acceptor isomers for
organic solar cells. Chemistry of
Materials. 2018;30:4263-4276. DOI:
10.1021/acs.chemmater.8bo1o47

[97] Liu D, Yang L, Wu Y, Wang X,
Zeng Y, Han G, et al. Tunable electron
donating and accepting properties
achieved by modulating the steric
hindrance of side chains in A-D-A
small-molecule photovoltaic materials.
Chemistry of Materials. 2018;30:
619-628. DOI: 10.1021/acs.
chemmater.7b03142

[98]Marco AB, Andreu R, Franco S,
Garín J, Orduna J, Villacampa B, et al.
Efficient second-order nonlinear optical
chromophores based on
dithienothiophene and thienothiophene
bridges. Tetrahedron. 2013;69:
3919-3926. DOI: 10.1016/j.
tet.2013.03.027

[99] Batista RMF, Costa SPG, Malheiro
EL, Belsley M, Raposo MMM. Synthesis
and characterization of new
thienylpyrrolyl-benzothiazoles as
efficient and thermally stable nonlinear
optical chromophores. Tetrahedron.
2007;63:4258-4265

[100]Herbivo C, Comel A, Kirsch G,
Raposo MMM. Synthesis of 5-aryl-50-
formyl-2,20-bithiophenes as new
precursors for nonlinear optical (NLO)
materials. Tetrahedron. 2009;65:
2079-2086. DOI: 10.1016/j.tet.
2008.12. 078

[101] Raposo MMM, Castro MCR,
Fonseca AMC, Schellenberg P, Belsley
M. Design, synthesis and
characterization of the electrochemical,
nonlinear optical properties, and
theoretical studies of novel
thienylpyrrole azo dyes bearing
benzothiazole acceptor groups.
Tetrahedron. 2011;67:5189-5198. DOI:
10.1016/j.tet.2011.05.053

[102] Castro MCR, Belsley M, Fonseca
AMC, Raposo MMM. Synthesis and
characterization of novel second-order
NLO-chromophores bearing pyrrole as
an electron donor group. Tetrahedron.
2012;68:8147-8155. DOI: 10.1016/j.
tet.2012.07.082

[103] Batista RMF, Costa SPG, Belsley M,
Raposo MMM. Synthesis and second-
order nonlinear optical properties of
new chromophores containing
benzimidazole, thiophene, and pyrrole
heterocycles. Tetrahedron. 2007;63:
9842-9849. DOI: 10.1016/j.
tet.2007.06.098

[104] Batista RMF, Costa SPG, Belsley
M, Lodeiro C, Raposo MMM. Synthesis
and characterization of novel
(oligo)thienyl-imidazo-phenanthrolines
as versatile π-conjugated systems for
several optical applications.
Tetrahedron. 2008;64:9230-9238. DOI:
10.1016/j.tet.2008.07.043

[105] Zhu J, Xiao Y, Wang J, Liu K, Jiang
H, Lin Y, et al. Alkoxy-induced near-
infrared sensitive electron acceptor for
high-performance organic solar cells.
Chemistry of Materials. 2018;30:
4150-4156. DOI: 10.1021/acs.
chemmater.8b01677

23

Synthesis and Nonlinear Optical Studies on Organic Compounds in Laser-Deposited Films
DOI: http://dx.doi.org/10.5772/intechopen.83234



[106] Raposo MMM, Ferreira AMFP,
Belsley M, JCVP M. 50-Alkoxy-2,20-
bithiophene azo dyes: A novel
promising series of NLO-chromophores.
Tetrahedron. 2008;64:5878-5884. DOI:
10.1016/j.tet.2008.04.061

[107] Kleinpeter E, Koch A, Mikhova B,
Stamboliyska BA, Kolev TM.
Quantification of the push–pull
character of the isophorone
chromophore as a measure of molecular
hyperpolarizability for NLO
applications. Tetrahedron Letters. 2008;
49:1323-1327. DOI: 10.1016/j.
tet.2007.11.053

[108] Liu X, Wang D, Gao H, Yang Z,
Xing Y, Cao H, et al. Nonlinear optical
properties of symmetrical and
asymmetrical porphyrin derivatives
with click chemistry modification. Dyes
and Pigments. 2016;134:155-163. DOI:
10.1016/j.dyepig.2016.07.010

[109] Pascal S, Getmanenko YA, Zhang
Y, Davydenko I, Ngo MH, Pilet G, et al.
Design of near-infrared-absorbing
unsymmetrical polymethine dyes with
large quadratic hyperpolarizabilities.
Chemistry of Materials. 2018;30:
3410-3418. DOI: 10.1021/acs.
chemmater. 8b00960

[110]Mariano F, Caricato AP, Accorsi G,
Leo C, Cesaria M, Carallo S, et al. White
multi-layered polymer light emitting
diode by matrix assisted pulsed laser
evaporation. Journal of Materials
Chemistry C. 2016;4:7667-7674. DOI:
10.1039/C6TC01826B

[111] Constantinescu C, Rapp L, Rotaru
P, Delaporte P, Alloncle AP. Pulsed laser
processing of poly(3,3″-didodecyl
quarter thiophene) semiconductor for
organic thin film transistors. Chemical
Physics. 2015;450-451:32-38. DOI:
10.1016/j.chemphys.2015.02.004

[112] Constantinescu C, Rotaru P,
Nedelcea A, Dinescu M. Thermal
behavior and matrix-assisted pulsed

laser evaporation deposition of
functional polymeric materials thin
films with potential use in
optoelectronics. Materials Science in
Semiconductor Processing. 2015;30:
242-249. DOI: 10.1016/j.
mssp.2014.10.011

[113] Randell NM, Radford CL, Yang J,
Quinn J, Hou D, Li Y, et al. Effect of
acceptor unit length and planarity on
the optoelectronic properties of
isoindigo�thiophene donor�acceptor
polymers. Chemistry of Materials. 2018;
30:4864-4873. DOI: 10.1021/acs.
chemmater.8b02535

[114] Ion V, Matei A, Constantinescu C,
Ionita I, Marinescu M, Dinescu M, et al.
Octahydroacridine thin films grown by
matrix-assisted pulsed laser evaporation
for NLO applications. Material Science
in Semiconductor Processing. 2015;36:
78-83. DOI: 10.1016/j.mssp.2015.02.064

[115]Matei A, Constantinescu C, Ion V,
Mitu B, Ionita I, Dinescu M, et al.
Ferrocene, an old molecule with bright
future: Thin films grown by matrix-
assisted pulsed laser evaporation for
nonlinear optical applications. The
Journal of Organic Chemistry. 2014;751:
638-643. DOI: 10.1016/j.
jorganchem.2013.10.056

[116] Constantinescu C, Matei A, Ion V,
Mitu B, Ionita I, Dinescu M, et al.
Ferrocene carboxaldehyde thin films
grown by matrix-assisted pulsed laser
evaporation for nonlinear optical
applications. Applied Surface Science.
2014;302:83-86. DOI: 10.1016/j.
mssp.2015.02.064

[117]Matei A, Marinescu M,
Constantinescu C, Ion V, Mitu B, Ionita
I, et al. Nonlinear optical studies on
4-(ferrocenylmethylimino)-2-hydroxy-
benzoic acid thin films deposited by
MAPLE. Applied Surface Science. 2016;
374:206-212. DOI: 10.1016/j.
apsusc.2015.11.024

24

Applied Surface Science



[118] Chrisey DB, Pique A, McGill RA,
Horwitz JS, Ringeisen BR. Laser
deposition of polymer and biomaterial
films. Chemistry Review. 2003;103:
553-576. DOI: 10.1021/cr010428w

[119] Rotaru A, Constantinescu C,
Rotaru P, Moanta A, Dumitru M,
Socaciu M, et al. Thermal analysis and
thin film deposition by matrix assisted
pulsed laser evaporation of a 4CN type
azomonoether. Journal of Thermal
Analysis and Calorimetry. 2008;92:
279-284. DOI: 10.1007/s10973-007-
8818-9

25

Synthesis and Nonlinear Optical Studies on Organic Compounds in Laser-Deposited Films
DOI: http://dx.doi.org/10.5772/intechopen.83234


