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ABSTRACT: The synthesis, comprehensive linear photo-
physical and photochemical study, two-photon absorption
(2PA) spectrum, ultrafast relaxation kinetics in the excited
states, and efficient superluminescence properties of a new
symmetrical three-armed star-shaped squaraine derivative (1)
are presented. The steady-state spectral parameters of 1 in a
number of organic solvents, including fluorescence excitation
anisotropy spectra, revealed a weak interaction between the
squaraine branches and the effect of symmetry breaking in the
ground electronic state. The degenerate 2PA spectrum of 1
was obtained over a broad spectral range with a maximum
cross section of ∼8000 GM using the open aperture Z-scan
technique. The nature of the fast dynamic processes in the excited electronic states of 1 was investigated by the femtosecond
transient absorption pump−probe method, revealing characteristic relaxation times of ∼3−4 ps. The efficient superluminescence
emission of 1 was observed in relatively low concentration solution (≈ 2.3·10−4 M) under femtosecond transverse pumping. A
quantum-chemical study of 1 was performed using ZINDO/S//DFTB theory levels. Simulated 1PA and 2PA absorption spectra
were found to be in a good agreement with experimental data. The figure of merit for 1 is ∼1011 GM,1 one of the highest values
ever reported for two-photon fluorescence molecular probes, suggesting strong potential for its application in two-photon
fluorescence microscopy and bioimaging.

1. INTRODUCTION

Squaraine molecules are a promising class of chromophores with
potential applications in a number of scientific and technological
areas such as organic electronics,2−4 optical data storage,5,6

chemosensing,7−9 nonlinear optics,10−12 photodynamic ther-
apy,13−15 and one- and two-photon fluorescence probes.16−19 In
this regard, the synthesis of new squaraine derivatives and the
investigation of their main photophysical, photochemical, and
nonlinear optical properties are subjects of intense interest for a
variety of optical applications. Squaraines are neutral molecules
with a resonance-stabilized zwitterionic structure,14,20 and typical
D-A-D type of electronic distribution,21,22 where D and A stand
for electron-donating terminal groups and electron-deficient

(electron acceptor) central oxocyclobutenolate core, respec-
tively. These compounds demonstrate a wide range of linear
photophysical and nonlinear optical properties strongly depend-
ent on the nature of the terminal substituents2,23,24 and
molecular symmetry.25−27

In particular, the majority of symmetrical squaraines exhibit
sharp, intense long wavelength one-photon absorption (1PA)
bands,28,29 high two-photon absorption (2PA) efficiency
(maxima cross sections ∼1·104 GM),30,31 high fluorescence
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quantum yields (∼0.4−1.0),32,33 and high photochemical
stability,11,34,35 that make them promising candidates for two-
photon fluorescence microscopy (2PFM) applications, including
bioimaging.18,30 It is worth mentioning that some of the specific
nonlinear optical properties such as superluminescence36,37 (or
amplified spontaneous emission) and lasing abilities were
recently reported for symmetrical squaraines,11 and can be
employed in the development of a new generation of fluorescent
labels with increased brightness and high spectral resolution.38,39

Here we report the synthesis and comprehensive character-
ization of the linear spectroscopic, photochemical, and nonlinear
optical properties of a three arm star-shaped squaraine derivative
(1), including excitation anisotropy, two-photon absorption
(2PA), femtosecond pump−probe spectroscopy, superlumines-
cence, and symmetry breaking phenomena. The nature of the
electronic characteristics of the molecular structure of 1 was also
investigated by quantum-chemical calculations at DFTB40 and
ZINDO/S41 levels of theory. Linear spectroscopic, photo-
chemical, and nonlinear optical parameters obtained for 1
revealed its potential for application in 2PFM techniques.

2. EXPERIMENTAL SECTION

2.1. Synthesis of Star-Shaped Squaraine 1. Reagents and
conditions for the synthesis of 1 are presented in Figure 1. The
star-shaped squaraine derivative 1 was accomplished by first
synthesizing the azide-containing unsymmetrical squaraine dye
(1-6) and then coupling this to 1,3,5-tris(2-propynyloxy)-
benzene (1-7) via click chemistry. Initially, the synthesis of

precursors 1-4 and 1-5 are based on the general reactivity of
phloroglucinol with secondary amines through its keto tautomer
in n-butanol/toluene mixture at reflux temperature. Unsym-
metrical squaraine 1-6 was synthesized from the condensation of
electro-rich aromatic compounds 1-4 and 1-5 with squaric acid
using a Dean−Stark apparatus, where the water that formed was
removed continuously. The chemical structure and purity of the
related compounds were confirmed by 1H and 13C NMR and
high-resolution mass spectroscopy. Synthetic and molecular
characterization details are presented in the Supporting
Information.

2.2. Linear Photophysical and Photochemical Charac-
terization of 1. All linear spectroscopic measurements were
carried out at room temperature in spectroscopic grade solvents:
toluene (TOL), tetrahydrofuran (THF), dichloromethane
(DCM), and acetonitrile (ACN), purchased from commercial
suppliers and used without further purification. The steady-state
1PA spectra of 1 were obtained with a Varian CARY-500
spectrophotometer using 10 mm path length quartz cuvettes and
dye concentrations, C ∼ 10−6 M. The steady-state fluorescence
emission and excitation anisotropy spectra, along with the
fluorescence lifetimes, τfl, of 1 were measured with a FLS980
spectrofluorimeter (Edinburg Instruments Ltd.) using 10 × 10 ×
48 mm spectrofluorometric quartz cuvettes with C ≤ 10−7 M.
The fundamental excitation anisotropy spectrum of 1, r0(λ),

was obtained in viscous polytetrahydrofuran (pTHF) at room
temperature, where depolarization effects related to molecular
rotational motion are negligible (i.e., the molecular rotational

Figure 1. Synthetic route for compound 1.
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correlation time, θ = η·V/kT ≫ τfl, where η, V, k, and T are the
viscosity of solvent, effective rotational molecular volume,
Boltzmann’s constant, and absolute temperature, respectively).
In this case, the observed experimental value of anisotropy42
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is close to r0(λ). The excitation anisotropy spectra of 1, r(λ), were
also determined in low viscosity solvents in order to analyze the
influence of solvent polarity on the rotational movement of the
solute. The values of fluorescence quantum yields of 1, Φfl, were
obtained by standard methodology42 relative to Cresyl Violet in
methanol as a reference (Φfl ≈ 0.54).43 The photochemical
stability of 1 was investigated quantitatively by measuring the
photochemical decomposition quantum yield, Φph = Nph/Nhv
(Nph and Nhv are the numbers of decomposed molecules and
absorbed photons, respectively). The values of Φph were
determined by an absorption method44 using a continuous
wave (CW) diode laser for excitation of 1 into the main
absorption band (excitation wavelength, λex ≈ 650 nm, average
beam irradiance ≈ 30 mW/cm2). According to well-developed
absorption methodology, photodecomposition quantum yields
can be determined by the expression:44
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where D(λ,0), D(λ,ti), NA, ε(λ), ti, and λ are the initial and final
absorbance of the solution, Avogadro’s number, extinction
coefficient (M−1·cm−1), irradiation time (s), and excitation
wavelength (cm), respectively, while I0(λ) is the spectral
distribution of the excitation irradiance.
2.3. 2PA Cross Sections, Transient Absorption and

Superluminescence Measurements. Nonlinear optical
characterization of 1 was performed with a femtosecond laser

system, including a Ti:sapphire regenerative amplifier (Legend
Duo+, Coherent, Inc.) with output wavelength 800 nm, pulse
energy, EP≈ 12 mJ, pulse duration, τP≈ 40 fs, and repetition rate
1 kHz, pumped optical parametric amplifier (OPA, HE-TOPAS,
Light Conversion, Inc.) with tuning range 1200−2500 nm, and
maximum output pulse energy EP ≈ 1 mJ. The frequency of the
output OPA beam was doubled by a 1 mm BBO crystal and split
in two parts for pump and probe laser beams. The first beam was
filtered by multiple 10 nm (fwhm) spike filters (output pulse
duration, τP ≈ 100 fs, EP ≤ 30 μJ) and used for Z-scan
measurements45 of the degenerate 2PA spectrum of 1 over a
broad spectral range. The second beam was focused into a 5 mm
sapphire plate to generate a white light continuum (WLC),
filtered by the same type spike filters to extract suitable probe
wavelengths. Pump and probe laser beams along with the optical
delay line were employed in the transient absorption pump−
probe setup11,38 using a 1 mm flow cell for the sample solution to
avoid possible photodecomposition and thermooptical effects.
The temporal resolution of this pump−probe methodology was
estimated to be <240 fs.
The potential for optical amplification of the spontaneous

fluorescence emission of 1 was investigated in TOL solution
under transverse one-photon pumping by the femtosecond 1
kHz pulse train into the main linear absorption band (λex ≈ 650
nm). The second harmonic of the OPA with τP≈ 100 fs and EP≤
30 μJ (see above description) was focused by a cylindrical lens
into a spectrofluorometric quartz cuvette (4 × 10 × 38 mm)
containing the sample in solution (C ≈ 2.3·10−4 M) to a waist of
0.15 × 4 mm. The superluminescence emission of 1 was
observed in the transverse direction relative to the pump beam
and was registered with a fiber optic spectrometer (HR4000,
Ocean Optics, Inc.).11

2.4. Computational Methodology. To analyze electronic
properties of 1, quantum-chemical calculations were performed
with Gaussian 2009, Rev. C1 suite of programs.46 Due to the
large number of atoms, we used DFTB40 for geometry
optimization and ZINDO/S41 for the description of the

Figure 2.Normalized linear absorption (1) and fluorescence (2) spectra of 1 in TOL (a), THF (b), DCM (c), and ACN (d, excitation wavelength 593
nm).

The Journal of Physical Chemistry C Article

DOI: 10.1021/acs.jpcc.6b02446
J. Phys. Chem. C 2016, 120, 11099−11110

11101

http://dx.doi.org/10.1021/acs.jpcc.6b02446


electronically excited states. Solvent effects on the absorption
spectra were taken into account with the Polarizable Continuum
Model (PCM),47 which accurately predicted solvatochromic
shifts in previous studies.48,49 The 2PA profiles were predicted
with an in-house script,50−52 implementing the sum over states
(SOS) formalism53 with 99 excited states. The necessary
permanent dipole moments of the excited states were obtained
with the modified Gaussian version.54,48,55 The initial (before
optimization) structure of 1 was chosen to have C3v symmetry
with all squaraine moieties at angles of 120 degrees. The DFTB
geometry optimization made the structure unsymmetric, with
two squaraine moieties nearly parallel, as shown in sec. 3.5. All
conclusions in this paper are based on the unsymmetrical
distribution.

3. RESULTS AND DISCUSSION
3.1. Linear Photophysics and Photostability of 1. The

main linear spectroscopic characteristics and photochemical

parameters of the star-shaped squaraine 1 are presented in
Figures 2 and 3 and Table 1. The steady-state 1PA spectra of 1
were similar to corresponding centrosymmetric short squar-
aines,11,56 and exhibited relatively narrow and sharp absorption
contours (Figure 2a−c, curve 1), except for ACN where an
additional H-aggregate absorbance28 was observed at ≈606 nm
(Figure 2d, curve 1) due to low solubility. In TOL, THF, and
DCM solutions no aggregation effects were observed in the
concentration range C ≤ 10−3 M (see, e.g., Figure 3a, curves 1
and 2). The maximum extinction coefficient, εmax, of 1 was in the
range of ∼106 M−1cm−1 (Table 1), which is one of the highest
values ever reported for star-shaped or branched molecular
structures, and may be of great interest for a number of practical
applications, such as fluorescence bioimaging,30 organic
electronics,3 etc. The similar spectral shape of the 1PA spectra
of star-shaped 1 and a single squaraine molecule11,56 allows one
to assume the degenerate character of the main long wavelength
absorption band of 1. Also, the maximum value of the extinction

Figure 3. (a) Normalized 1PA spectra of 1 in THF for C = 10−6 M (1) and 10−3 M (2). The inset shows short wavelength absorption bands of 1 for the
corresponding concentration. (b) 3D fluorescence map of 1 in TOL. (c) Fluorescence decay curves of 1 in TOL (1), THF (2), DCM (3), ACN (4), and
instrument response function (5). (d) Excitation anisotropy spectra of 1 in pTHF (1), TOL (2), THF (3), DCM (4), and normalized 1PA spectrum in
THF (5).

Table 1. Main Linear Spectroscopic and Photochemical Parameters of Branched Squaraine 1 in Solvents with Different PolarityΔf
and Viscosity η: Absorption λab

max and Fluorescence λfl
max Maxima, Stokes Shifts, Maximum Extinction Coefficients εmax,

Fluorescence Quantum Yields Φfl, Lifetimes τfl, and Photodecomposition Quantum Yields Φph

N/N TOL THF DCM ACN

Δf a 0.0135 0.209 0.217 0.305
η, cP 0.59 0.48 0.4 0.34
λab
max, nm 650 ± 1 650 ± 1 650 ± 1 646 ± 1
λfl
max, nm 661 ± 1 663 ± 1 662 ± 1 663 ± 1
Stokes shift, nm (cm−1) 11 ± 2 (260) 13 ± 2 (300) 12 ± 2 (280) 17 ± 2 (400)
εmax·10−3, M−1·cm−1 930 ± 50 860 ± 50 1020 ± 50
Φfl 0.48 ± 0.03 0.36 ± 0.03 0.35 ± 0.03 0.05 ± 0.01
τfl, ns (Ai

b) 1.8 ± 0.1 1.7 ± 0.1 1.7 ± 0.1 1.2 ± 0.1 (90%) 3.3 ± 0.1 (10%)
Φph·10

7 0.53 ± 0.1 3.1 ± 0.6 2.8 ± 0.6
aPolarity (orientation polarizability) Δf = [(ε − 1)/(2ε + 1)] − [(n2 − 1)/(2n2 + 1)], ε and n are the dielectric constant and refraction index of the
solvent, respectively.42 bAi-relative amplitudes of corresponding decay.
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coefficient of 1 (∼ (0.9−1.0)·106 M−1cm−1) is sufficiently close
to a simple sum of corresponding εmax for separate squaraine
units (∼ (0.3−0.4)·106 M−1cm−1), and does not give any
evidence of cooperative electronic effects57,58 between the three
squaraine arms. The steady-state fluorescence spectra of 1
(Figure 2a−d, curve 2) exhibited small Stokes shifts, negligible
solvatochromic behavior, and were independent of excitation
wavelength, λex, over the entire absorption band (see, for
example, Figure 3b with typical 3D fluorescence map of 1 in
TOL). It should be mentioned that corresponding dependence
of the fluorescence spectrum of 1 in ACN on the excitation
wavelength was not investigated due to aggregation effects.
The fluorescence quantum yield of 1, Φfl, was also

independent of λex in all investigated solvents, i.e., all radiative
transitions occurred from the lowest electronically excited state
S1 and no violations of Kasha’s rule

42 were observed. In contrast
to short centrosymmetric squaraine chromophores with four
intramolecular hydrogen bonds (realized between squarate
oxygens and hydroxyl groups),11 star-shaped molecule 1 with
the same type of squaraine arms exhibited a noticeable decrease
in Φfl with increasing solvent polarity, Δf. This means that the
observed dependence Φfl = f (Δf), can be explained by the
solvent effect on the intramolecular (internal conversion) and/or
intermolecular energy transfer (by Förster mechanism42)
between the squaraine arms. It is worth mentioning that
hydrogen bonding maintains the molecular structure of separate
squaraine arms planar without any twisted intramolecular charge
transfer (TICT) effects59 that can lead to a decrease of Φfl.
Fluorescence kinetics of 1 corresponded to a single exponential
decay with corresponding lifetimes, τfl ≈ 1.7−1.8 ns, in all
solvents (Figure 3c, curves 1−3), except for ACN (curve 4),
where a double-exponential process was observed due to H-
aggregation.
The steady-state excitation anisotropy spectra of 1 r(λ)

(Figure 3d, curves 1−4) revealed the nature of the long
wavelength 1PA band. The values of r(λ) noticeably changed in
the spectral range of the main linear absorption band ∼600−680
nm. These changes are indicative of at least two different
electronic transitions that can be assigned to the main 1PA
contour. This result is in contradiction with a C3 symmetric
geometrical model of 1, which would be characterized by a fully
degenerate nature of themain absorption band resulting from the
three symmetrically oriented squaraine chromophores. Based on
the experimental excitation anisotropy spectra, we can assume
preferential energy stabilization of one of the squaraine arms of 1
relative to the other arms, resulting in a change of the optimized
molecular geometry and corresponding symmetry breaking in
the ground electronic state S0. This effect was previously
observed and comprehensively analyzed for symmetrical
triphenylmethane derivatives,60 and for longer cyanine deriva-
tives.61−63 Relatively low absolute values of the fundamental
excitation anisotropy in the main 1PA band, r0(λ) ≈ 0.13−0.17
(see Figure 3d, curve 1) also confirm this assumption, and can be
an indication of efficient intramolecular energy redistribution
between squaraine arms. Similar effects were reported for star-
shaped octupolar chromophores in polymeric media.64

In low viscosity solvents (TOL, THF, DCM) the excitation
anisotropy values noticeably decreased due to rotational
movement of 1 (Figure 3d, curves 2−4). The rotational
correlation times, θ, and effective rotational molecular volumes,
V, of 1 were determined for each solvent using eq 1 and
corresponding parameters η and τfl from Table 1. The obtained
values of θ and V are presented in Table 2 for solvents of different

polarity. According to this data, the effective rotational molecular
volume V increases withΔf, giving evidence of increased solute−
solvent interactions in polar media, where a much larger number
of relatively small solvent molecules is involved in the rotational
moment of 1. The effect of strong solute−solvent interactions in
polar media can also be related to the observed dependenceΦfl =
f (Δf), which is discussed above.
The photochemical stability of 1 was investigated at room

temperature in the majority of the employed solvents in order to
evaluate its potential for practical use. It should be emphasized
that we performed quantitative determination of photostability
as the photodecomposition quantum yield, Φph, is a molecular
parameter (i.e., independent of experimental conditions), in
contrast to relative kinetic absorption/emission photochemical
measurements typically presented in the majority of scientific
reports (see, e.g., refs. 35, 65, and 66). The values of Φph were
obtained by a previously developed absorption method44 and are
presented in Table 1. The highest level of photostability (Φph ≈
5·10−8) was observed for TOL solution of 1 that is at least 2
orders of magnitude higher in comparison with the best laser
dyes.67−69 The value of Φph noticeably increases in solvents of
higher polarity (THF and DCM), but still remains in the range of
practical applicability. It should be mentioned that first order
photochemical reaction processes70 were revealed from the
photodecomposition kinetic changes in the absorption spectra of
1 in all the investigated solvents. The photostability data
indicates that star-shaped squaraine 1 holds substantial promise
as a probe in bioimaging applications.

3.2. 2PA Spectral Properties of Star-Shaped Squaraine
1. The degenerate 2PA spectrum of 1 was obtained in THF over
a broad spectral range using an open aperture Z-scan technique45

with a 1 kHz femtosecond laser and is shown in Figure 4 (curve
1). The shape of the obtained 2PA spectrum revealed two
maxima at ≈820 nm and ≈1200 nm, and was very similar to the
corresponding one for the single centrosymmetric squaraine unit

Table 2. Excitation Anisotropy at λab
max, Rotational Correlation

Time θ, and Effective Rotational Molecular Volume V of 1 in
Solvents of Different Polarity Δf

N/N TOL THF DCM

r (λab
max) 0.035 0.036 0.036

θ, ns 0.62 0.61 0.61
V, Å3 4400 5300 6300
Δf 0.0135 0.209 0.217

Figure 4. Degenerate 2PA (1) and normalized 1PA (2) spectra of 1 in
THF.
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with four intramolecular hydrogen bonds,11 except for its
absolute magnitude. The molecular structure of separate
squaraine arms in 1 appears close to centrosymmetric, thus
one cannot expect large two-photon absorption cross sections,
δ2PA, in the main one-photon allowed linear absorption band.
Relatively weak 2PA efficiency (δ2PA∼ 100 GM) was observed in
this spectral range with a noticeable increase to∼1000 GM (long
wavelength 2PA maximum) at the vibrational shoulder of the
1PA contour (at≈600 nm). This is evidence of vibronic coupling
with asymmetrical vibration modes,11,21,71 which violates the
selection rules.72,73 The most intense short wavelength 2PA
maximum with δ2PA ≈ 8000 GM (at ≈820 nm) corresponded to
the spectral range of the lowest 1PA (see insert in Figure 3a) and
two-photon allowed S0→Sn transitions (S0 and Sn are the ground
and high excited electronic states of 1, respectively). The nature
of the short wavelength 2PA band can be analyzed using the
simplest three-level energymodel74 based on the sum-over-states
(SOS) approach,53 when δ2PA is determined by the expression:

δ
μ μ

∼
× | | × | |

− + Γ × − + Γ
E

E E E E(( ) ) (( 2 ) )
n

n n

01 1
2PA

P
2 2 2

01 P
2

01
2

0 P
2

0
2

where EP = hc/λex (h and c are Planck’s constant and the velocity
of light in vacuum, respectively); E01 = hc/λab

max; μ01 and μ1n are
the transition dipoles of S0→S1 and S1→Sn electronic transitions,
respectively; E0n is the energy of the final electronic state Sn; Γ01
and Γ0n are the damping factors of the corresponding transitions.
The value of the transition dipole μ01 is directly related to the
i n t e g r a l o f t h e 1 P A s p e c t r u m o f 1 ,

∫μ ε ν ν ν≈ × × d0.096 ( ) /01
max (where ν = 1/λab

max),75

with an extremely large maximum extinction coefficient ε(λab
max)

∼ 106 M−1cm−1. Also, the relatively small detuning energy,ΔE =
E01 − EP, leads to intermediate state resonance enhancement
(ISRE),76 and a corresponding “double resonance” excitation
condition77 for the S0→Sn two-photon transition when E0n = 2EP.
Apparently, these parameters are mainly responsible for so large a
two-photon cross section δ2PA in the short wavelength 2PA band
of 1. It is interesting that the branched squaraine 1 is
characterized by more than a 2 times enhancement of δ2PA,
relative to a simple sum of the corresponding maximum cross
sections of separate squaraine units with δ2PA ∼ 1000 GM.11

Presumably, this enhancement is related to the resonance
excitation conditions without a noticeable role of cooperative
effects.57,58

Acceptable fluorescence quantum yield, large 2PA cross
sections and extremely high photostability reveal the potential
of 1 for 2PFM applications that can be quantitatively
characterized by the “figure of merit”, FM = δ2PA× Φfl/Φph.

1

The calculated values of FM ∼ 1010−1011 GM for squaraine 1
strongly exceed the values of other known two-photon
fluorescent labels.11,78

3.3. Femtosecond Transient Absorption Spectroscopy
of Star-Shaped Squaraine 1. The transient absorption and
gain properties of 1 were investigated in TOL at room
temperature by the femtosecond pump−probe method,38,79 as
described in sec. 2.3 and schematically shown in Figure 5. The
sample solution of 1 was excited in the main 1PA band at λex =
650 nm and the value of the induced optical density, ΔD, was
measured by a weak probe pulse as a function of temporal delay,
τD, between pump and probe pulses. Typical dependences ΔD =
f(τD) are presented in Figure 6a−c for selected probing
wavelengths, λpr. As follows from the obtained kinetic curves

ΔD = f(τD), the absolute values of ΔD exhibited fast relaxations
with characteristic times of 3−4 ps and then (for τD > 10−15 ps)
slowly decreased to zero in accordance with the nanosecond
lifetime of the S1 state. The fast relaxation processes can be
attributed to the solvent reorganization phenomena in the
solvate cage of 1 after electronic excitation S0→S1 that are
typically observed for low viscosity dye solutions at room
temperature.42,80 It is interesting that fast solvent relaxations
were not observed for single squaraine units under similar
excitation conditions,11 which can be evidence of a solvent
dependent energy redistribution between squaraine arms in the
branched molecule 1. These data also support the assumption of
symmetry breaking in the S0 state of 1 as a result of the
preferential energy stabilization of one of the squaraine arms in
the molecular structure relative to other two.60 The transient
absorption (TA) spectrum of 1 was obtained over a broad
spectral range and two well-defined maxima were revealed at
≈500 and 650 nm, respectively (Figure 6d, curve 1). In general,
the nature of the TA spectrum and corresponding kinetic curves
can be related to saturable absorption (SA), excited state
absorption (ESA), and gain (light amplification) processes,
typically observed in TA pump−probe molecular spectrosco-
py.68 The short wavelength TA band with a maximum at ∼500
nm corresponds to the spectral range of zero gain and extremely
weak linear absorbance (see Figures 3a and 6d, curves 2 and 3),
and therefore, can be assigned to pure ESA processes. It should
be mentioned that the short wavelength ESA band of 1
corresponds well with the known ESA spectra of similar
symmetrical squaraine derivatives with λab

max ≈ 630−650
nm.11,32 The dependence of ΔD = f(τD) for λpr = 500 nm
(Figure 6a) revealed temporal changes in the instantaneous short
wavelength ESA contour and can be assigned to solvent
relaxation processes in the S1 state of 1. The kinetic curve for
λpr = 650 nm ≈ λab

max (Figure 6b) exhibited the largest negative
values of ΔD, which was mainly due to the depopulation of the
ground state S0 (i.e., by SA processes). We can assume an
additional ESA contribution to this value of ΔD at λpr = 650 nm,
which is characterized by the fast transient changes observed at
pump−probe delays of τD > 300−350 fs, and is related to solvate
relaxation processes in the S1 state. It should be emphasized that
ground state depopulation occurs with a constant solvate
configuration of 1 in the S0 state and no fast relaxations should
be observed for induced changes in the ground state absorption
for τD ≪ τfl. The kinetic curve for λpr = 670 nm (Figure 6c)
revealed a small amplitude of the fast relaxation component in
ΔD (i.e., fast changes from≈−0.028 to≈−0.024 in the first 2−3
ps after excitation), and a relatively large relaxed negative value
(i.e., ≈ −0.024) in the spectral range of the fluorescence
maximum of 1 (Figure 6d, curve 1). The negative value ofΔD at
λpr ≈ λfl

max noticeably exceeds the estimated value of the
corresponding transient absorbance related to possible SA
effects at this probe wavelength. This is evidence of gain (optical
amplification). Based on this result, we can expect super-

Figure 5. Schematic diagram of the simplified electronic model of 1 and
main spontaneous and stimulated transitions (see text for details).
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luminescence and lasing properties of 1, which are attractive for
fluorescence microscopy applications and will be described in the
next section.
3.4. Superluminescent Properties of Star-Shaped

Squaraine 1. The potential abilities of organic molecules for
superluminescence and random lasing in a highly scattering
media81,82 is a subject of increasing interest for bioimaging
applications due to the increased spectral brightness from
stimulated emission.83 Efficient superluminescence of 1 was
observed at room temperature in relatively low concentrated
TOL solution (C≈ 2.3·10−4 M) under one-photon femtosecond
transverse pumping into the main long wavelength absorption
band (Figure 7). The broad spontaneous fluorescence emission
spectrum of 1 (Figure 7a) was highly reabsorbed at C ∼ 10−4 M
and a relatively narrow superluminescence band (fwhm ∼8−10
nm) arose with an increase in pumping energy, EP. The
dependence of the integral emission intensity, I, on EP revealed
an obvious threshold character (Figure 7b) with corresponding
threshold value, EP

th ≈ 3 μJ/pulse. The dependence I = f(EP) was
approximately linear for EP < EP

th (see insert in Figure 7b) and
saturated under EP > 7−8 μJ. The nature of this saturation is

related with the noticeable increase in the spatial divergence of
the superfluorescence pulse when some part of its energy misses
the photodetector due to thermooptical distortions in the active
medium. It should be emphasized that, besides the obvious
intensity threshold, the observed emission was linearly polarized
(parallel to the pumping polarization) and exhibited relatively
low spatial divergence∼3−4 mrad (at EP≤ 7 μJ), which is typical
for stimulated emission in organic dye solutions.83 Super-
luminescence of 1 is a promising molecular property for the
development of new fluorescent labels with increased spectral
brightness.

3.5. Quantum Chemical Calculations of the Electronic
Properties of Branched Squaraine 1. The DFTB optimized
structure of 1 is shown in Figure 8. As follows from these data,
geometry optimization made the starting symmetrical (C3v
symmetry) branched squaraine structure asymmetric with the
angles of ≈28°, ≈ 60°, and ≈73° between corresponding
squaraine moieties. Both 1PA and 2PA spectra predicted by
ZINDO/S level of theory are shown in Figure 9 and relatively
good agreement with the corresponding experimental data can
be observed (see Figure 2). The main parameters of the essential

Figure 6. (a−c) The dependencesΔD = f(τD) for 1 in TOL: λpr = 500 nm (a), 650 nm (b), and 670 nm (c). (d) Transient absorption spectrum for τD≈
15 ps (1), normalized steady-state absorption (2), and fluorescence (3) spectra of 1 in TOL.

Figure 7. (a) The superluminescence bands and reabsorbed spontaneous fluorescence emission spectra of 1 (see inset with corresponding extended
range of intensity) in TOL at C ≈ 2.3 × 10−4 M under femtosecond pumping with pulse energyEP ≈ 1.4 μJ (1), 5 μJ (2), 6 μJ (3), 10 μJ (4), and
normalized steady-state fluorescence spectrum of 1 in TOL for C≈ 10−7M (5). (b) The dependence of the integrated emission intensity, I, on EP at C≈
2.3 × 10−4 M. The inset in (b) shows corresponding initial part of the dependence I = f(EP).
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excited states and corresponding molecular orbitals of 1 are
presented in Table 3 and Figure 10, respectively. The low
wavelength 1PA peak is an overlap of the absorption from the
nearly degenerate states S1, S2, and S3, while the higher energy
peak is an overlap from S10, S11, and S12. All these states along

with S0 have negligible permanent dipole moments, that were
nicely reflected in the extremely weak solvatochromic behavior of
1. The 2PA band corresponds to absorption into the S7, S8, and S9
states, which are strongly polar. Each of these 2PA states is
dominated by a single configuration, corresponding to the local
excitation in one squaraine chromophore. In contrast, 1PA states
are nearly an equal mix of all three local excitations. It should be
mentioned that the proposed theoretical approach nicely
described the majority of the linear and nonlinear optical
properties of 1.

4. CONCLUSIONS

Comprehensive linear photophysical, photochemical, and non-
linear optical investigations of a novel three-armed star-shaped
squaraine (1) with four intramolecular hydrogen bonds were
performed in a number of organic solvents at room temperature.
The steady-state linear 1PA spectra of 1 showed relatively
narrow, sharp peaks, and exhibited extremely large extinction
coefficients (∼106 M−1cm−1) and a weak dependence on solvent
properties. The steady-state fluorescence spectra of 1 were
independent of λex over the entire absorption range, exhibiting
small Stokes shifts and negligible solvatochromic behavior. The
excitation anisotropy spectra of 1, along with the noticeable

Figure 8. Optimized structure of 1 at the DFTB level of theory.

Figure 9. Calculated degenerate 2PA (1) and linear 1PA (2) spectra of
1. Curves 1 and 2 were obtained using the Lorentz line shape function
with 0.1 eV for the damping parameter Γ.

Table 3. Essential Excited States: Wavelengths (nm), Oscillator Strength (osc.), Calculated 2PA Cross Sections (GM), Permanent
Dipole Moments (a.u.), and the Contributions of the Leading Configurations (H = HOMO, L = LUMO, etc)

nm osc. 2PA μx μy μz

S1 672 1.06 1 −0.1 0.1 0.1 −0.13(H-2→L)−0.44(H-1→L+1)+0.54(H→L+2)
S2 671 0.43 1 −0.1 0.2 0.1 −0.34(H-2→L)+0.52(H-1→L+1)+0.34(H→L+2)
S3 670 2.70 3 −0.2 0.1 0.1 0.61(H-2→L)+0.20(H-1→L+1)+0.31(H→L+2)
S7 359 0.02 2204 −10.5 6.0 7.4 −0.18(H-8→L)+0.68(H-5→L)
S8 358 0.02 1179 −13.3 4.6 1.8 0.61(H-7→L+2)-0.34(H-4→L+2)0.10(H→L+5)
S9 358 0.02 1181 2.8 10.4 9.3 0.61(H-6→L+1)−0.34(H-3→L+1)−0.10(H-1→L+4)
S10 314 0.28 85 0.0 0.1 0.1 −0.15(H-2→L)+0.65(H-1→L+1)+0.23(H→L+2)
S11 314 0.56 46 −0.1 0.0 0.0 −0.15(H-4→L+2)−0.23(H-1→L+4)+0.65(H→L + 5)
S12 314 0.40 108 0.0 0.0 0.0 0.13(H-5→L)+0.69(H-2→L+3)
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dependence of the fluorescence quantum yield on solvent
polarity, revealed the effect of symmetry breaking in the ground
electronic state of the star-shaped molecular structure. The
degenerate 2PA spectrum of 1was obtained over a broad spectral
range by open aperture Z-scans and exhibited a maximum cross
section δ2PA ≈ 8000 GM in the short wavelength two-photon-
allowed band. Noticeable enhancement of 2PA efficiency per
squaraine arm was observed in 1 relative to separate single
squaraine units. The nature of fast dynamic processes in the
excited states of 1 was revealed using a femtosecond transient
absorption pump−probe technique and corresponding relaxa-
tion times of 3−4 ps were shown which can be assigned to
solvent molecular interactions. Efficient superluminescent
emission of 1 was observed in relatively low concentration
toluene solution under femtosecond pumping. The electronic
structure, linear, and nonlinear optical properties of 1 were
predicted with semiempirical quantum-chemical calculations.
The calculated 1PA and 2PA spectra were in good agreement
with experimental data. Good values of fluorescence quantum
yield, extremely high photostability, large 2PA cross sections and
superluminescence properties determine the potential of the
star-shaped squaraine 1 for use in 2PFM applications, including
bioimaging, aspects to be investigated in future studies.
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