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Abstract: Nanosecond lasers have recently been widely involved in human activity. However, high-
intensity laser radiation can cause severe damage to organs of vision and expensive photonic devices.
Radiation in the near UV range is especially dangerous for human eyes, since it is strongly absorbed
by biological media and is also invisible, i.e., the reaction time of the eye to such radiation is much
lower than that of visible light. Passive limiters have high transmission (>70%) at a low light intensity
ﬁr;aedca!\(tfgsr and begin to “darken” only when the threshold value of the laser radiation intensity is reached. In
this work, we studied liquid nanodispersed nonlinear optical limiters based on hybrids of single-
walled carbon nanotubes (SWCNTs) with metal-free tetra(hydroxy)phthalocyanine (OH)4PcHH).

The value of the hydrodynamic radius of separate particles after (OH),PcHH binding increased
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Attribution (CC BY) license (https:// Since the invention of the laser in the 1960s, laser radiation is increasingly being
creativecommons.org/licenses /by / used in various fields [1]. Devices for laser welding [2], photolithography systems [3],
40/). industrial lasers, laser surgical complexes, vision correction devices [4], laser designators,
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and rangefinders [5] are actively used in everyday practice. In recent years, the direction of
laser communication systems and laser scanning using LiDARs has been developing [6].
Most laser systems operate in the near UV to near IR range. This is due to the wide
availability of lasers and the ability to detect the signal with low-cost Si detectors.

The development of laser technologies and the growth of laser radiation power has
highlighted the problem of effective protection for photosensitive detectors and human
vision [7]. For a human, radiation of the invisible range is especially dangerous, since the
retina of the eye is not sensitive to such radiation. As a result, information about the signal
does not enter the brain, which leads to a significant slowdown in the reflex reaction (or
its complete absence) to high-intensity laser radiation. In addition, UV radiation is well
absorbed by organic compounds, and the impact of laser pulses can lead to retinal burns or
damage to the crystalline lens [8,9].

To provide effective protection against high-intensity laser radiation, optical limiters
based on nonlinear optical effects can be used [10,11]. Such devices provide a high level
of visual control (linear transmittance > 60%) when the radiation intensity is below the
threshold value, but when the threshold is exceeded, the nonlinear absorbers “darken out”,
which leads to a limitation of the output signal.

There are various materials that can be used as a non-linear optical limiter, such
as metal nanoparticles [12], organic dyes [13], carbon nanomaterials (carbon dots [14],
fullerenes, carbon nanotubes [15], etc.), complex nanoparticles [16] and others. The advan-
tage of using carbon materials is the possibility of obtaining a nonlinear attenuation of laser
radiation in a wide range of wavelengths [17], particularly in the ultraviolet range [18,19].
However, their use is limited due to relatively poor dispersibility [19,20]. For this reason, it
is necessary to create composites with carbon nanomaterials, which are easier to disperse
in water or other common organic solvents [19,21]. Additionally, the conjugation of carbon
nanomaterials with different functionalization strategies [20,22] increases the nonlinear
response. In this case, it is necessary to control the size of agglomerates [18], and, in the case
of carbon nanotubes, the size of their bundles [21]. Among the materials that provide per-
fect nonlinear absorption, phthalocyanines occupy an important place. The phthalocyanine
molecule is an 18 t-conjugated macroheterocyclic dye, the chemical modification of which
makes it easy to tune the nonlinear optical properties for a specific task [23-26]. The ph-
thalocyanine has an ultrafast response time, which effectively limits pico- and nanosecond
pulses [27,28]. Due to the manifestation of a nonlinear optical absorption itself, phthalo-
cyanines can be conjugated with various types of nanoparticles to enhance the nonlinear
response [29-32]. To preserve the advantages of modifying their structure, it is necessary
to take into account their tendency to aggregation, which, in the case of a ligand, has a
minimal effect on the nonlinear optical properties [33]. Phthalocyanines have a low limiting
threshold. The conjugation of the carbon nanomaterials with phthalocyanines made it
possible to reduce the limiting threshold and, consequently, increase the speed of switching
on the limiting [34]. Single-walled carbon nanotubes (SWCNTs) are strips of graphite
monolayers (graphene) rolled into cylinders [35]. SWCNTs are promising materials for
optical limiting since they have strong nonlinear properties and high photo- and thermal
stability [36-39]. The SWCNTs have a specific absorption spectrum depending on their
structural topology and chirality. However, the use of unsorted SWCNTs makes it possible
to achieve a high level of visual control over a wide wavelength range without pronounced
absorption peaks [40]. The nonlinear optical (NLO) properties of carbon nanoparticles
and their conjugates with organic dyes are known in the visible and near IR ranges [34];
however, the response is still poorly understood in the UV range.

This paper presents a study of the nonlinear optical properties of liquid disperse media
of SWCNT /metal-free tetra(hydroxy)phthalocyanine (OH)4PcHH) composite ((OH)sPcHH
@ SWCNT). The paper describes the synthesis of the dye, nanocomposites, the process
of preparing dispersions, and NLO research. Water, dimethylformamide (DMF), and
dimethyl sulfoxide (DMSO) were used as solvents. The nanoparticle concentration is
chosen so that the linear transmission was above 60% at 355 nm. The third harmonic of
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a nanosecond Nd:YAG laser LS-2147N(5) (Lotis TII, Belarus) (355 nm, 20 ns) was used to
study NLO parameters using Z-scan and fixed sample position experiments. Additionally,
Z-scan was used to determine the change in the width of a laser pulse passing through a
sample. The studied materials showed a threshold value in the range of 0.04-0.06 J/cm?
and strong optical limiting characteristics that make such materials promising for limiting
UV laser radiation.

2. Materials and Methods
2.1. Synthesis and Characterization

To synthesize starting metal-free phthalocyanine, 160 mg of lithium methoxide
(Scheme 1) was added to a solution of 4-benzyloxyphthalonitrile 1 (200 mg, 0.85 mmol) in
n-hexanol (30 mL). The mixture was first stirred at room temperature (10 min), and then
refluxed for 6 h. After completion, the reaction mixture was evaporated under reduced
pressure, conc. H,SO4 was added to the semi-solid residue and poured onto ice. The
phthalocyanine precipitate was filtered off and washed several times with methanol. The
chromatography was carried out on SiO; (Merck, 40 x 63 mkm), eluent—THE. A total of
74 mg of ligand 2 was obtained (yield 60%). MALDI-TOF (HCCA matrix): m/z 578.30 [M]*,
caled. for [C30H13NgO4] 578.55; UV-vis (THF), Amax/nm (log ¢€): 289 (3.57), 340 (3.71), 389
(3.42), 670 (3.84), 706 (3.83); UV-vis (DMF), Amax/nm (log €): 297 (3.66), 345 (3.76), 425 (3.41),
670 (3.89), 704 (3.95). The spectra are presented in Figure 1.
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Scheme 1. Scheme for the synthesis of free-metal phthalocyanines (OH)4PcHH.

For binding phthalocyanine 2 to carbon nanotubes, SWCNTs were preliminarily
functionalized with carboxyl groups. A suspension of SWCNTs was boiled in concentrated
HNOj for 6 h, and then the material was filtered and washed with water until neutral.

Next, phthalocyanine 2 (25 mg) was added to a suspension of SWCNT-COOH (50 mg)
in DMF (50 mL), and the mixture was subjected to ultrasonic treatment for 30 min (Scheme 2).
After that, bis-1,2-(bromomethyl)benzene (10 mg) and 1,8-Diazabicyclo(5.4.0)undec-7-ene
(DBU) (0.1 mL) were added. The mixture was boiled for 30 min, after which the solid mass
was centrifuged and washed many times in tetrahydrofuran (THF) to remove unreacted 2
and oligomeric phthalocyanine products. The weight of the material increased by 21 mg after
synthesis, from which it can be concluded that the reaction was complete and by-products
were formed in insignificant amounts. According to dynamic light scattering (DLS) data, the
hydrodynamic radius increased from 288 £ 55 nm to 350 & 60 nm after the reaction.



Photonics 2023, 10, 537

40f 15

578.304

100.00% 578.304 Tt
100.00% 10 '—‘E
Q
_ 1704
£ 8+ 670
79.310 o Lot THF
8.17% g @ I ——DMF
- E 345
< 6 - ‘]:
579310 .328 =4
48.17% 0.75% X 297 n—1"
e,
B I O = 283
R A
579 582 = ]
m/z (Da) 'E’ L 4z
< 2+
s6328 w f
10.¥5% 648.389 A [
475858  S513.694 549.506 616.200 g sgo, 723360 763721 796.985 3 &\_
278%  298%  2.79% L 280% T 361% 2050 224% 0 T T T T T T J
p . ae o Whaeiisin PO TPRTSSNTIN QU | LI JICCNYL ST U N ¥ ST T SO SO A TR
A A s 300 400 500 600 700 800 900 1000
450 500 550 600 m/z (036)50 700 750 800 Wavelenglh, nm
(a) (b)

Figure 1. MALDI-TOF (matrix—HCCA) mass spectrum (a) and UV-vis spectra of dye 2 (b).
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Scheme 2. Synthesis of composite (OH),PcHH @ SWCNT.

To prepare liquid media, 0.01 wt% of (OH)4PcHH @ SWCNT powder was added to
50 mL of the following solvents: water, DMF, and DMSO. Then, the resulting suspensions
were processed in a Soniqator Q700 ultrasonic homogenizer (Qsonica, Newtown, CT, USA)
at 30 W and 40% amplitude for 1 h to achieve dispersion uniformity. The temperature
of the dispersions during ultrasonic homogenization was controlled and did not exceed
40 °C. Centrifugation at 1000 rpm was performed for 10 min to remove large unmixed
agglomerates.

To characterize the quality of the synthesized nanoparticles, thin films were obtained
by the spray deposition method. The airflow supply pressure was 20 bar. The pressure for
supplying the dispersion was 0.05 bar. The nozzle diameter was 0.5 mm. Silicon substrates
were clamped in a holder and placed on a heating table (100 °C) for accelerated evaporation
of the solvent from the formed layer.

2.2. Characterisation of Composites

The structure of the obtained (OH);PcHH @ SWCNT composites was studied using
the SEM method. The DLS method (Photocor, Moscow, Russia) was used to determine
the hydrodynamic radius of composites in various solvents. A GENESYS 50 UV-Vis
spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA) was used to evaluate
the linear transmission in the range from 300 to 1100 nm.
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Next, the carboxylation of SWCNTs was confirmed by the Raman spectrum (Figure 2).
A Confocal Raman microscope InVia Qontor (Renishaw, Wotton-under-Edge, UK) was
used to record Raman scattering spectra. As an excitation radiation source, the laser with
a wavelength of 532 nm was utilized. During the measurements, a 50 x objective for the
visible range and a diffraction grating of 1200 lines/mm were used.
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Figure 2. Raman spectrum for SWCNTs (a) and SWCNT-COOH (b).

For initial SWCNTs, the RBM mode is presented as a broad band with a maximum
of 185 cm~! and a shoulder around 152, 162, and 176 cm~!. This indicates the presence
of SWCNTs with different chirality, which results in the superposition of modes from
each type of SWCNT and the appearance of one broad mode [41]. The semiconductor
nanotubes prevail, as evidenced by the splitting of the G mode into a high-intensity peak G*
(1591 cm~!)and a low-intensity G~ (1570 cm™1). The Ip /I ratio was 0.038, which indicates
a small defectiveness of the initial SWCNTs. The Raman spectrum of SWCNT-COOH
has RBM modes around 139, 179, 239, and 293 cm !, which indicates the presence of the
tubes with different chirality and different diameters. At the same time, the frequencies of
RBM differ in comparison with the initial SWCNTs, which is probably due to the effect of
the functionalization of COOH groups during acid treatment. In this case, nanotubes are
damaged upon the attachment of side functional groups [42]. Functionalization does not
change the type of conductivity (semiconductor type), which is confirmed by the splitting
of the G mode, similar to the spectrum of the original SWCNTs: G* (1593 cm ') and G~
(1570 cm~1). A small shift of G* and D (1350 cm™!) in frequency in comparison with the
initial SWCNTs can also be explained by the functionalization of COOH groups.

2.3. NLO Studies

The third harmonic of a nanosecond Nd:YAG pulsed laser (355 nm) was used to study
the nonlinear optical response of the obtained dispersed media. The width of the generated
pulse was ~20 ns; the spatial profile of the beam had a Gaussian shape.

To measure the third-order nonlinear optical absorption coefficient, threshold intensity,
and attenuation coefficient, experiments were carried out using the Z-scan method and the
method of the fixed position of the material [43]. These methods are based on changing the
input fluence by varying the laser beam radius or laser radiation energy correspondingly.
For Z-scan, the step between measurements was 0.5 mm. Irradiation was performed in a
single pulse mode at each position of the sample. The time between laser pulses was 2 s.
The pulse energy during Z-scan was 100 pJ. The thickness of the samples was 3 mm. A
Glan-Taylor polarization prism and a closed variable wheel attenuator (Standa, Vilnius,
Lithuania) were used to change the energy of the incident pulse. PE9-C detectors (Ophir,
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Jerusalem, Israel) were used to register the energy of input and output pulses. Laser
radiation was focused on the sample using a lens with a focal length of 15 cm. The beam
radius before focusing was ~0.8 mm. Si PIN-photodiodes OD-08A (Avesta Project, Moscow,
Russia) and an MSO64 oscilloscope (Tektronix, Beaverton, OR, USA) were used to record
the duration of input and output nanosecond pulses.

3. Results and Discussion
3.1. Spectral Properties of Dye 2

Figure 1b shows the UV-vis spectra of phthalocyanine 2, which demonstrate a high
spectral response (¢ > 80,000 LM~!ecm~1!) in THF and DMF solvents. Absorption bands
in the near-boundary with the near-IR range (600-700 nm) are related to 7—* electronic
transitions. A small low-intensity shoulder at 383 nm in THF indicates the presence of
hydroxy groups, which are n—7t* transitions. The absorption region of 350-500 nm is more
pronounced in DME, which is associated with the basicity of the solvent and the possible
ionization of peripheral hydroxyl groups. That is why DMF was chosen as the solvent for
carrying out the crosslinking reaction (Scheme 2), and DBU was added to the suspensions
to increase the basicity of the medium.

3.2. SEM Study

Analysis of SEM images of initial SWCNTs showed the presence of individual nanofibers
with a diameter of ~15 nm (Figure 3a,b). The length of nanofibers varies and can reach 5 pm.
Enlarged images show that SWCNTs tend to curl, which can lead to the appearance of large
agglomerates in liquid dispersions [44].

Figure 3. SEM images of the initial SWCNTs (a,b) and (OH),PcHH @ SWCNT composites (c,d) in
different scales.
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The binding of phthalocyanine 2 to SWCNTs is demonstrated by the inclusion of
spherical nanoclusters in their structure (Figure 3c,d). Their sizes average ~40-50 nm but
can reach higher values (~200 nm). SEM images show that large clusters of phthalocyanine
are able to settle on several SWCNTs fibers as if cross-linking them. The binding strength
of phthalocyanine 2 is quite high, which is confirmed by the impossibility of eliminating
nanoclusters even with boiling DMF. Based on this, we can assume that the dye is covalently
bound to SWCNTs and exclude its simple adsorption.

3.3. Dynamic Light Scattering

The DLS study was performed 24 h after the generation of the (OH)4sPcHH @ SWCNT
dispersions. This was performed in order to evaluate the degree of aggregation of composite
particles in different solvents. The results of the DLS study are shown in Table 1.

Table 1. DLS study on (OH)4PcHH @ SWCNT composites in solvents.

Solvent Type of Particles Hydr9dynam1c St.an.dard Contribution, %
Radius, nm Deviation, nm

Wat Separated nanoparticles 347 55 31
ater Agglomerates 21,000 8700 69
DME Separated nanoparticles 342 52 92
Agglomerates 15,000 3800 8
Separated nanoparticles 352 60 93
DMSO Agglomerates 17,000 5600 7

DLS results show that large agglomerates of nanoparticles (with a hydrodynamic
radius of more than 20 um) were formed in large quantities in the water dispersion. The
contribution to the total scattering of such particles was 69%. The contribution of such
particles to the scattering was only 8 and 7% for DMF and DMSO dispersions, respectively.
This allows us to conclude that the (OH);PcHH @ SWCNT composites in water dispersion
tend to aggregate faster, which leads to a deterioration in the stability of the dispersion. The
hydrodynamic radius of separated nanoparticles was ~350 &+ 60 nm for all three solvents.

3.4. NLO Measurements

The linear optical transmission spectra of dispersions with pure SWCNTs and (OH)4PcHH
@ SWCNT composites were recorded in a quartz cell with an optical path length of 3 mm
(Figure 4). A small signal in the range of 680-690 nm is associated with the absorption of
phthalocyanine. It can be noted that the dispersion spectra are quite uniform and have a high
transmission (more than 60%) in the range of 350-1100 nm. This indicates the presence of
SWCNTs with unspecified topology and chirality in the resulting dispersions [45]. The linear
transmission at a wavelength of 355 nm was ~64—66% for all dispersions, which indicates the
similarity of their linear optical properties.

To study the nonlinear optical response, open-aperture Z-scan and the experiment
with fixed sample position were performed. The studies were carried out in the range
from —35 to 35 mm relative to the focus of the lens. Figure 5 shows the Z-scan curves of
pure SWCNTs, (OH)4PcHH, and (OH)4PcHH @ SWCNT composites in water, DMF, and
DMSO. Since phthalocyanines are insoluble in water, results are shown for DMF and DMSO
solutions. The solid lines on the charts show theoretical fits, which were obtained by the
processing of the experimental data with the “threshold” model [46]. The threshold model
provides the plotting of theoretical curves for various optical coefficients and comparison with
experimental data. Such processing based on radiation transfer equation allows calculating
nonlinear optical parameters such as third-order nonlinear absorption coefficient and limiting
threshold. The last parameter is especially important in the study of materials with a
pronounced nonlinear threshold effect. The Z-scan results for (OH)4PcHH solutions were
analyzed with a nonlinear absorption model that considers saturable absorption [47].
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Figure 4. Linear transmittance spectra of pure SWCNTs (a) and (OH);PcHH @ SWCNT composites
(b) in different solvents.
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The Z-scan curves for SWCNTs dispersions clearly demonstrate that the normalized
transmission starts to decrease when a certain position of the sample on the Z-axis is reached
and reaches its minimum value at the focus of the lens (z = 0). After passing through the
focus, the normalized transmission increased again and reached the value of 1 for all the
studied samples. The Z-scan curves are symmetrical with respect to the lens focus, which
indicates the absence of the contribution of extraneous nonlinearities associated, among
other things, with the used optical equipment. The curves for the dispersions of pure
SWCNTs in DMF and DMSO nearly overlap with each other, which indicates the similarity
of the nonlinear optical properties of the dispersions. The water dispersion showed a lower
attenuation coefficient in the focus compared to the dispersions of DMF and DMSO.

The curves for (OH)4PcHH solutions showed a different behavior (Figure 5b). The
samples showed enlightenment far from the focus. This indicates the manifestation of
saturable absorption. The sharp drop in the normalized transmission is observed at the
focus of the lens; however, it is much smaller compared to SWCNTs dispersions.

The water dispersion of (OH)4sPcHH @ SWCNT composite showed the least limitation
in the focus of the lens at the same parameters of the incident laser radiation. It is also
worth noting that fluctuations in experimental values are typical for water dispersion.
This may be due to the effects of scattering on large agglomerates [48,49]. The uneven
distribution of nanoparticles due to aggregation leads to a decrease in the nonlinear optical
response of the water dispersion. The DMF and DMSO dispersions showed approximately
the same attenuation at the focus of the lens. The transition to nonlinear attenuation
starts a little earlier for the DMF dispersion, which indicates a lower value of the limiting
threshold [50]. There are practically no fluctuations in the experimental data for DMF and
DMSO dispersions.

Figure 6 shows the output pulse width as a function of Z displacement. The input
pulse width was determined by the 1/2 level and was 20 ns.

While the sample moved closer to the focus, the output pulse width started to change.
This change occurred simultaneously with a decrease in the normalized transmission. For
pure SWCNTs dispersions, the output pulse width gradually decreased and reached a
minimum (10~12 ns) at Z = 0 mm. The change in the pulse width for the (OH)4PcHH
solutions started only with a decrease in the normalized transmission, and enlightenment
had no influence.

A different trend was observed for dispersions of (OH);PcHH @ SWCNT composite.
The output pulse width was reduced to ~10 ns for the studied samples. Then, immediately
near the focus, the pulse width sharply increased and reached values of 22.5, 28, and 29 ns
for water, DMF, and DMSO dispersions, respectively. The comparison of Figures 5 and 6
shows that the transition to an increase in the pulse duration occurs when the normalized
transmission reaches the value of ~0.3.

Additionally, input-output curves were obtained during the fixed sample position ex-
periment for (OH),PcHH @ SWCNT composites in different solvents. For this purpose, the
samples were placed at the focus of the lens, with the input laser pulse fluence being varied
in the range of 0-2.5 J/cm?. The beam radius at the lens focus was ~75 pum. The results
are presented in Figure 7. Similarly to the Z-scan, the water dispersion of (OH),PcHH @
SWCNT composites exhibited the worst nonlinear optical limiting. The DMF and DMSO
dispersions showed almost identical limiting properties, which are in good agreement with
the Z-scan data.
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Figure 6. Output pulse width dependence on Z displacement for pure SWCNTs (a), (OH),PcHH (b),
and (OH)4PcHH @ SWCNT composite (c) in different solvents.

Based on the results of the NLO study, the following optical parameters of (OH),PcHH
@ SWCNT composites were calculated: linear and third-order nonlinear optical absorption
coefficients, limiting threshold, and attenuation coefficient (Table 2). (OH)4PcHH solu-
tions showed the lowest attenuation coefficient and enlightenment far from focus, which
indicates low limiting properties. However, phthalocyanines can be used to enhance the
nonlinear optical limiting of SWCNTs. (OH),PcHH @ SWCNT composites have higher
values of the third-order nonlinear optical absorption coefficient in comparison with the
dispersions of the initial SWCNT. The low limiting threshold for DMF and DMSO disper-
sions is explained by a more uniform distribution of nanoparticles in the material, while
large agglomerates in water dispersion become saturated more slowly. This is due to the
fact that they are also capable of scattering laser radiation, in addition to absorbing photons.
This can be confirmed by fluctuations in the experimental values during the Z-scan and
fixed sample position experiment for water dispersions. The linear absorbance calculated
with the NLO study is in good agreement with the spectrophotometric data.



Photonics 2023, 10, 537

110f15

0.30 ~

Output fluence, J/cm?

0.00 ~ " r .

I
0.0 05 1.0 15 2.0 25
Input fluence, J/cm?

Figure 7. Input-output dependence curves of (OH),PcHH @ SWCNT composites in different solvents.

Table 2. Calculated optical parameters for nanoparticles in different solvents.

. Linear Third-Order Nonlinear e eee .

Nanoparticles Solvent Llpear o Absorption Optical Absorption Limiting 2 Attem.m.hon
Transmittance, % Coefficient, cm-1 Coefficient, cm/GW Threshold, J/cm Coefficient

Initial Water 64.5 + 0.5 1.47 £+ 0.02 76 £ 4 0.20 4+ 0.03 3.15+0.15
Svr\}lchliIT DMF 63.9 +0.5 1.50 + 0.02 108 + 4 0.17 £ 0.02 3.80 +0.15
DMSO 64.1 £0.5 1.49 + 0.02 105+ 4 0.17+ 0.02 3.79 +£0.15

Water Not soluble

(OH),PcHH DMF 448 +0.5 2.69 +0.03 10+1 0.75 £+ 0.03 1.11 £ 0.02
DMSO 45.1+0.5 2.67 +0.03 6+1 0.85 £+ 0.03 1.20 £+ 0.04

Composites Water 64.5+ 0.5 1.47 £+ 0.02 149 +5 0.09 £+ 0.02 495+ 0.15
(OH)4PcHH DMF 63.6 £ 0.5 1.52 +0.03 236 + 6 0.05 £ 0.02 6.52 +0.15
@ SWCNT DMSO 63.8 +0.5 1.51 + 0.02 229 + 6 0.06 + 0.02 6.51 +0.15

4. Discussion

The resulting composites (OH)4PcHH @ SWCNT composites can be used as non-
linear media in passive optical limiters. The binding of phthalocyanine molecule to the
single-walled carbon nanotube enhances its nonlinear absorption, which can be explained
by the combined nonlinear optical response from SWCNTs and the phthalocyanine dye
(OH)4PcHH [51]. When photons are absorbed, photoinduced energy transfer from phthalo-
cyanine to SWCNT may occur [30,52]. The transfer of excited electrons from phthalocyanine
to SWCNT leads to its faster manifestation of reverse saturable absorption, which leads to
optical limiting. It also explains a decrease in the values of the limiting threshold for the
dispersions of (OH),PcHH @ SWCNT composites compared to pure SWCNTs dispersion.

The effect of changing the pulse width can also be explained in terms of the reverse
saturable absorption [53]. The output pulse width curve can be divided into three regions
(Figure 8a). In area I, the output pulse has a Gaussian temporal profile (Figure 8b). This
area is characterized by a linear interaction of the laser pulse with the medium. The pulse
fluence is not enough to induce nonlinear absorption. When approaching the focus, a
transition to a nonlinear interaction occurs. The leading edge of the beam saturates the
medium, interacting with it linearly. The trailing edge of the beam already passes through
a saturated medium and thus experiences nonlinear absorption (area II). Near the focus
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(4 mm from the focus), the intensity becomes high enough for the leading edge of the
pulse to experience nonlinear absorption (area III). This leads to a sharp drop in the peak
intensity of the pulse.
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Figure 8. Output pulse width dependence on Z displacement for (OH),PcHH @ SWCNT composites
in DMSO (a) and temporal beam profile for corresponding areas (b).

Thus, when the pulse width is determined from the 1/2 level, a sharp increase in
the width of the output pulse is observed. Such a change in the width of the output laser
pulse shows that the main limiting effect in liquid dispersions of (OH);PcHH @ SWCNT
composites is reverse saturable absorption. In the case of the dispersion of pure SWCNTs,
the nonlinear optical response is much smaller, so there is no increase in the output pulse
width. Based on the comparison of Z-scan curves and output pulse width dependence, it
can be assumed that the increase in the output pulse width occurs when the normalized
transmission decreases below the value of 0.3.

5. Conclusions

Composites (OH)4PcHH @ SWCNT were synthesized and their dispersions in water,
DMEF, and DMSO were investigated. SEM images confirmed the inclusion of phthalocyanine
2 molecules in the carbon nanomaterial. Nonlinear optical parameters of composites were
calculated from the Z-scan and input-output curves. The water dispersion is characterized
by the presence of large agglomerates, and this leads to deterioration in stability and
nonlinear optical response. The introduction of (OH)4PcHH dye into SWCNTs leads to an
increase in the third-order nonlinear optical absorption coefficient and a decrease in the
limiting threshold, while (OH)4PcHH solutions show low optical limiting itself at 355 nm.
The change in the width of the output pulse is also shown, which allows us to conclude that
the main effect leading to the limitation of the laser pulse fluence in the studied materials is
reverse saturable absorption. The obtained results suggest that media based on (OH)4PcHH
@ SWCNT composites can be a good choice for creating eye and photosensitive sensors
protection from nanosecond UV laser radiation.
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