Published on 21 September 2017. Downloaded by Rhodes University on 4/12/2022 1:44:09 PM.

NJC

ROYAL SOCIETY

OF CHEMISTRY

View Article Online

View Journal | View Issue

’ '.) Check for updates ‘

Cite this: New J. Chem., 2017,
41, 12319

Optical limiting properties of 3,5-diphenyldibenzo-
azaBODIPY at 532 nm+
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Optical limiting properties of 3,5-diphenyldibenzo-azaBODIPY were investigated by using the z-scan
technique at 532 nm in the nanosecond pulse range and a strong reverse saturable absorption (RSA)
response was observed, which can be readily attributed to a two-photon absorption (TPA) assisted
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excited state absorption (ESA) mechanism in the singlet manifold based on a consideration of the other
photophysical properties. The effect of solvent and incorporation into polymer thin films has been
investigated in depth. The results indicate that the selection of solvents that enhance the population of

the S; excited state on the nanosecond timescale or embedding the azaBODIPY dye into polymer thin

rsc.li/njc

Introduction

One of the main goals in the field of nonlinear optics has been
the development of optical limiting (OL) materials. An ideal
optical limiter must exhibit high transmittance of low-intensity
light, but also be able to attenuate an intense optical beam,
thus limiting the output fluence.' Consequently, considerable
research has focused on creating ideal OL materials by exploit-
ing different OL mechanisms including nonlinear scattering
(NLS) and refraction (NLR), and nonlinear absorption (NLA)
processes such as two-photon absorption (TPA), multi-photon
absorption, reverse saturable absorption (RSA) and excited-state
absorption (ESA).*® The second harmonic of Nd/YAG laser
systems at 532 nm has been the focus of considerable interest
in this context in part due to concerns related to aviation safety
and the irresponsible use of laser pens.®”® Numerous materials,
including phthalocyanines,’®** porphyrins,’®"® fullerenes,’
carbon nanotubes,'* nanoparticles,’®> metal nanowires,'® and
other organic chromophores'”'® have been found to exhibit
strong OL effects and have been explored as candidates for use
in OL applications.

Boron dipyrromethene (BODIPY) dyes (Fig. 1) have been
considered for a wide range of applications, due to their facile
synthesis and structural modification, high molecular extinc-
tion coefficients and photostability.’® They would not normally
be considered for use in the context of the second harmonic of
Nd/YAG lasers, however, since they typically absorb strongly in the
green portion of the visible. Structural analogs of BODIPY dyes,
such as azaBODIPYs (4,4-difluoro-4-bora-3a,4a-diaza-s-indacenes)
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films significantly improves the optical limiting properties.
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Fig. 1 The structures of the parent BODIPY dye (A) and 3,5-diphenyl-
dibenzo-azaBODIPY (B) and the UV-visible absorption spectrum of 1
in DMSO.

have optical properties that are substantially modified and
hence more suitable for OL applications at 532 nm (Fig. 1).
AzaBODIPYs are formed by the substitution of the meso-carbon
atom by an aza-nitrogen (Fig. 1B), which leads to a red-shift of
the main absorption band of about 90 nm.?® In the electronic
absorption spectrum of 3,5-diphenyldibenzo-azaBODIPY (1)
(Fig. 1), there is near zero absorbance in the 532 nm region,
so there is little or no absorption of incident photons under
normal light conditions.

The long n-conjugation system of the 3,5-diphenyldibenzo-
azaBODIPY structure with two electron donating phenyl rings
attached at either end and an electronegative aza-nitrogen atom
at its core is somewhat analogous to the push-pull olefins that
have been found to form unusually efficient two photon dyes.>*
Although the synthesis and characterization of 3,5-diaryldibenzo-
azaBODIPY dyes have been undertaken by several researchers,*>**
studies of these compounds are still somewhat limited because
of their demanding synthesis and low yields.>* There have been
very few previous studies on the use of BODIPY dyes and their
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24-26 and

analogues as OL materials for 532 nm excitation pulses
those at other wavelengths.””>°

From the point of view of OL applications, the nonlinear
optical materials that are required for practical optical devices
must meet the following four standards: (1) highly soluble
compounds with weaker intermolecular interaction; (2) a high
linear transmission; (3) a large nonlinear absorption with a sub-
nanosecond response time over a broad spectral bandwidth;
and (4) a high threshold for damage. Meeting all these criteria
is still a significant challenge.'® However, one of the strategies
for the development of improved optical limiters is covalent or
noncovalent combinations of NLO materials that have already
been identified as good optical limiters.>*** Embedding optical
limiting material in solid matrices is one practical strategy
to improve the optical properties of these material. The use of
poly(1,4-butylene carbonate) (PBC),** poly(methyl methacrylate)
(PMMA)*® and polystyrene (PS)*” thin films as a strategy to
improve optical limiting properties of optically active materials
has been reported previously.

It has been demonstrated previously that the chemical
environment influences the optical limiting efficiency of dyes
that exhibit reverse saturable absorption,*® so the chemical
environment must be adjusted for any specific application to
identify the conditions that provide the best possible optical
response for an NLO material. This paper reports on the effects of
matrix (i.e. in solution and solid state) on the OL (i.e. nonlinear
absorption processes) of the 3,5-diphenyldibenzo-azaBODIPY.
A comparison is made between the OL properties of aza-BODIPY
1 in a range of different solvents and when embedded into
polymers as thin films in poly(1,4-butylene carbonate) (1_PBC),
poly(methyl methacrylate) (1_PMMA) and polystyrene (1_PS).
The concentration of the solutions was kept constant during
the z-scan studies so that direct comparisons can be made.

Results and discussion
Spectroscopic characteristics

Fig. 2 shows the absorption spectra of 1 in different solvents
such as dimethylsulfoxide (DMSO), EtOAc, tetrahydrofuran
(THF), dichloromethane (DCM), toluene, benzene and CH;CN
at 1 x 107> M. As has been reported previously,** the absorp-
tion spectrum of 1 contains a characteristic intense visible
region band that is associated with the HOMO — LUMO
transition of the BODIPY chromophore. The marked red shift
of this spectral band relative to that of BODIPYs is related
to a stabilization of the LUMO due to there being a large
MO coefficient on the electronegative nitrogen atom.*® Since
aza-BODIPYs are readily soluble in organic solvents, linear
Beer-Lambert plots are obtained for 1 in solution and this
confirms the absence of significant aggregation at the concen-
trations used in this study. The spectrum measured in a PMMA
thin film is almost identical to those obtained in organic
solvents (Fig. 2). In contrast, there is a slight broadening and
a small red shift of the main absorption band of 1 in PBC and
PS (Fig. 2), but there is no evidence for a significant change
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Fig. 2 Normalized UV-visible absorption spectra of 1 (A) in THF, toluene
and DMSO and (B) in the 1_PBC, 1_PBC and 1_PS thin films and the DCM
solution used to prepare them. Details are provided in Table 1.

to the optical properties and electronic structure of 1 in this
context. The increased absorbance in the 300-500 nm region
can be attributed primarily to the polymer matrix.

Emission spectra of 1 are provided as ESI.{ As would normally
be anticipated, the emission bands are near mirror images of the
So — S; absorption bands as would be anticipated for a complex
with a rigid n-conjugation system. The shape of the fluorescence
band is independent of the excitation wavelength indicating that
the emission is from the lowest vibrational level of the S1 excited
state,”® because a very fast internal conversion process populates
the fluorescent S, excited state. The fluorescence quantum yields
(®g) were determined using values that were reported previously
for 1,*" by using a comparative method.*> Fluorescence lifetime
(t) values were obtained by fitting fluorescence decay data and
were found to decrease with increasing solvent polarity (Table 1).
In contrast with classical BODIPY dyes that sometimes have @x
values as high as 1.0,”* the &y values of 1 are relatively low. No
clear trends are observed in the @y and 7 values in terms of the
polarity of the solvents (Table 1).

Table 1 Absorption and fluorescence properties of 1 in different solvents
and in thin films

Solvent Japbs (NM) Jem (NM) by 7¢ (ns)

1 DMSO 716 741 0.06 1.62
1 THF 710 736 0.08 1.63
1 Toluene 714 740 0.10 1.97
1 DCM 710 733 0.14¢ 1.99
1 EtOAc 705 731 0.18 1.65
1 Benzene 715 738 0.15 2.07
1 CH;CN 705 730 0.20¢ 1.60
1_PMMA — 717 — — —

1_PBC — 724 — — —

1_PS — 724 — — —

¢ @ values reported previously in ref. 22c.

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2017
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Optical limiting properties

The open aperture z-scan technique was used to characterize
the OL properties of the series of materials in the study.** OL
can depend on NLA, NLS, or NLR. This study mainly focused
on the NLA, where the material transmittance was measured
by open aperture z-scan as a function of material position at
532 nm using ca. 10 ns pulses with varied input irradiances in a
wide range of different solvents and polymer thin films.

NLO parameters

Open aperture z-scan measurements were performed according
to the method described by Sheik-Bahae and co-workers**™*®

(eqn (1)-(3),

1 o0 2

T(z) =—— In|1+ e " |d 1
O =] mfirw@e e @

where

 Berrdoo Lefr
qO(Z) 1 +ZZ/Z()2 (2)
and

Legg = (1 — e D)y (3)

and L and Iy, are the pathlength and the on-focus peak input
irradiance, respectively; o and f. are the linear and effective
nonlinear absorption coefficients; and L.¢, 2, and z, are the
effective pathlength, the translation distance of the sample
relative to the focal point of the z-scan instrumentation and
the Rayleigh length, respectively. The Rayleigh length is defined
as mw,>//, where w, is the beam waist at the focus (z = 0), which
is defined as the distance from the beam centre to the point
where the intensity reduces to 1/e” of its on axis value, and / is
the wavelength of the laser beam.

A numerical form of eqn (1), is employed as a fit function to
the experimental data.***®

T = 0-3636(72‘%("20 + 0.286e<71q‘02(12)) + 0.213e<72{‘]‘(‘]6(?)

(4)
—40(2)

+ 0.096e<”5‘95> + ().()386(;6(]50.(0:22)

The imaginary component of the third-order susceptibility
(im[4®]) which depends on the speed of the NLA response
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and is related to the B¢ value through eqn (5):*
2 "
3] _ e B
Im [/‘ } 2n 5)

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

The second-order hyperpolarizability (y) values of the
materials, which is related to the interaction between the
incident photons and the permanent dipole moment of

the dyes, were calculated using eqn (6):*"*

Im ]

A ©

where N, is the Avogadro constant, Cy,, is the concentration of

the active chromophore, and fis the Lorentz local field factor,
2

which is defined as f = (1137—1-2)

The open aperture z-scans for 1 exhibit strong RSA responses
in a wide range of solvents and polymer thin films.*®

The effective nonlinear absorption coefficient (f.g) values
(Table 2) were obtained by fitting of the open aperture z-scan
data using eqn (1)-(4) for a TPA-assisted ESA mechanism (Fig. 3
and 4). The RSA responses are characterized by a reduction in
the transmission about the focus of the lens (Fig. 3 and 4), and
are consistent with the positive effective nonlinear absorption
coefficients. CH;CN exhibits the largest RSA response followed
by benzene, EtOAc, DCM, toluene, THF and then DMSO (Fig. 3)
as would be anticipated based on the photophysical properties
(Table 1). Solvents that enhance the @y values do so because
the population in the S; excited state on the nanosecond
timescale is enhanced by a lower rate of non-radiative decay.
Upon embedding 1 into polymer thin films, the open aperture
z-scan exhibits a much stronger response than in the different
solvents (Fig. 4), in the following order: PS > PBC > PMMA.
The ¢ value is directly proportional to the magnitude of
the RSA response of the open aperture z-scan curves, so the
highest values of 89 and 160 esu were obtained in CH;CN and
polystyrene, respectively.

In addition to the other OL parameters that have been
described, the limiting threshold (Ij;y,) (Table 2), the input
fluence at which the transmittance is 50% of the linear trans-
mittance value (Fig. 5), is an important measure of how suitable
optical limiting materials are for applications, since low
OL thresholds are essential. The International Commission

Table 2 Optical limiting properties of 1 in different solvents (1 x 10> M) and thin films obtained with 10 ns pulses at 532 nm wavelength

Solvent o (em™) Best (esu) K Iim (J cm™2) Im[®)] (esu) 7 (esu) Ioo (MW cm™?)
1 DMSO <0.01 15 ~1 x 10° — 3.4 x 1071 7.8 x 10731 280
1 THF <0.01 26 ~4 x 10° - 5.5 x 107! 1.0 x 107%° 280
1 Toluene <0.01 28 ~4 x 10° — 6.9 x 107" 1.0 x 107%° 280
1 DCM <0.01 30 ~4 x 10° — 7.2 x 1071 1.1 x 107%° 280
1 EtOAc <0.01 40 ~5 x 10° 3.0 9.7 x 107 1.4 x 107%° 280
1 Benzene <0.01 40 ~6 x 10° 2.8 9.7 x 10! 1.4 x 103%° 280
1 CH,;CN <0.01 70 ~1 x 107 2.4 1.4 x 1071° 3.4 x 107°° 280
1_PMMA — 10.7 75 ~1 x 10* 0.57 1.8 x 107*° 3.4 x 107°° 77
1_PBC — 160 80 ~3 x 10° 0.48 2.2 x 1071 4.6 x 1073 95
1_PS - 24.0 130 ~5 x 10° 0.33 2.4 x 107° 3.7 x 107°° 145

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2017
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Fig. 3 Open-aperture z-scans showing the fitting for 1 in a wide range of
different solvents. NLO parameters are provided in Table 2.
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Fig. 4 Open-aperture z-scans for 1 in different polymer thin films.
Detailed NLO parameters are provided in Table 2.

on Non-Ionizing Radiation Protection has published a
guideline®® for exposure limits to a variety of lasers. This study
uses 10 ns pulses at 532 nm and, as such, the exposure limit
can be determined from eqn (7),

2.7C5%7° J em™? )
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Fig. 5 Transmittance versus input fluence (/) curves for 1 in a series of
different solvents and polymer thin films. The calculation for the /;, values
of 1 in PMMA, PBC, PS and CHzCN are highlighted with dashed lines.
Detailed NLO parameters are provided in Table 2.

where C, is a correction factor (= 1 for 400-700 nm) and ¢ is the
exposure time. The exposure limit is 0.95 ] cm > for a 0.25 s
exposure time, since this is the average human blink reflex to a
sudden flux of light.*® The I, value can be derived by plotting
transmittance against input fluence (Fig. 5). Ly, values of 3.0,
2.8 and 2.4 J cm™? were determined for EtOAc, benzene and
CH;CN, respectively. The I;;y, values for DMSO, THF, toluene
and DCM could not be derived, since the transmittance did not
reach as low as 50% of the linear transmittance at the input
fluences that were used. I;;, values of 0.57, 0.48 and 0.33 J cm ™2
were derived for 1_PMMA, 1_PBC and 1_PS, respectively. This
suggests that it should be possible to prepare polymer films
that would form protective coatings on eyeware and on optical
devices. The trend in the decrease in output fluence for all of
the materials is consistent with the f.¢ values (Table 2), since
larger deviations from linear transmittance (Fig. 6) imply more
effective optical limiting.

The OL properties have been interpreted on the basis of the
absorption of 2 + 1 photons in the singlet manifold (Fig. 7),
since in the absence of substitution with heavy atoms, BODIPYs
and azaBODIPYs are known to have negligible triplet state
quantum yields.*"*" The K values provided in Table 2 are the
excited state ratio and are defined as K = 0c./gs, Where g,
and o, are excited state and absorption state cross-sections.

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2017
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A large value of K is generally required to obtain a strong RSA
response through an ESA mechanism.” Fitting of the open aperture
z-scan data to eqn (4) yielded excited state cross-section (o) values
for the materials that were in the 10~ **~10~"° range. Ground state
absorption cross-sections (o) were estimated from eqn (8),**

8

o
Ogr = No
where o is the linear absorption coefficient and N, is the number of
molecules per cm?, and were found to be no higher than the 10~>*
range, which is many orders of magnitude smaller than the gex.
values as would be anticipated based on the very weak absorbance
values in this spectral region (Fig. 1). Increased absorption in the
excited states relative to the ground state is consistent with a
mechanism in which ESA provides the observed RSA.

Further analyses for other OL parameters were carried out
using methods described above,'"”*® Table 2. The estimated
values for the imaginary component of the third order suscepti-
bility (Im[3'*]) and second-order hyperpolarizability (y) values
are provided in Table 2. Both of these parameters need to be
relatively large to facilitate a strong OL effect and low Iy,
value.** The Im[;®®] value is related to the speed of the OL
response to intense incident laser light and should lie in the
10~ °-10""" esu range with larger values being preferred,”” since
this implies the presence of a longer-lived virtual state
that enhances the rate of TPA. The values both in solution
and solid state lie within this range with significantly enhanced
values obtained in the polymer thin films in the order of
1 < 1. PMMA < 1_PBC < 1_PS (Table 2). The second-order
hyperpolarizability values provide a useful parameter for compar-
ing the relative efficiencies of OL materials based on the inter-
action between the incident photons and the permanent dipole
moment of the dye molecule, lie in the 107°°-107*" esu range,
which has previously been reported to provide an acceptable
NLO response for use in OL applications.>® The thin films have

1.2 —linear
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—e—THF
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-e—DCM
—e—Benzene

0.9
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—o—1_PMMA
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0.3

0.0
0.0 0.3 0.6 0.9 1.2

I, J.em™)

Fig. 6 Output fluence (/o) versus input fluence (/;,) curves for 1in a series
of different solvents and polymer thin films. Detailed NLO parameters are
provided in Table 2.
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response.

significantly higher y values than the solutions and hence
provide significantly enhanced OL properties in this regard
(Table 2). The trend in the y values obtained in different solvents
(Table 2) is similar to that observed in the ®r and 7 values
(Table 1), since the magnitude of both is related to the ability
to populate the S; state of 1 on the nanosecond timescale.

Experimental
Materials

1 was synthesized according to the reported literature
procedures.”>*' Samples of spectroscopic grade DMF and
DMSO were purchased from Sigma Aldrich and were used as
received. Other solvents were dried and distilled prior to
synthesis. All chemicals were analytically pure and were used
as received for the synthesis of 1.

Equipment

UV-visible absorption spectra were recorded on a Shimadzu
UV-2550 spectrophotometer. Fluorescence spectra were measured
on a Varian Eclipse spectrofluorimeter. Fluorescence lifetimes were
measured using a time correlated single photon counting setup
(FluoTime 200, Picoquant GmbH). The excitation source was a diode
laser (LDH-P-670 driven by PDL 800-B, 670 nm, 20 MHz repetition
rate, 44 ps pulse width, Picoquant GmbH). The z-scan experiments
were performed 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 harmonic), with a
pulse repetition rate of 10 Hz and an energy range of 0.1 pJ-0.1 mJ
limited by the energy detectors (Coherent J5-09). The low repetition
rate of the laser prevents cumulative thermal nonlinearities. The
beam was spatially filtered to remove higher order modes and tightly
focused with a 15 cm focal length lens. A 2 mm quartz cuvette was
used to obtain z-scan data in solution.

Synthesis of 1_PBC, 1_PMMA and 1_PS thin films

A drop and dry method was employed in the preparation of the
polymer thin films. To 2.5 mL of 1 (1 x 10> M) solutions in

New J. Chem., 2017, 41, 12319-12325 | 12323
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CH,Cl,, 100 mg of PBC, PMMA and PS were added to form the
1_PBC, 1_PMMA and 1_PS thin films. The films were prepared
by placing 200 pL of these solutions on a glass slide, which was
left to dry in open air. Thin film thicknesses were determined to
be 41, 29 and 49 um by using the knife edge attachment of a
Bruker D8 Discover X-ray diffraction (XRD) system.

Conclusions

The nanosecond timescale open aperture z-scan studies demon-
strate that 3,5-diphenyldibenzo-azaBODIPY has significant OL
properties at an excitation wavelength of 532 nm that are
consistent with a TPA-assisted ESA mechanism and this results
in a significant RSA response even in the absence of significant
intersystem crossing to the triplet manifold. The trends observed
in the magnitudes of the f.¢ and y values in a range of different
solvents are similar to that observed in the @y values, since in
both cases the population of the S; state on a nanosecond
timescale is the key factor. The OL properties are further
enhanced in the context of the polymer thin films providing
transmission values of less than 50% and I, values that are
significantly below the threshold value that has been reported
for damage to the human eye of 0.95 ] cm 2. Further studies are
already in progress to investigate how the structural flexibility of
BODIPY and aza-BODIPY dyes can be used to further enhance
the OL properties.
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