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Abstract:

The current project’s (Grant number: FA8655-20-1-7050) aim was research and development of Sol-
Gel materials appropriate for additive manufacturing applications (3D-printing) and nonlinear optical
filters. The current project activity is a continuation of a previous project aimed at development of linear
and non-linear optical materials based on Sol-Gels doped with functional materials (Grant Number:
FA9550-16-i-0201).

In the previous work we developed a set of glassy materials based on the Sol-Gel process with desired
properties including UV-curing and controlling the matrix environment. Specifically, a route was
developed for doping a two-photon absorber (2PA) platinum complex (E1-BTAF-OH) chromophore,
supplied by AFRL, in an aromatic Sol-Gel matrix, allowing stabilizing of the triplet-state form with
enhanced nonlinear optical properties. In parallel, a glassy Sol-Gel UV-cured ink was developed and
3D-printing of optical elements were demonstrated.

In the current project we extended our activity for developing routes for doping functional materials in
Sol-Gel matrices. We focused on studying doping of derivatives of an asymmetric Fluorene
chromophore, Diphenylamine-Fluorene-Benzothiazole (called AF240). This dye is sensitive to the
environment and has significant two forms "green™ and "orange", which differ from each other in UV-
Vis absorption spectrum and luminescence spectrum, and also in nonlinear optical properties. The
"green” form exhibits absorption below 450 nm and luminescence spectrum centered at ~470 nm. This
form is stable in non-polar environments resulting in a non-protonated chromophore form. The "orange”
form exhibits presence of an additional absorption band centered at 480 nm that extends past 550 nm.
The luminescence spectrum of the "orange" form is significantly "red-shifted" and centered at 600 nm.
This form is stable in polar environments resulting in a protonated chromophore form. We succeeded
to develop a route to dope AF240 derivatives and stabilize them in the two forms. The "orange"” form
was stabilized in the Sol-Gel matrix when the chromophore was added to the Sol-Gel precursor's
solution prior to hydrolysis of the sol. In contrast, the "green™ form was stabilized in the Sol-Gel matrix
when the chromophore was added to the sol solution after hydrolysis, but before gelation. This research
was conducted partially at AFRL and partially at Soreq. The chromophores were supplied by AFRL
group. The glassy solid Sol-Gel samples doped with the AF240 chromophore derivatives were prepared
at Soreq and preliminary spectral characterization was done. More extensive linear and nonlinear optical
spectral characterizations were done at AFRL on the samples sent by Soreq group.

In addition, we succeeded to demonstrate fabrication of micro-scale Sol-Gel glassy optical devices using
3D-direct laser writing (DLW) with a 2-photon polymerization (2PP) process. We were able to print 3D
structures as micro-scale optical phase elements in various forms - rectangular box, cube, pyramid, and
dome. Recently we even demonstrated printing more complex optical devices such as ring-sphere, fiber
combiner from one multi-fiber to six single fibers, and mode-sorter on optical fiber tip. We are currently

studying the ability to 3D-printing of the nonlinear optical sol-gel filters.
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1. Introduction:

For several decades there has been an intensive search for organic molecules that will be appropriate
for use in nonlinear optics (NLO) for photonics devices. The requirements from such materials are on
the one hand, to be with significant effective nonlinear performance and on the other hand to be
compatible with the optical and mechanical requirements of optical devices used for optical applications.
In order to use organic materials in such applications, significant improvements in nonlinear
performance are required. Since the properties of organic molecules can be tailored through molecular
engineering, several guidelines and design strategies for optimization of nonlinear performance were
suggested [1]. Optimization strategies have included extension of the chain length of the n-conjugated
system, as well as creation of a non-uniform electronic cloud. The later can be achieved by altering the
strengths of the electron donor (D) and acceptor (A) end groups in both quadrupolar (linear) and
multipolar (two dimensional) geometries. Fluorene-based molecules are a well-known promising class
of organic dyes which were synthesized following those guidelines, where the fluorene (Fl) moiety is
the 7 center of the 2PA molecule [2-5]. The nonlinear performance of fluorene-based molecules was
already studied extensively in liquid solutions [6-8] and as solid polymers [9, 10]. For example, a series
of fluorene-based molecules with different geometries such as A-FI-A, A-n-Fl-n-A, D-n-Fl-=-D, Fl-(=-
D)s, A-n-Fl-rt-A, Fl-(n-A)s, were studied, where the acceptor moiety used was a benzo-thiazole group
and the donor moiety used was a diphenyl-amine group. The obtained 2PA cross-sections, 8, values vary
from 1,000 GM up to 10,000 GM depending on the molecule's structure, where the resonant
enhancement is more dramatic for asymmetric molecules [6]. In addition, it was found that these
molecules exhibit a nonlinear loss which is a combination of a two photon-absorption (2PA) process
and an excited state absorption (ESA) process which depends on the laser excitation energy [11]. Other
examples of Fluorene-based molecules which were studied as 2PA contained a carbazole group, which
is a donor moiety [12], with the geometry D-FI-D [13]. The issue of enhancement of 2PA cross-sections
for asymmetric molecules was studied further for fluorene-based molecules with geometry of D-FI-A,
where D is diphenyl-amine group and A is benzo-thiazole group, chromophore called AF240 [14, 15].
Such asymmetric molecules have indeed enhanced 2PA cross-section values, but on the other hand are
less stable and their properties are sensitive to the surrounding environment. An example of the effect
of solvent polarity was demonstrated for 6-propionyl-2-dimethylaminolnaphthalene (PRODAN) [16],
and for amino styryl pyridinium derivatives (ASPD) [17] and for the D-FI-A fluorene-based molecules
[15]. In all these cases significant "red Stokes shifts" were observed as function of solvent polarity.

Even though studies in different solvent environments been made, devices based on organic molecules
in solution are not appropriate for general use in optical applications. Therefore, an intensive effort was
made to encapsulate the functional optical molecules in a solid matrix. Sol-gel technology is a well-
known method for fabrication of solid glassy materials at low temperature [18] which allows
encapsulation of organic molecules [19, 20] and specifically encapsulation of NLO dyes for the use as
an optical power limiting (OPL) solid filter [21-24]. The sol-gel process starts from mixing solutions of

metal-ortho-organic precursors, commonly Si precursors, which undergo hydrolysis and condensation
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to form colloidal sol solutions that further undergo gelation to form a solid matrix, and this is
schematically presented in Fig.1. Over the years we demonstrated encapsulation of organic molecules
such as laser dyes [25-28] and 2PA chromophores [29-31] in sol-gel materials. The effect of solvent
polarity was studied for laser dyes in the sol-gel matrices [32]. In these works, several types of sol-gel
matrices were used. In more recent works, glassy encapsulation matrices based on fast sol-gel (FSG)
process, were used, as in ref [31]. FSG is a method to prepare crack-free hybrid sol-gel glasses without
shrinkage and porosity [33]. The method allows fabrication of a viscous sol—gel resin in a few minutes
followed by either thermal or UV-curing requiring several hours or several minutes, respectively [34,35].
The obtained glassy “ink” resin can be used for 3D-printing, optical bonding [36], and even 3D-printing
using direct laser writing (DLW) with a 2-photon polymerization (2PP) mechanism [37, 38]. By using
a variety of precursors in the FSG process we prepared different types of FSG materials [36]. Recently,
we demonstrated the influence of an aromatic sol-gel matrix environment on the spectroscopy of a Pt-
complex 2PA chromophore dopant in the FSG matrix [36]. Platinum acetylide chromophores were
studied as 2-photon absorbers for the last decade [39—42]. The Platinum acetylide chromophores exhibit
in the triplet-state an enhanced 2PA cross-section of the order of >1000 GM [40], due to heavy metal
platinum centers which give rise to efficient intersystem crossing to long-lived triplet states [39]. In
solution it was found that the triplet state can be stabilized by nonpolar aromatic media such as benzene.
By controlling the degree of aromatic environment in the sol-gel matrix we were able to stabilize the
triplet-state also in FSG matrix [36].

In the current work we studied the optical properties of asymmetric fluorene-derivative dyes, and their
dependence on fabrication formulation for preparing optical solid filters based on hybrid sol-gel glasses.
We studied two fabrication formulations of doping the diphenylamine-fluorene-benzothiazole dyes in a
hybrid inorganic-organic sol-gel matrix. These dyes have two main forms, "green" and "orange", which
differ in other UV-Vis absorption and luminescence spectra, as well as in their nonlinear optical
properties [14, 15]. We compared the linear and nonlinear spectroscopic performance of the asymmetric
fluorene-derivative dyes in the hybrid inorganic-organic sol-gel matrix to that of the dyes in liquid
solution. We were able to stabilize in the hybrid inorganic-organic sol-gel matrix the "orange" form with

the enhanced nonlinear properties.

General Sol-Gel Reaction Steps

Hydrolysis Condensation
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Fig 1: Schematic general sol-gel reaction step with the precursor Methyltrimethoxysilane (MTMS).

In parallel extensive and intensive research was done in the field of 3D-printing of optical devices. We
studied the ability to design and print complexed optical devices by direct laser writing [DLW] with 2-

photon polymerization (2PP) mechanism using commercial organic photoresist ink printed on crystals
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[43] glass slides [44], lenses [45] or directly on an optical fiber tips [46, 47]. Recently we expanded our
study and printed optical devices using glassy hybrid inorganic-organic sol-gel ink [37, 38] on glass
slide and on an optical fiber tips. Currently we are checking the ability to print the nonlinear optical

filters using hybrid inorganic-organic sol-gel ink doped with appropriate 2PA chromophore.

2. Experimental section

Materials and Methods

The fabrication of the nonlinear optical solid filters consists of two main stages: synthesis of the 2PA
chromophores, diphenylamine-fluorene-benzothiazole dyes; and synthesis of the hybrid sol-gel glasses
doped with the dye.

Synthesis of the 2PA chromophores: Dry DMF, toluene, para-toluene sulfonic acid, potassium
carbonate, and ethylene carbonate were purchased from Sigma Aldrich and used as received. N-phenyl-
N-(3-hydroxyphenyl)-7-(benzothiazol-2-y1)-9,9-diethylfluoren-2-ylamine and all precursors were
prepared as previously reported [48]. Briefly, 8.53 g N-phenyl-N-(3-hydroxyphenyl)-7-(benzothiazol-
2-y1)-9,9-diethylfluoren-2-ylamine (15.8 mmol), 2.6 g K»CO3 (20 mmol), 2.4 g ethylene carbonate (30
mmol), and 75 ml DMF were added to a 250 mL round-bottom flask. The reaction was run at 65° C
under N, for 24 hours followed by the addition of another 1.4 g ethylene carbonate and 1.38 g K,CO:s.
The reaction was allowed to run at 65° C under N> for an additional 24 hours. The reaction was allowed
to cool to room temperature and let stand over the weekend. The reaction contents were poured into 500
ml water resulting in the formation of a yellow precipitate. The yellow solid was isolated using medium
porosity, fritted glass. Pure Fluorene-OC, was obtained following a two-step purification process. The
crude product was first chromatographed on silica using toluene as the eluent and then recrystallized
from isopropanol-methanol to yield the product (7.25 g, 78.8% yield) as yellow crystals. A spectroscopic
analysis of the synthesized chromophores was done using 'H and '*C NMR. The NMR results are
presented in section 3, Fig. 6. The obtained two diphenylamine-fluorene-benzothiazole dyes, AF240,
are with geometry of D-m-A, and their molecular structures are shown in Fig. 2, (a) with OC, tail, (b)
with OCs; tail.

@:.@ OgooC
' ¥

(@) Fluorene-AF240-OC, (b) Fluorene-AF240-OC,

Figure 2: Diphenylamine-fluorene-benzothiazole dyes, AF240, molecular structures with geometry of D-nt-A, (a) with OC, tail,
(b) with OC; tail.
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Synthesis of the hybrid sol-gel and fabrication of the glasses doped with the dye: The hybrid
inorganic-organic sol-gel was prepared by a fast sol-gel process (FSG) described previously [33]. The
precursors used for the preparation of the sol-gel resin are tetramethoxysilane (TMOS),
methyltrimethoxysilane (MTMS) and methacryloxypropyl-trimethoxysilane (MATMS). Hydrochloric
acid was used as the catalyst and Tetrahydrofuran (THF) as the solvent. All chemicals have a purity of
at least 98% and are used as received from Sigma-Aldrich. To produce the catalyst solution,
concentrated HCI (37%) is diluted with de-ionized water. Briefly, the synthesis procedure consists of
mixing in a reaction bottle TMOS, MTMS and MATMS at a molar ratio of 1:5.6:0.4, respectively,
shown schematically in Fig. 3. The catalyst solution of 0.005M HCI was added before the bottle was
sealed and placed in a water bath on a heating plate. The mixture was then stirred while heated to 90°C.
When the target temperature was reached the pressure in the bottle was released followed by evacuation
for 30 seconds. An Alcatel vacuum pump model 2004 A with 8 Torr pressure was used to evacuate the
volatile products of the hydrolysis-condensation reactions (water and alcohol). An additional minute
amount of HCI was added (7.6x10° mols) before the bottle was sealed again and placed on the hotplate
to complete polymerization. 3 to 4 cycles of stirring the mixture at 90°C for 2 minutes and then releasing
the pressure and evacuating the excess solvent for 30 seconds followed. By the end of the process a
viscous resin was obtained with about 50% of the initial weight due to loss of water and methanol.
Finally THF was added for dilution of the viscus resin to allow long shelf life, ratio 1:1 wt. The diluted
resin was kept in the sealed bottle at 8°C until the time of use. The organic content of the synthesized
FSG is as low as 30% resulting in a more "Silica like" material with high Young's modulus and high
transparency at visible and NIR regions [49]. Solidification of the hybrid sol-gel resin was done either
by thermal-curing or UV-curing after evaporating the THF on a hotplate at 60°C for several minutes.
The thermal-curing was carried out at 60°C in an oven over night, while the UV-curing was carried out

with UV-light lamp for few minutes after adding the photoinitiator, Irgacure 184.
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 pud & S Y
OCH3, : HO /Sl\ O\S.-‘__o, ll\o\ OH CH
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H,C-Si-OCH % / 0 O 7
ek MATMS > d Vo o
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Fig. 3: Schematic drawing of the chemical precursors (TMOS, MTMS and MATMS) and the chemical reactions that follow in
the process of making the hybrid FSG
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In our sol-gel process the chromophores can be doped into the sol-gel matrix by adding them to the
precursor's solution (option “a”) or by adding to the diluted sol (option “b”), shown schematically in
Fig. 4. The obtained hybrid sol-gel glass discs were polished to achieve highly transparent flat discs
with thickness of 1-2 mm, as shown in Fig. 5. In the case of doping the chromophore diphenylamine-
fluorene-benzothiazole, Fluorene-AF240-OC; dye, both addition options were performed. Option "a"
was carried out by adding the dye powder directly to the precursor's solution and dissolving it prior to
the hydrolysis. The obtained result was the "orange" form of Fluorene-AF240-OC; in the hybrid sol-gel
glass, seen in Fig. 5a. Option "b" was carried out by dissolving the dye powder in THF solution and
adding it to the sol (a colloidal solution) after the hydrolysis. In this case the obtained result was the

"green" form of Fluorene-AF240-OC; in the hybrid sol-gel glass, seen in Fig. 5b.

TMos MTMS FSG process
MAPTMS Adding
chromophore
Adding

chromophore Drvi

Gelation Pouring rying

= — = —

Precursor's mixture Diluted sol Molding Sol-gel filter

Fig 4: Schematic sol-gel filter fabrication procedure using FSG process. Adding of chromophores to the sol-gel can be done in
two options: into the precursor's solution (option “a”) or into the diluted gel solution (option “b”).

FSG43 FSG39-3E
a
( ) Dye Added (b) Dye Added
Prior to Hydrolysis After Hydrolysis
- —— EET
N=s 2 :
] 5

N=e

Fig 5: Photos of polished disc of hybrid sol-gel filters doped with diphenylamine-fluorene-benzothiazole, Fluorene-AF240-OC,
dye. (a) Dye added to the precursor solution prior to the hydrolysis, (b) Dye added to the sol solution after the hydrolysis.

Instrumentation and Measurements

Linear spectroscopy: Ground-state UV/vis absorption spectra were measured using either a Jasco V-
570 spectrophotometer or a Cary 5000 spectrophotometer. Visible luminescence spectra were obtained
using an Edinburgh Instruments FLS980 spectrometer or Ocean Optics HR4000CG fiber spectrometer.
In the case of FLS980, the samples were excited using a 450 W xenon lamp attached to a Czerny-Turner
monochromator (300 nm focal length, 1800 grooves/mm grating, 1.8 nm/mm linear dispersion) or
pulsed LED or laser diode. The emission signal is collected at 90° relative to the excitation source and
passed through a Czerny-Turner monochromator (300 nm focal length, 1800 grooves/mm grating, 1.8
nm/mm linear dispersion) prior to being collected with a Hamamatsu R928P side window
photomultiplier in a cooled housing (Operating temperature: —20 °C). In order to correct for the

wavelength dependence of the emission light path (i.e. the emission monochromator, PMT detector,
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etc.), an emission correction factor was applied. Correction factors were produced by Edinburgh in a
two-step process to ensure accuracy. First, the spectra of deuterium and tungsten calibration lamps were
acquired. These calibration lamps have a precisely known spectral output traceable to a National
Physical Laboratory (NPL) certified spectrum. The emission correction factor is then generated by
dividing the lamp spectra measured using the spectrometer by the true spectra of the lamps from NPL.
This correction factor was then validated by measuring the reference fluorophores with known emission
spectra. The Edinburgh Software converts the slit width in mm to the bandwidth in nm. The bandwidth
values reported in the software are given for all experiments.

Steady-State Luminescence Spectroscopy. Room temperature steady-state luminescence spectra were
collected on fast sol gel (FSG) samples or in toluene solution. FSG39-3E data was collected from 405
— 800 nm after excitation at 400 nm using an excitation bandwidth of 1.0 nm, an emission bandwidth
0f 0.59 nm, and a 0.500s dwell time. FSG43 data was collected from 490 — 850 nm after excitation at
480 nm using an excitation bandwidth of 1.0 nm, an emission bandwidth of 0.76 nm, and a 0.500s dwell
time. AF240 in toluene data was collected from 385 — 700 nm after excitation at 380 nm using an
excitation bandwidth of 1.0 nm, an emission bandwidth of 0.30 nm, and a 0.300s dwell time. AF240 in
acidic toluene data was collected from 490 — 850 nm after excitation at 480 nm using an excitation
bandwidth of 1.0 nm, an emission bandwidth of 0.60 nm, and a 0.200s dwell time. All spectra were
collected using a 1 nm step size.

Time-Resolved Luminescence Spectroscopy. Room temperature luminescence lifetime measurements
were collected on FSG samples or in toluene solution. The luminescence lifetimes were determined
using time-correlated single-photon counting. FSG39-3E was excited using a 404 nm pulsed LED
source with a pulse duration of 58.8 ps. The luminescence signal was observed at 472 nm and the
emission slit width was set so that the emission counts on the detector were 2% of the laser repetition
rate. FSG43 was excited using a 506 nm pulsed laser diode source with a pulse duration of 85.0 ps. The
luminescence signal was observed at 600 nm and the emission slit width was set so that the emission
counts on the detector were 2% of the laser repetition rate. AF240 in toluene was excited using a 404
nm pulsed LED source with a pulse duration of 58.8 ps. The luminescence signal was observed at 475
nm and the emission slit width was set so that the emission counts on the detector were 2% of the laser
repetition rate. AF240 in acidic toluene was excited using a 506 nm pulsed laser diode source with a
pulse duration of 85.0 ps. The luminescence signal was observed at 600 nm and the emission slit width
was set so that the emission counts on the detector were 2% of the laser repetition rate.

NMR

Analysis of the synthesized chromophores was done using 'H and '*C NMR. The NMR experiments
were performed on a Bruker NMR spectrometer, with Ascend 400 magnet and AVANCE NEO Console,
operating at 400.23 MHz for proton spectrum acquisition and 100.63 MHz for carbon spectrum
acquisition. The sample was dissolved in 99.8% pure deuterated chloroform with 0.1% (v/v)
tetramethylsilane (TMS) added as the internal standard. The NMR results are presented in section 3,
Fig. 6.
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Photopolymerization and printing procedure

A commercial DLW system (Nanoscribe© Photonic Professional GT) is utilized to perform the printing
and polymerization processes. This system comprises of a pulsed erbium-doped femtosecond fiber laser
that emits 100 fs pulses at 780 nm with an 80 MHz repetition rate, 150 mW maximum average power,
and 25 kW peak power. The beam is focused with a X63 microscope objective (alternatively, %25
objective), resulting in a voxel diameter of 0.2 pm with aspect ratio of 3.5 for x63 (0.6 um with aspect
ratio of 6 for x25). A drop of the ink is deposited on a glass slide, while a drop of oil is deposited on the
opposite side (objective side) of the slide for oil-immersion configuration. The slide is then placed in
the 3D printer, and the programmed voxels are polymerized according to a STL file defining the desired
three-dimensional structures. After the exposure, the material is developed by immersing the printed
elements in acetone for 2 minutes to remove unexposed material, followed by soaking in isopropanol
and finally drying in nitrogen. To complete the polymerization and evaporate any remaining THF, the

sample was heated overnight under 50° C at ambient pressure.
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3. Results and Discussion

Two chromophores of diphenylamine-fluorene-benzothiazole dyes were synthesized, Fluorene-OC; and
Fluorene-OCs. The synthesis procedure was detailed in section 2, Fig. 2. Confirmation of the dyes'
structures was done using 'H and '*C NMR on the obtained yellow crystals of the dyes. The NMR
experiments results for N-phenyl-N-(3-phenoxyethanol)-7-(benzothiazol-2-yl)-9,9-diethylfluoren-2-
ylamine (Fluorene-OC,) are presented in Fig. 6. 'H chemical shifts are reported in parts per million ()
with integration and multiplicity (s = singlet, d = doublet, t = triplet, q = quartet, dd = doublet of doublets,
dt = doublet of triplets, td = triplet of doublets, ddd = doublet of doublet of doublets, and m = multiples),
referenced to TMS as 0 ppm). *C chemical shifts are reported in parts per million referenced to TMS
as 0 ppm. The 'H NMR results are presented in Fig 6a and the peaks values are listed: (400 MHz, CDCl5)
&= 8.08(m, 2H), 8.01 (dd, J=1.5, 8.0 Hz, 1H), 7.89(d, J/=8.0 Hz, 1H), 7.69 (d /=7.9 Hz, 1H), 7.61 (d, J=
8.2 Hz, 1H), 7.48 (t, J/=7.7 Hz, 1H), 7.37 (t, J/=7.6 Hz, 1H), 7.27(t, J=7.6 Hz, 2H), 7.17 (m, 4H),
7.05(m, 2H), 6.72(m, 2H), 6.58 (dd, J/=2.4, 8.3 Hz, 1H), 3.98(t, /=4.1 Hz, 2H), 3.89(t, /4.6 Hz, 2H),
2.09 (m, 3H), 1.94 (dq, =7.3,14.3 Hz, 2H), 0.38(t, =7.3 Hz, 6H). The *C NMR NMR results are
presented in Fig 6b and the peaks values are listed: (101 MHz, CDCl3) 6= 168.83, 159.50, 154.22,
152.08, 150.70, 149.17, 147.90, 147.63, 144.43, 135.56, 134.91, 131.53, 129.92, 129.29, 127.28, 126.27,
124.96, 124.50, 123.59,123.11, 122.93, 121.53,121.45, 121.03, 119.41, 119.09, 116.67, 110.06, 108.74,
69.07, 61.38, 6.42, 32.62, 8.61. HRMS (ESI-MS, [M+H]") m/z calcd for MH".
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Figure 6: NMR analysis of Fluorene-OC; collected in d-chloroform; (a) '"H NMR, (b) '*C NMR.

Fast sol gel (FSG) glasses containing the chromophore, N-phenyl-N-(3-phenoxyethanol)-7-
(benzothiazol-2-yl)-9,9-diethylfluoren-2-ylamine (Fluorene-OC,), were prepared with concentration of
~0.4 mg/ml. Fluorene-OC, was specifically selected for this study due to the presence of the
phenoxyethanol substituent. This allows for crosslinking of the chromophore into the sol gel glass,
increasing the chromophore loading and prohibiting aggregation. Doping of the dye into the FSG matrix
samples was done using two different formulations: adding the dye to the precursor's solution (option
“a”) or by adding to the diluted gel solution (option “b”), as was explained in section 2, Fig. 4. The color
of the resultant FSG glass was highly dependent on when the Fluorene-OC, chromophore was added to
the formulation. "Orange" colored FSG glasses were obtained when Fluorene-OC, was added prior to
hydrolysis and "green" colored FSG glasses were obtained with Fluorene-OC, was added after

hydrolysis. Optical characterization of the glasses was performed to examine differences in the
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photophysical behavior of the materials and to help explain the observed difference in color. Specifically
we studied the spectroscopy of two samples; sample FSG43, which was prepared by doping the dye
with option "a" — before hydrolysis, resulting in "orange" dye form (Fig. 7a) and sample FSG39-3,
which was prepared by doping the dye with option "b" — after hydrolysis, resulting in "green" dye form
(Fig. 7b). After polishing, the thickness of sample FSG43 was 1.9 mm and that of sample FSG39-3 was
1.5 mm. Fig 7c presents the UV-NIR spectrum of the two dye-doped sol-gel samples. Both samples
exhibit absorption peaks in the range 1100-2500 nm due to the sol-gel matrix as was already reported
[49]. In the range 600-1100 nm both samples are fully transparent. In the range 350-450 nm there is in
both samples major absorption peak of the dye due to m—m* transition. While for sample FSG43 the
"orange" dye form there is additional absorption peak at ~500 nm, can be seen in Fig. 7c. The visible
luminescence spectra of both sol-gel glasses, FSG43 and FSG39, excited at 405 nm, are shown in Fig.
7d. The "green" sample (FSG39) exhibits emission peaking at ~475nm with small red Stokes-shifts due
to strong reabsorption effect. The "orange" sample (FSG43) exhibits two emission peaks at ~475nm and

at ~625nm with a large red Stokes-shifts.
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Figure 7: Photos and absorption spectra of hybrid sol-gel doped with Fluorene-AF240-OC, dye. (a) Photo of sol-gel glass with
dye added to the precursor solution prior to the hydrolysis — "orange" form, sample FSG43. (b) Photo of sol-gel glass with dye

added to the sol solution after the hydrolysis — "green" form, Sample SFG39. (c) UV-NIR absorption spectra of both sol-gel
glasses, FSG43 and FSG39. (d) Visible luminescence spectra of both sol-gel glasses, FSG43 and FSG39 excited at 405 nm.
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We conducted additional extended and accurate spectroscopic measurements in order to study Fluorene-
OC, chromophore doped in sol-gel glasses. UV-Vis absorption as well as steady-state and time-resolved
luminescence experiments were performed on "green" (FSG39-3E) and "orange" (FSG43) FSG glass
samples. Absorbance and steady-state and time-resolved luminescence data for each FSG sample are
shown in Fig. 8. Each of the samples possesses unique optical properties. The green color of FSG39-3E
is the consequence of strong absorption from 350 nm — 450 nm. The absorbance of the sample plateaus
across this wavelength region. This is due to low light transmission of these wavelengths due to the high
molar absorptivity of diphenylamine-fluorene-benzothiazole dyes and thickness of the FSG samples
(thickness 1.5 mm and 1.9 mm, respectively). The orange color of the FSG43 glass results from the
presence of an absorption band centered at 480 nm that extends past 550 nm. The steady-state
luminescence spectrum of FSG39-3E is featureless and centered at 471 nm while the steady-state
luminescence spectrum of FSG43 is featureless and centered at 600 nm. The steady-state luminescence
spectrum of FSG43 (full width at half maximum (fwhm = 123 nm), is significantly broader than the
steady-state luminescence spectrum of FSG39-3E (fwhm = 79 nm). The luminescence lifetime of
FSG39-3E was determined to be 3.6 ns. This is nearly a factor of two shorter than the luminescence
lifetime of FSG43 which was determined to be 6.2 ns. These results are consistent with chromophores
that possess different ground- and excited states. The chromophore present in FSG43 possesses either a
HOMO or LUMO that is stabilized relative to the HOMO or LUMO of the chromophore present in
FSG39-3E due to the presence of the low energy absorption transition in FSG43. The chromophore
present in FSG43 also possesses a unique excited-state relative to the chromophore present in FSG39-
3E due to the broader luminescence spectrum and longer lifetime of the chromophore present in FSG43.
In order to clarify the structural difference which accounts for these unique optical properties we

conduct additional study of the optical properties of the chromophores in solutions.
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Figure 8. (a) Ground-state absorption spectra of FSG39-3E (black) and FSG43 (red) glasses, (b) steady-state luminescence spectra
obtained from FSG39-3E (black) and FSG43 (red) glasses, and (c) time-resolved luminescence decays obtained from FSG39-3E
(black) and FSG43 (red) glasses.

Fluorene-OC; is an asymmetric fluorene-based molecule with geometry of D-FI-A, and due to the
asymmetric structure it is highly sensitive to the chemical environment it experiences by the surrounding
solid matrix or solution. The sensitivity is related to the polarity of the environment as was observed
previously in solution for AF240 [15] and for other dyes in solution and sol-gel glasses [16, 17, 32]. In
addition, during the hydrolysis stage in the synthesis of the sol-gel glass the chromophore experienced

an acidic environment. This led to the hypothesis that the orange color of FSG43 is the result of
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protonation of the nitrogen in the benzothiazole subunit of Fluorene-OC,. Therefore, in order to
understand the color dependence, due to the different doping formulations in sol-gel glasses, we studyed
the spectroscopic properties of the chromophore in two solvents. A series of control experiments were
performed in solution using the parent dye, N-diphenyl-7-(benzothiazol-2-yl)-9,9-diethylfluoren-2-
ylamine (AF240). One set of experiments was performed in toluene, which is an aromatic non-polar
solvent. A second set of experiments was performed in toluene containing the organic acid, para-toluene
sulfonic acid (pTsOH), which is a polar solvent. Absorbance and steady-state and time-resolved
luminescence data of AF240 in toluene and AF240 in acidic toluene are shown in Fig. 9. The results of
all three solution control experiments mirror the results obtained in FSG glass. The absorption spectra
of AF240 in toluene and acidic toluene were collected on dilute solutions (< 1 umolar) allowing for the
resolution of absorption features in solution. The ground-state absorption spectrum of AF240 in toluene
shows a structured absorption band with a maximum at 390 nm that tails to 450 nm. The ground-state
absorption spectrum of AF240 in acidic toluene features an additional absorption band centered at 480
nm that tails past 530 nm. The steady-state luminescence spectrum of AF240 in toluene is centered at
450 nm, while the steady-state luminescence spectrum of AF240 in acidic toluene is featureless and
centered at 600 nm. The steady-state luminescence spectrum of AF240 in acidic toluene (fwhm) = 105
nm is significantly broader than the steady-state luminescence spectrum of AF240 in toluene (fwhm =
60 nm). The luminescence lifetime of AF240 in toluene was determined to be 1.5 ns. This is a factor of
two shorter than the luminescence lifetime of AF240 in acidic toluene which was determined to be 3.2
ns. A protonation of the nitrogen in the benzothiazole subunit of Fluorene-OC, and AF240 was
suggested to occur in the acidic toluene solution. A depiction of the protonated and non-protonated
forms of Fluorene-OC, are shown in Fig. 10. Protonation of the nitrogen in the benzothiazole subunit
of Fluorene-OC; and AF240 will lower the reduction potential of the chromophore. This will result in a
stabilization of the LUMO in Fluorene-OC,-H" and AF240-H" relative to Fluorene-OC, and AF240,
accounting for the low energy absorption transition in FSG43 solid sample and AF240 in acidic toluene.
The stabilization of the LUMO and formal positive charge on Fluorene-OC,-H" and AF240-H" also
enhances the probability of charge transfer character in the excited-state of Fluorene-OC,-H* and
AF240-H" relative to Fluorene-OC, and AF240. Enhanced charge transfer character is a feasible
explanation for the increased fwhm of the steady-state luminescence spectra and longer luminescence
lifetimes of FSG43 and AF240 in acidic toluene relative to FSG39-3E and AF240 in toluene. The
observation of longer luminescence lifetimes in the FSG glass samples (Fig. 8c) relative to the solution
samples (Fig. 9¢) is the only discrepancy between these datasets. Incorporation of the chromophores in
a solid matrix likely results in diminished non-radiative decay in the excited-states of Fluorene-OC,-H*
and Fluorene-OC, relative to AF240-H" and AF240 in solution. This provides a likely explanation for

the enhanced lifetime values in the solid samples.
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Figure 9: (a) Ground-state absorption spectra of AF240 in toluene (black) and AF240 in acidic toluene (red), (b) steady-state
luminescence spectra obtained from AF240 in toluene (black) and AF240 in acidic toluene (red), and (c) time-resolved
luminescence decays obtained from AF240 in toluene (black) and AF240 in acidic toluene (red).
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Figure 10: Chemical structures of the Fluorene-OC, chromophore (a) the initial structure, Fluorene-OC,
(b) the protonated structured, Fluorene-OC,-H".

An additional way to explain the difference in optical properties between the two forms, green and
orange, of Fluorene-OC; is through the effect of solvent polarity on Stokes shifts, a solvatochromic
effect, which was discussed in the introduction. As already mentioned the solvatochromic effect of
AF240 in solutions was already studied for solvents [15], and figure 6 in ref [15] presents the Lippert
plot (Stokes shifts (Av) versus solvent polarity parameter (Af)) and obtained a strong dependences. Our
current results of AF240 Stokes shifts in toluene and acidic toluene were fitted to the previous plot, Av
=3400 cm™' & Af=0.0135 in toluene and Av =8970 cm™! & Af=? in acidic toluene. However, the
difference in Stokes shifts between the two forms (green and orange) in the sol-gel glasses cannot be
explained by the macroscopic solvent polarity of the two sol-gel glasses since in both cases the sol-gel
matrix exhibits the same macroscopic optical properties, such as refractive index of about 1.44. It was
already demonstrated that by using solvatochromic dyes, such as asymmetric fluorescent molecules,
doped in sol-gel matrices, the microenvironment of the sol-gel can be probed [16]. In our case we can
define two distinguishable microenvironment segments. The first segment is obtained when the
Fluorene-OC; dye is doped by option "a", added to the precursors solution before hydrolysis. In this
case, the solvatochromic dye exhibits a polar environment reached with acidic, therefore we can assume
the dye is caged inside the sol-gel sols (seen in Fig. 11a). The second segment is obtained when the
Fluorene-OC, dye is doped by option "b", added to the sol solution after hydrolysis. In this case, the
solvatochromic dye exhibits a more non-polar environment, therefore we can assume the dye is caged
between the hybrid sol-gel chains and attached to the methyl tails (seen in Fig. 11b).

We have studied also the energy level structure of the orange sample, FSG43, using femtosecond
transition absorption (fsTA) with pump excitation at 515nm at the range of 1ps to 6.4ns. The results
(shown in Fig. 12a) present that at ~540nm (ground-state absorption) the absorption change decreases
with excitation time, at ~900nm (excited-state absorption) the absorption change also decreases with

excitation time with emission lifetime of 2.1ns (Fig 12b), while at ~610nm the bleach peak population
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depletes with excitation time which might indicates an intramolecular charge-transfer (ICT) with time.
These results are compatible to the suggested energy level diagram presented in ref [15], fig 11, where
for AF240 in a polar solvent several ICT transitions are induced which allow several excited-state
absorption (ESA) transitions. The existence of ESA transitions suggest that the orange form of Fluorene-

OC; dye is a good candidate for nonlinear optical absorption performance.
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Figure 11: Scheme of doping Fluorene-OC; in hybrid sol-gel matrix. (a) Doping option "a" — adding the dye to the precursor's
solution, before hydrolysis — caging inside the sols. (b) Doping option "b" — adding the dye to the sol solution, after hydrolysis —
caging between the particles.
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Figure 12: Femtosecond transition absorption (fsTA) spectra of the orange form of Fluorene-OC; in hybrid sol-gel matrix, sample
FSG43. (a) fsTA curves with pump excitation at 515 nm taken in the range of 1ps to 6.4 ns. (b) fSTA lifetime monitoring at 900

nm.
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An additional activity which has been done is 3D-printing of micro-scale optical devices. 3D-direct
laser writing (DLW) by 2-photon polymerization (2PP) process was used to print the micro-scale optical
devices using a commercial DLW system (Nanoscribe, Germany). The material which was used as
the photoresist ink for the 3D-printing was an advanced hybrid organic-inorganic material made by a
fast sol—gel process [36] and adapted for 2-photon polymerization process [37]. The hybrid organic-
inorganic material exhibits improved transparency, mechanical, and chemical resistance properties
compared to standard common organic photoresists. Figure 13 presents microscope images of examples
of 3D-printed sol-gel micro-scale optical elements: (a) line shaped phase element, (b) square shaped
phase element, (c) rectangular box, (d) cube, (e) pyramid, and (f) dome. The roughness of the elements
was measured using a laser scanning confocal microscope (LEXT-5000 Olympus) and was found to be
less than 20 nm. The 3D-printed sol-gel based elements were tested for chemical resistance using
common solvents such as water, methanol, iso-propanol and acetone. The mechanical stability of the
elements was tested using a mechanical profiler with no observed damage. The optical properties were
tested for the two phase elements (Figures 13a & 13b). A tailoring lens functionality demonstrated
manipulation of an incoming Gaussian beam into line and square intensity-flattened profiles [45]. The
use of the hybrid solgel provides tailored material properties, approaching those of glass, meaning better
optical quality, higher damage threshold, increased mechanical stability, and vast solvent durability
compared to classical organic photoresists used for 3D printing by 2PP process [37]. This opens new
and exciting opportunities for compact and robust micro-scale optical devices, by obtaining material

properties resembling glass, and overcoming limitation of organic polymers.

@

(b)

Figure 13: 3D-printed sol-gel based micro-scale optical devices: (a) line shaped phase element, (b) square shaped phase element,
(c) rectangular box, (d) cube, (¢) pyramid, and (f) dome.
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Recently we demonstrated 3D-printing of more complex optical devices, a fiber combiner, based on the
2PP FSG photoresist [38]. We designed a 3D photonic lantern (PL) for multiplexing six single mode
(SM) inputs to a similar-sized few-mode fiber at 1.55 micron wavelength. Because of the high index
contrast waveguides (An~0.44), the 6-mode waveguide has a diameter of 2.1 um and the SM waveguide
has a diameter of 1um. The PL in this work is intended for interfacing 6-single mode sources with mode
field diameters of 6 pm and 35 pm pitch. As a result, mode matching from the source to the PL is
required. The Input waveguides are not reaching an SM diameter (1 pm) to make the PL fabrication
feasible and mechanically stable. Instead, they begin with an 8.4 pm diameter for efficient coupling to
the source and gradually reduce to a 6-mode size (2.1 pm) over a length of 250 pm. For an operation
wavelength of 1.55 um, simulation results show an insertion loss (IL) of 93% (-0.31dB) and a mode
dependent loss (MDL) of 97% (-0.13dB). Material loss is -0.15 dB for a device length of 250 um and
can be reduced by modifying the FSG organic content or working in a shorter wavelength spectral range
(500 um-1100 pm). Figure 14a depicts the PL's simulated coupling matrix, while Figure 14b depicts
simulated demultiplexing for various modes. As a preliminary fabrication, Figure 14c depicts a SEM
image of a 3D structure of a photonic lantern with a 5 um diameter core size. The structure is printed
on a glass slide and is intended to be printed on top of a 6 mode fiber for additional optical

characterization.

(a) (b)

(a)

Output modes

Figure 14: Fiber combiner (a) PL's simulated coupling matrix. (b) Simulated demultiplexing for various modes. (c) a SEM
image of a 3D structure 2PP-FSG photonic lantern.

Currently we are checking the ability to print the nonlinear optical filters using hybrid inorganic-organic
sol-gel ink doped with appropriate 2PA chromophore. Until now we did not succeed to find the
appropriate conditions in which the 2PA chromophore, Fluorene-AF240-OC, dye, will not be quenched

due to photo-degradation during the UV-curing process.
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4. Conclusions

We studied the use of asymmetric Fluorene-derivative, diphenylamine-fluorene-benzothiazole dye with
the geometry of D-n-A, called Fluorene-OC, or AF240, doped in hybrid sol-gel material as a solid
nonlinear optical filter. Due to the fact that Fluorene-OC; is an asymmetric molecule it is sensitive to
the environment. The Fluorene-OC, was incorporated in a silica based hybrid sol-gel material. Two
approaches for the doping procedure were used: “a” adding the dye to the precursor's solution, before
hydrolysis; and "b" adding the dye to the final resin, after hydrolysis before polymerization. In the case
of "a", an orange sol-gel filter was obtained, while in the case of doping by option "b", a green sol-gel
filter was obtained. The two composite materials differs by their optical properties. Specifically, the
fluorescence peaks of the two species differ in position and intensity. The absorption peak in both cases
is at 400nm, where the fluorescence peak of Fluorene-OC; green form is at 470nm, resulting in Stokes
shift of 3770 cm™!, while the fluorescence peak of Fluorene-OC, orange form is at 670nm, resulting in
significantly higher Stokes shift of 8330 cm™.. In order to understand these differences we compared the
dye performance in sol-gel to the performance in two solutions; toluene, a non-polar solvent and acidic
toluene a polar solvent. The obtained results were Stokes shift of 3400 cm™! in toluene solution, with a
significantly higher Stokes shift of 8970 cm™ in acidic toluene solution. According to these results we
suggested that in case of acidic polar environment a protonated form of the Fluorene-OC; dye is stable.
Moreover, we suggested that a solvatochromic dye can be used to probe the microenvironment in a solid
matrix. In this case two segments were found in the hybrid sol-gel. The first segment is obtained when
the Fluorene-OC; dye is doped by option "a", added to the precursor's solution before hydrolysis. In this
case, the solvatochromic dye exhibits an acidic polar environment, therefore we can assume the dye is
caged inside the sol-gel sols. The second segment is obtained when the Fluorene-OC; dye is doped by
option "b", added to the sol solution after hydrolysis. In this case, the solvatochromic dye exhibit a more
non-polar environment, therefore we can assume the dye is caged between the hybrid sol-gel chains and
attached to the methyl tails. In addition, by performing femtosecond transition absorption (fsTA)
measurements of the Fluorene-OC, dye orange form, it was demonstrated that intramolecular charge-
transfer (ICT) transitions exist which allow several excited-state absorption (ESA) transitions. The
existence of ESA transitions suggests that the orange form of Fluorene-OC, dye is a good candidate for
nonlinear optics absorption performance.

In addition, we developed a hybrid organic-inorganic glassy ink based on fast sol-gel process
appropriate for 3D-printing with 2-photon polymerization mechanism. We demonstrate 3D-printing of
micro-scale optical devices with improved properties. Currently we are checking the ability to print the
nonlinear optical filters using hybrid inorganic-organic sol-gel ink doped with appropriate 2PA

chromophore.
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