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ABSTRACT: Two photon absorption (2PA) is of great interest across many disciplines and there has
been a large effort to increase the two-photon cross section (6,) via synthetic modification, especially by
enhancing intramolecular charge-transfer (ICT). This work takes the previously studied (7-benzothiazol-
2-y1-9,9-diethylfluoren-2-yl)diphenylamine (AF240), an asymmetric D-n-A chromophore, and
intentionally appends a functional group (-OH, AF240-OH or -OCHj3;, AF240-OMe) to the 6- position of
the fluorenyl n-bridge of the new chromophores. Electrochemical results in both dichloromethane and
acetonitrile support stabilization of the highest occupied molecular orbital in the derivatives due to
inductive electron donating effects of the hydroxy and methoxy groups. The lowest unoccupied molecular
orbital is stabilized via intramolecular hydrogen bonding to the benzothiazole moiety in the case of
AF240-OH. As previously observed for AF240, the steady-state emission spectra show significant
solvatochromism as they broaden and red shift with increasing solvent polarity. The fluorescence
lifetimes and quantum yields show that the non-radiative rate constant is increased for AF240-OH in all
solvents, especially in nonpolar media. The results suggest there is forced intramolecular hydrogen
bonding to the benzothiazole in nonpolar solvents because the solvent poorly solubilizes the hydroxy
group. This increases the non-radiative decay rate constant (k) via additional vibrational decay pathways.
While not as dramatic, the increase in &, in polar solvents supports some deactivation via hydrogen
bonding to the solvent. Steric effects are also observed in the methoxy derivative, which inhibits
planarization of the benzothiazole with the fluorene, increasing the energy of the excited state. Ultrafast
transient absorption spectroscopy in tetrahydrofuran solution supports stabilization of the excited state in
a few ps as solvent and structural reorganizations occur. In the case of AF240-OH, no evidence of proton
transfer is observed. The decrease in emission energies in the case of AF240-OH support increased ICT
driven by higher degree of coplanarity and the quinoidal structure in the excited state. However, a
moderate increase in the intrinsic 2PA cross-section is resulted. It is likely because of the two possible
and competing solvent-stabilized ICT processes (PICT and TICT) in AF240-OH. Nevertheless, the
strategic presence of a hydroxide group capable of intramolecular hydrogen bonding in AF240-OH
provides a much broader 2PA sensitivity window than AF240.
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Introduction

Two-photon absorption (2PA) has wide-ranging applications such as microscopy, '™
microfabrication,*° photodynamic therapy,” and nonlinear absorption.”” It is well understood that an
increase in the intramolecular charge-transfer (ICT) character can significantly enhance the 2PA cross
section, 6,.">"> A common strategy to accomplish this involves incorporating electron donor (D) and
acceptor (A) groups within a molecule to induce dipole moment changes which lead to increased ICT.'*"
One successful synthetic design is via a D-n—A motif with the n-bridge being a fluorenyl group.*** For
example AF240, which contains a fluorenyl core with a diphenylamino donor and benzothiazole acceptor,
has a 2PA cross section of 50 + 8 x 102° cm*/GW.?” As shown previously,”™ AF240 planarizes in the
excited state about both the diphenylamino-fluorene and benzothiazole-fluorene bonds. However, by
adding bulky substituents in appropriate molecular locations and impeding the bond rotations necessary
for planarization, the extent of ICT can be diminished, and transition dipole moment, greatly reduced.

In addition to sterics affecting the excited state, one could imagine both inter- and intramolecular
hydrogen bonding playing a role. This has been shown in derivatives of 2-(2'-hydroxyphenyl)
benzothiazole (HBT), where excited-state intramolecular proton transfer (ESIPT) is typically observed.*”
* However, in 2-(2'-aminophenyl) benzothiazole derivatives, ESIPT can be kinetically controlled or
completely eliminated by modifying the substituents on the amino group and in the 5-position of the
phenyl ring.** Hydrogen atoms or methyl groups as substituents prevented ESIPT, while adding electron-
withdrawing groups not only allowed for ESIPT but also increased the rate with increasing withdrawing
strength. In the absence of ESIPT, hydrogen bonding can still impact excited states by lowering their
energies or decreasing their lifetimes via increased vibrational decay pathways.*>’

It is noteworthy that the fluorenyl analog of HBT, i.e. the ortho-OH is on fluorene instead of
phenyl unit, has not been synthesized despite the fact that fluorenyl offers longer conjugation length than
phenyl and greater planarity than biphenyl.*® In this report, two new AF240 derivatives (Fig. 1) are
synthesized and their photophysical properties examined. The new derivatives contain a hydroxy (AF240-
OH) or methoxy (AF240-OMe) group in the 6-position of the fluorenyl n-bridge. The three molecules

allow for the effects of electronics, sterics, and hydrogen bonding to be observed and compared.
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Figure 1. Structure of the molecules.

Experimental

Cyclic Voltammetry. Voltammograms were obtained using a CH Instruments CH620E Electrochemical
Analyzer. The working electrode was a glassy-carbon electrode (electrode area = 0.707 cm?), the counter
electrode was a Pt wire, and the reference electrode was an aqueous Ag/AgCl (4M KCl) electrode. Data
were collected in dichloromethane and acetonitrile solution containing 0.1M TBAPF,. The
dichloromethane and acetonitrile were dried over activated, 3A molecular sieves for 24 hours prior to
solution preparation.” The samples were bubble deaerated with argon for 10 minutes prior to data

collection.

Instrumentation. NMR spectra were obtained using a Bruker Avance 400MHz spectrometer, and
chemical shifts were referenced to the solvent residual peak.

Ground-state UV/vis absorption spectra were measured on a Cary 5000 spectrophotometer.
Fluorescence spectra were obtained using an Edinburgh Instruments FLS980 spectrometer using
excitation at the absorption peak maxima. Fluorescence quantum yields were obtained using the FLS980
equipped with an integrating sphere. Time-correlated single-photon counting (Edinburgh Instruments
OB920 spectrometer) was utilized to determine excited state lifetimes. The samples were excited using a
70 ps laser diode at 375 nm. Fluorescence was detected on a cooled microchannel plate PMT. Data were
analyzed using a reconvolution software package provided by Edinburgh Instruments. All experiments
were performed at room temperature.

Ultrafast transient absorption measurements were performed using a modified version of the
femtosecond pump-probe UV-VIS spectrometer described elsewhere.*’ Briefly, 4 mJ, 45 fs pulses at 785
nm at 1 kHz repetition rate were obtained from a cryogenically-cooled, Ti:Sapphire regenerative amplifier
(KM Labs Wyvern 1000-10). Approximately 5% (0.2 mJ) was reflected into the experiment, which was
split into pump and probe (90 and 10%, respectively) by a beam splitter. The pump beam was directed

Page 4 of 23



Page 5 of 23

Physical Chemistry Chemical Physics

into a frequency doubler (CSK Super Tripler) and then was focused into the sample. The probe beam was
delayed in a computer-controlled optical delay (Newport MM4000 250 mm linear positioning stage) and
then focused into a sapphire plate to generate white light continuum. The white light was then overlapped
with the pump beam in a 2 mm quartz cuvette and then coupled into a CCD detector (Ocean Optics S2000
UV-VIS). Data acquisition was controlled by software developed by Ultrafast Systems LLC.
Femtosecond two-photon induced fluorescence (2PIF) spectral measurements were conducted at
Montana State University under a service agreement, using the experimental set-up as described
previously* with 4,4'-bis-N,N'-(diphenylamino)stilbene (BDPAS) in CH,Cl, as reference standard for
AF240 and AF240-OH and fluorescein in water at pH 11* for AF240-OMe. The resulting intrinsic 2PA
cross-sections are expressed in GM unit (1 GM = 10~ cm* s.photon™' molecule™ and have +15%

measurement uncertainty.

Materials and Methods. High purity solvents were obtained from commercial vendors and used as
received. All reagents, palladium complexes and phosphine-based ligands used in the syntheses of the

chromophores were obtained from Aldrich. The synthesis of AF240 has been previously reported.”'

2-(7-Bromo-9, 9-diethyl-3-acetoxy-2-fluorenyl)benzothiazole (2).

A mixture of 2-(7-bromo-9,9-diethyl-2-fluorenyl)benzothiazole (1, 10.85g, 25 mmol), iodobenzene-1,1-
diacetate (8.74 g, 27.13 mmol), acetic anhydride (10.0 mL, 105.8 mmol), palladium (II) acetate (280.64
mg, 1.25 mmol) and acetic acid (65 mL) was held at 114°C for 8 hours. After cooling, it was diluted with
toluene, and the solution was washed with water, dried and concentrated under vacuum. The residue was
dissolved in toluene, and the solution was washed with water, dried and concentrated. The dark oil that
was left behind was chromatographed over silica gel and the column was eluted with 1:1 toluene-heptane
and 3:1 toluene-heptane. Residue from earlier fractions was suspended in ethanol, and the
bromofluorenylbenzothiazole starting material, 2.16 g, m.p. 117-119°C was collected. Later fractions
gave the acetoxy product after crystallization from a mixture of heptane and toluene, 5.48 g (45% yield,
56% adjusted for starting material recovery), m.p. 150.5-151.5°C. Mass spec: m/z 491, 493. Anal. Calc.
for C,sHNO,SBr: C, 63.40%; H, 4.50%; N, 2.84%; S, 6.51%; Br, 16.23%. Found: C, 63.42%; H,
4.50%; N, 2.87; % S, 6.52%; Br, 16.54%. '"H NMR (CDCls), & ppm: 0.37 (t, 6H, 7.28 Hz), 2.09 (m, 4H),
2.53 (s, 3H), 7.40 (m, 1H), 7.51 (m, SH), 7.92 (d, 1H, 8.0 Hz), 8.10 (d, 1H, 8.0 Hz) and 8.4 (s, 1H). °C
NMR, & ppm: 8.58, 21.69, 29.69, 32.63, 56.75 (5 sp°C), 114.82, 121.28, 121.92, 122.63, 123.22, 124.04,
124.80, 125.27, 126.34, 126.53, 130.41, 135.44, 138.92, 143.80, 147.31, 148.19, 152.84, 153.34, 162.80,
and 169.04 (20 sp°C).
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2-(7-Bromo-9,9-diethyl-3-hydroxy-2-fluorenyl)benzothiazole (3).

A mixture of 2 (4.15g, 8.43 mmol), potassium carbonate (0.55g, 3.98 mmol), tetrahydrofuran (25 mL)
and methanol (9.0 mL) was stirred at room temperature for 16 hours, solvents were evaporated, and the
residue was suspended in water. The solid crude product was filtered and then recrystallized from a
mixture of heptane and toluene, 3.51g (92% yield), m.p. 177-178°C. Mass spec: m/z 449, 451. Anal. Calc.
for C,4H,0NSOBTr: C, 64.00%; H, 4.48%; N, 3.11%; S, 7.12%; Br, 17.72%. Found: C, 64.00%; H, 4.50%;
N, 3.12%; S, 7.12%; Br, 17.81%. '"H NMR (CDCl5), & ppm: 0.40 (t, 6H, 12.6 Hz), 2.02 (m, 4H), 7.43 (m,
7H), 7.90 (d, 1H, 7.88 Hz), and 7.98 (d, 1H, 8.12 Hz). 13C NMR, & ppm: 8.54, 32.91, 56.03 (3 sp’C),
106.67, 115.89, 121.43, 121.93, 122.05, 122.54, 125.45, 126.37, 126.74, 130.35, 132.48, 139.40, 140.43,
145.21, 151.95, 153.51, 158.09, and 169.69 (18 sp°C).

One-pot procedure for 3:

A mixture of 2 (9.5g, 21.9 mmol), diacetoxy iodobenzene (7.67g, 23.82 mmol), palladium (II) acetate
(226.0 mg, 1.01 mmol) and acetic acid (75 mL) was kept at reflux (110-115°C) for 8 hours, and
concentrated. The residue was dissolved in toluene and washed with water. After drying and
concentration, the residue was dissolved in tetrahydrofuran (100 mL) and methanol (50 mL), and the
solution was stirred with potassium carbonate (4.6g, 33.3 mmol) at room temperature for 2 hours. The
residue left after removal of solvents was dissolved in toluene and the solution was washed with water,
dried and concentrated. The residue (14.96 g) was chromatographed over silica gel. Toluene-heptane
2:3, eluted the product, 4.85g (49% yield), m.p. 175-177°C. Starting benzothiazole, 1.48g (15%), m.p.

117-120°C, was recovered from 1:1 toluene-heptane eluates.

2-(7-Bromo-9,9-diethyl-3-methoxy-2-fluorenyl)benzothiazole (4).

To a mixture of 3 (2.5g, 5.55 mmol), potassium carbonate (1.47g, 10.6 mmol) and N,N-dimethyl
acetamide (10 mL), cooled in an ice bath, dimethyl sulfate (1.0 mL, 10.6 mmol) was added, and after 3
hours, the mixture was poured into water. The separated solid (2.63g) was dissolved in 1:1 toluene-
heptane, the solution was passed through a column of silica gel and the eluate collected was concentrated
on a rotavap. The resulting solid residue was recrystallized from a mixture of heptane and toluene, 2.27 g
(88% yield), m.p. 175-177°C. Mass spec: m/z 463, 465. Anal. Calc. for C,5H,,BrNOS: C, 64.66%; H,
4.77%; N, 3.02%; S, 6.90%; Br, 17.20%. Found: C, 64.66%; H, 4.77%; N, 3.04%; S, 6.90%; Br 17.65%.
'H NMR (CDCls) & ppm: 0.33 (t, 6H, 7.28 Hz), 2.09 (m, 4H), 4.1 (s, 3H), 7.30 (m, 2H), 7.50 (m, 3H),
7.59 (d, 1H, 8.52 Hz), 7.92 (d, 1H, 7.8Hz), 8.09 (d, 1H, 8.08 Hz) and 8.49 (s, IH). *C NMR, & ppm:
8.53,29.71, 32.69, 55.96, 56.50 (5 sp°C), 102.92, 121.16, 121.36, 121.74, 122.25, 122.60, 123.48, 124.51,
125.90, 126.48, 130.18, 136.16, 139.67, 141.97, 143.99, 152.15, 153.74, 157.48 and 163.58 (19 sp’C).
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N,N-Diphenyl-7-(benzothiazol-2-yl)-9,9-diethyl-6-methoxyfluorene-2-amine (5; AF240-OMe).

A mixture of 4 (6.97g, 15.0 mmol), diphenylamine (3.2 g, 18.75 mmol) and toluene (100 mL) was
azeotroped dry and cooled. At 48°C, bis-(dibenzylideneacetone)palladium(0) (132.0 mg, 0.23 mmol),
1,1’-bis(diphenylphosphino)ferrocene (128.6 mg, 0.232 mmol) and sodium t-butoxide (2.48 g, 26.35
mmol) were added, and the mixture was heated to 94°C, and held at that temperature for 5 hours. After
cooling, it was diluted with toluene, and the solution was washed with water, dried and concentrated. The
residue (10.24 g) was chromatographed over silica gel, and the column was eluted with 3:1 toluene-
heptane to get the product that was recrystallized from a mixture of ethanol and toluene, 6.92g (84%
yield), m.p. 242-244°C. Mass spec: m/z 552. Anal. Calc. for C3;H3,N,0S: C, 80.40; H, 5.82%; N, 5.07%;
S, 5.80%. Found: C, 80.40%; H, 5.88%; N, 5.11%; S, 5.80%. 1H NMR (CDCl;), 6 ppm: 0.38 (t, 6H, 7.2
Hz), 1.95 (m, 2H), 2.1 (m, 2H), 7.04 (m, 3H), 7.15 (m, 5H), 7.31 (m, 6H), 7.35 (t, 1H, 8.0 Hz), 7.48
(m,1H), 7.92 (d, 1H, 8.0 Hz), 8.1 (d, 1H, 8.0 Hz), and 8.45 (s, 1H). C NMR, & ppm: 8.61, 29.94, 32.65,
55.94,56.05 (5 sp°C), 102.21, 118.81, 120.41, 120.77, 121.11, 122.46, 122.85, 123.11, 123.19, 124.20,
124.28, 125.78, 129.26, 135.39, 136.10, 142.31, 145.11, 147.87, 148.26, 152.23, 153.01, 157.57 and
163.93 (22 sp°C).

N,N-Diphenyl-7-(benzothiazol-2-yl)- 9,9-diethyl-6-hydroxyfluoren-2-amine (6; AF240-OH).

Under nitrogen, a mixture of 5 (5.53 g, 10.0 mmol), 2-aminothiophenol (2.2 mL, 20.56 mmol), potassium
carbonate (0.48 g, 3.5 mmol) and 1-methylpyrrolidinone (35 mL) was kept at 200°C for 3 hours, and
cooled. The cooled mixture was poured into a mixture of ice and water containing acetic acid (15 mL),
and the separated solid (6.02 g) collected. This was transferred to a column of silica gel, and the column
was eluted with 3:1 toluene-heptane to get the product that was then recrystallized from a mixture of
toluene and ethanol, 4.9 g (91%), m.p. 248-250°C. Mass spec: m/z 538. Anal. Calc. for C3;sH3,N,OS: C,
80.26%:; H, 5.61%:; N, 5.20%; S, 5.95%. Found: C, 80.06%; H, 5.62%; N, 5.18%; S, 6.03%. 'H NMR
(CDCl). 6 ppm: 0.4 (t, 6H, 7.2 Hz), 1.9 (m, 4H), 7.05 (m, 4H), 7.15 (d, 4H, 8.0 Hz), 7.29 (m, 5H), 7.38
(t, 1H, 8.0 Hz), 7.5 (t, 1H, 8.0 Hz), 7.58 (d, 1H, 8.0 Hz), 7.9 (d, 1H, 8.0 Hz), and 7.95 (d, 1H, 8.0 Hz).
BC NMR, & ppm: 8.63, 32.86, 55.58 (3 sp°C), 107.76, 114.67, 118.44, 121.38, 121.80, 121.86, 122.93,
123.12, 124.29, 125.18, 125.62, 129.27, 132.43, 135.04, 140.91, 146.35, 147.82, 148.52, 152.05, 152.82,
158.14, and 168.98 (22 sp°C).

Results and Discussion
Synthesis. The synthesis of AF240 was accomplished in a four-step synthetic sequence, starting from

commercially available 2,7-dibromofluorene, and has been reported.” The precursor to AF240 was 1
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which was used as the starting point in the synthetic route for both AF240-OMe (5) and AF240-OH (6) as
depicted in Scheme 1. The synthetic objective is to functionalize an OR group ortho to the benzothiazolyl
segment so that when OR is OH, intramolecular hydrogen bonding would occur as established in the
crystal structure of HBT.* However, while the synthesis of HBT has been made easy by having ortho-
hydroxylphenyl in the readily available salicylaldehye, the synthesis of the fluorene analog presents a
challenge as it requires a direct insertion of an oxygen atom in the 1 or 3 position (i.e. ortho-
hydroxylation, see Scheme 1) and such synthetic tool was only developed very recently.* Following this
method, the acetate intermediate (2) after the palladium-catalyzed acetoxylation of the bromo-
fluorenylbenzothiazole compound (1) by iodobenzene-1,1-diacetate was first isolated in moderate yield
(56%) and near quantitative yield of the ortho-hydroxy bromide (3) was obtained after basic hydrolysis.
These two steps could be combined into a one-pot procedure. Because of the chelating potential of 3, its
hydroxyl group was converted to methoxy group by methylation with dimethyl sulfate, resulting in the
formation of the ortho-methoxy bromide (4). Then, with the aid of a palladium-catalyzed amination with
diphenylamine and 1,1-bis(diphenylphosphino)ferrocene (dppf) as ligand, AF240-OMe (5) was obtained
in good yield (84%). Finally, demethylation AF240-OMe with 2-aminothiophenol led to the isolation of
AF240-OH (6) in 91% yield.
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Electrochemistry. The results of cyclic voltammetry experiments are summarized in Table 1. Data were
collected in acetonitrile and dichloromethane solution. Attempts to collect comparative data for AF240-
OH in acetonitrile were unsuccessful due to limited solubility of the compound (<0.001 M). All of the
complexes display reversible, one-electron oxidation waves attributed to the oxidation of the
diphenylamine moiety.* In both solvents, AF240 is the hardest to oxidize and AF240-OMe is the easiest
to oxidize. This is attributed to the inductive, electron donating ability of the methoxy substituent. The
anodic potentials of AF240 and AF240-OMe are resilient to changes in solvent polarity as their potentials
in acetonitrile are within 0.015 V of the potential values obtained in dichloromethane. The oxidation
potential of AF240-OH falls between AF240 and AF240-OMe in dichloromethane. The hydroxyl group is

a weaker electron donor than the methoxy group. The reductive electrochemistry also provides some
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evidence that the hydroxyl is involved in intramolecular hydrogen bonding with the benzothiazole group
(vide infra). The diminished donating ability of the OH group, an electronic effect from intramolecular
hydrogen bonding, or some combination of the two could be the cause of the observed, anodic potential
modulation in AF240-OH. The reductive electrochemistry is markedly different in acetonitrile and
dichloromethane. In dichloromethane, no redox couple is observed within the electrochemical window of
the solvent for AF240 and AF240-OMe. An irreversible, cathodic wave is observed for AF240-OH in
dichloromethane. The stabilization of the cathodic potential in AF240-OH in dichloromethane solution is
tentatively ascribed to intramolecular hydrogen bonding between the hydroxyl group and the
benzothiazole group. In acetonitrile, reversible, one-electron reduction waves are observed for both
AF240 and AF240-OMe. AF240 is easier to reduce than AF240-OMe. This is also attributed to the
inductive, donating ability of the methoxy group. The stabilization of the cathodic potential of AF240 and
AF240-OH in acetonitrile is attributed to electronic stabilization of the benzothiazole group in the more

polar solution.

Table 1. Redox Potentials (in V) in CH,Cl," and CH3CNb

E° (+/0) E° (0/-)
Compound CH,Cl, CH;CN CH,Cl, CH;CN
AF240 0.412 0.405 —-2.3647
AF240-OH 0.388 ~2.434
AF240-OMe 0.374 0.390 -2.412

“Relative to Fc”® which had a potential of 0.506 V vs Ag/AgCl in 4 M KClg). "Relative to F¢"® which had a
potential of 0.496 V vs Ag/AgCl in 4 M KCl,q). “No redox couple observed within the electrochemical window of
the solvent. “Irreversible; reported value is estimated from the peak cathodic current. “Unable to collect due to
limited solubility in CH3CN.

Ground-State Absorption. The ground-state absorption spectra of AF240, AF240-OH, and AF240-OMe
in five solvents of differing polarity are shown in Figure 2. Extinction coefficients for the molecules in
THEF are presented in Table 2. The energy of the absorption peak maxima decreases from AF240 >
AF240-OMe > AF240-OH, regardless of solvent. Methoxy and hydroxy groups are known electron
donors, suggesting the highest occupied molecular orbital (HOMO) is destabilized, resulting in the lower
energy transitions observed. The hydrogen bonding ability of AF240-OH also lowers the lowest
unoccupied molecular orbital (LUMO) energy leading to lower energy absorption transitions. These
results are consistent with the electrochemical data discussed above. As observed previously,* the
absorption spectrum of AF240 is structured in n-hexane and demonstrates two resolved absorption
transitions at 384 nm and 402 nm. The absorption spectrum of AF240 evolves into a single absorption
transition as solvent polarity is increased. This absorption transition arises from the coalescence of the

two resolved absorption transitions.'” This is clearly demonstrated in the observed changes in the
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absorption spectrum as the solvent polarity is increased from n-hexane to THF. The full width at half max
(FWHM) of the AF240 absorption spectrum also increases as the solvent polarity is increased. This is
attributed to enhanced ICT in the ground state of the molecule in more polar solvents. The absorption
spectra of AF240-OH and AF240-OMe behave identically to the absorption spectrum of AF240 as
solvent polarity is increased. The extinction coefficients in THF for methoxy and hydroxy derivatives are
slightly higher than AF240, as the electronic effects induced by the substituents likely increase the

oscillator strength.

(a) 1

Normalized Absorbance

........
aaX I 17T TIVTIN

(c) 1
n-hexane
——benzene 4
THF
acetone
acetonitrile

Normalized Emission Intensity (a.u.)

300 400 500 600 700
Wavelength (nm)

Figure 2. Normalized absorption (solid) and emission (dotted) spectra of AF240-R in various solvents; R

=H (a), OH (b), and OMe (c).
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Table 2. Absorption and emission properties of the dyes in various solvents

Solvent dap/nm &M lem¢ A./nm siti(tztl;:i/ oM t/ns k/108s7! k“'s/fllos

n-hexane 402 416 0.10 0.79 1.20 6.59 1.76

g benzene 393 442 0.35 0.88 1.49 5.90 0.80
E THF 393 44400 477 0.56 0.92 2.04 4.50 0.41
<« acetone 390 509 0.74 0.89 2.59 3.44 0.43
acetonitrile 388 531 0.86 0.84 2.98 2.81 0.54

n-hexane 422 431 0.06 0.39 0.83 4.67 7.32

g‘ benzene 423 454 0.20 0.56 1.03 5.37 430
[\ THF 415 49500 487 0.44 0.72 1.56 4.66 1.77
ﬁ acetone 411 516 0.61 0.73 2.30 3.17 1.18
acetonitrile 408 535 0.72 0.68 2.77 2.44 1.17

n-hexane 407 417 0.07 1 1.20 8.35 <0.1

g‘ @ benzene 411 436 0.17 1 1.37 7.31 <0.1
o E THF 405 49300 461 0.37 0.92 1.74 5.26 0.490
ﬁ = acetone 399 488 0.57 0.91 2.17 4.19 0.43
acetonitrile 398 510 0.68 0.90 2.56 3.50 0.410

“Extinction coefficients were only measured in THF solution.

Luminescence. The steady-state emission spectra (Figure 2, Table 2) show significant solvatochromism
for all chromophores, as the emission spectra undergo a bathochromic shift and broaden as the solvent
polarity increases. This is consistent with transition from a locally excited (LE) state in nonpolar solvents
to an ICT state in polar solvents, as described previously.*®*’ The different solvent regimes (nonpolar vs.
polar) affect the excited state energies of the chromophores differently. In nonpolar solvents, the emission
energies of the AF240 and AF240-OMe derivatives are nearly isoenergetic, while emission from AF240-
OH occurs at lower energy. As the solvent polarity increases, AF240-OMe becomes the highest energy
emitter followed by AF240 then AF240-OH. The emission energy of AF240 is nearly identical to the
energy of AF240-OH in acetonitrile. The hydroxy and methoxy substituents can influence the emission
energies in three ways: (1) via electronic affects, (2) via steric affects and (3) via induced hydrogen
bonding to the benzothiazole group in the case of the hydroxy derivative. When first examining the data
in nonpolar solvents, it is notable that the emission energies of AF240 and AF240-OMe are nearly
isoenergetic, despite the fact that the AF240-OMe has lower energy ground state absorption. This is likely
caused by the steric bulk of the methoxy group preventing planarization of the benzothiazole with the
flourene in the excited state, which is known to be favored from previous calculations.”® The inability to
planarize decreases the extent of ICT, leading to less LUMO stabilization and higher emission energies.
This trend of increased emission energies in AF240-OMe is observed for all solvent polarities. In the case
of the AF240-OH, hydrogen bonding between the hydroxy group and the nonpolar solvent is unfavorable.
This leads to forced hydrogen bonding with the benzothiazole group (Fig. 3), which has been observed in
HBT.” This lowers the LUMO energy and leads to the red shift observed in both the absorption and
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emission maxima in nonpolar solvents. In polar solvents, hydrogen bonding to the solvent (THF, acetone,
or acetonitrile) can occur. This limits the stabilization of the LUMO via hydrogen bonding to the

benzothiazole.

Nonpolar

O ID

Polar

@" <10

Figure 3. Hydrogen bonding scheme of AF240-OH in nonpolar (top) and polar (bottom) solvents.

As observed previously for AF240, the lifetimes increase with increasing solvent polarity.*® This
has been attributed to a state change from LE to ICT, with the radiative rate constant, 4, decreasing as the
excited-state character becomes more ICT-like. A plot of the inverse lifetime as a function of the
maximum emission energy (Fig. 4) shows that the rate of excited state deactivation increases as the
emission energy increases. AF240 and AF240-OMe follow a nearly identical linear decrease in lifetime
with increasing solvent polarity. However, AF240-OH deviates from this trend as the lifetimes are
significantly shorter in the nonpolar solvents. This is attributed to increased vibrational decay pathways
induced via intramolecular hydrogen bonding between the hydroxy group and the benzothiazole in
nonpolar solvents, supporting the conclusions above, and consistent with previous work.” ***’ The
lifetimes begin to converge toward the line formed by AF240/AF240-OMe as the emission energy
decreases, although they are still slightly shorter. This supports a change from intramolecular hydrogen
bonding to intermolecular hydrogen bonding with increasing hydrogen bonding ability of the solvent. The

hydrogen bonding impact on the nonradiative rate constant, 4, is much greater in the intramolecular case,
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but there still appears to be an attributable k,, increase when hydrogen bonding occurs intermolecularly

with the polar solvents.
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Figure 4. Excited-state decay rate constant as a function of emission maxima.

In the cases of AF240 and AF240-OMe, the fluorescence quantum yields, @4 (Table 2) are
relatively independent of solvent polarity, with those of the methoxy derivative being slightly larger than
AF240. It should be noted that the values reported here are different than previously reported for AF240%*
% due to the acquisition of an integrating sphere which provides more reliable, absolute quantum yield
values. Calculations of &, and £, from the quantum yields and lifetimes for AF240 and AF240-OMe show
that k; decreases as the solvent polarity increases and the excited state changes from LE to ICT in nature.
The luminescence behavior of AF240-OH is markedly different. The luminescence quantum yield
increases as the solvent polarity increases. The lower quantum yield values in nonpolar solvents are
driven by an increase in k,,, consistent with increased vibrational decay induced by intramolecular
hydrogen bonding. The quantum yields in the polar solvents for AF240-OH are lower than that of the
other two molecules; coupled with larger values of k,,, this shows some deactivation is also likely via

hydrogen bonding to the solvent.

Transient Absorption. The femtosecond transient absorption spectra of AF240, AF240-OH, and AF240-
OMe in THF solution at varying time delays are shown in Figure 5. The AF240 results have been
previously discussed in detail.** Briefly, some ICT has already occurred within the instrument response of

the experiment. Further stabilization of this state is observed as the peak maximum at 620 nm undergoes a
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hypsochromic shift over the first few ps due to a combination of solvent and geometric relaxations to
yield a solvent-stabilized intramolecular charge-transfer (SSICT) state. Very similar effects are observed
for both AF240-OH and AF240-OMe as hypsochromic shifts of the peak maxima are observed over the
first few ps after excitation. The most remarkable changes are in the magnitude of the shifts in the peak
maxima from time zero to 10 ps (Table 3). AF240 and AF240-OH shift 21 and 19 nm, respectively, but
AF240-OMe shifts only eight nm. This difference could be explained by less stabilization of the SSICT
state relative to the ICT state and supports the hypothesis that the bulkier methoxy group inhibits
geometric relaxation of the excited state.

Three lifetimes are observed for each molecule. The first component is around two ps for all three
and corresponds to solvent and geometric reorganization. The second lifetime ranges from 78 to 223 ps,
but it is unclear as to what this corresponds. No spectral changes are observed over this time range, so
there is currently no explanation as to its origin. The third lifetime closely matches the lifetime obtained

from time-resolved fluorescence and corresponds to the decay of the excited state.
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Figure 5a. Transient absorption difference spectra of AF240, AF240-OH, and AF240-OMe in THF

solution following 400 nm excitation.
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Table 3. Femtosecond transient absorption properties in tetrahydrofuran solution

Compound Amax/mt=0ps A /nmt= 10 ps T,/ps T,/ps T3/ps

AF240 622 601 2.38(2.12) 77.8(38.0) 1940(110)
AF240-OH 600 581 1.75(0.44) 223(24) 1670(30)
AF240-OMe 616 608 2.55(0.95) 119(4) 1750(130)

*Error shown in parentheses

Two Photon Absorption. To discern the influence of coplanarity driven by intramolecular hydrogen
bonding in this D-m-A system on two-photon absorption, 2PA spectral measurements of AF240 and
AF240-OH in THF solutions were conducted by a femtosecond two-photon-induced fluorescence (2PIF)
method.*' The superimposed 1PA and 2PA spectra of AF240 and AF240-OH are depicted in Figure 5a-b
for easy comparison. As shown in Figure 5a, the parent AF240 molecule has a peak at A,,,x(2PA)=810
nm, corresponding to an intrinsic 2PA cross-section (o;) value of ~560 GM. Unlike AF240 whose 2PA
spectrum is slightly red-shifted from the theoretical excitation wavelength (780 nm), both the peak
regions of 1P and 2P spectra of AF240-OH (Figure 5b) are quite congruent in the NIR region (~750-900
nm) and visible region (550-650 nm). In addition, a new 2PA band in the visible region (650-750 nm) for
AF240-OH, having the A, (2PA) at ~ 705 nm with o, ~600 GM, which is slightly higher than the o,
associated with the 2PA band (810nm; NIR) with 5, ~500 GM. In conjunction with a similar 2PA
spectrum that has been reported for a related (2-hydroxyphenyl-benzothiazole)-vinylfluorene
chromophore,” the deviation from the typically observed 2PA spectra of dipolar AFX chromophores as
exemplified by AF240 implicates a more complex set of excited state structures may be involved in the
nonlinear absorption process of AF240-OH. Based on the possibility of a coupled process of ESIPT and
solvent stabilized ICT, it is proposed (Scheme 2) that the 2PA band upon fs NIR excitation is associated
with the solvent stabilized (SS) and planar AF240-OH (SS-PICT) and the band upon fs visible excitation
is associated with the twisted, keto-tautomer (SS-TICT). With the higher negative charge density
localized on one of the phenyl rings of the fluorene structure and the electron-deficient quinoidal moiety
formed in the other phenyl ring, this excited state TICT structure is formally a D-n-A with conjugation
length shorter than that in the PICT structure. Our tentative assignment of 2PA band in the visible region
(TICT) is supported by a report that 2-(2-hydroxyphenyl)benzothiazole (HBT) itself was 2PA-responsive
in the visible region upon picosecond laser irradiation at 532nm,*’ and based on the fact that the ICT
character and conjugation length of TICT should be greater than those in HBT molecule. While the
maximal value of intrinsic 2PA cross-section of AF240-OH is moderately (20%) higher than that of
AF240, it is apparent that the intramolecular hydrogen bonding in AF240-OH has greatly expanded the
wavelength range for 2PA sensitivity, for example, at a minimum of 200 GM, ~630-880nm (AX ~250 nm)
for AF240-OH vs. ~770-860nm (AX ~90 nm) for AF240 (Figure 5a-b).
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Scheme 2. Proposed excited species in solvent-stabilized ICT processes (SS-TICT and SS-PICT) that are
involved in the fs 2PA process of AF240-OH. The excited state ESIPT equilibria of both SS-ICT is fast
so that the tautomeric structure is likely to be the intermediate between the NH...N and OH...N forms

when not hydrogen-bonded with polar solvent molecule.

On the other hand, when the longer-range ICT process, i.e. from diphenylamine to benzothiazole,
in AF240-OMe in excited state is severely disrupted by having the methoxy substituent forcing the
benzothiazole unit to be out of plane with the rest of the conjugated system, and the adverse effect
accentuated by the inductive (+]) effect of methoxy on the n-excess benzothiazole moiety, much smaller
2PA cross-sections*” are observed: 45 GM (675nm) and 25 GM (820 nm) (Figure 5¢). The two well-
defined 2PA bands are postulated to be originated from the shorter-range ICT involving methoxy-

benzothiazole (675 nm) and the longer-range-diphenylamine-benzothiazole (820 nm).
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Conclusions

Both new derivatives (AF240-OH and AF240-OMe) show general trends consistent with AF240: (i)
broadening of the ground-state absorption and luminescence spectra with increasing solvent polarity; (ii)
significant solvatochromism in the emission energies; and (iii) a hypsochromic shift in the peak maxima
observed by ultrafast transient absorption. These results are consistent with a state change from LE in
nonpolar solvents to ICT in polar solvents, with geometric and solvent reorganizations ultimately leading
to a SSICT state. The observed differences in the molecules caused by the addition of the hydroxy and
methoxy groups lie in the energetics and excited state dynamics. Electrochemical data support
destabilization of the HOMO in AF240-OH and AF240-OMe due to inductive electron-donating ability.
The LUMO is stabilized in AF240-OH via intramolecular hydrogen bonding, but is destabilized in
AF240-OMe, again due to the electron-donating ability. The ground-state results are generally consistent
with these data, with the energies trending from AF240 > AF240-OMe > AF240-OH. The fluorescence
data support intramolecular hydrogen bonding in AF240-OH in nonpolar solvents, which switches to
intermolecular hydrogen bonding to solvent with increasing polarity. The nonradiative decay rate
constants increase due to additional vibrational decay pathways created by the hydrogen bonding. The
increase in k,, is larger in the case of the intramolecular hydrogen bonding in nonpolar solvents. As ICT
character increases with increasing solvent polarity, it is known that the fluorene and benzothiazole
moieties want to planarize. The increased emission energies in AF240-OMe as well as smaller
hypsochromic shifts observed in the femtosecond TA data suggest that the methoxy group hinders
planarization. While the results are not overly dramatic, they do show that modulation of the excited-state
energies and lifetimes occurs via intramolecular hydrogen bonding. The decrease in emission energies in
the case of AF240-OH support increased ICT driven by higher degree of coplanarity and the quinoidal
structure in the excited state. However, a moderate increase in the intrinsic 2PA cross-section is
observed. It is likely because of the two possible and competing ICT processes (PICT and TICT) in
AF240-OH. Nevertheless, the strategic presence of an OH group capable of intramolecular hydrogen
bonding in AF240-OH provides a much broader 2PA sensitivity window than AF240.
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