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ARTICLE INFO ABSTRACT

Keywords: Azo compounds, which are highly versatile molecules, have attracted a considerable attention
Polymethyl methacrylate (PMMA) both for their fundamental properties and for practical applications, especially in photonics. The
Second - order nonlinear optical (NLO) conjugated azo-aromatic systems containing 4-(R-azulen-1-yl)-2,6-dimethyl-pyridine were
gz;g;rgf; . investigated for their nonlinear optical properties. These molecules were embedded in polymethyl

methacrylate (PMMA) matrix, and the obtained guest-host systems were processed into good
optical quality thin film by spin coating technique. The dipolar moments of dissolved in PMMA
molecules were oriented by applying a high DC electric field at a temperature close to the polymer
glass transition temperature. The second - order nonlinear optical (NLO) properties of poled films
were studied by the optical second harmonic generation technique (SHG). The poling kinetics,
studied by in situ SHG as well as the measured second-order NLO susceptibilities of poled films are
reported and discussed.

Azulene based compounds
Guest-host systems

1. Introduction

Organic materials possessing nonlinear optical (NLO) properties have attracted considerable attention in the last period due to their
potential applications in state-of-the-art devices such as dye-sensitized solar cells [1,2], optical data storage devices [3,4], commu-
nications [5,6], two-photon fluorescence microscopes [7-9] and photodynamic therapy [10,11]. Due to their large nonlinear optical
responses, the conjugated organic compounds containing both electron donor and acceptors widely known as push-pull compounds,
have aroused great interest in the field of nonlinear optics. As a matter of fact, azobenzene and its functionalized compounds have been
extensively used for construction of optical switching materials owing to their unique and clean photoisomerization [12,13]. Grafting
various electron-donating or -accepting groups onto the molecular skeleton of azobenzenes, has been reported to successfully lead to
NLO materials with increased nonlinearity [14]. In this regard, we expect that the investigation of the structure-property relationship
of the substituted azobenzene derivatives will have a great impact in developing efficient molecular switches with direct application in
optical signal processing or for optical data storage modules [15,16]. At the same time, employing azulene derivatives as precursors in
designing electronic and optical materials, has attracted an increased attention owing to their unique fluorescent and redox properties
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[17,18]. So far, this blue-colored hydrocarbon proved to be an attractive building block for developing molecular switches [19,20],
liquid crystals [21,22], supramolecular assemblies [23,24], organic transistors [25], redox-active covalent organic framework [26],
and high conductance materials [27]. A relevant characteristic of azulene in the construction of push-pull compounds is its dipole
moment of about 1.08 D [28], arising from the electron drift from the seven-membered ring to its five-membered ring, leading to an
intrinsic dipolar structure [29]. Owing to this peculiar feature, azulene can act either as electron donor or as electron acceptor and,
moreover, as conjugated bridge in push-pull compounds [30].

Based on semi-empirical ab initio calculations we expect an NLO response of azulene comparable to well-established NLO-phores
[31]. The first examples of azulene-based compounds possessing NLO properties, comprising of azulene or guaiazulene as donor
groups, respectively, dicyanovinyl (A, Fig. 1) and 1,3-diethyl-2-thiobarbituric acid (B, Fig. 1) as acceptor groups, were reported by
Asato et al. [32]. Following these examples, the potential of several azulene-based substituted pyiridinium cations (C, Fig. 1) [33] and
azo-azulene derivatives (D, Fig. 1) [34-36] to behave as efficient NLO systems, has been confirmed. For example, in comparison to the
commercially available Disperse Red One (DR1, Fig. 1) NLO chromophore [33], (4-nitrophenylazo)-azulene (E, Fig. 1) showed a larger
4 value, of about 80*107%° ¢m™ esu™! (at 1.907 pm) [35]. Moreover, composite films containing azo-azulenes as phenyl-based
(hydroxyphenyl, acetamidophenyl) or thiazole-based (thiazole and benzothiazole) chromophores showed an uncommon phenome-
non of formation of photoinduced surface graftings produced by the photoisomerization of the azo bond [36]. Also, several (ferro-
cenylethynyl)azulenes [37] and highly substituted azulene dyes [38] have been identified as interesting NLO switches.

These results have encouraged us to investigate nonlinear optical properties of 4-(azulen-1-yl)-pyridines substituted at C3-position
of azulene with mono-azobenzene derivatives. We have previously reported the straitforward synthesis of these highly conjugated azo-
aromatic systems obtained from azulenyl pyridine coupled diazonium salts of substituted anilines [39]. The fluorescence emission
above 530 nm displayed by these compounds is induced by the attachment of the azulenyl moiety to the azobenzene molecules and
explained by the unusual Sy — Sy azulene transition. In addition, upon exposure to UV light for a short period of time, the thermally
stable E isomer was converted to the corresponding Z isomer, whereas exposure of the irradiated solutions to sunlight for a day caused
the recovery of the stable isomer [40].

The current study reports on a comparative investigation regarding the second harmonic generation ability of highly conjugated
azulenyl azo dyes doped in polymethyl methacrylate (PMMA) matrix. The molecular structure of the chromophores employed in the
present study is presented in Scheme 1. Based on NLO properties, the main goal of this investigation was to determine the correlation
between azulene derivatives and azo-benzenene family in terms of second harmonic generation (SHG). The studied compounds differ
in terms of azulen-substitution which is affecting the electron distribution cloud of the push-pull compounds and, thus, their NLO
response. Samples were prepared as solid-state film blends with poly(methyl metacrylate) (PMMA) of various loadings of dye. To our
knowledge, this is the first time when the second harmonic generation of azulene-derivatives in PPMA matrix is investigated.

2. Methodology
2.1. Material synthesis

Thin films containing four azulene based compounds were obtained by the spin-coating technique on glass substrate using a spin-

/ NO,

DR1

Fig. 1. Representative azulene-based NLO-phores; 2-((5-isopropyl-3,8-dimethylazulen-1-yl)methylene)malononitrile (A), (E)-1,3-diethyl-5-(3-(5-
isopropyl-3,8-dimethylazulen-1-yl)allylidene)-2-thioxodihydropyrimidine-4,6(1H,5H)-dione (B), (E)-4-(2-(azulen-1-yl)vinyl)-1-methylpyridin-1-
ium (C), (E)-4-(azulen-1-yldiazenyl)-1-methylpyridin-1-ium (D), (E)-1-(azulen-1-yl)-2-(4-nitrophenyl)diazene (E), (E)-2-(ethyl(4-((4-nitrophenyl)
diazenyl)phenyl)amino)ethanol (DR1).
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where:

1: R;=R,=R;=H, R =H

2: R;=R,=R;=CH; R =H

I
N

3: R;=R,=R;=H, R =NO,

4:R,=R,=R;=CH; R =NO,
R

Scheme 1. Chemical structure of the compounds under investigation.

coater from Laurell Technologies Corporation, model WS-400B-6NPP/LITE. Then, the films were dried for 1 h at 70 °C to evacuate the
remaining solvent. Their spectroscopic properties within UV-VIS range were characterized with the JASCO V560 spectrometer. The
absorption spectra of the films are shown in Fig. 2. The thin films thicknesses were determined by the profilometry technique using
DEKTAK 120 apparatus of KLA Tencor Company. The device allows the thickness measurement of each deposited film on a hard and
smooth glass surface. Measurements were done in triplicate, and the values are listed in Table 1.

2.2. Spectral characterization

For the spectroscopic experiments, the series of thin polymeric films for each of the investigated compounds was prepared as
follows. We used commercially available poly(methyl methacrylate) (Mw Y% 966 kDa, Sigma Aldrich®) in powder form and the family
of the 4-(azulen-1-yl)-pyridine derivatives [39] is shown in Scheme 1. First, solutions of PMMA/TCE in T2, 5 and 10% ratios were
prepared. After mixing and heating for few days, when the polymer completely dissolved, we mixed the above mentioned solutions to
obtain the final mixture (3% dry weight proportion between the 4-(azulen-1-yl)-pyridine derivative and polymer) of a simple
guest-host system, where the active material is stabilized by a branched, well-defined, transparent, and high laser damage threshold
polymer matrix [41]. After stirring and heating, the final solution (azulenylpyridine/PMMA/TCE) was deposited on a clean silica glass
plate using the spin-coating technique. The layers were dried at 70 °C to evaporate the remaining solvent. The measured with Tencor,
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Fig. 2. Absorption spectra of the investigated azulenylpyrydine-azo dyes, 1-4 in PMMA films.
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Table 1
Dye concentration, film thickness and maximum absorption wavelength Anax of investigated azulenylpyrydine-azo dyes in PMMA films.
Compound Concentration (w%) Thickness (nm) Absorption maxima (nm)
1 2 394.6 433
5 327.8 430
10 357.1 431
2 2 255.3 432
5 280.2 433
10 292.1 433
3 2 252.8 474
5 272.2 476
10 287.3 476
4 2 310.7 485
5 621.3 486
10 903.8 487

ALFA-Step profilometer thicknesses of the studied films are presented in Table 1.

2.3. The film poling and second second-order NLO properties characterization

The spin-coating method used for thin film fabrication technique leads to obtaining centrosymmetric materials with no second
order NLO properties, albeit the constituent guest molecules are noncentrosymmetric. This one can be obtained by applying a high
intensity DC field to the film which orient the dipolar moments mostly in its direction. This was got by corona poling (CP (method)
discharge charge deposition on the thin film surface. The applied voltage was of ca. 6 kV. More details can be found in Refs. [42,43].

The electric field poling can be performed at every temperature. However, its rate and speed depend on the molecules rotational
mobility, which depends on temperature. Usually poling is done close, but a little below the glass transition temperature. In our case it
was done at ca 96 °C with polymer Tg of 97 °C. The poling process takes ca 5 min, and its kinetics is followed by the in situ SHG
measurements (cf refs. [42,43]. After it, the poled film is cooled to the ambient temperature under the applied CP field to fix the created
polar order.

The second order NLO susceptibility y? (—2w; o, ») of studied films was measured in infrared (1064.2 nm) by the second harmonic
generation (SHG) method, collecting the generated 532 nm wave intensity as function of the incidence angle 0. The used for that light
source is a Nd:YAG laser operating with 10 Hz frequency and 6 ns pulse duration. The data are calibrated by the SHG measurements on
an a-quartz single crystal, done at the same conditions (for details see Ref. [42]).

Thin film fabrication by solution spinning on substrates coating leads to centrosymmetric thin films with SHG susceptibility

)(}f,)((fzw; w,w) = 0 for all its components I, J, K. Thus, to get this property it is necessary to create noncentrosymmetry. One of the
ways to do it is application of the DC electric field. As the molecules used are forcibly noncentrosymmetric they possess a dipole
moment. Its interaction with the applied electric field orients them in its direction, creating noncentrosymmetry. The point symmetry

of an electric field poled film is comm with two meaningful ¥ (—2w; ®, ®) components: the diagonal ;(<ZZ’Z)Z(—2w; o, ) and the off di-

agonal ;{,%32( — 2w; w,w), where Z is the poling field direction. Components, which are material property parameter are measured by an
appropriate choice of polarization of fundamental (f) and harmonic (h) beams.

As it is usually done with the harmonic generation methods the NLO tensor components were determined by an appropriate choice
of the incident fundamental (b) and the outgoing harmonic (h) beams polarizations. The intensity of the generated harmonic wave as
function of the incidence angle @ is given by [42,44]

_ 3272 |y 2 (—20; 0, w)
2

15 (0) =20 [ 20

P T (0)Aps (8) |2 — 1112 .

9]

where c denotes the light speed, Ty,(0) and App(0) are factors arising from the transmission and boundary conditions for the propa-
gating fundamental and harmonic beams (for details see Ref. [44]).

I, in Eq. (1) is the fundamental beam intensity and Ae is the dielectric constant mismatch between the fundamental () and the
harmonic (2w) [42] frequencies.

Ae=¢(20) — e(w) (2)

The phase mismatch Af between the propagating fundamental and the harmonic beams in Eq. (1) is given by [42]

4nl
Afyn = 0" () — ¢" 2w) i (1l cos 6, —nl, cos 0,) 3

/1“) ® ®

where ¢? andgh, are, respectively, fundamental » and harmonic 20 frequency beams phases. In a similar manner ¢° andé ) are their
propagation angles. [ in Eq. (3) denotes the studied thin film thickness.

In practice the SHG measurements are performed in p-p polarization configuration, taking the ratio )()%gz( - 2w;0,0)/ Z(zzz)z( —20; 0,



A.-M. Manea-Saghin et al. Heliyon 9 (2023) e17360

08 5 08 S
2
‘E —
B £
o S
s :
> EY
i T
8 £
S ¢
n
o
&
2]
02
'0'20 2 0 60 8 0 20 40 60 80
Incidence angle (degrees) Incidence angle (degrees)
(a) (b)
1.25
z 2
c c
3 3
g 4
s &
= =
‘0 @
c c
2 2
£ i=
o Q
T I
7] 7
-0.25 -0.2
0 20 40 60 80 0 20 40 60 80
Incidence angle (degrees) Incidence angle (degrees)
(©) (d)
3 04
theory © 2
o exper.
2 E 03
Z £
3 =1
£ g
s s
>
£ ;i‘ 02
s 5
< z
N o
(2] % 0.1
0 20 40 60 80 DU 5 10 15 20 25
Incidence angle (degrees) Incidence angle (degrees)
{f)
(e)

Fig. 3. Incidence angle dependence of SHG intensity for a poled thin films (a—-d) and for an a-single crystal quartz plate used for calibration (ef).
Points are measured values whereas solid lines depicts the calculated ones.
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) = 1/3, as predicted by the free electron model. In that case the effective quadratic susceptibility to insert in Eq (1) is given by Refs.
[42,44-46,].

1
)(,()/2737(72(0, w,0) =y, |sin®, sin 6, +§ (cos @ (cos 6 +2 sin &, cos 65,) 4

for p-p fundamental-harmonic beams polarization configurations.

Eq. (1) with inserted Egs. (2)—(4) describes the actual variation of the SHG intensity for this polarization configuration. So modified
formula was used to fit the experimental SHG spectra for the studied films. Fig. 3 shows both the measured (points) and fitted values.
Similar procedure was applied for SHG measurements on an a—quartz plate, done at the same condition and used for calibration of the
studied thin film values. An example of a fit of SHG spectra for a quartz play is displayed in Fig. 3(f). Comparing the fitting parameters

for studied films and for quartz one gets the actual value of Z(zzz)z(—2“)? , w) susceptibility for the studied material.
3. Results and discussions
3.1. Molecules synthesis, thin films preparation and optical spectroscopy

The investigated compounds were synthesized as previously described [39] through azo-coupling reaction of 4-azulenylpyridines
with the diazonium salts of anilines, in potassium acetate buffer. The reactions proceed in mild conditions with moderate to high
yields, making the compounds easily accessible. All of the investigated compounds present strong absorption bands in thin film form
prepared using polymethyl-methacrylate (PMMA) polymeric matrix. The solutions were obtained by dissolving, under stirring, the
host (PMMA) and guests (azulenylpyrydine-azo dyes) molecules in 1,1,2 trichloroethane (TCE) by heating for few days, until the
polymer was completely dissolved. The final solution (azulenylpyridine dye/PMMA/TCE) was deposited on a clean silica glass plate
using the spin coating technique. The layers were dried at 70 °C until the evaporation process was finished. There were used solutions
with three different concentrations of each of the four chromophores (2, 5 and 10 w %). The thickness of the studied films was
measured with profilometer, and the data are given in Table 1.

The maximum absorption wavelength Apmax of the azo-benzene substituted 4-azulenylpyridine in PMMA film is located at around
437 nm. In solution, the dye Anax is 425 nm, with small influence of the solvent polarity on the maximum absorption wavelength [39,
40]. It is worth mentioning that putting the pyridine moiety on the azo-azulene push-pull system for extension of the electron
conjugation path, does not cause a significant change Anax as compared to azoazulene derivatives [36]. The azulene substitution results
in a little extend of the position of the absorbtion maxima position, whereas introduction of the electron withdrawing group in
azobenzene moiety causes a significant red shift of the absorption band. The absorption spectrum of compound 2 shows a Apax at 440
nm in PMMA film (Fig. 2). Instead, the absorption maxima for the molecules possessing -NO5 substituent at the para-position of the
azobenzene unit are red-shifted and are positioned at 497 (compound 3) and 499 nm (compound 4), respectively.

3.2. Second order nonlinear optical properties

The SHG efficiency of the films was investigated using our previously reported technique [42,43], by measuring the SHG intensities
as a function of the incidence angle. Thus, the set-up supposed the rotation of the studied film along the axis perpendicular to the
direction of the beam propagation which coincides with the p polarization of the used incident and harmonic waves. Circles show the
measured while the continuous lines the fitted values using Eq. (1) harmonic intensities. A very good agreement is observed.

Fig. 3 (a - f) shows the observed, typical, dependence of SHG intensity on incidence angle for studied films and for a-quartz thin
crystal plate used for calibration. At normal incidence Iy, is null because the fundamental beam polarization is perpendicular to the
molecule dipole moment. It can be observed that, the SHG intensity increases with the increase of 6 values, reaching a maximum for 6

Table 2
Second-order NLO susceptibility of studied materials at 1064.2 nm fundamental wavelength.
Compound Concentration (w%) 1(222)2( — 20,0,0)
1 2 2.6
5.4
10 7.2
2 2 3.5
3.5
10 5.4
3 2 21.7
28.3
10 37.5
4 2 11.6
14.8
10 32.3
a—quartz [47] 1
LiNbO3 [52] 25.2
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= 90°. Due to the increasing reflection with the increase of the incidence angle, less light is coupled into thin film because it competes
with the mentioned increase due to the decreasing angle between electric field and dipole moment direction. As a result, the SHG
intensity, after reaching a maximum, decreases, up to zero at 6 = 180°. In the SHG measurements the fundamental beam fluctuations
are considered by measuring the intensity of reflected, very small part of fundamental beam with a fast photodetector and correcting
for [42]. The optical absorption of studied films was taken into account by using complex refractive indices in Eq. (1).

As mentioned, the SHG susceptibilities of the studied films were calibrated by SHG measurements on a a-quartz single crystal plate,
in the same conditions. Fig. 3(e) shows an example of such measurements, performed also in p-p fundamental — harmonic field po-
larization configuration. Because the quartz data were used for calibration, they were also fitted using the well-established formula

[42]. An excellent agreement can be observed as it is shown in Fig. 3(f). The derived in this way diagonal ;((Zzz)z(—2w; o, ) susceptibility
tensor component for the studied films with dopant concentrations: 2, 5 and 10 w% are listed in Table 2. They were calibrated using for

the a-quartz single crystal ;((ZZZ)Z( — 2w;w,w) = 1 p.m./V as determined by Choy and Byer [47]. The data listed in Table 2 show that

molecules (1, 2) with lowest A« exhibit significantly smaller )((ZZZ)Z(—Zw; , w) susceptibilities than the more conjugated ones (3, 4).

This is in accordance with the reported dependence (see e.g. Kajzar [48]) of the NLO susceptibilities on the & electron conjugation
length. There is another factor which leads to higher NLO susceptibilities of molecules (3, 4) too, namely the two photon resonance
contribution. For both of them A is closer to the second harmonic wavelength of 532.1 nm than for (1, 2). One can also observe that
in all cases, the NLO susceptibility doesn’t vary linearly with the concentration, as expected. This is a characteristic feature of the ©
electron conjugated charge transfer molecules, which usually possess a large ground state dipole moment. Although it is beneficiary for
the electric field poling efficiency, it is highly unwanted for potential application of these materials in NLO devices. The strong dipole —
dipole interaction results in the formation of centrosymmetric aggregates, with no second order NLO response [49]. As consequence of
the aggregation, the second order NLO susceptibility of the material stops increasing proportionally with the concentration of NLO
molecules or even its decrease [50,51]. Moreover, the aggregates scatter light, increasing, often significantly, the light propagation
losses in material.

The largest values of )((ZZZ)Z(wa; , ) observed for molecules 3 & 4 (37.5 and 32.3 p.m./V, respectively) compare favorably with
that of the reference material LiNbO3 single crystal (25.2 p.m./V [4]), but smaller than pyrazole-containing push-pull compounds [43]
or Disperse Red One (DR1) NLO chromophore [53].

4. Conclusions

A series of w electron conjugated, noncentrosymmetric azo-aromatic molecules tailored with azulen-1-yl-pyridine were investigated
for their nonlinear optical properties. For this purpose, the azobenzenes containing 4-(R-azulen-1-yl)-2,6-dimethyl-pyridine (R—H,
—-CHj3) were dissolved in polymethyl methacrylate to obtain solid thin films through spin-coating technique. In all cases, the PMMA thin
films containing the investigated chromophores showed strong absorption band in the visible region. The films can be poled giving
NLO materials with the diagonal ;(<ZZZ)Z(—2(1); o, w) susceptibility, depending on concentration, spanning between 2.6 and 37.5 p.m./V at
1064.2 nm. For the most concentrated samples 3 and 4 with 10 w % guest concentration, the measured xézz)z(—Zw; , ) susceptibilties
of 37.5 and 32.3 p.m./V compare favorably to that of the reference LiNbOj3 single crystal (25.2 p.m./V [49]). A direct comparison with
(4-nitrophenylazo)-azulene, reported as good NLOphore [35] can not be made now, since the reported hyperpolarizability was
investigated using different experimental set-up.
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