Pre prints.org

Article Not peer-reviewed version

Ultrafast Nonlinear Optical Activities of
Near-Infrared Aza-BODIPY Derivatives

Can Ren, Shuyu Xiao , Yanyan Cui , Juguang Hu ~, Xiaodong_Lin ~, Tingchao He ~
Posted Date: 23 April 2023
doi: 10.20944/preprints202304.0730v1

Keywords: Near infrared emission; Aza-Bodipy derivatives; Saturable absorption; Nonlinear refraction; Two-
photon absorption

Preprints.org is a free multidiscipline platform providing preprint service that
is dedicated to making early versions of research outputs permanently
available and citable. Preprints posted at Preprints.org appear in Web of
Science, Crossref, Google Scholar, Scilit, Europe PMC.

Copyright: This is an open access article distributed under the Creative Commons
Attribution License which permits unrestricted use, distribution, and reproduction in any
medium, provided the original work is properly cited.



https://sciprofiles.com/profile/2865340
https://sciprofiles.com/profile/2865341
https://sciprofiles.com/profile/261380

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 23 April 2023 doi:10.20944/preprints202304.0730.v1

Disclaimer/Publisher’'s Note: The statements, opinions, and data contained in all publications are solely those of the individual author(s) and
contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting
from any ideas, methods, instructions, or products referred to in the content.

Article
Ultrafast Nonlinear Optical Activities of Near-Infrared
Aza-BODIPY Derivatives

Can Ren, Shuyu Xiao, Yanyan Cui, Juguang Hu *, Xiaodong Lin * and Tingchao He *

Key Laboratory of Optoelectronic Devices and Systems of Ministry of Education and Guangdong Province,
College of Physics and Optoelectronic Engineering, Shenzhen University, Shenzhen 518060, China
* Correspondence: hujuguang@szu.edu.cn (J.H.); linxd@szu.edu.cn (X.L.); tche@szu.edu.cn (T.H.)

Abstract: The near-infrared (NIR) organic dyes with strong ultrafast nonlinear optical (NLO) activities are of
importance for various applications. However, such kinds of dyes are still scarce. In this work, we have
compared the NLO properties of two NIR Aza-BODIPY derivatives, in which the strong electron-donating
groups, namely 4-(N, N-dimethylamino) phenyl and 1-ethyl-1,2,3,4-tetrahydroquinoline groups, are connected
with the cores of Aza-BODIPY. Z-Scan experimental results show that two Aza-BODIPY derivatives exhibit
strong saturation absorption and large modulation depth under the excitation of femtosecond pulses at 800
nm. Under 1300 nm excitation, two derivatives exhibit strong nonlinear refraction. In addition, the Aza-
BODIPY derivatives also display effective two-photon action cross-sections in the wavelength range of 1200-
1600 nm. Based on the experimental results, it is found that 1-ethyl-1,2,3,4-tetrahydroquinoline group can more
effectively enhance the NLO properties of Aza-BODIPY derivatives compared with the 4-(N, N-
dimethylamino) phenyl group, thus providing new possibilities for the design and development of NIR NLO
materials.

Keywords: near infrared emission; Aza-BODIPY derivatives; saturable absorption; nonlinear
refraction; two-photon absorption

1. Introduction

Nonlinear optical (NLO) materials have received much attention due to their application in
various optoelectronic devices [1,2]. For example, strong saturable absorption can be used for Q-
switching and mode-locking techniques [3,4]. Reverse saturable absorption based optical limiting is
considered to be the ideal mechanism for the protection from high intensity laser [5]. The
development of fluorescent materials with strong multiphoton absorption (MPA) are desirable for in
vivo imaging of deep tissue and optical limiting [6,7]. The NLO materials with large nonlinear
refraction but weak nonlinear absorption can be used in all-optical switching and optical
communications [8,9].

Thus far, various kinds of NLO materials have been reported, including organic molecules
[10,11], semiconductor nanocrystals [12], metal nanocrystals [13], organic-inorganic hybrid materials
[14] and 2D materials [15]. Among them, organic molecules have a lot of advantages, such as tunable
NLO properties through the design of molecular structures, excellent biocompatibility and low
fabrication cost [16,17]. Compared with the molecules with visible absorption, near-infrared (NIR)
ones have important applications in communication, biological and security [18,19]. For example, the
NIR molecules with strong MPA have deep penetration and high resolution in fluorescence imaging
[20,21]. In addition, due to the resonance effect, NIR molecules usually have strong nonlinear
refraction effects in the communication band, making them to be promising in all-optical switching
[22,23].

Boron-dipyrromethene (BODIPY) belongs to a family of organoboron compounds, which
displays good photostability and excellent NLO properties [24-26]. As various BODIPY derivatives,
Aza-BODIPY derivatives possess superior optical properties, including red-shifted spectra and high
molar extinction coefficients [27,28]. Interestingly, through rational molecular design, the absorption
and emission spectra of Aza-BODIPY derivatives can shift towards NIR-II biological window (1000-
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1350 nm), which are extremely attractive for various applications [29]. Up to now, there are only
several papers reporting the NLO properties of Aza-BODIPY derivatives. For example, Chang et al.
determined the values of two-photon absorption (2PA) and excited-state absorption (ESA) cross-
sections of four Aza-BODIPY derivatives [27]. Liu et al. theoretically investigated 2PA of
functionalized Aza-BODIPY derivatives at telecommunication wavelengths [30]. It was also
confirmed that Aza-BODIPY derivatives can be used as potential optical limiter [31,32]. However, the
study on the NLO properties of Aza-BODIPY derivatives is still very insufficient. For example, there
is no literature on the nonlinear refraction and saturation absorption effects of these dyes, which is
not conducive to the expansion of relevant applications, or to the understanding of the relationship
between NLO properties and molecular structures and excitation wavelength. Therefore, there is an
obvious need for further investigation on the influences of the molecular structures and excitation
wavelength on the NLO properties of Aza-BODIPY dyes.

In this work, we reported the NLO properties of two Aza-BODIPY derivatives, which are
abbreviated as BDP-1 and BDP-2, in which two electron-donating groups 4-(N, N-dimethylamino)
phenyl and 1-ethyl-1,2,3,4-tetrahydro- quinoline were connected to the 3 and 5 positions of Aza-
BODIPY cores. Actually, Bai et al. reported these two derivatives exhibit effective NIR emission and
strong intramolecular charge transfer, implying they may have significant NLO effects [33].
Therefore, we conducted further research on their NLO properties. The experimental results show
that both two derivatives exhibit strong saturable absorption at 800 nm. Meanwhile, benefitting from
the stronger electron donating ability, Aza-BODIPY-2 possesses larger nonlinear refractive index at
1300 nm and effective two-photon brightness in the wavelength range of 1200 to 1600 nm.

2. Results and Discussion

2.1. The UV-visible absorption and emission spectra

Figure 1a shows the structures of two Aza-BODIPY derivatives studied in this work, while their
absorption and emission spectra are depicted in Figure 1b. It can be seen that both two samples
exhibit two main absorption bands, which are peaking at 690 and 800 nm for BDP-1, and 700 and 860
nm for BDP-2, respectively. Excited by the pulses at 350 nm, the fluorescence emission spectra of two
derivatives are peaking at 1000 and 1050 nm, respectively. The photoluminescence quantum yields
(PLQYs) were 0.9% and 0.6%, respectively. Importantly, the derivatives emit in the NIR-II biological
window. Compared with fluorescence imaging in the NIR-I biological window (650 - 950 nm), NIR-
II fluorescence imaging can afford higher spatial resolution, deeper penetration depth into a living
body [34]. In addition, two Aza-BODIPY derivatives have large Stokes shifts, i.e, 187 nm (53476 cm™)
vs 194 nm (51546 cm™), which is an additional advantage for fluorescence imaging in organisms. It
was also found that the absorption and emission peaks of BDP-2 shift toward longer wavelengths
compared to BDP-1, as a result of the stronger electron-donating ability of 1-ethyl-1,2,3,4-
tetrahydroquinoline group in the former [35,36].
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Figure 1. (a) Molecular structures of BDP-1 and BDP-2. (b) Normalized absorption and PL spectra of
the two derivatives in dimethyl sulfoxide (DMSO) solutions (1.3 x 103 M).

2.2. Ultrafast dynamics

Next, we investigated the carrier dynamics of two derivatives. Figure 2a and Figure 2c shows
the 2D color images of femtosecond-transient absorption (fs-TA) spectra of two derivatives under the
excitation wavelength of 800 nm, while their corresponding spectra at selected delay times are
depicted in Figure 2b and Figure 2d, respectively. It can be seen that two derivatives exhibit similar
signals, in which positive signals appear within the range of 400 - 580 nm, caused by the ESA.
Meanwhile, negative signals were observed within the range of 600 - 950 nm. According to the
absorption spectrum, we believe these negative signals arise from the ground-state bleaching effect.
Two derivatives exhibit negative signals in the wavelength range above 1000 nm, corresponding to
the PL spectra. Thus, these negative signals are caused by the stimulated emission. The ESA peaks of
two derivatives in the range of 400 - 580 nm exhibit a slight blue shift with increasing time. Possibly,
it is caused by the solvent effect in that the polarization degrees of molecules under an excited state
will be enhanced [37]. BDP-2 shows a more significant blue shift (10 nm) than that (7 nm) of BDP-1,

indicating a higher polarization degree of excitation state that may induce a more significant NLO
effect in the former.
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Figure 2. Full contour maps of fs-TA spectra under excitation at 800 nm for (a) BDP-1 and (c) BDP-2.
Fs-TA spectra at selected delay times for BDP-1 (b) and BDP-2 (d).

2.3. NLO properties at different excitation wavelengths

2.3.1. Resonant NLO properties at 800 nm

Because two derivatives possess strong linear absorption below 860 nm, it was expected that
strong nonlinear absorption effect may occur within the absorption band. Then, using femtosecond
pulses of 800 nm (1000 Hz, 100 fs) as an excitation light source, we measured the open aperture Z-
scan data of the DMSO solutions of two derivatives with a concentration of around 1.3 x 10 M (Figure
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3a). The incident light intensity was around 76.4 GW/cm?. Under the same incident light intensity,
derivatives exhibit strong saturable absorption effect, while no obvious signals were observed in the

DMSO solvent.
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Figure 3. (a) open-aperture Z-scan curves of two derivative solutions and pure DMSO solvent at 800
nm. (b, ¢) nonlinear transmittance curves recorded at 800 nm. The solid lines represent theoretical
fitting results according to Equation (3).

In the open-aperture experiment, the simplified expression formula of normalized transmittance
can be described as follows [38]:

z’ @™

where 3 (in unit of cm/GW) is the nonlinear absorption coefficients. Io (in unit of GW/cm?) is the light
intensity at the focal point (z=0). Lett (in unit of cm) is the effective length of the sample, which is
expressed as Le=(1-e<l)/L, with the linear absorption coefficient a and the physical thickness L.
zo=kwo/2 is the diffraction length, in which k=27t/A is the wave number and wo is the spot radius at
the focal point. By fitting the experimental data with Equation (1), the nonlinear absorption
coefficients () of BDP-1 and BDP-2 in DMSO solutions can be determined as -0.30 and -0.16 cm/GW.
Considering the NLO properties of sample solutions were influenced by the concentration, it will be
more objective to compare the intrinsic NLO parameters among different samples according to
following equation [39]:

x(solution) = (1— f)x(solvent) + fx(intrinsic), (2)

in which x (solution) is the total NLO parameters of the sample solution, including nonlinear
absorption coefficient, nonlinear refractive index. fis the volume fraction of the derivatives relative
to DMSO. x (solvent) is the NLO parameters of DMSO. x (intrinsic) is the intrinsic NLO parameters
of the derivatives. As a result, the intrinsic nonlinear coefficients of BDP-1 and BDP-2 were
determined, i.e.,  (intrinsic) -1.48 x 10* and -8.26 x 10° cm/GW, respectively. Considering the 4-(N,
N-dimethylamino) phenyl group has weaker electron-donating ability than the 1-ethyl-1,2,3,4-
tetrahydroquinoline groups, the larger (3 (intrinsic) of BDP-1 should be caused by its stronger
absorption at 800 nm.

To determine the saturable absorption intensity (Is) and modulation depth (As) of two
derivatives, which are two important parameters for the Q-switching or mode-locking of fiber lasers,
we measured their transmittances under different excitation intensities, as shown in Figure 3b and
Figure 3c. It can be seen that with the increase of incident light intensity their transmittances
gradually increase, indicating a saturable absorption effect, which is consistent with the Z-scan data.
Isand As of two derivatives were estimated, i.e., 98 GW/cm?2and 61.3% for BDP-1 and 106 GW/cm?2
and 52.5% for BDP-2, according to the following equation [40]:

T=1-4/(+1/1)-n,, 3)
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where I is the input intensity; As is the modulation depth; Is is the saturable absorption; ns is the
nonsaturable loss. In addition, BDP-1 has larger modulation depth and smaller saturable absorption
intensity, implying this derivative is more promising for the application in Q-switching or mode-
locking of fiber lasers. In order to facilitate comparison, the NLO parameters at 800 nm for two
derivatives were compared in Table 1.

Table 1. Resonant NLO parameters of samples under 800 nm excitation (1000 Hz, 100 fs).

Material Bintrinsic (cm/GW) Is (GW/cm?) As (%)
BDP-1 -1.48 x 10¢ 98 61.3
BDP-2 -8.26 x 10° 106 52.5

2.3.2. Nonresonant NLO properties at 1300 nm

Considering two derivatives have negligible absorption at 1300 nm, it is interesting to investigate
their nonlinear refraction effect and 2PA. From the closed-aperture Z-scan experimental data divided
by corresponding open-aperture ones, as shown in Figure 4a, it can be seen that the solutions of two
derivatives exhibit a self-defocusing effect, while the DMSO solvent exhibits a self-focusing effect.
The experimental data in Figure 4a can be theoretically fitted using following formula [41]:

4Ag, (t)x

=]-—r0
T(z50) (X +9)(x* +1)’

(4)

where A@o(t)=kAnLe is the nonlinear phase shift at the focal point and An=n:lo. n: is the nonlinear
refractive index, while x=z/zo is the ratio of the sample position z to the diffraction length zo. As a
result, the nonlinear refractive indices of BDP-1 and BDP-2 in derivative solutions, and pure DMSO
solvent were determined to as -3.36 x 107, -4.48 x 107 and 7.71 x 107 cm?GW. Although the solution
concentrations of two derivatives were much low, their nonlinear refractive indices were only several
times smaller than that of carbon disulfide (nz ~ 3.0 x 10¢ cm?/GW). With the influence of DMSO
solvent subtracted according to Equation (3), the intrinsic nonlinear refractive indices of two
derivatives were estimated, i.e., nz (intrinsic) - 7.60 x 103 cm?/GW for BDP-1 and -7.85 x 10? cm2/GW
for BDP-2, respectively. Furthermore, they are even higher than those of organic molecules reported
in a lot of NLO materials, including Zn-terpyridine polymer (~ 1.1 x 104 cm?/GW at 765 nm) [42] and
crystalline nickel-p-benzenedicarboxylic acid MOF (Ni-MOF)(~ - 8.9 x 107 cm?/GW at 1550 nm) [14].
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Figure 4. (a) Divided Z-scan results of the close-aperture signal by the open-aperture signal at 1300
nm. The solid lines are the fitting results to the data using the Equation (4). (b) open-aperture Z-scan
curves of two derivative solutions and pure DMSO solvent at 1300 nm. The incident light intensity is
337 GW/cm?.
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The open aperture Z-scan data of two derivatives under the excitation of femtosecond pulses of
1300 nm (an excitation light intensity of 337 GW/cm?) are shown in Figure 4b. It can be seen that the
signal of solvent can be ignored, and two samples have the smallest transmittances at the focal point,
which is caused by 2PA. According to the Equation (1), the 2PA coefficients of BDP-1 and BDP-2 were
estimated as 3.35 x 10~ and 4.19 x 10 cm/GW, respectively. In addition, with the help of Equation (2),
the intrinsic 2PA coefficients of two derivatives were determined as 165 and 213 cmm GW1. 2PA cross-
section (02) that is in unit of GM, with 1 GM= 10 cm* s photon’, can be determined according to
the following equation [38],

Pho

N0 %

0,
where h is the Planck's constant in unit of J's; v is the incident light frequency in unit of 1/s, Na is
Avogadro’s number and Co is concentration in unit of M/L.

As aresult, 2PA cross-sections of BDP-1 and BDP-2 can be estimated as 59 and 77 GM at 800 nm,
respectively, as summarized in Table 2. It can be concluded that BDP-2 exhibits larger 2PA cross-
section compared to that of BDP-1, as a result of stronger electron-donating ability of the 1-ethyl-
1,2,3,4-tetrahydroquinoline groups [43].

To realize the application in all-optical switching, the NLO materials should have strong

nonlinear refraction but weak nonlinear absorption. To realize such an application, two Stegeman’s
figures of merit should satisfy following conditions [44,45]:

WZI"L]|>1, ©)
oA
A
TZI'B— <. %)
n,

Since linear absorption of two derivatives are negligible at 1300 nm, their W values are larger than 1.
In addition, based on the experimental data, T is estimated as 1.06 for BDP-1 and 0.652 for BDP-2.
Therefore, BDP-2 may have potential application in all-optical device applications.

Table 2. NLO parameters of derivatives under 1300 nm excitation (1000 Hz, 100 fs).

Material n: (Intrinsic) (cm?GW) B (Intrinsic) (cm/GW) 62 (GM)
BDP-1 -7.60 x 10 165 59
BDP-2 -7.85 x 103 213 77

Meanwhile, in order to avoid the influence of linear absorption, we measured the PL spectra of
two derivatives under 1400 nm excitation, which are peaking at 1000 and 1060 nm, respectively, as
shown in Figure 5a. The spectra are similar to those under single-photon excitation, indicating that
the same emission states are involved in two cases. The inset shows the relationship between the PL
intensity and excitation power. The slopes around 2 for the best-fitting straight lines on logarithmic
scales indicate the occurrence of 2PA. We repeated Z-scan measurements at different wavelengths
and obtained their 2PA cross-sections within the range of 1200 - 1600 nm. The molecular probes with
large 2PA action cross-sections (the production of a 2PA cross section and PLQY), which is also called
two-photon fluorescence brightness, will be beneficial for the two-photon bioimaging. Therefore,
2PA action cross-sections of two derivatives at different wavelengths are calculated and presented in
Figure 5b. The moderate 2PA action cross-sections of BDP-2 and PL emission in NIR-II window make
it to be promising in deep-tissue bioimaging.


https://doi.org/10.20944/preprints202304.0730.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 23 April 2023 doi:10.20944/preprints202304.0730.v1

~_
&
-~
—_~
=
~

06h —o— BDP-1
z s = : + / —e— BDP-2
2 8 = O
‘® = O =
k5 2 2 _§0.5 - ** %
5 = 188 '}{' ¥
oL 10 100 |5 F04f §
| (GW/cm?) 5@
BDP-1 | S
——BDP-2 03F
900 1050 1200 1350 1500 1200 1350 1500 1650
Wavelength/nm Wavelength/nm

Figure 5. (a) Two-photon excited PL spectra of two derivatives. Inset: the relationship between PL
intensity and excitation power. (b) 2PA action cross-sections of two samples at different wavelengths.

3. Experimental Section

3.1. Synthesis of Aza-BODIPY derivatives

The detailed synthesis procedures were described in Ref. 34. Briefly, BDP-1 or BDP-2 were
designed by introducing 4-(N, N-dimethylamino) phenyl or 1-ethyl-1,2,3,4-tetrahydroquinolinyl into
the 3 and 5 positions of aza-BODIPY core as electron-donating groups, respectively. In addition, the
electron-rich 4-anisoly was incorporated to the 1 and 7 positions of electron-withdrawing aza-
BODIPY core. As a result, both BDP-1 and BDP-2 possess a D-A-D structure. Consequently, a metallic
brown solid (yield: 90%) was obtained for BDP-1, while a metallic brown solid (yield: 90%) was
obtained for BDP-2.

3.2. Linear optical measurements

The UV-visible absorption spectra of the Aza-BODIPY derivatives were measured using an
ultraviolet-visible-NIR spectrophotometer (Lambda 950). Meanwhile, PL spectra and PLQYs were
determined with a FluoroSENS fluorescence spectrometer equipped with a 150 W xenon lamp and
an integrating sphere accessory. During the measurements, the samples were dissolved in DMSO,
and the solutions obtained with a concentration of 1.3 x 10 M were filled into 1 cm cuvettes.

3.3. fs-TA spectrum

During the measurements, the pump pulses at 800 nm were generated with an optical
parametric amplifier system (Spectra-physics Spitfire Ace) that was combined with TOPAS.
Meanwhile, the probe pulses in the wavelength ranges of 350 — 750 nm or 950 — 1200 nm were
generated by a YAG crystal or CaF: crystal, respectively. The sample solutions were filled in quartz
liquid cells with a thickness of 1 mm. To eliminate any contribution from coherent artifacts, the linear
polarization of the pump pulse was adjusted to be perpendicular to that of the probe pulse. Pump-
induced changes of transmission (AT/T) of the probe beam were monitored using a
monochromator/photomultiplier configuration with lock-in detection.

3.4. NLO characterizations

The NLO parameters of two derivatives at 800 nm and 1200-1600 nm were determined using Z-
scan technique [41]. Because of the ultrashort pulse width (100 fs) and low repetition frequency (1000
Hz) of the excitation light, the thermal effect (occurring within the ns range) can be neglected in the
measurements of NLO parameters [46,47]. Before conducting the measurement, the CS2 was used as
reference to calibrate the Z-scan system, and the obtained n2 value of CS2 (~4.53 x 10-¢ cm?/GW) is
consistent with that in previous literature [48], confirming the reliability of our Z-scan experiment.
Generally, n2 and {3 can be obtained by the measurement of the normalized transmittance for the
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closed and open aperture versus sample position. If there is nonlinear absorption existing in the
samples, the closed transmittance is affected by both nz and 8. The determination of nzis less straight-
forward from the closed aperture Z-scan curve. It is necessary to separate the effect of nonlinear
absorption by dividing closed-aperture Z-scan experimental data by corresponding open-aperture
ones. For the I-scan measurements, the samples were fixed at the focal point, and the incident light
intensity was continuously changed by computer-controlled electric attenuator. For the
measurements of multiphoton excited PL spectra, the femtosecond pulses with wavelengths from
1200 to 1600 nm were used as the excitation source and the signals were vertically collected with a
compact spectrometer (NIRQuest 512).

4. Conclusions

In this work, we studied the NLO properties of two Aza-BODIPY derivatives, with their PL
emission wavelengths in NIR-II window. The experimental results indicate that two derivatives
possess strong saturable absorption and large modulation depth under the excitation at 800 nm, while
they exhibit strong nonlinear refraction at 1300 nm. Interestingly, two derivatives have moderate 2PA
action cross-sections in the wavelength range of 1200-1600 nm. The excellent NLO properties of the
Aza-BODIPY derivatives implied they are promising for various application, including Q-switching
or mode-locking of pulse lasers, all-optical switching, deep tissue bioimaging in NIR-II window.
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