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Abstract: Azo-containing materials have been proven to
possess second-order nonlinear optical (NLO) properties,
but their third-order NLO properties, which involves two-
photon absorption (2PA), has rarely been reported. In this
study, we demonstrate a significant 2PA behavior of the
novel azo chromophore incorporated with bilateral dipheny-
laminofluorenes (DPAFs) as a m framework. The electron-
donating DPAF moieties cause a redshifted m—m* absorption
band centered at 470 nm, thus allowing efficient blue-light-
induced trans-to-cis photoisomerization with a rate constant
of 2.04x10 ' min~! at the photostationary state (PSS). The
open-aperture Z-scan technique that adopted a femtosecond
(fs) pulse laser as excitation source shows an appreciably
higher 2PA cross-section for the fluorene-derived azo chro-
mophore than that for common azobenzene dyes at near-in-
frared wavelength (A.,=800 nm). Furthermore, the fs 2PA
response is quite uniform regardless of the molecular geom-
etry. On the basis of the computational modeling, the intra-
molecular charge-transfer (ICT) process from peripheral di-
phenylamines to the central azo group through a fluorene =
bridge is crucial to this remarkable 2PA behavior.

Azobenzene (azo) chromophores have been incorporated
into a wide variety of molecular architectures including
polymers, dendrimers, liquid crystals, self-assembled mono-
layers, and biomaterials.'!l Azo chromophores undergo
a uniquely clean and efficient photoisomerization; they ex-
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hibit facile geometric isomerization between their trans and
cis forms.”! Generally, trans-azobenzene shows intense m—m*
absorption in the UV region, and noncoherent UV light can
rapidly induce the trans-to-cis isomerization. The cis isomer
has an enhanced n—m* absorption in the visible region; thus,
the trans isomers are regenerated from the cis state through
visible-light irradiation. Accordingly, trans/cis azobenzenes
can be readily switched by alternating UV and visible-light
exposure. This light-induced interconversion allows the
system that incorporates azo chromophores to be applied in
phototriggered molecular switches and machines.”] With
electron donor—acceptor (D-A) ring substitution, azo chro-
mophores have been extensively studied for second-order
nonlinear optical (NLO) applications.”! Trradiation in the
absorption band of poled azo polymers with a pulse laser
beam, for example, can cause significant second-harmonic
generation (SHG) decay correlated with trans-to-cis isomeri-
zation, followed by a rapid recovery to the initial SHG level
when the cis isomer thermally relaxes back to the trans
state.’] This marked photoswitching of the “on/off” SHG
signal is mainly attributed to the distinctive hyperpolariza-
bility of trans and cis azobenzenes. A more m-conjugated
trans isomer has a higher hyperpolarizability, thus enabling
the NLO response to be more readily switched between the
trans and cis states.

Recently, third-order NLO behavior that involves a two-
photon absorption (2PA) process has drawn considerable at-
tention because of many promising applications in the
emerging fields of photonics and biophotonics, including op-
tical power limiting, 3D data storage, 3D microfabrication,
bioimaging and tracking, and 2PA-assisted photodynamic
therapy.l! The 2PA efficiency, namely, the 2PA cross-section
for the organic chromophores, is, in general, closely related
to both the intramolecular charge-transfer (ICT) efficiency
in D-n-D-, A-n—A-, and D-n—A-type structures and the ef-
fective m-conjugation length within a molecule.”) The =
bridges, similar to a highly rigid fluorene unit, provide de-
localization and conjugation, which are critical for increasing
the 2PA cross-section. Moreover, elongation of the m frame-
works through either alkenyl (C=C) or alkynyl (C=C) link-
ages also results in extension of the effective m-conjugation
length and, thus, the enhancement of 2PA efficiency. How-
ever, use of an azo moiety (N=N) as the conjugation linkage
to achieve the 2PA process has been rarely reported.® An-
tonov et al. conducted a systematic study on the 2PA cross-
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sections in several D—m—A-type azoaromatic compounds and
suggested that the strength of the donor and/or acceptor
groups is significant.[® Furthermore, Magennis et al. demon-
strated a 2PA photochromism in a commercial azo chromo-
phore. The trans-to-cis isomerization could be performed
using two-photon excitation by employing 740 nm femtosec-
ond (fs) laser pulses.®® Consequently, we envisioned that
the third-order 2PA behavior of azo-containing materials
proven to possess a second-order NLO property should be
explored further.

As a proof-of-concept for this study, we synthesized a D—
7—D compound 1, in which two electron-donating dipheny-
laminofluorenes (DPAFs) were directly linked by an azo
group, to examine the correlation between trans/cis photoi-
somerization and 2PA properties. As shown in Scheme 1,
symmetric azo compound 1, indicated in deep orange, was
successfully synthesized by homocoupling two 2-amino-sub-
stituted DPAF through a copper-catalyzed aerobic oxidative
dehydrogenative process.”’! This symmetric azo-coupling re-
action was executed under mild conditions, using copper
bromide as the catalyst and air as the oxidant. The excellent
yield in this reaction was attributed to the electron-donating
character of the diphenylamine substituents. Thin-layer
chromatography (TLC) analysis, using an ethyl acetate and
hexane mixture (1:19) as the eluent, showed a single compo-
sition for compound 1 at R;=0.83, thus indicating clearly
a geometric state of either pure trans or pure cis form. The
proton and carbon peaks shown in the 'H and “C NMR
spectra also confirmed the existence of compound 1 as
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Scheme 1. Synthetic route for azo compound 1 bearing bilateral electron-donating diphenylaminofluorenes

(DPAFs).

a single component (see the Supporting Information). How-
ever, neither method could determine the trans and cis geo-
metries. Research has shown that frans and cis azobenzenes
can be distinguished according to their characteristic Raman
shifts.'! Therefore, we adopted micro-Raman spectroscopy
to analyze directly the vibrational spectrum of a solid
sample. Figure 1a shows the Raman spectra for compound
1 based on using a 633 nm He:Ne laser as the excitation
source. The Raman shifts centered at 1142 (CN stretch),
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Figure 1. a) Micro-Raman spectroscopic analysis for azo compound 1.
The marked peaks denote the characteristic vibration modes of the trans
isomer. b) UV-visible spectroscopic analysis for frans 1 upon 466 nm
LED irradiation. The inset shows the maximum decrement in m-m* ab-
sorbance within 5 s exposure time.

1182 (CN stretch), 1464 (NN
stretch), 1487 (NN stretch), and
1600 cm™ (CC stretch) were
characteristic vibrations of trans
azobenzene, thus indicating that
compound 1 was a thermody-
namically stable trans product.
Moreover, the absence of the
in-plane ring bending mode at
approximately 1440 cm™ might
indicate the rigidity of azo com-
pound 1 based on the fluorene
framework.

Cis-1 Compared with frans aromat-
ic azo compounds that have an
intense m—m* absorption in the
UV region, trans compound
1 (Figure 1b), with bilateral
electron-donating DPAF moieties, showed a broad and in-
tense absorption band in the visible region centered at ap-
proximately 470 nm (with a molar extinction coefficient of
e at approximately 4.5x10*m 'cm™). This redshifted band,
with a coplanar trans configuration, suggested that com-
pound 1 had an elongating m-conjugation length and a lower
bandgap energy of m—m* transition. Therefore, trans-to-cis
photoisomerization for azo compound 1 was expected to
transpire under the excitation of visible light instead of UV

o
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light. A first attempt that involved using a 467 nm argon ion
laser (approximately 30 mW) as the excitation source could
not produce any change in m—nt* absorbance, thus indicating
that compound 1 remained in the all-trans state. For per-
forming the trans-to-cis photoisomerization, a higher radiant
flux and a larger incident beam exposure area were intro-
duced by employing a noncoherent light-emitting diode
(LED) with a higher output energy (approximately 10 W)
and a maximum blue emission of 466 nm. As shown in Fig-
ure 1b, on LED irradiation, absorbance at 470 nm rapidly
reduced within several seconds and remained at a constant
value for a longer exposure time. This partial decrease in ab-
sorbance was apparently due to the formation of a cis prod-
uct with a relatively poor m-conjugation system and blue-
shifted m—mt* absorption. The light-induced isomerization for
a dilute solution of aromatic azo compounds generally re-
sults in either an all-trans or an all-cis photostationary state
(PSS). However, the PSS for compound 1, established
through blue LED irradiation and readily visualized using
normal-phase TLC analysis, was composed of both trans and
cis products. The R; value of the cis isomer (0.55) was lower
than that of the trans isomer (0.83), consistent with the fact
that cis isomers possess a significant dipole moment and
higher polarity. On the assumption that cis 1 would be com-
pletely transparent at 470 nm, cis content was calculated on
the basis of a drop in blue-light absorbance of approximate-
ly 45% during LED irradiation; the trans isomer was the
component in slight excess in this isomeric mixture.

In addition to a decrease in m—m* absorbance, we ob-
served an increasing absorption band in the UV region of
350-400 nm. We speculated that this increasing band corre-
sponded to the m—n* absorption of the cis isomer. Because
the 2-amino-substituted DPAF precursor possessed intense
UV absorption centered at 330 nm (with a molar extinction
coefficient of ¢ at approximately 2.2x10°M *ecm™") and be-
cause the cis isomer possessed a poor ; conjugation on the
central N=N bond, the cis isomer was expected to have
a blue-shifted m—n* absorption band in the UV region. As
indicated by this UV absorption band, the cis isomer could
be switched back to the trans form with a 365 nm LED
light. As shown in Figure 2a, the absorbance returned to its
initial UV irradiation values within several seconds, and the
trans/cis isomerization in solutions in both toluene and THF
could be reversibly switched by alternating UV and blue-
light irradiation. The photoisomerization of compound
1 manifested a notable difference from conventional azo-
benzene systems in that it possessed a reverse direction of
the photoswitching wavelengths: a trans-to-cis interconver-
sion with visible (blue) light but a cis-to-trans back-isomeri-
zation with UV light.

One- and two-dimensional "H NMR spectra of compound
1 (approximately 107*m in CDCIl,) from alternating visible
and UV-light irradiation were compared (see the Supporting
Information). Figure 2b shows the partial spectrum for sym-
metric all-trans 1 and the marked aromatic resonances, with
H' and H? denoting the ortho protons adjacent to the N=N
bond. The complexity of the aromatic protons after blue-
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Figure 2. a) Reversible photoswitch for azo compound 1 upon alternating
blue- and UV-light irradiation. '"H NMR spectroscopic analysis for b) all-
trans 1, and c) trans/cis-isomeric mixture by blue-light irradiation for
10 min. H' and H? denote the characteristic ortho protons adjacent to the
N=N bond of trans isomer; H*~H’ denote the aromatic protons of cis
isomer.

light irradiation, which ranged from ¢ = 6.9 to 7.3 ppm, indi-
cated the existence of both trans and cis products (Fig-
ure 2¢). The distinguishable peaks of H? to H’ denoted the
characteristic protons on the cis structure. The integral area
of the spectrum from H’ to either H' or H? gradually in-
creased as the light exposure time was extended, thereby
suggesting that the cis content in the isomeric mixture could
be increased with a longer irradiation time. On the basis of
the integral ratios between the typical protons of these two
isomers, the calculated maximum cis content was approxi-
mately 30-40% under NMR spectroscopic experimental
conditions. Moreover, after UV-light irradiation, all of the
cis isomers were switched back to the trans form; thus, the
obtained NMR spectrum was identical to the original spec-
trum of all-trans 1. NMR spectroscopic and UV/Vis absorp-
tion analyses confirmed an efficient and reversible trans/cis
photoswitching of this fluorene-based azo compound in con-
centrated and dilute solutions, respectively.

The PSS for compound 1, established through blue-light
irradiation, contained both trans and cis isomers at a fixed
ratio; further irradiation did not increase the cis content.
The approach of the PSS is attributed to equal reaction
rates of forward (trans-to-cis) and backward (cis-to-trans) in-
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terconversions under 466 nm LED excitation. We assumed
that the incomplete transformation was due to an increase
in the backward reaction rate during light exposure and was
dominated by two main factors. The first factor was the
rapid thermal relaxation of the cis isomer to the thermody-
namic trans product. Following the first-order kinetic shown
in the Supporting Information, the thermal isomerization
rate (k,) calculated according to the recovery of m—m* ab-
sorbance at room temperature was determined to be 1.13 x
107 min™!, approximately 20-fold faster than common azo-
benzenes, such as 4-butyl-4-methoxyazobenzene (5.80x
10 min~").""! The more likely cause for the increasing
backward thermal isomerization of cis 1 was the destabiliza-
tion of the N=N bond by the bilateral electron-donating
DPAF moieties.”? Secondly, the cis isomer might have un-
dergone a symmetry-allowed n—smt* transition in the visible
region to cause the m—nt* and n-m* transitions of trans and
cis isomers, respectively, to possess similar energy gaps.
Once the isomeric system contained certain amounts of cis
isomers, blue-light irradiation induced the photoisomeriza-
tion in both directions simultaneously. Thus, the equilibrium
state was soon reached because of an accelerating backward
reaction. We then employed high-performance liquid chro-
matography (HPLC) to separate the frans and cis isomers
quickly and verify their UV/Vis absorption spectra through
on-line photodiode array (PDA) detection. The HPLC chro-
matograms revealed two well-resolved peaks, the trans prod-
uct at 2.9 min and the cis product at 3.1 min (Figure 3a).
The increase in the integral ratio of cis/trans peaks under
different light exposure times also confirmed that the cis
content gradually increased until the PSS was reached. The
absorption profile of trans 1 obtained from PDA detection
in Figure 3b agreed with the UV/Vis spectrum shown in Fig-
ure 1b. Two distinct absorption bands for cis 1 were noticed
in the UV and visible regions, which presumably corre-
sponded to the m—n* and n—t* electronic transitions, respec-
tively. Because of the overlap of the n—x* and n—m* absorp-
tion for trans and cis isomers, respectively, backward cis-to-
trans photoisomerization was also promoted under blue-
light excitation. On the basis of the same molar extinction
coefficients of trans and cis 1 at 300 nm (Figure 3b), the cal-
culation of the integral areas for the two isomers from the
chromatograms at this detection wavelength suggested
a maximum cis content of 35%.

The irradiation time course of the cis contents was also es-
tablished by using NMR spectroscopy to obtain the rate
constant of k, at PSS with a blue-light exposure. The experi-
mental data fit the rate law well and yield the values of cis
content (at PSS)=36.3% and k,=2.04x10""min~" (Fig-
ure 3¢).*! Considering that &, is the sum of the forward (k)
and backward (k,) reaction rate constants, the two rate con-
stants of k;=0.74x10""' min~' and k,=1.3x10"' min~' were
obtained. Because k;, is composed of both thermal (k) and
photoisomerization rate constants, the accelerating back-
ward cis-to-trans reaction was mainly found to be dominated
by the n—m* absorption of the cis isomer in the blue-light
region. The calculated cis content at the PSS (approximately
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Figure 3. a) HPLC chromatograms for azo compound 1. The cis content
gradually increases with blue-light irradiation. b) UV-visible absorption
profiles for pure trans and cis 1 analyzed by HPLC equipped with an on-
line photodiode array (PDA) detector. c) Time course of trans-to-cis pho-
toisomerization. The cis content is determined by "H NMR spectroscopy,
and the solid line is the nonlinear curve fitting integrated rate law. The
calculated cis content at photostationary state (approximately 36 %) is
consistent with the experimental value (approximately 35%) obtained
using HPLC analysis.

36 %), determined from its fit with the nonlinear curve of
the rate law, was consistent with the experimental values
(approximately 35 %) obtained using HPLC analysis.
Because of the efficient nonradiative relaxation process
that involves trans/cis isomerization, the azo compound
1 was nonfluorescent. Therefore, we introduced an open-
aperture fs Z-scan technique to examine its 2PA behavior."’)
Femtosecond laser pulses were generated by a mode-locked
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Ti:sapphire laser with a near-infrared (NIR) wavelength of
800 nm, a pulse width of 150 fs, and a repetition rate of
82 MHz. Both the trans- and cis-1 were completely transpar-
ent at 700-900 nm (Figure 3b), thus suggesting an absence
of linear optical absorption in the NIR region. During data
collection, laser pulses with a beam waist of approximately
20 um were focused onto the azo solution in a quartz cuv-
ette with a path length of 1 cm. The incident and transmit-
ted laser powers were monitored as the cuvette moved
along the Z direction, toward and away from the focus posi-
tion. Figure 4a shows the experimental Z-scan curves of
trans 1, which were created by changing the input intensity
per laser pulse (/,), with significant 2PA signatures based on
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Figure 4. a) Open-aperture Z-scan traces of azo compound 1 (5x107*m in
toluene) by changing the input intensity of the laser beam (40, 60, 80,
100, 120 mW) at A, =800 nm. b) The correlation of (1/7—1) versus I,
[GWcm™]; T and I, denote the normalized transmittance value at Z=
0 cm and incident energy per laser pulse, respectively. ¢) The contrast of
the Z-scan curves between 1 (1x1072M in toluene) and DO3 (1x1072m
in THF) under identical input laser intensity (120 mW).
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the decrease in normalized transmittance (7) at Z=0. The
linear dependence between the amplitude of transmittance
change (1/7—-1) and I, also confirms a nonlinear 2PA pro-
cess (Figure 4b)."! Moreover, Figure 4c shows the contrast
of Z-scan traces between trans 1 and Disperse Orange III
(DO3), a commercially available NLO azobenzene chromo-
phore (D-n-A type).*<l Based on the minor change in the
transmittance for DO3 under identical I, the 2PA response
for trans 1 is considerably higher than that for common azo
dyes.

Considering the equivocal statement that 2PA intensity is
usually lower for azobenzene (Ph-N=N-Ph) than for stilbene
(Ph-C=C-Ph) derivatives, combining azo and rigid fluorene
with bilateral electron-donating groups did enhance the 2PA
cross-section in the NIR wavelength.® Although there was
no clear understanding at the time of this study about the
connection between the remarkable 2PA response and azo
linkage, our results showed that such a structural combina-
tion leads to highly active 2PA chromophores. Furthermore,
as shown in Figure 5a, the computational modeling of the

4}‘¢\

(b)

(

Figure 5. Optimized isosurface plots of the a) HOMO and b) LUMO for
trans-1 analogue with 9,9-diethyl substitution, energetically minimized at
the density functional B3LYP/6-31G** level under vacuum.

trans-1 analogue with 9,9-diethyl substitution by using the
B3LYP hybrid functional and the 6-31G** basis set shows
that the highest-occupied molecular orbital (HOMO) is
mainly delocalized over the DPAFs. Meanwhile, the elec-
tronic cloud of the lowest-unoccupied molecular orbital
(LUMO) is condensed mostly on the central moiety (Fig-
ure 5b). This preliminary calculation implies an ICT process
from the peripheral diphenylamines (donor) to the central
CNNC group (acceptor) through a fluorene s bridge. More-
over, we conjectured that the ICT for azo compound 1 is
more favored because of the relatively higher electronega-
tivity of the central nitrogen atoms.

We also analyzed the 2PA intensity of the isomeric mix-
ture at PSS, which was established by blue-light irradiation
(approximately 65% of trans and 35% of cis products).
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Prior to the Z-scan experiment, the azo solution was ex-
posed to blue light until the PSS was reached, and was then
excited in situ by using laser pulses to trace the transmit-
tance change at the focal point. Nevertheless, the normal-
ized change in transmittance at Z=0 for the isomeric mix-
ture was nearly identical to that of the all-frans-1 solution
(see the Supporting Information). This result implied that,
for both solutions, the chemical composition at the laser fo-
cusing spot was in the all-trans state. This is presumably due
to the extremely unstable cis structure during the Z-scan
measurement. The rate constants of k, for thermal cis-to-
trans back-isomerization substantially increased as the sur-
rounding temperature increased (see the Supporting Infor-
mation), which suggests that the cis isomer became quite un-
stable with elevating temperatures. Because significant topi-
cal heating by laser pulses in high repetition frequency
could have induced rapid and complete cis-to-trans thermal
isomerization, the influence on 2PA properties in the pres-
ence of the cis isomer could not be determined under exper-
imental conditions. Consequently, the preliminary results
suggested that the fs 2PA behavior for azo chromophore 1 is
quite uniform, regardless of the molecular geometry. To
minimize the laser-induced thermal effect, a 2PA experi-
ment that adopted an fs pulse laser with low repetition rate
of 1 kHz as an excitation source is now under investigation.

In summary, we successfully demonstrated efficient trans/
cis photoisomerization and a significant third-order NLO re-
sponse for the azo chromophore, simply incorporated with
bilateral DPAF as a t framework. Although strong electron-
donating DPAF moieties could destabilize the central N=N
bond, reversibly switching the molecular geometry was still
possible through non-coherent LED-light excitation at two
wavelengths (466 and 365 nm). The PSS established by using
blue light at room temperature was composed of only 36 %
cis isomer. This percentage was mainly due to an increasing
cis-to-trans back-isomerization rate through both photo- (n-
qt* absorption of cis isomer) and thermal isomerization
routes. Compared with common azobenzene dyes, the fs Z-
scan measurement determined a significant enhancement of
the 2PA intensity for this azo chromophore in its all-trans
state. Because of extremely fast cis-to-trans thermal isomeri-
zation under accumulated and substantial heat generated by
fs laser pulses, the influence on 2PA properties in the pres-
ence of the cis isomer was negligible at this stage. Based on
different m-conjugation domains, we suggest that the trans
and cis isomers exhibit distinct 2PA behaviors. A thermally
stable cis-azo chromophore is necessary to achieve a tunable
NLO response with respect to a change in molecular geome-
try.'"l' A study along this line is currently underway, and the
findings will be reported in due course.

Experimental Section

Synthesis of Azo Compound 1

A mixture that contained CuBr (4.6 mg, 32.1 umol), pyridine (10 uL,
0.124 mmol), and 2-amino-substituted diphenylaminofluorene (DPAF,
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101 mg, 0.196 mmol) in toluene (2mL) was purged with air for 5 min,
and then stirred vigorously at 60°C under air balloon for 20 h. After
cooling to room temperature and being concentrated under vacuum, the
residue was purified by silica flash column chromatography using a n-
hexane and ethyl acetate mixture (19:1) as eluent to afford an orange
solid of 1 (83.8 mg, 83%). "H NMR (CDCl, 400 MHz): 6=7.95 (dd, J=
8.1,1.7Hz,2H), 7.90 (d, /=1.7Hz, 2H), 7.73 (d, J=8.1 Hz, 2H), 7.61 (d,
J=8.1Hz, 2H), 7.29-7.25 (m, 10H), 7.14 (d, /=87 Hz, 8H), 7.03 (t, J=
7.3 Hz, 6H), 2.05-1.96 (m, 4H), 1.92-1.85 (m, 4H), 1.18-1.00 (m, 24H),
0.79 (t, J=71Hz, 12H), 0.69ppm (m, 8H); “CNMR (CDCl,
100 MHz): 6=153.5, 152.1, 151.9, 148.1, 144.0, 135.5, 129.5, 124.3, 123.5,
123.1, 123.0, 121.3, 119.6, 119.1, 117.1, 55.5, 40.6, 31.8, 30.0, 24.1, 22.8,
14.3 ppm; MALDI-TOF-MS: m/z caled for C;,HgN, [M+H]*: 1029.68;
found: 1029.81.
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