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ABSTRACT: Optical limiting properties of 2,6-dibromo-3,5-distyryIBODIPY dyes were investigated
by using the z-scan technique at 532 nm in the nanosecond pulse range. A strong reverse saturable
absorption response was observed even in solution, which suggests that compounds of this type are
potentially suitable for use in optical limiting applications.
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INTRODUCTION

Optical limiting (OL) materials are useful in
applications, since they can protect the human eye and
sensitive optical devices from intense incident laser
beams [1-3]. OL can depend on nonlinear absorption,
scattering, or refraction with nonlinear absorption (NLA)
usually being the main focus when molecular dyes are
involved as is the case in this study. The second harmonic
of Nd/YAG laser systems at 532 nm is particularly
important in this regard [4-7]. Ideally, there should be
high transmittance of low-intensity light, along with
the attenuation of the incident laser beam, in a manner
that limits the output fluence [1-3]. In recent years,
there has been a strong focus on the OL properties of
phthalocyanines [8—10], porphyrins [8, 11], fullerenes
[1], carbon nanotubes [12], nanoparticles [13], metal
nanowires [14] and other organic chromophores [15,
16]. The most important mechanisms that are involved in
achieving optical limiting are NLA, nonlinear refraction
and nonlinear light scattering [17, 18]. Solutions of
molecular dyes such as porphyrins and phthalocyanines
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with a positive NLA coefficient exhibit reverse saturable
absorption (RSA) with a decrease in transmittance at
high-intensity levels [16], and hence function as optical
limiters at wavelengths where there is only very limited
absorbance under ambient light conditions. Two-photon
absorption (2PA) is a resonant third-order nonlinear
optical (NLO) process in which an excited state is
formed by the simultaneous absorption of two photons
of half-energy, in an intense focused light beam such as
that generated by a laser source, and is described by the
imaginary part of the third-order susceptibility Im[y®]
and second-order hyperpolarizabilities (y) [19, 20]. The
main goal in research on optical limiters is to identify
materials that can maximize these two NLO parameters.
The focus in this study is an investigation of the optical
limiting that results from NLA processes at 532 nm when
boron dipyrromethene (BODIPY) dyes with extended
T-conjugation systems are used in this context.

BODIPY dyes have been considered for a wide range
of applications, due to their facile synthesis and structural
modification, high molecular extinction coefficients
and photostability [21]. They would not normally be
considered for use as optical limiters in the context of
the second harmonic of Nd/YAG lasers, however, since
they typically absorb strongly in the green portion of
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the visible region. Structural analogs of BODIPY dyes,
such as 3,5-distyryl-BODIPYs (Scheme 1) have optical
properties that are substantially modified and hence more
suitable for OL applications at 532 nm, however. The
extension of the m-conjugation system shifts the main
BODIPY spectral bands to longer wavelength, and this
leads to relatively weak absorption at 532 nm (Fig. 1),
making the dyes potentially suitable for OL where the
second harmonic of Nd/YAG lasers is concerned. It has
previously been demonstrated that T-conjugation systems
possess large electronic polarizabilities, and hence it is
reasonable to expect conjugated molecules to possess
the substantial second-order hyperpolarizabilities that
enhance the OL properties [22, 23]. Molecules with
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donor and acceptor moieties that are separated by a
m-conjugation system (D-m-A) are also known to exhibit
large third order susceptibility values [19]. In this study,
3,5-distyryl-BODIPY dyes with meso-pyrene and
meso-4-nitrophenyl rings have been studied to assess
their potential for OL applications. Two novel distyryl-
BODIPY dyes were synthesized (Scheme 2) with
electron withdrawing bromine atoms at the 2,6-positions
and m-conjugation systems extended with -electron
donating dihydroxystyryl moieties at the 3,5-positions.
There have been relatively few previous studies on the
use of BODIPY dyes and their analogs as OL materials
for 532 nm excitation pulses [24-26] and those at other
wavelengths [27-29].
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Scheme 3. The synthetic procedure for 2a and 2b
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Materials

2.4-Dimethylpyrrole, 4-nitrobenzaldehyde reagent
plus (98%), 1-pyrenecarboxaldehyde reagent plus (99%),
trifluoroacetic acid (TFA), p-chloranil, triethylamine (TEA),
boron trifluoride diethyl etherate (BF;-OEt,), bromine,
sodium thiosulfate, glacial acetic acid and piperidine were
purchased from Sigma-Aldrich. Hydrochloric acid (32%)
was purchased from Merck. All solvents were dried using
molecular sieves before use.

Instrumentation

UV-visible absorption spectra were recorded on a
Shimadzu UV-2550 spectrophotometer. Fluorescence
emission spectra were measured on a Varian Eclipse
spectrofluorimeter. The z-scan experiments were per-
formed using a frequency-doubled Quanta-Ray Nd:YAG
laser as the excitation source. The laser was operated
in a near Gaussian transverse mode at 532 nm (second

Copyright © 2017 World Scientific Publishing Company

energy range of 0.1 uJ-0.1 mJ limited by the energy
detectors (Coherent J5-09). The low repetition rate of
the laser prevents the build up of thermal nonlinearities.
The beam was filtered spatially to remove higher order
modes and tightly focused with a 15 cm focal length lens.
A 2 mm quartz cuvette was used to measure z-scan data
in solution.

Synthesis

2a and 2b were synthesized by modified versions of
methods that have been described previously (Scheme 3)
[30, 31]. 2,4-Dimethylpyrrole (2 g, 21.02 mmol) and
the appropriate benzaldehyde (10.51 mmol) were
dissolved in dry CH,Cl, (117.4 ml) under argon.
TFA (0.2 ml) was added, and the reaction mixture
was stirred at room temperature. When the aldehyde
was consumed (monitored by TLC), a solution of
p-chloranil (3.88 g, 15.77 mmol) in dry CH,Cl, (5 ml)
was added via syringe at 0°C. After stirring for 20 min
at room temperature, TEA (10.64 g, 105.10 mmol)
and BF;-OEt, (17.90 g, 126.12 mmol) were added
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dropwise at 0°C over a period of 10 min, and the
mixture was stirred at room temperature for 18 h. The
mixture was then filtered and washed with water (6 X
60 ml), dried over anhydrous sodium sulfate and the
solvent was removed by using a rotary evaporator. The
residue was purified by flash column chromatography by
eluting with 1:4 CH,Cl,:ethyl acetate to yield the pure
products as orange crystalline solids.

2a:Yield 0.65 g (41%). Anal. calc. for C,,H,;BF,N;0,:
C, 61.82; H, 491; N, 11.38%. Found: C, 61.80.96; H,
4.50; N, 10.98. 'H NMR (600 MHz; CDCl,): §, ppm 1.33
(6H, s, 2 x CH,), 2.53 (6H, s, 2 X CH,;), 6.01 (2H, s, 2 X
CH), 7.51 (2H, d,J =12 Hz, 2 x Ar-H), 8.34 (2H, d, ] =
12 Hz, 2 x Ar—H). IR: v, cm™ 3106 (Ar C-H), 2920-2851
(Aliph C-H), 1604 (Ar C-C), 1525 (Ar N-O). MS (ESI):
m/z 369.15 (caled. [M]* 369.12).

2b: Yield 0.63 g (63%). Anal. Calc. for C,,H,;BF,N,:
C, 77.69; H, 5.17; N, 6.25%. Found: C, 77.62; H, 5.13;
N, 6.20. 'H NMR (600 MHz; CDCI,): 8, ppm 1.20 (3H,
s, CH;), 1.42 (3H, s, CH,), 2.55 (3H, s, CH;), 2.75 (3H,
s, CH;), 5.95 (2H, s, 2 x CH), 7.76 (H, s, Ar—CH), 7.84
(H, s, Ar—CH), 7.98 (H, s, Ar-H), 8.12 (2H, d, ] = 18 Hz,
2 x Ar-H), 8.35 (2H, d, ] = 24 Hz, 2 X Ar-H), 8.47 (2H,
d, J =18 Hz, 2 x Ar-H). IR: v, cm™ 3179 (Ar C-H),
2920-2850 (Aliph C-H), 1600 (Ar C-C). MS (ESI): m/z
448.32 (calcd. [M]" 448.35).

3a and 3b were prepared by following modified
versions of a procedure reported previously (Scheme 4)
[32]. To a solution of BODIPY 2a or 2b (0.33 mmol) in
62 mL of dry CH,Cl,, liquid bromine (24 pl, 0.48 mmol)
in CH,Cl, (6 mL) was added at 0°C over a period of
2 h, and the mixture was left to stir at room temperature
overnight. The mixture was washed with an aqueous
solution of sodium thiosulfate and extracted with CH,Cl,.
The organic layers were combined, dried over Na,SO,,
and evaporated to dryness. Purification was performed
by column chromatography on silica gel by using
CH,Cl,:hexane (8:1) as the eluent. The target compounds
were obtained as red solids.

3a: Yield 0.091 g (78%). Anal. calc. for C4H,,BBr,-
F,N;0,: C, 43.31; H, 3.06; N, 7.97%. Found: C, 48.01;
H, 4.10; N, 7.79. '"H NMR (400 MHz; CDCl,): 8, ppm
1.26 (6H, s, 2 x CH;), 1.36 (3H, s, CH;), 1.39 (3H, s,
CH,), 7.55 (2H, d, J = 8.0 Hz, 2 x Ar-H), 8.45 (2H, d,
J=8.0Hz, 2 x Ar-H). IR: v, cm™ 3111 (Ar C-H), 2922—
2852 (Aliph C-H), 1599 (Ar C-C), 1521 (Ar N-0O). MS

DCM

Br, (3 equiv.)

(MALDI-TOF): m/z 524.97 (calcd. for [M]*" 524.33).

3b:Yield0.098 g(89%). Anal. calc for C,,H,,BBr,F,N,:
C,57.47;H,3.49; N, 4.62%. Found: C, 57.50; H, 3.43; N,
4.55. '"H NMR (CDCL,): 8, ppm 1.22 (3H, s, CH;), 1.52
(3H, s, CH,), 2.65 (3H, s, CH;), 2.95 (3H, s, CHj;), 7.88
(H, s, CH), 7.95 (H, s, CH), 7.99 (H, s, CH), 8.24 (2H, d,
J=18 Hz, 2 X Ar-H), 8.42 (2H, d, ] = 24 Hz, 2 X Ar—H),
8.56 (2H, d, J = 18 Hz, 2 x Ar-H). IR: v, cm™' 3293 (Ar
C-H), 2921-2851 (Aliph C-H), 1600 (Ar C-C). MS
(MALDI-TOF): m/z 604.01 (calcd. for [M-F]* 589.20).

4a and 4b were synthesized following a modified
version of the Knoevenagel condensation method [33, 34].
A mixture of BODIPY 3a or 3b (120 mg, 0.14 mmol),
3,4-dihydroxybenzaldehyde (59 mg, 0.2 mmol), glacial
acetic acid (0.4 mL), piperidine (0.4 mL), was refluxed
in benzene (50 mL) until the aldehyde was consumed.
The water formed during the reaction was removed
azeotropically with a Dean-Stark trap apparatus. The
mixture was concentrated under reduced pressure.
The residue was then purified by silica gel column
chromatography by using CH,CL,:MeOH (97:3) as the
eluent. Green colored fractions were collected, and the
solvent was removed with a rotary evaporator to afford the
desired products as green solids.

4a: Yield 0.042 g (35%). Anal. calc. for Cy;H,,BBr,-
F,N;Oq: C, 51.66; H, 3.15; N, 5.48%. Found: C, 51.76;
H, 4.02; N, 5.60. '"H NMR (600 MHz, DMSO-d): 9,
ppm 1.96 (6H, s, 2 X CH,), 6.91 (4H, d, J = 6.0 Hz, 4 x
Ar-H), 7.24 (6H, m, 6 x Ar-H); 7.27 (2H, d, J = 6.0 Hz,
2 x Ar-H), 7.29 (2H, d, J = 6.0 Hz, 2 X Ar-H), 9.70 (4H,
s, 4 Xx Ar—OH). IR: v, cm™" 3322 (O-H), 2955 (Ar C-H),
2916-2849 (Aliph C-H), 1463 (Ar C-C), 1306 (Ar N-O).
UV-Vis (EtOH): A,,,,, nm (log €) 700 (4.98), 635 (4.74),
508 (4.35), 407 (4.68), 323 (4.02). MS (MALDI-TOF):
m/z 767.18 (calcd. for [M]* 767.69).

4b: Yield 0.055 g (55%). Anal. calc. for C,;H,,BBr,-
F,N,0,: C, 61.03; H, 3.45; N, 3.31%. Found: C, 61.23;
H, 4.01; N, 3.35. "H NMR (600 MHz, DMSO-d): 8, ppm
2.65 (6H, s, 2 x CH;), 6.98 (4H, d, J =6.0 Hz, 4 X Ar—H),
7.30 (6H, m, 6 X Ar-H), 8.27 (3H, m, 3 x Ar-H), 8.45
(4H, m, 4 x Ar-H), 8.66 (2H, d, J = 18 Hz, 2 x Ar-H),
9.84 (4H, s, 4 x Ar—OH). IR: v, cm™! 3204 (O-H), 3053
(Ar C-H), 2920-2875 (Aliph C-H), 1591 (Ar C-C).
UV-Vis (EtOH): .., nm (log €) 690 (4.89), 620 (4.42),
503 (4.24), 419 (4.48), 356 (4.81), 320 (4.12). MS
(MALDI-TOF): m/z; 846.33 (calcd. for [M]* 847.10).

Scheme 4. The synthetic procedure for 3a and 3b. The —R groups at the meso-positions are the same as those shown in Schemes 1-3.

Copyright © 2017 World Scientific Publishing Company
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RESULTS AND DISCUSSION

Synthesis and characterization

BODIPYs are conventionally prepared through an
acid-catalyzed condensation reaction of a pyrrole ring
with an aromatic aldehyde (1) [35]. 2,4-Dimethylpyrrole
is wusually preferred as a starting material, since
the methyl-substituents prevent the formation of
porphyrins. The 1,3,5,7-tetramethylBODIPYs (2) that
are formed in this manner can be readily brominated at
the 2,6-positions with liquid bromine. The introduction
of styryl groups was achieved by reacting an aromatic
aldehyde with the appropriate 2,6-dibromoBODIPY (3)
to form (Scheme 2) through Knoevenagel condensation
reactions [33, 34]. Styrylation is one of the most useful
strategies for shifting the main spectral band of the
BODIPY chromophore to the red (Fig. 1) [36]. The
protons attached to the methyl groups are acidic enough
to undergo condensation reactions and form the target
BODIPY dyes (4). Extension of the t-conjugation and the
addition of functionality is most frequently accomplished
through the methyl groups at the 3,5-positions, since this
generally produces a greater red shift (ca. 50—100 nm)
than is observed upon extending the m-conjugation
through the 2,6- or 1,7-positions [37]. The smaller
red shift observed upon bromination (Fig. 1) can be
attributed to a narrowing of the HOMO-LUMO gap
due to the effect of the lone pairs on the bromine atoms
[38], since the HOMO has large molecular orbital
coefficients at the 2,6-positions of the BODIPY core.
The formation of the target compounds was confirmed
by the absence of the 2,6-position proton signals in the
'"H NMR spectrum (Fig. 2) and the presence of bands
related to the hydroxyl groups in the '"H NMR and IR
spectra (Figs 2 and 3).

Very low fluorescence (@) and singlet oxygen quantum
(®,) yields (Table 1) were obtained for 4a and 4b by using
comparative methods [39, 40] by making use of zinc
phthalocyanine as the standard with diphenylisobenzofuran
used as the 'O, scavenger in the latter case. The solvent
dependence of the fluorescence quantum yield values was
not studied in depth due to the unusually low values that
were obtained, which may be related to intramolecular
charge transfer character that is introduced into the S,
excited state by the electron donating hydroxyl substituents
on the styryl moieties, since this enhances the rate of non-
radiative decay [34, 36, 37]. The addition of bromine
atoms at the 2,6-positions would normally be expected
to introduce a large heavy atom effect that would result
in large singlet oxygen quantum yield values even in the
context of 2,6-distyryl dyes [41], but this was not observed
for 4a and 4b (Table 1). No evidence of aggregation was
observed when Beer—Lambert analyses were carried out to
determine the extinction coefficients of 4a and 4b.

Copyright © 2017 World Scientific Publishing Company
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Fig. 2. The aromatic region of the '"H NMR spectra of 2a, 3a
and 4a in CDCl; and DMSO-d;. The dashed box highlights the
disappearance of the 2,6-position proton signal in the spectra
of 3a and 4a, while a dotted box is used for the OH proton
signals of 4a. A gray star is used to highlight the solvent signal
of CDCl,

Transmission

4000 ’ 35;00 l 3600 ) 25100 l 2600 ) 15|00 ' 10'00 )
Wavenumbers, cm-1
Fig. 3. The IR spectra of 2a, 2b, 4a and 4b. The broad

OH stretch bands of 4a and 4b are highlighted with dashed
lines

Table 1. Photophysical properties of 4a and 4b in CH,Cl,

Sample Solvent Ay, (nm) A, (nm)
4a CH,Cl, 700 738

4b CH,Cl, 670 699

log e (o o,

4.98
4.89

0.004 n.d.?
0.020 n.d?

“n.d. implies that the value is too low to be detectable.
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NLO parameters

Open aperture z-scan measurements were
performed according to the method described by
Sheik-Bahae and co-workers [20, 42, 43] (Egs. 1-3):

1 o 2
Tiz)=———| In[l+gq,(2)e" Jdt (D
Vg, (2) L ’
where
I L
q() (Z) — Beff 00 Zeff
1+ 7
0 2)
and
_ ,-al)
L, - l1-e
3)

and 7(z), L and [, are the transmission, pathlength and
on-focus peak input irradiance, respectively; o and
B.; are the linear and effective nonlinear absorption
coefficients; and L., z, and z, are the effective pathlength,
the translation distance of the sample relative to the focal
point of the z-scan measurements, and the Rayleigh
length, respectively. The Rayleigh length is defined as
(mwd)/A, where A is the wavelength of the laser beam and
w, 1s the beam waist at the focus (z = 0), which is defined
as the distance from the beam center to the point where
the intensity reduces to 1/e* of its on axis value.

Equation 4 provides a numerical form of Eq. 1, and is
employed as a fit function to the experimental data [20,
42,43].

4 (2) 4 (2) 4 (2)
T(z) = 03634 ) 026 ) 4 0.213d )
(-qn (Z)J (-q..(Z))

+0.096e' %% + 0,038\

“)

The imaginary component of the third-order susceptibility
(Im[%®]) depends on the speed of the NLA response and
is related to the B, value through Eq. 5 [44]:

2
n SOC eff

21

Im[x®]= )

where n, ¢ and g, are the linear refractive index, the
speed of light, and the permittivity of free space,
respectively.

The second-order hyperpolarizability (y) values of the
materials, which describe the interaction of the incident
photons with the permanent dipole moment of the dyes,
were calculated using Eq. 6 [9, 45].

_ Im[x?]
f'C_N

mol” " A

(6)

where N, is the Avogadro constant, C,,, is the molar
concentration of the active chromophore, and f is
the Lorentz local field factor, which is defined as f =
(n*+2)/3.

The open aperture z-scan method was used to
characterize the OL properties of the 3,5-distyryl-
BODIPY dyes selected for this study on the nanosecond
timescale. The nonlinear absorption coefficient (B) is
an important parameter for assessing the suitability
of materials for OL applications, since it provides a
wavelength-dependent measure of the degree of nonlinear
absorptivity for the material being studied. Generally, this
parameter depends on 2PA [18, 44], but when nanosecond
pulses are used, as is the case in this study, excited state
absorption (ESA) can also occur in addition to 2PA, so an
effective nonlinear absorption coefficient () is derived
rather than the intrinsic 3 value that is associated with 2PA
alone. When absorption of the incident 532 nm light by
an excited state is more prominent than that of the ground
state, ESA from excited states that are populated via 2PA
can lead to the strong RSA response that is required for
optical limiting. The 2PA and ESA mechanisms result in
a decrease in transmittance as the material approaches
the zero position of the z-scan measurements due to the
RSA response, since there are higher incident light levels
at the focal point of the lens that is used [46].

Z-scan measurements for 4a and 4b were carried out
in CH,Cl,, Table 2. Figure 4 shows representative open-
aperture z-scans that were obtained at 532 nm by using
10 ns laser pulses. The measurements demonstrate that
there is strong NLA behavior, with the shapes of the z-scan
profile exhibiting RSA signatures. Analyses of the z-scan
results to obtain B, values were carried out by fitting
the data to the 2PA-assisted ESA function described in
Egs. 1-4. The B, values (Table 2) lie within the range

Table 2. Optical limiting properties of 4a and 4b in CH,CI, solution obtained with 10 ns pulses at

532 nm

Sample  Solvent Conc. (M)* B,y (cm.GW') [, J.em?)  Im[x®] (esu) v (esu) Iy MW.cm™)
4a CH,Cl, 0.0727 300 0.73 6.53 x 10" 4.59 x 10 3.42

4b CH,CI, 0.263 179 1.02 3.89 x 1010 7.57 x 10! 3.00

*Differing concentrations were used so the absorbance values of the 4a and 4b solutions were similar at 532 nm.

Copyright © 2017 World Scientific Publishing Company
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Fig. 4. Open-aperture z-scans for (a) 4a and (b) 4b measured in CH,Cl,. Detailed NLO parameters are provided in Table 2

previously reported values for other organic compounds
[44], so 4a and 4b can be viewed as being promising OL
materials as they are able to reduce the transmission of
the incident laser light to well below 50% (Fig. 4). It is
noteworthy that this happens in solution, since organic
dyes often have to be conjugated to nanomaterials or
embedded in polymer thin films for this to be achieved
[16] and to achieve a sufficiently large RSA response to
form an effective OL material. The unusually strong RSA
responses for 4a and 4b can be attributed to the increased
polarizability due to the enhanced dipole moments
when the BODIPY dye has a D-wt-A substitution pattern
(Scheme 1). The results obtained for 4a lie significantly
below this limiting threshold. The 4-nitrophenyl meso-
substituent of 4a is more strongly withdrawing than the
pyrenyl substituent of 4b, so greater D-t-A character is
anticipated that would be expected to result in a stronger
RSA response.

The limiting threshold fluence (Z;;,,) is an important
parameter in OL measurements. It is defined as the input
fluence at which the nonlinear transmittance is 50% of the
linear transmittance. The value of I, can be determined
by using the plot of transmission vs. input fluence
(Fig. 5). The limiting threshold for damage to the human
eye is 0.95 J.cm™ [47]. Thus, I, values of below 0.95
J.cm™ are an indication of a good NLO response to the
input intensity. None of the RSA responses of BODIPY
dyes that have been reported previously at 532 nm have
resulted in nonlinear transmittance values of below 50%

Copyright © 2017 World Scientific Publishing Company
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Fig. 5. Transmittance vs. input fluence () curves for 4a and 4b
calculated from the z-scan measurements in CH,Cl,. Detailed
NLO parameters are provided in Table 2. The calculations for
the I;;,, values are shown with vertical lines

lim

during z-scan measurements [25, 26]. Saturation fluence
curves for the BODIPY dyes are compared by plotting
transmittance against the input fluence (I,) (Fig. 6)
demonstrate that the optical limiting effect is maintained
at higher /;, values.

The estimated y and Im[y®] values for the samples
are provided in Table 2. The 7y values provide a measure
of the interaction of the incident photon with the
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loue J-cm™2

Iy, J.cm™2

Fig. 6. Output fluence (1 ,,) vs. input fluence (/) curves for 4a
and 4b calculated from the z-scan measurements in CH,CI,.
Detailed NLO parameters are provided in Table 2

permanent dipole moments of 4a and 4b. The larger value
obtained for 4a is preferred and is related to the electron
withdrawing NO, group on the meso-aryl substituent,
since this should result in a stronger permanent dipole
moment. The Im[x®] values, which are an intrinsic
property of OL materials at the wavelength of incident
laser light that is being studied, are related to the rate of
non-linear response to the intense incident laser pulses
with 4a again having the larger value. The Im[y®] and y
values of 4a (Table 2) fall well within the reported ranges
that have been reported previously for OL materials of
10 to 107" esu for Im[x¥] and of 10 to 10™* esu for
v [48]. This demonstrates that 2,6-dibromo-3,5-distyryl-
BODIPY derivatives with D-mt-A substitution properties
have promising OL properties and merit further in-depth
investigation.

CONCLUSIONS

Open aperture z-scan studies on the nanoscale
timescale demonstrate that 2,6-dibromo-3,5-distyryl-
BODIPY dyes have relatively strong OL properties at an
excitation wavelength of 532 nm making them potentially
suitable for optical limiting applications. This study
provides the first example of nonlinear transmittance of
below 50% being achieved at 532 nm with a BODIPY
dye. The 1, value of 4a in CH,Cl, is significantly below
the threshold value that has been reported for damage to
the human eye of 0.95 J.cm™ and comparable work on
phthalocyanines and their analogs [49-51] suggests that
further improvements could be achieved in this regard if
the dye were to be embedded into polymer thin films as
would be the case in practical applications for protecting
the vision of pilots and sensitive optical devices. The
key structural difference between the dyes was that 4a
has an electron withdrawing meso-nitrophenyl group,

Copyright © 2017 World Scientific Publishing Company

while 4b has a meso-pyrenyl group. The differences
observed in the OL parameters demonstrate that
relatively minor structural changes such as this can have
a significant effect on the NLO properties of BODIPY
dyes with D-mt-A structures. Further studies are already in
progress to determine how the structure of the BODIPY
chromophore can be further modified to further improve
the OL properties at 532 nm.
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