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ABSTRACT: Synthesis, optical spectroscopic properties, two-photon (TP)
absorption-induced fluorescence, and laser and bioimaging application potentials
of 2,4,6-triphenylpyrylium tetrachloroferrate (1),4-(4-methoxyphenyl)-2,6-diphe-
nylpyrylium tetrachloroferrate (2), 2,6-bis(4-methoxyphenyl)-4-phenylpyrylium
tetrachloroferrate (3), and 2,4,6-tris(4-methoxyphenyl)pyrylium tetrachlorofer-
rate (4) are presented. The synthesis involves the conversion of pyrylium
tosylates to pyrylium chlorides, followed by transformation into 1−4 on heating
to reflux with FeCl3 in acetonitrile. They are characterized using 1H and 13C
NMR spectra in CD3OD, and FTIR and Raman spectroscopic techniques. The
salts dissolve in organic solvents and water (pH = 7 to 3) even at high
concentrations (10−3 M). These solutions absorb light strongly from 500−300
nm. Solutions of 1, 3, and 4 fluoresce with high quantum yield in the 500−700
nm spectral range. Salts 1 and 4 exhibit fluorescence lifetime shortening, line
width narrowing, and free-running laser action under intense pulsed laser excitation. Toxicity and cell imaging studies using human
cancer cell lines reveal that salts 1 and 3 function as cellular fluorophores in vitro and have no adverse effects on cellular viability at
nanomolar ranges. Furthermore, acetonitrile and methanol solutions of salts 1, 3, and 4 exhibit strong two-photon absorption-
induced fluorescence, opening potential applications in biomedical imaging and microscopy.

1. INTRODUCTION
Organic molecules with favorable optical spectroscopic
properties are finding increasing applications in photonic and
optoelectronic devices, such as organic photovoltaics (PVs)
and organic light-emitting diodes (OLEDs) and paving the
way for the development of organic electronics. Salient features
of photoactive organic molecules include potential for lower-
cost, green synthesis and processing, as well as simpler and
nimbler manufacturing compared to their inorganic counter-
parts.1,2 This article reports on the synthesis, optical
spectroscopic properties, and laser and bioimaging potentials
of a group of organic molecules 2,4,6-triphenylpyrylium
tetrachloroferrate and its derivatives.
Pyrylium (Py) salts represent a class of small organic

molecules built on a six-membered cationic heterocyclic
structure with one positively charged oxygen ion and a variety
of counterions, such as Cl−, ClO4

−, BF4−, PF6−, TsO−, Tf2N−,
and FeCl4−.3 For more than a century, these salts have had
versatile applications ranging from synthetic utility for the
construction of heterocyclic compounds, complex macrocycles,
or metallo-supramolecules to photosensitizers in organic
transformations to radical and cationic photopolymerization

reactions, and even to metal-free ring-opening metathesis
polymerization reactions.3−7 Favorable optical absorption and
fluorescence properties of Py-salts have been exploited to
design chemosensors and biosensors for cyanide ions,8 nitric
oxide,9 amines, amino acids, and proteins.10

Dyes dissolved in common solvents have been used as active
materials for wavelength tunable lasers, fluorescent markers,
and saturable absorbers and in numerous other linear and
nonlinear optical (NLO) applications since the early days of
lasers. More recently, dye-based novel structures, such as
metamaterials, surface-supported nanofilms, self-assembled
nanostructures, thin polymeric films, and dye-dispersed solid
matrices have been explored for different light emission, NLO,
and photonic device potentials.11−16 However, the light
emission, lasing potential, NLO properties, and feasibility for
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use as contrast agents for biomedical imaging applications of
these salts have received limited or little attention. Schaf̈er et
al.17 first explored the performance of several Py-salts as laser
dyes by exciting them with 2.5 ns, 337 nm light pulses from a
nitrogen laser. However, they did not specify the efficiency and
tunability of the laser operation. In an extended study, Tripathi
et al.18 observed “laser effects” in a series of rigidized (wherein
the free rotation of the single bond of the phenyl group to the
pyrylium ring is restricted), various substituted pyrylium and
thiopyrylium salts with ClO4

− counterions dissolved in organic
solvents and compared their performance with that of
Rhodamine6G (R-6G) solution, a highly efficient laser dye.
Using acetonitrile (CH3CN) and dichloromethane (CH2Cl2)
as solvents and pumping with 337 nm, 8 ns, 5 Hz repetition-
rate pulses from a nitrogen laser, they demonstrated tunable
laser operation over the 505−655 nm range. No lasing
properties were observed in ethanol solutions of these Py-
salts.12 Kotowski et al.19 carried out a similar study involving
34 rigidized pyrylium and 2 thiopyrylium salts with ClO4

−

counterions dissolved in acetonitrile, methanol, and other
chlorinated solvents and compared their performance with
those of R-6G and Coumarin-102. Twenty of these salts lased
with an efficiency better than 10%, and a few had wavelength
tunability of ∼80 nm. On the other hand, several nonrigidized
(wherein the free rotation of the single bond of phenyl group
to the pyrylium ring is not restricted) Py-salts with BF4−

counterions show laser action in acetone.20 The 2,4,6-
triphenylpyrylium salt with tosylate counterions, 2,4,6-tris(4-
chlorophenyl)pyrylium with Tf2N− counterions and 2,4,6-
tris(4-methoxyphenyl)pyrylium with Tf2N− counterions lase in
acetonitrile.21,22 Interestingly enough, even 2,4,6-triphenyl-
pyrylium chloride shows laser action in dichloromethane
(DCM), methanol, ethanol, and acetonitrile but not in acidic
aqueous solution.23 Thus, it appears that the lasing criteria for
diverse rigidized and nonrigidized Py-salts in different organic
solvents with regard to their chemical structures need further
exploration. Since the Py-salts are cationic, there exists a choice
of variation of anionic counterions that will enable one to
dissolve Py-salts in organic solvents, even in water, at high
(∼10−3 M) concentrations necessary for a dye laser operation.
In general, Py-salts for dye laser applications must have

sufficient solubility and stability in target solvents and high
fluorescence quantum yields. It is reported that the lasing
properties of Py-salts are independent of the counterions that
are limited to include ClO4

−, BF4−, and Br−.12 It is also
reported that these salts with different anions will have
different solubility in organic solvents and water depending on
the anion structures.24 Lasing properties of these salts in
various solvents, especially benign solvents, including water,
are of considerable interest.
The solubility of Py-salts in water has been studied as early

as 1984 by Katritzky et al.25−27 by the introduction of three
sulfonic or carboxylic groups attached to the phenyl groups as
solubilizing groups. These Py-salts with ClO4

− as counterions
are water-soluble. In aqueous solutions, all salts are in
equilibrium with the corresponding enedione pseudobases
and their anions, and the concentrations of the respective
anions of pseudobases depend on the pH of the solutions.25−27

It is reported28 that Py-salts with organic counterions as
solubilizing anions such as hydroxybenzenesulfonate and
(HOCH2)3CNHCH2CH2SO3

− are soluble in water, but to
our knowledge, their fluorescence properties have not yet been
reported. Ye et al.29 communicated that the Py-salts (1−4)

with FeCl4− (inorganic counterion) are water-soluble. They
reported the fluorescence properties of these salts in DCM (1
× 10−5 M) and water (1 × 10−5 M). However, the question of
whether these salts are stable in an acidic aqueous solution or
pure water and the extent of their solubility in water was not
addressed. It is well-known that these salts undergo hydrolytic
ring opening to form their pseudobases in water at neutral pH.
The ring-opening reaction rate depends on the pH of the
medium: the lower the pH, the slower the ring-opening
reaction. This process is inhibited for pH values of 3 or
lower.30 The stability of Py-salts against ring opening in water
(pH = 3−7) is a challenging task that needs to be addressed
for the exploitation of their optical spectroscopic properties in
aqueous solutions.
There are even fewer reports on the NLO properties of

pyrylium salts. Fakis et al.20 reported strong TPA-induced
fluorescence (TPAIF) in three BF4− substituted Py-salts.20 The
same group then studied intensity-dependent nonlinear
absorption in five Cl-substituted pyrylium chromophores
using near-infrared femtosecond pulsed excitation to assess
their potential applications as optical limiters.31 The group
further investigated the TPAIF in several −OCH3, −CH3, −H,
and −Cl-substituted Py-salts and explored their potential in
three-dimensional data storage in polymer matrices.32 In
addition, these TPA properties of Py-salts are theoretically
predicted.33 In recent years, TPA properties are gaining
considerable interest because they find a wide range of
potential applications including upconverted lasing, optical
power limiting, two-photon laser microscopy, photodynamic
therapy, microfabrication, and optical data storage.31−33

In this article, we focus on four Py-salts with FeCl4−

counterions: 2,4,6-triphenylpyrylium tetrachloroferrate (1),
2,6-phenyl-4-(4-methoxyphenyl)pyrylium tetrachloroferrate
(2), 2,6-bis(4-methoxyphenyl)-4-phenylpyrylium tetrachloro-
ferrate (3), and 2,4,6-tris(4-methoxyphenyl)pyrylium tetra-
chloroferrate (4). Our interest in these salts derives from their
(a) high solubility in common organic solvents, such as
acetonitrile, methanol, ethanol, etc., (some are even highly
soluble in water); (b) high fluorescence quantum yield of those
solutions compared to Py-salts with other substituents such as
−H, −CH3, −F, −Cl, −Br,12−14 and (c) substantial TPA-
induced fluorescence. Solubility in high concentration (∼10−3

M) and high fluorescence quantum yields are essential for
application as active materials for dye laser application.
Solubility in safe organic solvents (water, in particular) and
strong fluorescence are highly desirable for fluorescence-based
biomedical imaging, photodynamic therapy, and other “green
chemistry” and eco-friendly applications. Strong TPAIF and
high quantum yields are crucial for high-resolution two-photon
fluorescence imaging of deep tissues using near-infrared
excitation.

2. METHODS
2.1. Materials. The chemicals and spectral-grade solvents

were procured from commercial suppliers MilliporeSigma and
TCI America, and used without further purification. The 1H
and 13C NMR spectra were recorded using a Varian NMR 400
MHz spectrometer equipped with two radiofrequency (RF)
channels at room temperature. The NMR sample solutions
were prepared by dissolving 10 mg of the compound in d6-
DMSO or CDCl3 with tetramethylsilane as an internal
standard. Fourier transform infrared (FTIR) spectra were
recorded by using a Shimadzu spectrometer (IR Affinity-1)
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with KBr pellets. Elemental analyses of the salts were obtained
from the Atlantic Microlab Inc., Norcross, GA. Raman
spectroscopy was conducted at GSECARS (Sector 13) at the
Advanced Photon Source. An excitation wavelength of 660 nm
was used and detailed information about the experimental
setup is reported elsewhere.34

2.2. Synthesis of 2,4,6-Triphenylpyrylium Tetrachlor-
oferrate and Its Derivatives 1−4. Pyrylium tosylate was
prepared by a two-step procedure via the 1,5-diketone
according to the procedure described in the literature.21,22

Data for 2,4,6-triphenylpyrylium tosylate: mp = 222 °C (peak
maximum by DSC).21 IR (cm−1): 3066, 2914, 1624, 1500,
1448, 1199, 1122, 1033, 767. 1H NMR (DMSO-d6, 400 MHz)
δ 9.18 (2H, s), 8.61 (6H, d, J = 7.2 Hz), 7.89 (3H, t, J = 7.6
Hz), 7.80−7.77 (6H, m), 7.48 (2H, d, J = 6.4 Hz), 7.11 (2H,
d, J = 8.0 Hz), 2.28 (s, 3H). 13C NMR (DMSO-d6, 100 MHz)
δ: 170.5, 165.5, 146.3, 137.9, 135.6, 135.4, 132.9, 130.5, 130.3,
130.2, 129.5, 129.2, 128.4, 125.9, 115.6, 21.2. Anal. Calculated
(found) for C30H24O4S: C, 74.98 (74.87); H, 5.03 (5.16); S,
6.67 (6.54).
Data for 4-(4-methoxyphenyl)-2,6-diphenylpyrylium tosy-

late: mp = 200−202 °C. 1H NMR (CD3OD, 400 MHz) δ 8.82
(2H, s), 8.51 (2H, d, J = 9.2 Hz), 8.44 (4H, d, J = 7.2 Hz),
7.82−7.67 (8H, m), 7.25−7.17 (4H, m), 3.98 (3H, s), 2.34 (s,
3H). 13C NMR (CD3OD, 100 MHz) δ: 167.68, 166.69,
164.68, 142.28, 140.13, 134.50, 132.46, 129.71, 129.30, 128.34,
128.04, 125.54, 124.57, 115.58, 115.82, 55.34, 19.88.
Data for 2,6-bis(4-methoxyphenyl)-4-phenylpyrylium tosy-

late: mp = 218 °C, (peak maximum by DSC).21 IR (cm−1):
3061, 2937, 1622, 1602, 1491, 1263, 1120, 1031, 773. 1H
NMR (DMSO-d6, 400 MHz) δ 8.88 (2H, s), 8.55 (6H, m),
7.82 (1H, t, J = 7.2 Hz), 7.76 (2H, t, J = 7.2 Hz), 7.49 (2H, d, J
= 8.0 Hz), 7.31 (4H, d, J = 9.2 Hz), 7.11 (2H, d, J = 8.0 Hz),
3.97 (6H, s), 2.28 (3H, s). 13C NMR (DMSO-d6, 100 MHz) δ:
169.3, 165.2, 163.6, 146.2, 137.9, 134.9, 133.1, 131.4, 130.1,

130.0, 128.4, 125.9, 121.8, 115.8, 113.1, 56.5, 21.2. Anal.
Calculated (found) for C32H28O6S: C, 71.09 (70.52); H, 5.22
(5.25); S, 5.93 (5.79).
Data for 2,4,6-tris(4-methoxyphenyl)pyrylium tosylate: mp

= 206 °C, (peak maximum by DSC as monohydrate).22 1H
NMR (400 MHz, CDCl3) δ ppm 8.45 (d, J = 8.0 Hz, 2H),
8.41 (s, 2H), 8.18 (d, J = 9.2 Hz, 4H), 8.00 (d, J = 8.0 Hz,
2H), 7.22 (d, J = 7.6 Hz, 2H), 6.80 (d, J = 8.8 Hz, 4H), 6.61
(d, J = 9.2 Hz, 2H), 3.76 (s, 6H), 3.60 (s, 3H), 2.39 (s, 3H).
13C NMR (100 MHz, CDCl3) δ ppm: 166.9, 165.2, 164.5,
161.6, 144.9, 138.8, 133.3, 130.5, 128.5, 126.4, 123.9, 120.8,
115.3, 115.2, 110.4, 55.6, 55.4, 21.3. Anal. Calculated (found)
for C33H32O8S (588.68): C, 67.33 (67.93); H, 5.48 (5.32); S,
5.45 (5.45).
It was converted to the pseudobase with the treatment of

sodium acetate in ethanol on heating for 30 min according to
the reported procedure.23,35

Data for 1,3,5-triphenyl-2-pentene-1,5-dione: 1H NMR
(CDCl3, 400 MHz, ppm) δ = 8.08 (2H, d, J = 8.0 Hz), 7.99
(2H, d, J = 8.0 Hz), 7.56−7.39 (12H, m), 4.87 (2H, s). 13C
NMR (CDCl3, 100 MHz, ppm): δ = 196.1, 190.8, 152.7,
142.0, 139.0, 137.0, 133.1, 132.7, 129.3, 128.7, 128.6, 128.5,
128.3, 126.8, 42.9.
Data for 3-(4-methoxyphenyl)-1,5-diphenyl-2-pentene-1,5-

dione: 1H NMR (CDCl3, 400 MHz, ppm) δ = 8.09 (2H, d, J =
7.2 Hz), 7.98 (2H, d, J = 7.2 Hz), 7.60−7.44 (9H, m), 6.93
(2H, d, J = 9.2 Hz), 4.88 (2H, s), 3.83 (3H, s). 13C NMR
(CDCl3, 100 MHz, ppm): δ = 196.31, 190.74, 160.78, 152.40,
139.37, 137.06, 134.07, 133.06, 132.51, 128.61, 128.51, 128.31,
128.28, 128.22, 121.74, 114.17, 55.39, 42.73.
Data for 1,5-bis(4-methoxyphenyl)-3-phenyl-2-pentene-1,5-

dione: 1H NMR (CDCl3, 400 MHz, ppm): δ = 8.05−7.98
(4H, m), 7.54−7.52 (2H, m), 7.41−7.37 (4H, m), 6.96−6.92
(4H, m), 4.82 (2H, s), 3.87−3.86 (6H, m). 13C NMR (CDCl3,
100 MHz, ppm): δ = 194.81, 189.47, 163.47, 163.26, 151.94,

Scheme 1. Multistep synthesis of 1−4 from acetophenones and benzaldehydes
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142.19, 132.06, 130.64, 130.57, 130.12, 129.07, 128.67, 126.78,
123.73, 113.73, 55.47, 42.44.
Data for 1,3,5-tris(4-methoxyphenyl)-2-pentene-1,5-dione:

1H NMR (CDCl3, 400 MHz, ppm) δ = 8.06−7.97 (4H, m),
7.51−7.49 (2H, d, J = 8.8 Hz), 7.39 (1H, s), 6.96−6.90 (6H,
m), 4.83 (2H, s), 3.87−3.86 (6H, m), 3.82 (3H, s). 13C NMR
(CDCl3, 100 MHz, ppm): δ = 195.04, 189.40, 163.44, 163.13,
160.56, 151.66, 134.30, 132.33, 130.59, 130.54, 130.16, 128.23,
121.84, 114.08, 113.72, 113.68, 55.47, 55.45, 55.36, 42.25.
The pseudobase was then converted to the chloride salt with

the treatment of concentrated HCl/ethanol on heating for 1 h,
according to the literature procedure.23,35

Data for 2,4,6-triphenylpyrylium chloride: mp 117−120
°C.35 1H NMR (CD3OD, 400 MHz, ppm) δ = 9.00 (2H, s),
8.53 (6H, d, J = 7.6 Hz), 8.45 (3H, t, J = 7.6 Hz), 7.88−7.75
(6H, m). 13C NMR (CD3OD, 100 MHz, ppm): δ = 171.1,
166.6, 135.0, 134.9, 133.0, 129.9, 129.8, 129.4, 129.2, 128.4,
115.0. Anal. Calculated (found) for C23H17OCl·0.65H2O
(356.55): C, 77.48 (77.23); H, 5.17 (4.99).
Data for 4-(4-methoxyphenyl)-2,6-diphenylpyrylium chlor-

ide: mp = 195 °C (decom.). 1H NMR (CD3OD, 400 MHz,
ppm) δ = 8.85 (2H, s), 8.53 (2H, d, J = 9.2 Hz), 8.47 (4H, d, J
= 7.2 Hz), 7.84−7.74 (6H, m), 7.28 (2H, d, J = 9.2 Hz), 3.99
(3H, s). 13C NMR (CD3OD, 100 MHz, ppm): δ = 169.70,
166.71, 134.45, 132.45, 129.72, 129.28, 128.25, 128.02, 124.55,
115.58, 112.80, 55.32. Anal. Calculated (found) for
C24H19O2Cl·0.67H2O (386.92): C, 71.73 (71.23); H, 5.52
(5.48).
Data for 2,6-bis(4-methoxyphenyl)-4-phenylpyrylium chlor-

ide: mp = 197 °C (decom.). 1H NMR (CD3OD, 400 MHz,
ppm) δ = 8.59 (2H, s), 8.40 (4H, d, J = 8.8 Hz), 8.31 (2H, d, J
= 7.2 Hz), 7.80−7.68 (3H, m), 7.24 (4H, d, J = 8.8 Hz), 3.96
(6H, s). 13C NMR (CD3OD, 100 MHz, ppm): δ = 169.59,
165.71, 164.25, 134.24, 133.12, 130.56, 129.67, 128.90, 121.10,
115.41, 112.15, 55.20.
Data for 2,4,6-tris(4-methoxyphenyl)pyrylium chloride: mp

= 200 °C (decom.). 1H NMR (CD3OD, 400 MHz, ppm): δ =
8.46 (2H, s), 8.36−8.30 (6H, m), 7.20 (6H, m), 3.97−3.95
(9H, m). 13C NMR (CD3OD, 100 MHz, ppm): δ = 168.50,
165.94, 165.33, 162.63, 131.66, 130.13, 124.63, 121.19, 115.31,
115.26, 110.20, 55.16, 55.10.
Finally, the chloride salt was converted to 1 on heating to

reflux in acetonitrile with FeCl3 instead of neat conditions used
in the reported procedure.36 The procedure was as follows:
ferric chloride (395 mg, 1.147 mmol) and 2,4,6-triphenylpyry-
lium chloride (186 mg, 1.147 mmol) were dissolved in 25 mL
of acetonitrile and heated to reflux for 24 h. The solvent was
removed under reduced pressure and the resulting yellow solid
was washed with ether to furnish 530 mg of 1. mp: 220−225
°C (the 1H and 13C spectra of 4-methoxyphenyl-2,6-
diphenylpyrylium salt are given in Figure S1 and those of
pseudobases are given in Figures S2−S4). Similarly, 2−4 were
prepared in accordance with the identical protocols as shown
in Scheme 1. The presence of FeCl4− in 1−4 precluded the
characterization of these salts from the analyses of their 1H and
13C NMR spectra, but their precursor chloride salts were
characterized from the analyses of their 1H and 13C NMR
spectra (Figures S5−S7). These NMR spectra clearly
characterize that the cation moieties of 1−4 are pyrylium
cations. The pyrylium moieties were characterized from the
analyses of their IR spectra (Figures S8−S11) and FeCl4− ions
were characterized by the presence of a Fe−Cl band at 332,
335, 321, and 321 cm−1 from the analyses of Raman spectra

(Figures S12−S15) for these salts.29 The purity of 1−4 was
also determined from their elemental analyses.
Data for 1 are mp = 250−252 °C. IR (KBr, ν cm−1): 1616,

1592, 1497, 1259. Anal. Calculated (found) for
C23H17Cl14FeO (507.09): C, 54.48 (54.21); H, 3.38 (3.44).
Data for 2 are mp = 230−233 °C. IR (KBr, ν cm−1): 1633,

1583, 1486, 1243, 1180. Anal. Calculated (found) for
C24H19Cl14FeO2 (537.06): C, 53.67 (53.70); H, 3.57 (3.48).
Data for 3 are mp = 220−226 °C. IR (KBr, ν cm−1): 1616,

1601, 1484, 1257, 1172. Anal. Calculated (found) for
C25H21Cl14FeO3 (567.09): C, 52.95 (53.16); H, 3.73 (3.70).
Data for 4 mp = 260−262 °C (decom.). IR (KBr, ν cm−1):

1628, 1583, 1511, 1458, 1261, 1174. Anal. Calculated (found)
for C26H23Cl14FeO4 (597.11): C, 52.30 (52.47); H, 3.88
(3.85).

2.3. Optical Spectroscopic Measurements. The room
temperature fluorescence spectra, excitation spectra, and
quantum yields of 1−4 solutions were measured using the
pertinent mode of operation of a PerkinElmer FL 6500
luminescence spectrometer. Fluorescence lifetime and fluo-
rescence spectra of the salt solutions as a function of excitation
intensity were measured using a femtosecond Ti: sapphire laser
system (Spectra-Physics Spitfire) and a Streak Camera (SC)
system (Hamamatsu Streak Scope C4334) coupled with a
spectrometer (Imaging Spectrograph G50is). The laser
oscillator system generated 800 nm, 130 fs duration, 82
MHz repetition rate pulses. A pulse picker and a regenerative
amplifier provided amplified pulses at 1 kHz repetition rate.
The second harmonic of these pulses at 400 nm was used for
linear (one-photon) excitation of each salt solution contained
in a quartz cuvette, while the 800 nm beam was used for two-
photon excitation experiments. An optical fiber connected with
the SC spectrometer collected a fraction of the fluorescence
from each salt sample. Temporal resolution of approximately
200 and 20 ps resulted when the SC operated in the 20 and 2
ns time frames, respectively.
The TPA cross-section was assessed by comparing the

fluorescence signal of each salt solution with that of methanol
solution of R-6G (the reference) measured under identical
experimental conditions and parameters, such as excitation
wavelength, pulse duration, bandwidth, average pump power,
and fluorescence collection geometry. This use of relative
fluorescence relaxes the need for accurate measurement and
knowledge of various experimental parameters.

2.4. Toxicity and Cell Imaging. Cell lines and reagents,
cell viability measurement (IC-50), cell staining for immuno-
fluorescence imaging, and analysis are described in the
Supporting Information.

3. RESULTS AND DISCUSSION
3.1. Synthesis. We synthesized salts 1−4 according to

Scheme 1 starting from commonly available acetophenones
and benzaldehydes. The 1,5-diketones were synthesized from
their corresponding acetophenones and benzaldehydes by
base-catalyzed aldol condensation reaction followed by the
Michael addition reaction on heating in ethanol (EtOH) to
reflux. Oxidative cyclization from the respective 1,5-diketones
into pyrylium tosylates was achieved on heating at 100 °C with
acetic anhydride, para-toluenesulfonic acid (TsOH), and
triphenylmethanol (Ph3COH) as the hydride abstractor to
facilitate aromatization into the pyrylium tosylates as shown in
Scheme 1 (where R and R′ = −H or −OCH3).

21,22
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The 4-(4-methoxyphenyl)-2,6-diphenylpyrylium tosylate
was synthesized using a one-pot method by acid-mediated
condensation from para-methoxybenzaldehyde and acetophe-
none using TsOH on heating in 1,2-dichloroethane to
reflux.21,22 It is to be noted that its preparation does not
require the use of triphenylmethanol. The pseudobases were
prepared by ring-opening of the respective pyrylium salts by
refluxing in EtOH with sodium acetate trihydrate as the
base.23,35 The chloride salts were prepared by dissolving the
respective pseudobases in EtOH with hydrochloric acid to
facilitate ring closure.23,35 Finally, 1−4 were synthesized by
dissolving the respective chloride salts in acetonitrile
(CH3CN) with ferric chloride (FeCl3) on heating to reflux.36

In general, perchloric acid and boron trifluoride diethyl

etherate are used as common acid catalysts to synthesize
pyrylium salts of diverse chemical structures with ClO4

− or
BF4− as counterions.37 However, perchloric acid poses an
explosion danger, and boron trifluoride diethyl etherate
requires difficult handling, problematic storage, and higher
cost. To develop safer, inexpensive, and efficient routes for
synthesis of 1−4, we then used tosic acid monohydrate which
is a solid, relatively safe to manage, and an inexpensive reagent
to synthesize pyrylium tosylate salts. We then successfully
converted pyrylium tosylates to pyrylium chlorides using an
approach first introduced by Chadwick,35 and subsequently
used by other researchers38,39 Our modification involving the
use of Py-tosylates as starting material instead of Py-
perchlorate makes the synthesis safer and easier to manage.

Figure 1. Excitation and emission spectra of salts (a) 1, (b) 3, and (c) 4 in different solvents and water; concentration, C = 1.0 × 10−5 M each.
Water pH = 1 in (a); and 7 in (b) and (c). (d) Absorption spectra of 2 in water (pH = 7.0); C = 5.0 × 10−6 M (red), 1.0 × 10−4 M (blue), and 1.0
× 10−3 M (black). Excitation and emission spectra of salts (e) 3 and (f) 4 in water (pH = 7.0); C = 1.0 × 10−5 M (red), 1.0 × 10−4 M (blue), and
1.0 × 10−3 M (black).
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Finally, pyrylium chloride salts were then converted to desired
salts 1−4 on heating to reflux with FeCl3 in acetonitrile.36

Another relatively new method for preparing 1−4 starting
from the acetophenones and benzaldehydes has been
reported29 and is shown in Scheme S1 for comparison with
our method. In this scheme, the 1,5-diketones, prepared also
from acetophenones and benzaldehydes, are cyclized in Zn/
CH3COOH under a reductive method to form the

corresponding diols followed by dehydration in the presence
of hydrochloric acid to afford cyclopentadienes. Subsequently,
they are converted to 1−4 by a facile C−C bond cleavage of
cyclopentadienes with FeCl3·6H2O.29 Note here that the yields
for the last step in the reaction sequences of this method are
42−47%. On the other hand, yields for the last step in our
reaction sequences were 66−91%, which were much better
than those of the C−C bond cleavage method. Comparing the

Table 1. Optical Spectroscopic Properties of Salts 1, 2, 3, and 4 in Different Solvents (S)a

properties S salt 1 salt 2 salt 3 salt 4

peak absorption wavelength (nm) ACN 239, 277, 356, 404 238, 275,415 317, 373, 470 234, 268, 307, 408
C = 5 × 10−5 M ACT 357, 406 413 374, 417 412

DCM 242, 282, 370, 417 242, 281, 432 290, 329, 391, 490 239, 276, 314, 426
THF 363, 410 261, 322, 379, 477 314, 419
MeOH 277, 358, 406 237, 277,415 320, 377, 474 225, 269, 306, 412
Water 276, 355, 405 228, 275, 407 275, 317, 372, 469 267, 306, 413

peak emission wavelength (nm) ACN 466, 467, 470 554, 555, 559 541, 540, 548
C = 5 × 10−5, 1 × 10−4, and 1 × 10−3 M ACT 468, 469, 473 557, 555, 561 542, 543, 547

DCM 466, 468, 484 524, 521, 526 548, 549, 544 533, 537, 545
THF 471, 472, 474 555, 558, 561 540, 541, 547
MeOH 467, 466, 480 553, 555, 559 541, 539, 544
Water 467, 477, 483 557, 560, 611 557, 562, 625

Stokes shift [nm (cm−1)] ACN 62 (3293) 84 (3226) 133 (6026)
C = 5 × 10−5 M ACT 62 (3263) 140 (6028) 130 (5822)

DCM 49 (2522) 92 (4064) 58 (2160) 107 (4712)
THF 61 (3159) 78 (2946) 121 (5348)
MeOH 61 (3217) 79 (3014) 129 (5788)
Water 62 (3293) 107 (4269) 97 (3786)

excited state energy [nm (cm−1)] ACN 443 (22,573) 517 (19,342) 506 (19,763)
C = 5 × 10−5 M ACT 443 (22573) 519 (19,268) 507 (19,724)

DCM 450 (22,222) 475 (21,053) 525 (19,048) 513 (19,493)
THF 444 (22,523) 525 (19,048) 508 (19,685)
MeOH 445 (22,472) 509 (19,646) 505 (19,802)
Water 441 (22,678) 515 (19,417) 505 (19,802)

FWHM emission bandwidth [nm (cm−1)] ACN 60 (2670) 80 (2519) 75 (2468)
C = 5 × 10−5 M ACT 65 (2864) 80 (2519) 82 (2686)

DCM 60 (2670) 120 (4090) 63 (2041) 60 (2026)
THF 63 (2729) 75 (2339) 70 (1202)
MeOH 58 (2559) 75 (2381) 77 (2544)
Water 63 (2799) 95 (2919) 115 (3608)

quantum yield (Φ)b ACN 0.57 0.82 0.87
ACT 0.60 0.78 0.71
DCM 0.31 0.16 0.66 0.63
THF 0.21 0.64 0.63
MeOH 0.47 0.62 0.64
Water 0.05 0.34 0.22

fluorescence lifetime (ns) ACN 2.53 ± 0.02 4.11 ± 0.09 3.59 ± 0.02
C = 3 × 10−3 M MeOH 1.65 ± 0.01 6.03 ± 0.25 2.79 ± 0.04

Water 3.81 ± 0.04
free-running laser operations C = 3 × 10−3 M
threshold intensity (W/cm2) ACN 2.5 0.53

MeOH 2.13 >5 2
pulse width (ps) ACN 136 ± 1 128 ± 0.4

MeOH 118 ± 1 118 ± 1.7
line width (cm−1) ACN 761 ± 5 744 ± 7

MeOH 446 ± 4 466 ± 5
TPc cross-section σ (2) (GM) MeOH 85 ± 16 161 ± 21 401 ± 54
C = 8 × 10−6 M

aSalt solutions in solvents, (S): acetonitrile (ACN), acetone (ACT), dichloromethane (DCM), tetrahydrofuran (THF), methanol (MeOH), and
water (pH = 1 for salt 1 and pH = 7 for salts 2, 3 and 4). bThe experimental error in the measured quantum yield values is approximately ±10%.
cσ(2) values for the salts are measured relative to R-6G “standard” of 65 ± 9 GM after ref 46. 1.0 GM = 1.0 × 10−50 cm4s/photon.
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C−C bond cleavage method for the preparation of 1−4, our
Py-Cl method is more general and robust for the preparation
of Py-salts that have been developed for more than a century.
Furthermore, our method is also suitable for the synthesis of
other anionic chloro complexes of Zn (II), Sn (II), Pb (II), Cd
(II), Au (III), and Pt (IV),35 which the C−C bond cleavage
method may not be suited for.29

3.2. Solubility. 3.2.1. Solubility in Common Organic
Solvents. Pyrylium salts of diverse chemical structures are
generally prepared with counterions ClO4

−, BF4−, PF6−, and
TsO−. They contain hydrophobic, bulky counterions that
generally have limited solubility in organic solvents such as
ACN and DCM.40 However, salts 1−4 were highly soluble
(concentration ∼10−3 M) in acetone, ACN, methanol, DCM,
and tetrahydrofuran (THF) with the exception of 2 which was
insoluble in THF. Their high solubility in organic solvents is
related to the FeCl4− for 1; and to the combination FeCl4− and
methoxy group(s) for 2−4. We conclude that the substituent
methoxy group in the para-position of the 2-, 4-, and 6-phenyl
rings of these salts in combination with FeCl4− significantly
increased the solubility of these salts.
3.2.2. Solubility in Water. As discussed in the Introduction,

Py-salts are inherently unstable in water and tend to become
stable only in acidic water (pH < 3). Salt 1 was found to be
highly soluble (concentration ∼10−3 M) in acidic water (pH =
1). In contrast, salt 2 was highly soluble (∼10−3 M) in water
(pH = 7) as shown in Figure 1d. Interestingly, the introduction
of a single methoxy group in the para-position of the 4-phenyl
ring made this Py-salt stable in water solution. As we
introduced two methoxy groups in the para-positions of 2-
and 6- phenyl rings of salt 3; and three methoxy groups in the
para-positions of 2-, 4-, and 6-phenyl rings of salt 4, both the
salts became highly soluble (concentration ∼10−3 M) and
stable in water (pH = 7) as shown in Figure 1e,f, respectively.
Solubility and stability of the salts in water have useful
implications in biomedical imaging and photodynamic therapy
applications. To our knowledge, salts 2, 3, and 4 have the
highest solubility in water among the Py-salts and do not suffer
from the inherent instability (ring opening) of other Py-
salts.41,42 Resta et al.41 demonstrated that the methoxy groups
in the para-positions of 2- and 6-phenyl rings cause the stability
of styrylpyrylium salts with BF4− counterion in water. Wen et
al.42 showed that when amino groups are introduced in the
para-positions of 2- and 6-phenyl rings in the rigidified Py-salts
with ClO4

− counterion, the salts become stable in water. These
experimental results are also in excellent agreement with
theoretical studies using density functional theory calcula-
tions.41 These studies suggested that C-2 and C-6 of the
pyrylium moiety (where two phenyl rings are attached) are the
most electron-deficient positions, implying that nucleophilic
attack by water at these sites is responsible for the instability of
Py-salts in water solution. Thus, by the introduction of
electron-donating groups such as methoxy and amino groups
at the 2- and/or 6-positions of Py-salts, their chemical stability
in water may be improved significantly.
3.3. Optical Spectroscopic Properties. The fluorescence

spectra (right) and excitation spectra (left) of salts 1, 3, and 4
dissolved in different organic solvents�acetone, acetonitrile
(ACN), methanol (MeOH), tetrahydrofuran (THF), dichloro-
methane (DCM), and water (pH = 1.0, and pH = 7.0) at room
temperature are displayed in Figure 1. Table 1 summarizes the
key spectroscopic characteristics that include absorption peak
positions, fluorescence peak position, Stokes shifts in various

solvents, quantum yield, and fluorescence lifetime. Table S1
provides the molar extinction coefficients of the salts in
different solvents.
The salt solutions absorb light strongly in the 300−500 nm

wavelength range and fluoresce with high quantum efficiency
between 500−700 nm. The absorption (excitation) spectra are
structured with multiple absorption peaks. The lowest-energy
(longest wavelengths) absorption band in each salt is
attributed to the S0 → S1 transition, while the higher-energy
absorption bands belong to transitions from S0 to other higher-
lying states.
The fluorescence spectra of every salt solution in different

solvents consist of a single, broad Stokes-shifted band, which is
attributed to S1 → S0 vibronic transitions. As listed in Table 1,
the solutions of salts 1, 3, and 4 exhibit Stokes shifts of
approximately 49 nm (2522 cm−1) to 133 nm (6026 cm−1)
and emission bandwidths of 58 nm (2559 cm−1) to 115 nm
(3608 cm−1). Each of these two parameters shows significant
solvent-dependent variations for salt 3 and salt 4, but only
minor variations for salt 1.
Salt 2 is highly soluble in water and other organic solvents,

except THF. However, it does not fluoresce appreciably in any
of these solvents other than in DCM with a modest quantum
yield of 0.16. Quantum yields of salt 3 and salt 4 are
substantially higher in most of the solvents listed in Table 1,
and reach values as high as 0.82 and 0.87, respectively in
acetonitrile solutions. As a comparison we note that two of the
styrylpyrylium salts with BF4− show higher quantum yields in
DCM (0.59 and 0.54) than in acetonitrile (0.38 and 0.28) and
the lowest quantum yields (0.03 and 0.01) in phosphate-
buffered solutions (PBS) pH = 7.4.41 In contrast, our salts 1, 3,
and 4 showed the highest quantum yields in acetonitrile than
in DCM as presented in Table 1. The lowest quantum yields
were 0.05 for 1 in acidic water (pH = 1); and 0.34 and 0.22 for
3 and 4, respectively, in water (pH = 7). Interestingly, 3 and 4
showed appreciably much higher quantum yields in water
when compared with other water-soluble red-fluorescent dyes
for two-photon deep-tissue imaging, such as 2,5-dimethoxy-
1,4-bis{2-[1-[2-[2-(2-hydroxyethoxy)ethoxy]-ethyl]-pyridin-1-
iumyl]ethenyl}benzene chloride and 2,5-dimethoxy-1,4-bis{1-
[2-[2-(2-hydroxyethoxy)ethoxy]ethyl]-4-(1,3-butadien-1-yl)-
pyrinium}benzene iodide.43 Generally, most of the dyes show
much higher quantum yields in organic solvents than in
water.43 Two of the rigidified Py-salts ClO4

− show high
quantum yields 0.33 and 0.51 in ethanol and 0.16 and 0.21 in
PBS (pH = 7.4) solutions.42 The measured high quantum
yields of 3 and 4 in organic solvents as well as in water suggest
that Py-salts with FeCl4− counterions and having electron-
donating groups without a rigidification protocol can be a
useful design strategy for the synthesis of the salts with high
quantum yields. These results have implications for their
fluorescence and nonlinear optical properties as discussed in
the subsequent section.
The fluorescence properties of Py-salts generally depend on

the nature of substituents in the 2-, 4-, and 6-phenyl groups of
the salts and the influence of the solvents. In this regard, many
Py-salts are considered as bichromophoric fluorescent
molecules with a distinct x-axis passing through the 2- and
6- positions of the phenyl groups, and a y-axis that passes
through the 4-position of the phenyl group.40 Depending on
the structure of the salt, transitions involving the chromo-
phores along the x-axis (or, y-axis) may dominate the
fluorescence. With this picture in mind the differences between
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the fluorescence properties of the salts, in particular, the lower
fluorescence quantum yield of salt 2 compared to those of 1, 3,
and 4 may be explained. Salt 2 with a methoxy group attached
to the 4-phenyl group is a strong acceptor (y-chromophore)
that allows for the formation of nonradiative twisted
intramolecular charge transfer (TICT) states more favorably
than the structures of Salt 3 with methoxy groups attached to
the 2-, 6-phenyl groups, and Salt 4 with methoxy groups
attached to the 2-, 4- and 6-phenyl groups. Salt 4 is thus highly
symmetric and so is Salt 1 with no methoxy groups attached.
From measurements of quantum yields of different Py-salts

with various substituents at different positions, it is well
established that Py-salts having substituents attached to the 2-
and 6-phenyl groups (x-chromophore) have much higher
quantum yields as the fluorescence transition occurs from the
equilibrated S1 state to the Franck−Condon S0 state.40 For
example, 4-(4-methoxyphenyl)-2,6-diphenylpyrylium salt with
a ClO4

− counterion has a fluorescence quantum yield of 0.28
in DCM, but it does not fluoresce at all in acetonitrile. The
absence of fluorescence in acetonitrile suggests that the high
polarity of this solvent strongly favors the formation of
nonradiative TICT, i.e., quenching occurs when compared with
a nonpolar solvent such as DCM. In contrast, 2,6-bis(4-

methoxyphenyl)-4-phenylpyrylium salt (x-chromophore) with
ClO4

− has high quantum yields of 0.95 and 0.82 in DCM and
acetonitrile, respectively. Additionally, 2,4,6-tris(4-
methoxyphenyl)pyrylium salt with ClO4

− (highly symmetric
as salt 4) also has high quantum yields of 0.95 and 0.97 in
DCM and acetonitrile, respectively.40 The situation in the
above examples is strikingly similar to our salts 2, 3, and 4. The
formation of nonradiative TICT states in salt 2 helps explain
its significant difference in fluorescence properties with the
other three salts.

3.4. Fluorescence Dynamics and Lasing Potential.
The time-resolved and excitation intensity-dependent measure-
ments of the fluorescence dynamics and spectra of the
solutions of salts 1, 3, and 4 in acetonitrile and methanol at
room temperature for pulsed excitation using light of
wavelength 400 nm was conducted to extract fluorescence
lifetime and assess their potential as active materials for dye
lasers.20−23 These two solvents were chosen as they are safer,
provide high fluorescence quantum yields for the salts, and are
commonly used for dye laser applications. Figure 2b,d,f
presents the time-resolved fluorescence decay dynamics as a
function of the average excitation intensity of the methanol
solution of salts 1, 3, and 4, respectively. Corresponding

Figure 2. Pump intensity-dependent fluorescence spectra and fluorescence decay time: (a, b) of salt 1; (c, d) of salt 3; and (e, f) for salt 4 in
methanol (concentration ∼3.0 × 10−3 M) for pulsed excitation using light of wavelength 400 nm.
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average excitation intensity-dependent fluorescence spectra are
displayed in Figure 2a,c,e, respectively.
The salient features of the fluorescence decay curves and the

corresponding spectra are as follows. For low average pump
intensity (∼0.13 W/cm2) salt 1 fluorescence [black curve,
Figure 2b] decayed as a single exponential with a decay time of
1.65 ± 0.01 ns. The corresponding emission spectrum (black
curve, Figure 2a) has a fwhm line width of 3511 ± 27 cm−1

(81.6 ± 1.2 nm). As the average excitation intensity was
increased, a faster component of emission was observed in
addition to the longer component and the decay curve was no
longer a single exponential. A corresponding shortening of the
emission line width was observed.
As a typical example, for the average excitation intensity of

0.85 W/cm2, [red curve in Figure 2b] a double exponential fit
of the form, I(t) = IL exp(−t/τL) + IS exp(−t/τS), to the data
provided a shorter decay time of τS = 305 ± 9 ps and a longer-
decay time of 1546 ± 20 ps, where I, IL and IS are the
normalized values of the total intensity, intensity of the longer-
decay component and intensity of the shorter-decay
component, respectively. The corresponding spectrum [red
curve in Figure 2a] has an fwhm line width of 2364 ± 29 cm−1.
The longer fluorescence lifetime and wider bandwidth at low

pump intensity are indicative of spontaneous emission, while a
shorter lifetime and narrower bandwidth at higher excitation
intensities are consistent with amplified spontaneous emission
(ASE) and stimulated emission. Another consequence of
increasing pump intensity is the enhancement of IS and
detraction of IL. At the average pump intensity of ∼2.13 W/
cm2 the shorter decay time reduced to 119 ± 12 ps and the

bandwidth narrowed to 1020 ± 10 cm−1 (24.0 ± 0.3 nm).
Stimulated emission is the dominant decay mechanism at this
excitation intensity, and spontaneous emission appears as a
weak long tail in the decay profile. At this point when the
orientation of the cuvette was slightly adjusted to feedback, a
fraction of the emission reflected by the cuvette sidewalls
through the pumped volume and pump intensity was increased
to 4.25 W/cm2 free-running laser action was observed. The
spot size of the emission tightened and became intense and
significantly directional with a concomitant shorter pulse width
of 118 ± 11 ps (Figure 2b, neon color curve) and line width of
446 ± 4 cm−1 (11.3 ± 0.1 nm) [Figure 2a, neon curve].
Similar pump intensity-dependent bandwidth narrowing

(from 1828 ± 27 to 466 ± 5 cm−1) and lifetime shortening
(from 2.8 ns to 118 ps) and free-running laser action were also
observed in a methanol solution of salt 4, as displayed in
Figure 2e,f, respectively. While the line widths of 446 cm−1 (or,
466 cm−1) are much shorter than the corresponding
fluorescence line widths, those are rather broad for a laser
line. These broader line widths are expected since no
wavelength selection element was used in the cavity, salt
concentration was high, and the optical gain of the salt
solution, like organic dyes, was high enough to support
broadband lasing. The methanol solution of salt 3 also
exhibited some line width narrowing and decay-time short-
ening, as shown in Figure 2c,d, respectively but free-running
laser action was not observed. We attribute this behavior to the
fact that the pump wavelength of 400 nm used in this
experiment is not well suited for exciting this salt solution.
Pumping at a more optimal wavelength that can excite at or

Figure 3. Two-photon absorption-induced fluorescence (TPAIF) spectra of (a) R-6G (∼1 × 10−4 M solution) as a reference, (b) salt 1, (c) salt 3,
and (d) salt 4 in methanol (∼3 × 10−3 M solutions for salt 1, 3, and 4). One-photon (OP) fluorescence spectra at 400 nm excitation are
superimposed for comparison of TP and OP fluorescence spectral shapes.
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near the peak of the lowest absorption band of the salt solution
may lead to laser action in it as well and is planned to be
pursued.
Similar excitation intensity-dependent fluorescence decay-

time shortening, bandwidth narrowing, and free-running laser
action are observed using acetonitrile solutions of salt 1 and
salt 4 and are displayed in Figure S16. The key results from
these measurements, such as fluorescence lifetime, pulse width,
bandwidth, and threshold for laser operation, are listed in
Table 1. It should be noted that the lowest pulse width,
bandwidth, and free-running laser action are attained at
significantly lower average pump intensities for the acetonitrile
solution of salts 1 and 4 than those for the corresponding
methanol solutions. The fractional values of the long decay
component (IL) and short decay component (IS) as a function
of average pump intensity for salts 1, 3, and 4 in methanol are
presented in Table S2.
The room temperature fluorescence spectrum of a DCM

solution of salt 2 (concentration 0.1 mM) spanned from 450−
750 nm with a peak at 547 nm (Figure S17a), and the
fluorescence lifetime was measured as 4.32 ± 0.18 ns (Figure
S17b). It is to be noted that the salt fluoresced only in DCM
and in no other solvents.
3.5. Two-Photon Absorption-Induced Fluorescence.

We investigated the two-photon absorption-induced fluores-
cence (TPAIF) from the solutions of Py-tetrachloroferrate salts
1, 3, and 4 in methanol and acetonitrile to explore the
feasibility of their application as contrast agents for two-photon
imaging and microscopy and other applications. Figure 3b−d
displays the TPAIF spectra of the methanol solutions of the
salts 1, 3, and 4, respectively, at several excitation intensities.
Figure 3a presents the TPAIF spectra of a methanol solution of

R-6G, which is used as a reference to estimate the TPA cross-
section. Other than the increase in the signal amplitude with
increasing average intensity of the 800 nm pump beam, the TP
fluorescence spectra had similar shape and spectral range. The
TP fluorescence spectra have similar features and structures as
the one-photon fluorescence spectra excited by 400 nm
frequency-doubled output of the 800 nm beam indicating
that the fluorescence transitions originate from the same
excited state in both cases. The logarithmic plots of the
fluorescence intensity vs average pump intensity, shown in the
insets of Figure 3, are linear with a slope of approximately 2.0,
as expected for the quadratic dependence of fluorescence
intensity on pump power in a two-photon excitation process.
The TP fluorescence spectra of the acetonitrile solutions of the
salts are presented in Figure S18. It is interesting to note that
the salt 3 solution in water (pH = 7) showed significant TPAIF
(Figure S19), which is very encouraging for its application as a
contrast agent in two-photon microscopy and two-photon
fluorescence imaging of biomedical specimens. Toxicity and
cell imaging studies (section 3.6 below) also indicate its
viability for biological and medical applications.
The TPA cross-sections of the salt solutions in methanol

were estimated in reference to that of Rhodamine 590 and R-
6G solution in methanol with known TPA cross-section
following a well-established relative measurement procedure
that avoids complications associated with absolute measure-
ment of fluorescence.32,44−46 These complications include
rather precise knowledge of pulse width, bandwidth, temporal
coherence, and profile of the pump beam.32,43 The results,
presented in Table 1, indicate that the TPA cross sections of
salt 1 (85 ± 16 GM) salt 3 (161 ± 21 GM), and salt 4 (401 ±
54 GM) are substantially larger than 65 ± 9 GM for R-6G.46

Figure 4. Toxicity and imaging of pyrylium tetrachloroferrates in human cells. Cell viability measurements in A375 and Colo205 cells following
treatment with increasing doses of (a) salt 1 and (b) salt 3 for 72 h. GI50 values are reported as 95% confidence intervals. (c) Representative
immunofluorescent images of RKO cells intracellularly stained with 1 μM salt 1 or salt 3 for 1 h (red). Hoechst dye (blue) was used to stain the
nucleus. DMSO-treated RKO cells were used as a negative control.
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The TPA cross sections of Salts 3 and 4 are higher than that
of Salt 1 by a factor of 2 and 5, respectively. We tentatively
ascribe this variation to the structural differences between the
salts described earlier, which lead to differences in their
vibronic energy level structures. The vibronic couplings are
also influenced by the solvent. TPA transition rate depends on
all intermediate states, so the cross sections depend
significantly on the vibronic energy level structure. It should
be noted that such variations in different related dyes are
common. For example, the TPA cross sections of R-6G,
Rhodamine-B, Rhodamine-101 vary approximately within a
factor of 4−11 depending on the solvent.45

3.6. Toxicity and Cell Imaging. We sought to explore the
potential biological and biomedical imaging applications of
salts 1, 3, and 4. First, we assessed the toxicity profile of the
compounds in human cancer cell lines. A375 melanoma and
Colo205 colorectal carcinoma cells were treated with salts 1
and 3 for 3 days before cellular viability was measured (Figure
4a,b). Both tested salts demonstrated 50% growth inhibition
concentration (GI50) in the range 5−12 μM (Figure 4a,b).
Based on recent findings of organic salts showing

fluoresecence activity in cellular models,47,48 we wanted to
explore if our pyrylium tetrachloroferrate salts would function
as cellular fluorophores. RKO colorectal carcinoma cells were
intracellularly stained with salt 1 or salt 3 before being
subjected to immunofluorescence imaging. After excitation
with a 633 nm laser beam, both salts 1 and 3 showed increased
intracellular fluorescence intensity when compared to our
DMSO-treated controls (Figure 4c). With similar protocols,
we tried to use salt 4 and it did not produce satisfactory results
(data not shown), which suggests it may be intracellularly less
stable compared to salts 1 and 3. Taken together, salts 1 and 3
function as cellular fluorophores in vitro and have no adverse
effects on the cellular viability in nanomolar ranges.
The applications of these new cellular fluorophores (Salts 1

and 3) deserve further elaboration. Each fluorophore available
on the market has limitations regarding what it binds and in
what wavelengths it is active in. These limitations become the
most apparent when staining cells with multiple fluorophores
during flow cytometry and immunofluorescence imaging, as
overlap in cellular binding locations or wavelength activity
prevents accurate interpretation of the signal. Therefore, there
is a need to discover new cellular fluorophores with wide-
ranging fluorescence activity that bind to unique cellular
substrates. Based on the above data, Salts 1 and 3 would be
compatible with blue or green cellular fluorophores to achieve
high-resolution multiplex cellular imaging, which is relevant for
many molecular biology applications.
High TPA cross-section and strong TPA-induced fluores-

cence also make Salts 1 and 3 suitable as contrast agents for
two-photon imaging and two-photon microscopy of biological
tissues.44,49 Biological tissues scatter light strongly, and native
tissue fluorophores absorb light in the 400−500 nm and near-
ultraviolet wavelengths. So, one-photon absorption-based
imaging and microscopy of thick tissues is limited by low
penetration depth, strong background from tissue fluorescence,
and low resolution. Two-photon excitation of contrast agents
(such as Salts 1 and 3) requires simultaneous absorption of
two near-infrared (NIR) photons commonly in the 750−1050
nm range. Light in this wavelength range is not absorbed by
native tissue fluorophores and is scattered to a lesser degree
than the visible light by biological tissues, allowing deeper
penetration. Since TPA depends quadratically on the excitation

beam intensity and requires the use of a focused beam of NIR
light, the fluorescence signal arises predominantly from the
focal volume, resulting in high spatial resolution and optical
sectioning effect.

4. CONCLUSIONS
Four pyrylium salts with FeCl4− counterions have been
synthesized for light emitting, biomedical imaging, and
nonlinear optical (NLO) applications. The salts are stable
and dissolve at high concentrations in common organic
solvents and water. Water stability of these Py-salts is
attributed to the presence of FeCl4− as the counterion in all
four salts, and in addition the attachment of the methoxy
group(s) to the phenyl group(s) in salts 2, 3, and 4. Solutions
of the salts in common organic solvents absorb light strongly in
the blue-green and near-ultraviolet spectral ranges and
fluoresce with high quantum efficiency in the green-red
spectral region. Under intense short-pulsed laser excitation
solutions of two of these salts (1 and 4) in methanol and
acetonitrile exhibit stimulated emission and free-running laser
action. Three of the salts (1, 3, and 4) have significantly high
two-photon absorption cross-section. Toxicity and cell imaging
studies suggest that two of the salts (1 and 3) have no harmful
effects on cellular viability and may be used as contrast agents
for biomedical imaging. So, those would be compatible with
blue or green cellular fluorophores to achieve high-resolution
multiplex cellular imaging, which is relevant for many
molecular biology applications. Combined with strong two-
photon fluorescence, these cell imaging results further promise
high-resolution NLO deep-tissue imaging using these salts as
contrast agents. Finally, the synthesized pyrylium salts with
FeCl4− counterions provide promising opportunities for
diverse applications, including light emission, biomedical
imaging, and nonlinear optics. Their stability, solubility in
both organic solvents and water, and recently reported
piezochromic properties,50 combined with their high quantum
efficiency fluorescence and significant two-photon absorption
cross-section, make them valuable candidates for advancing
both fundamental research and practical applications in
organic−inorganic hybrid materials.51−53
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