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ABSTRACT: Two different approaches to increase intersystem ) (o)
crossing rates in polymethine-like molecules are presented: traditional R‘+=<>R <:> R+=¢—R
heavy-atom substitution and molecular levels engineering. Linear and $ o

nonlinear optical properties of a series of polymethine dyes with Br-
and Se-atom substitution, and a series of new squaraine molecules,
where one or two oxygen atoms in a squaraine bridge are replaced with
sulfur atoms, are investigated. A consequence of the oxygen-to-sulfur
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substitution in squaraines is the inversion of their lowest-lying 7zz* and 1.01 0.46 - 0.98
nz* states leading to a significant reduction of singlet—triplet energy o 5 10 o 10
difference and opening of an additional intersystem channel of Delay (ns)

relaxation. Experimental studies show that triplet quantum yields for

polymethine dyes with heavy-atom substitutions are small (not more than 10%), while for sulfur-containing squaraines these
values reach almost unity. Linear spectroscopic characterization includes absorption, fluorescence, quantum yield, anisotropy, and
singlet oxygen generation measurements. Nonlinear characterization, performed by picosecond and femtosecond laser systems
(pump—probe and Z-scan measurements), includes measurements of the triplet quantum yields, excited state absorption, two-
photon absorption, and singlet and triplet state lifetimes. Experimental results are in agreement with density functional theory
calculations allowing determination of the energy positions, spin—orbital coupling, and electronic configurations of the lowest
electronic transitions.

1. INTRODUCTION properties.”~” The electronic properties of PDs can be tailored
by changing the length of the conjugation chain and by adding
specific electron acceptor (A) or electron donor (D) terminal
groups, thus forming the following molecular structures:
cationic D-7-D, anionic A-7-A, and neutral D-z-A. Additionally,
electron acceptor or donor groups may be included in the main
m-conjugation chain, resulting in the neutral quadrupolar

Polymethine dyes (PDs) have been known for more than a
century and have found numerous applications as photo-
sensitizers in photography and photodynamic therapy,
fluorescent probes in chemistry and biology, active and passive
laser media, materials for nonlinear optics and electro-
luminescence, memory devices, etc.'”* These compounds

exhibit a large molar absorbance (up to 3 X 10° M™') and structures, such as D-7-A-7-D or A-n-D-n-A. Squaraine (or
tunable absorption bands in the visible and near-infrared squarylium) dyes (SDs), which are the main subject of the
regions important for the development of organic materials current work, may be considered as compounds from the
with large nonlinearities for nonlinear optical applications. On polymethine family, as they combine polymethine (odd)
the basis of the number of methine (—CH=) groups in the 7- number of carbon atoms in the chain with an electron acceptor
conjugation, linear conjugated compounds can be formally C,0, bridge at the center of the conjugated chromophore. PDs
divided into polymethines (containing an odd number of methine are extensively studied, and many of their linear and nonlinear
groups with alternating single and double bonds) and polyenes

(containing an even number of methine groups). As commonly Received: January 9, 2013

accepted, these two families of dyes have distinctive electronic Revised:  February 19, 2013

structures, and thus differ by their linear and nonlinear optical Published: February 21, 2013
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Figure 1. Molecular structures, absorption (solid lines 1, 2), fluorescence (dashed lines 1’, 2’), and anisotropy (1", 2”) for (a) PD 2350 (1, 1/, and
1”) and PD 2929 (2, 2/, and 2”); (b) PD 1852 (1, 1, and 1”) and PD 2972 (2, 2/, and 2"); (c) PD 4216 in ACN (1). Absorption and fluorescence
spectra are measured in ethanol; anisotropy spectra are measured in glycerol. No fluorescence was detected for PD 4216.

properties are well-understood.®"'" Structure—property rela-
tions are developed allowing one not only to predict the main
properties of existing compounds but also to synthesize new
ones with desirable optical properties. The missing link in this
study for PD-like molecules is the clear understanding of
singlet—triplet (S—T) conversion processes, which are usually
characterized by small triplet quantum yields (@), ~107>—
107%"*7"* Typically, with nano-, pico-, or femtosecond pulse
durations, the population of the triplet states is negligibly small
and only singlet—singlet (S—S) transitions are needed for the
analysis of linear and nonlinear processes.

To our knowledge, the nature of the vanishingly small
intersystem crossing rate, kgr, in polymethine-like molecules
has not been systematically interpreted in the literature, and the
strategy to design PDs with an increased probability of triplet
formation has not been proposed. In our recent paper," we
described an approach to design PD-like molecules with
simultaneously large @, large 2PA cross sections (6,p4), and
large quantum yield of singlet oxygen generation (®,). These
compounds can be potentially useful for application in two-
photon photodynamic therapy'#'™'® and optical power
limiting requiring strong S—S and triplet—triplet (T—T)
excited state absorption.'”™>*

In the current paper, we provide some insights into the
nature of intersystem crossing (ISC) processes in polymethine-
like molecules and discuss the methods of k¢p enhancement. It
is well-known that kg can be approximated by Fermi’s golden
rule for radiationless transitions as*>>*

2w 2
kgp = — S)IHgoly (T
ST hP(V/( ) Hgochy (T)) 1)
where (yw(S)IHgocly(T)) is the spin—orbit coupling (SOC)
matrix element with corresponding SOC Hamiltonian, Hgq,
and p is the Franck—Condon weighted density of states
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representing energy conservation, and thus, depending on the
singlet—triplet splitting energy, AE, Hgoc can be written as™>?°

N =n 7
2 u
Hyoc = a* 3} ) —5L,
w0 (2)

where « is the fine-structure constant, Z is the effective charge
on nucleus g, r;, is the distance between the ith electron and
uth nucleus, and S; and L; are the spin and orbital angular
moments of the ith electron, respectively. The summation runs
over all electrons (n) and nuclei (N). The Franck—Condon
density of states p at room temperature (T) can be evaluated in

the form of a Boltzmann distributed population as”’

1 (AEgr + Ay’
exp| —
J4rART Ak T (3)

where Ay is the so-called Marcus reorganization energy which
includes both intramolecular and solvent-induced relaxations,
kg is the Boltzmann constant, and AEg; is the singlet—triplet
splitting energy. As seen from eqs 1—3, two main parameters
contribute to the intersystem crossing rate kgr: the spin—orbit
coupling Hamiltonian Hggc, which is sensitive to the effective
nuclear charge Z, and singlet—triplet splitting energy AEgr.

The traditional method to increase the SOC is the
introduction of atoms with large atomic numbers to the
molecular structure. According to eq 2, Hgp is proportional to
Z/r’, and an increase of Z leads to a higher rate of ISC. This
effect is well-known as the “heavy-atom” effect.”>***®

The new method introduced in our previous paper™ for
squaraine dyes is based on specific molecular level engineering,
leading to a decrease of the singlet—triplet energy difference.
We showed that the replacement of two oxygen atoms in a
squaraine bridge with two sulfur atoms leads to an inversion of
the lowest singlet 7,7* excited state with respect to the n,z*
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Figure 2. Molecular structures, absorption (solid lines 1, 2), fluorescence (dashed lines 1’, 2’), and anisotropy (1", 2”) for (a) SD—O 2405 (1, 1/,
and 1”) and SD—S 7508 (1) in toluene; (b) SD—O 2053 (1, 1, and 1”) and SD—SO 7517 (2,2, and 2”) in DCM; (c) SD—0 2577 (1,1, and 1”)
in ethanol and SD—S 7504 (2, 2/, and 2”) in toluene; (d) SD—0O 2243 (1, 1’, and 1”) in DCM and SD-S 7507 (2, 2/, and 2”) in toluene. All
anisotropy spectra are measured in pTHF. No fluorescence was detected for SD—S 7508.

excited state. This inversion significantly enhances Hgoc in
three ways. First, this inversion creates the possibility of
effective mixing of the singlet and triplet states of different
molecular orbital configurations (El-Sayed rule®”), thus
increasing spin—orbit coupling efficiency. Second, the inversion
leads to a significant decrease of AEg;.*° Third, the dark n,z*
singlet excited state has a much longer radiative lifetime,
allowing the radiationless ISC channel to dominate.

In the current paper, we perform a thorough investigation of
the linear and nonlinear optical properties of a series of PDs
with Br- and Se-atom substitution and a series of new SDs,
where one or two oxygen atoms in a squaraine bridge are
replaced with sulfur atoms. Studies of linear spectroscopic
properties include absorption, fluorescence, quantum yield, and
anisotropy measurements, as well as determination of singlet
oxygen generation quantum yields. Nonlinear properties,
determined with pico- and femtosecond laser systems by single
and double pump probe*"** and Z-scan techniques,®® include
determination of ISC quantum yields (ie., triplet quantum
yields), singlet—singlet and triplet—triplet excited state
absorption, two-photon absorption, and singlet and triplet
state lifetimes. We show that the heavy-atom effect does not
significantly enhance ISC in PDs: they are still characterized by
small triplet quantum yields (<10%), while the values of ISC
and singlet oxygen generation quantum vyields for sulfur-
containing SDs reach almost unity. We perform a detailed
comparison of a series of sulfur-containing squaraines versus
their oxygen-containing analogues and show that sulfur
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substitution in SDs significantly affects the ISC rate while
making almost no change to their nonlinear optical properties
such as two-photon and excited state absorption. Experimental
results are in agreement with quantum chemical calculations,
allowing the determination of the energy levels and the leading
molecular orbital configurations responsible for the lowest
singlet and triplet electronic transitions.

2. EXPERIMENTAL METHODS AND RESULTS

2.1. Materials Characterization and Linear Spectro-
scopic Properties. The molecular structures of the dyes
studied in this paper are shown in Figures 1 and 2. They are
separated into two groups. The first group (Figure 1) reflects
our attempts to enhance kgr in PDs due to the heavy-atom
effect by designing molecules with the heavy-atom substitu-
tions. These molecules contain a Br atom connected to the 7-
conjugated chain (labeled as PD 2929) in comparison with the
analogous unsubstituted PD 2350, Se atoms incorporated into
the terminal groups (labeled as PD 1852 and PD 4216), and
both Se-substituted terminal groups and a Br-atom substitution
within the 7-conjugated chain (labeled as PD 2972). The
second group of compounds (Figure 2) correspond to the
introduction of atoms with unshared pairs of electrons
producing n — 7 transitions. They are squaraines with
oxygen (labeled as SD—O) and with sulfur (labeled as SD—S/
SD—S0) atoms in the central acceptor C,0, (or C,S,/C,SO)
fragments. All eight SDs are paired as SD—O 2405 and SD—S
7508, SD—O 2577 and SD—S 7504, SD—O 2243 and SD-S

dx.doi.org/10.1021/jp400276g | J. Phys. Chem. A 2013, 117, 2333—2346
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Figure 3. (a) Five-level energy diagram (see description in the text); (b) single pump—probe measurements for SD—O 2577 in DCM at 532 nm
(linear transmittance 0.7, pump fluence 3.8 mJ/cm? 6y, = 8.8 X 107 cm?, 6;, = 1.3 X 1076 cm?, 75 = 0.9 ns); (c) DPP measurements for SD—S

7504 in toluene at 670 nm (linear transmittance 0.75, fluence in each pump 0.33 mJ/cm?, 65y = 5.2 X 107'¢ cm?, 63y, = (2.6 + 0.5) X 1076 cm?,
pump

Or1n = (2.5 £ 0.5) X 107" cm?, 75 = 0.50 + 0.05 ns).

2

7507, and SD—O 2053 and SD—SO 7517 (containing one
sulfur and one oxygen). Each pair of dyes contains the same
donor terminal groups and identical polymethine chain length
and differs only by oxygen or sulfur substitution in the central
acceptor fragment.

The linear absorption spectra of all molecules, recorded by a
Varian Cary 500 spectrophotometer, are presented in Figures 1
and 2. The choice of solvents is based on the solubility of the
dyes and includes ethanol (EtOH), toluene (TOL), acetonitrile
(ACN), and dichloromethane (DCM). The absorption spectra
for all dyes are composed of intense cyanine-like bands
attributed to their zz* Sy — S, transitions, and weaker higher-
lying Sy — S, transitions in the visible and ultraviolet regions.
The absorption spectra of PDs with and without Br
substitution, shown in Figure 1, are similar, reflecting that a
Br atom placed in the meso-position of the 7-conjugated chain
does not significantly affect the charge distribution within the
chain. The absorption spectrum of PD 4216 is strongly red-
shifted even for this short chain length and shows a relatively
intense absorption around 400 nm due to the existence of own
m-conjugation system in the terminal groups decreasing the
HOMO/LUMO gap. The main absorption bands for all SD—S
dyes, shown in Figure 2, are red-shifted (~30—50 nm) in
comparison to their SD—O analogues, and their higher-lying
transitions are more intense, which can be explained by the
existence of a 7-conjugation system in the perpendicular S—S
chromophore. Note that for SD—SO 7517, of which only one
oxygen atom is replaced by a sulfur atom, the red-shift of the
main absorption band is significantly less, ~13 nm with respect
to its counterpart SD—O 2053. All SD—S dyes are less
photochemically stable than SD—O dyes, which require special
care in experimental studies.

The fluorescence spectra of all compounds, corrected for the
spectral responsivity of the detection system, are measured by a
PTI QuantaMaster spectrofluorimeter and shown in Figures 1
and 2. We note the spectral mirror symmetry between
absorption and fluorescence spectra for all compounds
reflecting only a small change in the excited state geometry
upon excitation. Fluorescence quantum vyields, @y, are
measured using the standard method of comparison with a
known reference dye, Cresyl Violet perchlorate (CAS# 41830-
80-2, Sigma Aldrich) in methanol, which has an absorption
peak at 594 nm, fluorescence peak at 620 nm, and a
fluorescence quantum yield, ®; = 0.54 + 0.03.** No
fluorescence (®y < 0.001) is observed for SD—S 7508 and
PD 4216, however, for different reasons. As to be shown in
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section 2.2, SD—S 7508 is characterized by near unity triplet
quantum yield (@), indicating the ISC process as the most
effective channel for nonradiative decay of the S, state, while
the main radiationless path for PD 4216 is internal conversion
due to its strongly nonplanar structure.

From spectroscopic measurements, we estimate the fluo-
rescence lifetime, 7 = @7y, where the natural lifetime, 7, can
be calculated from the Strickler—Berg equation:>®

/F(u) dv x f% dv
fFu(':) dv

where F(v) and &£(v) are the normalized fluorescence and
absorption spectra in wavenumber (1, cm™), €™ is the molar
absorbance at the peak of the absorption band (M™' cm™), and
n is the refractive index of the solvent. For all compounds, eq 4
gives reasonably good agreement (within ~20%, see Table 1)
of the fluorescence lifetimes calculated and directly measured
by a pico- and femtosecond pump—probe technique (see
section 2.2).

Excitation anisotropy measurements allow determining the
spectral positions of the optical transitions and relative
orientation of the transition dipole moments.>> These measure-
ments are performed using viscous solutions of glycerol or poly
tetrahydrofuran (pTHF) to reduce rotational reorientation and
at low concentrations (C & 1 uM) to avoid reabsorption of the
fluorescence. The anisotropy value r for a given excitation
wavelength A can be calculated as r(4) = [I;(1) — I,.(1)]/[1;(4)
+ 2I,(4)], where I (A) and I,(4) are the intensities of the
fluorescence signal (typically measured near the fluorescence
maximum) polarized parallel and perpendicular to the
excitation light, respectively. Excitation anisotropy spectra,
shown in Figures 1 and 2, reveal alternating peaks and valleys.
The peaks in the excitation anisotropy spectrum indicate a
small angle between the absorption and emission transition
dipoles, suggesting allowed one-photon absorption (1PA)
transitions, while valleys indicate large angles between these
two dipoles, suggesting forbidden 1PA transitions, such as
transitions between states of the same symmetry. Due to
selection rules for symmetrical cyanine-like dyes, these valleys
in the anisotropy spectra could indicate the positions of allowed
2PA transitions. Thus, as was shown by us previously, excitation
anisotropy spectra can serve as a useful guide to predict the
positi3(;ns of the final states in the 2PA spectra of cyanine-like
dyes.

— =288 x 100%™
™~

(4)

dx.doi.org/10.1021/jp400276g | J. Phys. Chem. A 2013, 117, 2333—2346
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The direct measurements of singlet oxygen, '0,, lumines-
cence at ~1270 nm were performed at room temperature using
a PTI QuantaMaster spectrofluorometer with a nitrogen cooled
Hamamatsu R5509-73 photomultiplier tube detector. 'O,
generation quantum yields (®,) were measured in comparison
with the known dye acridine in ACN with @, = 0.82°” at room
temperature with air-saturated solution.

The most significant linear properties for the dyes studied are
listed in Table 1.

2.2. Nonlinear Characterization Methods and Results.
Nonlinear optical investigations include a broad range of femto-
and picosecond pulsewidth measurements with the goal of
determining the ISC transition rates, formation of the excited
state singlet—singlet (S—S) and triplet—triplet (T—T)
absorption bands, singlet and triplet state lifetime dynamics,
and precisely determine the important molecular parameters
such as triplet (@) and singlet oxygen generation (®,)

quantum yields.

The picosecond system used is a 10 Hz Nd:YAG laser
(EKSPLA PL2143) pumping an optical parametric generator/
amplifier (OPG/A) (PG401/DFG) tunable from 0.42 to 2.3
um with a pulsewidth of 25 ps (fwhm) measured with a second-
harmonic autocorrelation technique. The femtosecond system
is composed by a Ti:sapphire regenerative amplifier (Clark-
MXR, CPA 2011, delivering 1.6 m]J pulses at 780 nm, with a 1
kHz repetition rate and a pulsewidth of ~150 fs, fwhm),
pumping two OPG/OPAs (Light Conversion Ltd., model
TOPAS-800). The wavelength tuning range is from 0.3 to 2.6
pum.

2.2.1. Single and Double Pump—Probe Techniques. Decay
kinetics and population dynamics of organic molecules are
usually described with the standard five-level energy diagram,
shown in Figure 3a. It is well-known that there are several
competing processes to depopulate the S; state which include:
(1) radiative (fluorescence) and nonradiative (internal
conversion) decays into the singlet ground state S, with
lifetime 7g,0; (2) excitation to the higher-lying singlet states S,
by sequential absorption of another photon (S;—S, absorp-
tion); (3) ISC leading to population of a triplet state T, with
lifetime 75c. Note that the lifetime of the T, state is long
(usually 107°—107 5)**~** due to the spin-forbidden nature of a
triplet—singlet transition; (4) excitation to the higher-lying
triplet states T,, by sequential absorption of another photon
(T,—T,, absorption); and (S) radiative (phosphorescence) or
nonradiative decays from T, into S, The singlet lifetime
including radiative and nonradiative decays, 75, can be written
as 1/7g = 1/7g9 + 1/75c-

To mathematically describe the physical processes shown in
Figure 3a, the propagation (5) and rate (6) equations can be

employed:*!
dI
— = —04yNgol — 05, NI — 671Nyl
dZ SOI SOI Sin ‘ST Tlm"“T1 (5)
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dN. 0501 Ngol N, N
so _ _Oso%sot , Ns1 Vi
dt ho Ts0 TTi0
dN, _ Os0iNsol  Ng; 051N, [ 4 Ny Ny
dt ho Ts10 ho Tsnt TISC
dN, _ Os1alNsil N,
dt ho Tt
dNy, _ _ Oyl " Ny + Ng; Ny
de ho Trmi Tsc  TTio
dNyp,, _ OrimlNril  Npg
dt ho Trm1

(6)
where I is the irradiance; z is the depth in the sample; 6; and 7;;
are cross sections and lifetimes relating to the particular singlet
and triplet transitions, respectively; 75 and 7, are the singlet
and triplet lifetimes, both including radiative and nonradiative
decays; Ng;, Ng;, Ng,, Nrpj, and Ny, are populations of the
singlet (S, Sy, and S,) and triplet (T, and T,) states,
respectively. The total population, N = Ny, + Ng; + N, + N,
+ Nrp, is conserved. Since the lifetimes 7g,, and 7p,,; are
usually short (sub-picosecond), the populations of the higher-
lying singlet (Ng,) and triplet (Nr,,) states can be neglected in
the analysis. The triplet quantum yield (®r), as a fraction of the
population moved to the triplet state, can be defined as
O = 5 =
Z1sc

_ kisc
Tsi0+ Tisc ke + kise

Ts10

™)

The pump—probe technique is the most common technique
for time-resolved studies.*”* A strong laser pulse (pump) is
used to change the population and optical properties of the
sample and a much weaker pulse (probe, with irradiance usually
less than 5% of the pump irradiance to prevent any nonlinear
effects from the probe beam) is used to study the magnitude
and time evolution of the induced changes. The probe spot size
at the sample is typically set ~10X smaller than the pump size,
and the angle between pump and probe is typically small, ~5°,
to ensure that the probe beam travels through the
homogeneously pumped solution. The polarization angle
between the pump and probe is set to the magic angle
(54.7°) to avoid contributions from orientational effects.** The
magnitude of nonlinear optical changes, for example, the
excited state absorption (ESA) cross sections, can be
determined by solving eqs 5—6, for known pump beam waist
and pulse energy. The time evolution is investigated by delaying
the probe pulse with respect to the pump and by monitoring
the probe transmittance with various time delays. The temporal
accuracy of the measurements is defined mainly by the pump
pulsewidth. Since the singlet state lifetimes of almost all
molecules in this work range from 500 ps to 1.5 ns, most
pump—probe measurements are done with the picosecond laser
system. The only exceptions are PD 4216 and SD—S 7508,
whose short lifetimes of ~1 and 4.5 ps, respectively, were
determined with the femtosecond laser system. In both pico-
and femtosecond setups, the spot sizes (HW/e* M) of the
pump and probe beams were measured by knife-edge scans and
equal to ~200 and ~20 um, respectively.

For the molecules with small ISC (for example, SD—O
molecules), the populations of the triplet states are negligible,
and the five-level model can be reduced to a three-level model
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accounting for the singlet states only. An example of the
experimental decay kinetics and its numerical simulation for
SD—O 2577 is shown in Figure 3b. The measurement was
done at pump and probe wavelengths of 532 nm in the reverse
saturable absorption (RSA) region where 65,,, > 0go;. Pump—
probe dynamics show a complete recovery of the initial
transmittance after a few nanoseconds time delay, indicating a
negligible population of the triplet state. By fitting experimental
pump—probe dynamics using simplified eqs S and 6, the values
of 65,,, and 7 are determined as o5, = 1.3 X 107'¢ cm? and 7 =
0.9 ns. However, for some molecules, ISC can be significant
(for example, for SD—S molecules), and a significant fraction of
initial ground state population can be redistributed to the triplet
state. Therefore, the five-level model cannot be simplified. In
this case, a classical single pump—probe method cannot
simultaneously determine the singlet and triplet state
absorption parameters and transition rates. The double
pump—probe (DPP) technique, first introduced by Swatton
et al,” is a variant of the standard pump—probe scheme but
uses two strong pumps instead of one to create two sets of
initial conditions for solving eqs S and 6. This method allows
for a unique determination of ®r, not requiring the use of a
reference sample, with simultaneous determination of o7, in
the same experiment. Two strong pump pulses, usually (but not
necessarily) having the same wavelengths and pulse energies,
are separated by a time delay chosen to allow for significant
depopulation of the singlet excited states via decay to S, and via
ISC to the triplet state. The second pump interacts with the
modified molecular system, and the initial conditions for
solving the rate equations are different. Numerical fitting of eqs
S and 6 after both the first and second pumps allows for a
unique determination of @ and ory,,. For most molecules, the
picosecond DPP technique can be used; however, for the
molecules with ultrafast ISC rates,**™* femtosecond pumps
may be required.*” A detailed description of the DPP technique
and methods for its optimization are described in our paper.**
An example of the experimental DPP decay kinetics and its
numerical simulation for SD—S 7504 are shown in Figure 3c.
This measurement was done at a pump and probe wavelength
of 670 nm in the saturable absorption (SA) region, close to the
peak of linear absorption where o5, < 05;. The large value of
0Ogo; ensures that a large fraction of ground state population is
moved to the triplet state which significantly improves the
accuracy for determining the triplet quantum yield. By fitting
the DPP dynamics, the values of oy, o1, P, and 74 are
determined as oy, = (2.6 = 0.5) X 107 cm?, 6y, = (2.5 %
0.5) X 107 cm?, @ = 0.75 + 0.03, and 75 = 0.50 + 0.05 ns.

Note that all triplet yield measurements were performed in
air-saturated solutions. We also checked the effect of oxygen on
@ and 7 by partially removing the oxygen owing to bubbling
solutions with nitrogen gas stream for about half an hour. We
found that removing the oxygen from the samples does not
significantly affect @ and 7g values. Note that we did not
attempt to measure the oxygen concentration before and after
bubbling; however, the oxygen concentration after bubbling
was decreased significantly, thus affecting the triplet state
lifetimes (see section 2.2.3). The main results of single and
DPP measurements are given in Table 1.

As seen from Table 1, the largest triplet quantum yields are
found for sulfur-containing squaraines, from ®1 = 0.46 + 0.04
for SD—S 7507 to @1 = 0.98 + 0.02 for SD—S 7508, and the
smallest measurable triplet yield, @ = 0.05 + 0.05, was found
for PD 2929 with Br-substitution in the polymethine chain. PD
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2350, without heavy atoms in the chemical structure, and PD
4216, with Se atoms incorporated into the terminal groups
(due to nonplanar dye structure leading to extremely small 7 =
1 ps), show negligible ISC, and therefore @1 ~ 0. The same
negligible ISC was observed for all oxygen-containing
squaraines SD—O 2405, SD—0O 2577, SD—0 2243, and SD—
O 2053.

2.2.2. ESA Measurements. The ESA spectra from S,
(corresponding to singlet—singlet (S—S) ESA) and T,
(triplet—triplet (T—T) ESA) states were measured using a
femtosecond white light continuum (WLC) pump—probe as
described in refs 8, 48, and 49. The pump pulse, generated by
an OPG/OPA, was set at a wavelength close to the linear
absorption peak of each investigated dye, while the probe pulse,
a broadband WLC, is generated by focusing a small portion of
fundamental laser pulse (780 nm) onto a 1 cm water cell. In
order to improve the signal-to-noise ratio and avoid stimulated
emission,** the narrow band interference spectral filters (~10
nm bandwidth) were used to select the probe wavelengths from
the WLC spectrum. Several filters with different central
wavelengths were used to obtain the complete ESA spectrum.
The pump beam was modulated with a mechanical chopper
(283 Hz) synchronized with the 1 kHz repetition rate of the
fundamental laser. Transmittance of the probe signal was
recorded using a lock-in amplifier. For each probe wavelength,
A, the ESA cross section, o), (4), can be calculated using eq 8:

05, T1n = Os01 — (0501(Agsa) — ”s,Tm(/lESA))
ln(& )
L |,

ln( I
TL

A’ESA

(8)

where 05y is the ground state absorption cross section
measured by spectrophotometer; Ty is the linear transmittance
of the probe before the pump beam arrives at the sample; Ty,
is the transmittance of the probe in the presence of the pump
after a fixed delay (i.e., ~0.5 ps for S—S ESA and ~25 ns for T—
T ESA); and Agg, is the wavelength where 651y, is measured
independently by femto/picosecond Z-scan or pump—probe
techniques.

Figure 4a,c,e shows the ESA spectra for three squaraine
molecules SD—O 2053, SD—SO 7517, and SD—0O 2045, while
Figure 4b,d,f presents their decay kinetics measured by
degenerate picosecond pump—probe with wavelength set to
the RSA region. Oxygen-substituted SDs (i.e., SD—O 2053 and
SD—0 2405) show only S—S ESA, and their decay kinetics
demonstrate a complete restoration of the ground state
population within several nanoseconds (Figure 4bf). In
contrast, the decay kinetics of the oxygen—sulfur-substituted
SD—SO 7517 shows a nonrecovery of the ground state
population beyond 4 ns (Figure 4d), indicating a significant
population built up in the long-lived triplet state. Figure 4d
shows that o, and oy, values for SD—SO 7517 at the peaks
of S—S and T—T ESA spectra are comparable. The similarity of
S—S ESA in two dyes, SD—O 2053 and its analogue SD—SO
7517, is evidence of the insignificant effect of sulfur substitution
on the singlet electronic level structure.

Figure Sa represents S—S and T—T ESA spectra for SD—S
7508 (@ = 0.98, 7i5c = 4.5 ps) in toluene, with two distinctive
decay kinetics (Figure Sb), measured by femtosecond WLC
pump—probe with pump excitation wavelength at 687 nm (i.e,,
in the linear absorption peak), and two probe wavelengths at
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Figure 4. Linear absorption (1), S—S (2), and T-T (3) ESA
absorption spectra for (a) SD—O 2053, (b) SD—SO 7517, and (c)
SD—O 2405. Decay kinetics for (d) SD—O 2053 at 532 nm (pump
fluence 2.6 mJ/cm?, gy, = 33 X 107" cm?, 6y, = 0.9 X 107" cm?, 7
= 2.5 ns), (¢) SD—SO 7517 at 570 nm (pump fluence 0.5 mJ/cm?,
Ogo; =23 X 1078 em?, 65, = 1.3 X 10716 em?, Orpp = 2.5 X 10716 em?,
7g = 1.5 ns), and (f) SD—O 2405 at 532 nm (pump fluence 1 mJ/cm?,
Gsor = 92 X 107 em?, 6y, = 1.3 X 1076 em?, 7g = 2.2 ns). SD—O
2053 and SD—SO 7517 are measured in ACN, and SD—O 2405 is
measured in toluene.

480 and 570 nm. The probe kinetics at 480 nm (trace 1 in
Figure Sb) first shows the RSA process (here og;, > 0g,) with a
fast decay time of ~4.5 ps, connected with the rapid
depopulation of the S, state due to ISC to the T, state.
Population of the T, state leads to T—T ESA with a much
slower decay time (>500 ns, as discussed in section 2.2.3),
resulting in the SA process (here o7, < 0g;). In contrast, the
probe dynamics at 570 nm (trace 2 in Figure Sb) shows only
RSA. Since o, (570 nm) = 6go; (570 nm), as shown in Figure
Sa, the transmittance change connected with S—S ESA is not
observable, and the probe kinetics reflects the T—T ESA
process only (where o1, > 0g;) with a much longer lifetime.

2.2.3. Triplet State Lifetime Measurements. Triplet state
lifetimes, 71y, at room temperature were measured with a
modified picosecond pump—probe setup, where the pump

beam was set at a wavelength close to the linear absorption
peak of each investigated dye, and a CW, frequency doubled
Nd:YAG laser at 532 nm was used as the probe beam. The
transmittance of the sample was recorded by a digital
oscilloscope, Tektronix TDS 680C, triggered from the
picosecond pump laser. All experimental data for 7r), are
presented in Table 1. It is seen that, for most of the molecules
in air-saturated solutions, 7y, values are close and vary from
200 to 300 ns.

It is well-known that atmospheric oxygen is an effective
quencher of the triplet state,> which will reduce the lifetime of
the triplet state. Therefore, we performed triplet state lifetime
measurements for several sulfur-containing squaraines in two
solvents of different polarity, toluene and ACN, before and after
oxygen removal using the procedure described in section.2.2.1.
Due to the longer lifetime of the triplet state, it is reasonable to
expect a larger effect of removing oxygen on 7y than on 75. A
comparison of decay kinetics for air-saturated and nitrogen-
purged toluene and ACN solutions for SD—SO 7517 is shown
in Figure 6.

As seen, SD—S 7517 in both air-saturated solutions shows a
single-exponential decay with 71, = 0.2—0.3 ps. As expected,
oxygen removal leads to an increase of the triplet state lifetime,
however, in different ways depending on solvent polarity. In
low polar toluene solution, the single-exponential decay kinetics
is changed to double-exponential decay with lifetimes of 0.9
and 4.2 us. In polar ACN solution, triplet state decay kinetics
remain single-exponential with 77, = 0.6 ps. The double-
exponential decay of triplet state lifetime was also observed for
all sulfur-containing squaraines in toluene after oxygen removal
(as shown in Table 1), and can be explained by changing the
order of the two low-lying triplet states of different orbital
configuration (nz* and zz* nature) in nonpolar solvent. A
similar effect was previously observed for aromatic carbonyl
compounds.*® On the basis of the explanation of ref 50, we can
assume that the double-exponential kinetics in toluene
corresponds to decay from the mixed nz* and zz* triplet
states, while highly polar ACN, raising the energy of the zz*
triplet state with respect to the nz* triplet state, shows no
discernible long-lived component.

2.2.4. Two-Photon Absorption Measurements. 2PA spec-
tra, measured by the femtosecond system, are obtained by two
well-established methods: two-photon absorption induced
fluorescence (2PF) and Z-scan techniques.3 1 The 2PF
represents an indirect way to measure the 2PA cross sections
by comparing the integrated fluorescence signal from the
investigated sample to a reference compound (with known 2PA

-s T T T T T T T

% 6] sps7s08 @)1

8 _s I
o~

® E 4 -

2 (8]

G583 2 :

c

S X2 a3 ]

274 A/ ]

i

S o

8 ol

S 30 400 50 600 700 800

Wavelength (nm)

10— T T T 71

o5, (480 nm) = 1x 10 cm”

0.98] (570 nm) =0.4x 10™ cm?”

0.96
T
10 0

1|0 2|0 3|0 4|0
Delay (ps)

50 60

Normalized Transmittance
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Figure 6. Triplet lifetime measurements for SD—S 7517 in (a) toluene and in (b) ACN. Shorter decays (1) correspond to air-saturated solutions,
while longer decays (2) correspond to solutions with oxygen removed.

cross section) measured under identical conditions. It can thus
be applied to the molecules with relatively large fluorescence
quantum yields. The Z-scan, representing a direct way to
measure the 2PA cross sections without the use of reference
samples, may be applied to any compound, including
nonfluorescent ones. In our previous paper,'> we showed the
similarity of 2PA spectra for oxygen-containing SD—O 2405
and its sulfur-substituted analogue SD—S 7508. Here we
present the 2PA spectra for another pair of squaraine dyes SD—
0 2053 and SD—SO 7517. Figure 7 shows 2PA spectra of these
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Figure 7. Normalized one-photon absorption (1, 2), excitation
anisotropy (1’, 2), and two-photon absorption spectra (17, 2”) for
SD—0 2053 (1, 1/, 1”) and SD=S 7517 (2, 2/, 2"). The two-photon
excitation wavelengths and absorption cross sections are shown on the
top and right axes, correspondingly. 2PA data shown by solid red
circles for SD—S 7517 and solid blue circles for SD—O 2053 are
obtained by open-aperture Z-scans. 2PA data shown by blue open
circles for SD—O 2053 correspond to 2PF measurements. All spectra
are measured in ACN, except excitation anisotropy in pTHF.

dyes in toluene solution along with their linear absorption and
fluorescence excitation anisotropy spectra. Owing to its large
@, the 2PA spectrum of SD—O 2053 in toluene was measured
by 2PF; however, open apertures Z-scans at a few wavelengths
were also performed to verify the J,p4 values. The 2PA
spectrum of SD—SO 7517 was measured with the open
aperture Z-scan in a 1 mm flow cell to avoid photochemical
damaging of this dye under strong laser irradiation. The flow
rate, controlled by a tube pump (Masterflex), was set at ~350
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mL/min, which is fast enough to avoid multishot excitation of
dye molecules. Note that, since 2PA is an instantaneous
process, the flowing setup does not affect the 2PA signal.

It is seen from Figure 7 that both squaraine dyes exhibit
similar 2PA spectra. The first 2PA bands are located at the
vibrational shoulders of their S, — S, transitions with similar
Oypa & 200 GM. Note that the “vibronic coupling” band for
SD—SO 7517 is slightly red-shifted with respect to SD—O
2053, due to the red-shift of linear absorption peak. The
positions of the second 2PA bands with &35 = 1200 GM at 840
nm coincide for both dyes. The third 2PA peaks cannot be
resolved due to the presence of the linear absorption edges.
The largest §,p4 = 1660 GM (at 760 nm) is observed for SD—
SO 7517. This enhancement, as compared to SD—O 2053, can
be attributed to the red-shift of the linear absorption peak for
SD—SO0 7517, leading to a smaller detuning energy and thus to
intermediate state resonance enhancement.”> On the basis of
the previous data'® and results of the current 2PA measure-
ments, we can conclude that sulfur substitution in squaraine
dyes does not significantly affect the energy structure of the
singlet 7™ states.

3. QUANTUM-CHEMICAL ANALYSIS

The electronic structure of the excited states were predicted
with the Gaussian 2009 suite of programs.>® The hybrid
exchange-correlation density functional B3LYP>* was used in
combination with 6-31G* basis set.’> The polarizable
contintum model (PCM) in its solvation model density
parametrization®® was used to simulate the solvent effects
(ethanol was chosen as the model solvent for PDs and toluene
for SDs). Time-dependent density functional theory (TD-
DFT)>” was used to investigate the electronic structure of the
three lowest singlet (S;) and triplet (T;) excited states. The
excitation energies for these states, along with their dominant
configurations, are reported in Table 2. Excitation energies for
cyanine dyes are known to present a challenge for the TD-DFT
method.>® The physical reasons for this inaccuracy and a
remedy to improve the excitation energy predictions was
proposed recently.’” In short, the electronic excitation in
cyanine chain results in charge transfer between even and odd
atoms of the chain. The TD-DFT method in the commonly
used adiabatic approximation is evaluating the excited state
energy in the potential generated by the ground state. This
approximation works well when the electron density does not
change much upon the excitation but results in larger than
usual errors in cases like cyanine dyes. The improvement in
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Table 2. Excitation Energies (Erp, €V), Leading Singlet and Triplet Configurations, and Oscillator Strengths (Osc.) Predicted
with TD-B3LYP/6-31G*/PCM, Singlet Excitation Energies Predicted with FD-B3LYP/6-31G*/PCM (Egp, V), and SOC
Matrix Elements between Dominant Configurations of Each Triplet and the Lowest Singlet S, Calculated at the Planar
Optimized S, Geometry, and Out-of-Plane Distorted S; Geometry

Emp Erp leading singlet Emp Erp leading triplet SOC in planar §; SOC in distorted S,
(eV) (eV) configuration Osc. (eV) (eV) configuration (em™) (em™)
PD 1852
S, 2.18 1.84 HOMO — LUMO 2.61 T, 1.30 1.24 HOMO — LUMO 0.00 0.00
S, 293 3.08 HOMO-1 - LUMO 0.0 T, 242 2.34 HOMO-1 — LUMO 0.20 22.1
Ss 3.15 3.01 HOMO-2 - LUMO 0.65 T, 2.82 2.84 HOMO-2 - LUMO 0.00 0.00
PD 2929
S; 2.33 191 HOMO — LUMO 2.92 T, 1.34 1.39 HOMO — LUMO 0.00 0.02
S, 3.33 3.03 HOMO-2 - LUMO 0.01 T, 245 2.61 HOMO-1 - LUMO 0.04 0.38
S3 3.71 3.76 HOMO-1 - LUMO 0.04 T, 3.13 3.27 HOMO-2 — LUMO 0.00 0.00
SD—-0 2405
S, 2.10 1.77 HOMO - LUMO 3.13 T, 1.01 1.21 HOMO — LUMO 0.00 0.15
S, 2.15 3.38 HOMO-2 - LUMO 0.00 T, 2.03 2.33 HOMO-1 - LUMO 0.00 S.10
S3 3.12 338 HOMO-1 - LUMO 0.00 T, 2.32 2.50 HOMO-2 - LUMO 0.00 0.00
SD-S 7508
S, 1.72 1.76 HOMO-1 - LUMO 0.00 T, 1.17 1.29 HOMO — LUMO 0.00 2.03
S, 1.92 2.11 HOMO — LUMO 1.35 T, 1.68 1.96 HOMO — LUMO+1 0.00 0.27
S; 2.18 2.65 HOMO-2 - LUMO 0.00 T, 2.02 2.13 HOMO-4 — LUMO 1.32 1.33

excitation energy can be achieved, however, when the relaxed
density of the excited state obtained with the standard TD-DFT
method is used to generate the potential instead of the ground
state density. This can be practically accomplished when the
static DFT is used on the excited Slater determinant built on
the natural orbitals of the excited state, but the orbital
optimization is not performed (this is known as frozen density
approximation, FD-DFT). The excitation energies in the frozen
density approximation, including sum rule spin-contamination
correction, are reported as FD-DFT in Table 2. The ground
states Sy and the lowest singlet excited states S, were optimized
with B3LYP/6-31G*/PCM and TDA-B3LYP/6-31G*/PCM,
respectively, under the assumption of molecular planarity
(point group C,, for PD 1852 and PD 2929; point group Cy,
for SD 2408 and SD 7508). In all S, and S, states for all four
dyes, the vibrational analysis revealed two imaginary normal
modes, corresponding to out-of-plane vibrational motions
(belonging to irreducible representations A, and B, in the C,,
point group; A, and B, in the C,;, point group). The zero point
vibrational energy test® was used to inspect whether this
apparent nonplanarity is physically meaningful. A small step
along the imaginary normal mode followed by the new
optimization procedure lowered the total energy by less than
0.01 kcal/mol, while the zero point vibrational energy test
increased the total energy by over 0.2 kcal/mol in all cases.
Therefore, we conclude that their time-averaged dynamic
structures (or the largest probabilities of the nuclear densities in
quantum terms) for all these molecules in both S, and S; states
are planar.

SOC matrix elements between the first excited singlet and
the few lowest triplet states were calculated using the graphical
unitary group approach capability in the GAMESS-US
computer program (version 11, Aug 2011).%" The one-electron
approximation to the microscopic Breit—Pauli spin—orbit
operator and effective nuclear charges were used.” The states
for the SOC evaluations were constructed in the basis of single
excitations in Kohn—Sham orbitals, with the active space
including five HOMOs (HOMO-4, HOMO-3, HOMO-2,
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HOMO-1, HOMO) and two LUMOs (LUMO and LUMO
+1).

It is well established that vibronic interactions can
substantially increase the ISC rates, making El-Sayed forbidden
transitions nearly as probable as El-Sayed allowed ones.* For
instance, it is shown that in porphyrines vibronic spin—orbit
terms, resulting from a sharp rise of the SOC components
along the out-of-plane vibrational coordinates, can increase the
ISC rate by 2 orders of magnitude.** Here we employ a similar
method to investigate non-Franck—Condon effects on SOC
matrix elements. For this purpose, the planar optimized
geometry of the lowest singlet state S, was distorted out-of-
plane along one of the normal modes. This normal mode was
selected as the mode with the largest amplitude of the heaviest
atom in the investigated molecule (Se, I, O, and S,
respectively). The amplitude of this out-of-plane distortion
was selected so that the total molecular energy is increased by
ca. 0.6 kcal/mol (kT value at room temperature). The
excitation energies and SOC components, obtained in the
planar and distorted geometries, are presented in Table 2.

3.1. Quantum Chemical Analysis of PDs with “Heavy”
Atoms. First, we analyze our experimental results obtained for
the series of PDs with the “heavy”-atom substitutions: PDs
2929, 1852, 4216, and 2972. From our measurements, it follows
that @ for Br-substituted PD 2929 is the smallest, not
exceeding 0.05. For both Se-substituted PDs 1852 and 2972,
@ are similar, 0.10 + 0.05, indicating that additional
incorporation of Br atoms into the chain in PD 2972 cannot
increase @ and the main effect is connected with “heavy” Se
substitutions. Small values of @ indicate that the fluorescence
and internal conversion via singlet states are still dominating
the deactivation pathways for PDs. These results have been
explained by our quantum-chemical calculations, showing that
both PD 1852 and PD 2929 have an intense lowest S; — S,
transition of z—z* nature involving HOMO and LUMO
orbitals. As shown in Table 2 for PD 1852, only two triplets (T
and T,) are found to be thermally accessible for ISC
deactivation pathways (that is, below S, in energy as T, or
within a few C—C vibrational quanta above it as T,). The
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Figure 8. Isosurfaces of the essential Kohn—Sham orbitals in in XY and XZ planes for PD

1852.

essential orbitals involved in these transitions (HOMO —
LUMO and HOMO-1 — LUMO) are shown in Figure 8. All
triplet states for PD 1852 are of z#z* nature. Therefore, ISC
processes between the singlet (S;) and triplet (T; and T,)
states of zz* nature are forbidden by El-Sayed rules.”® The
calculated SOC components are indeed small at the planar S,
geometry. The largest T, SOC component is 0.2 cm™". Out-of-
plane distortion, however, results in 7—o* mixing and a large (2
orders of magnitude) increase in the SOC component for T, in
PD 1852. This state, however, is too high above S; (0.5 eV or
12 keal/mol) to result in a large ISC rate. In PD 2929, this
effect is much less pronounced, as HOMO-1 has a node in the
center of the molecule at the position of the Br atom (unlike
peripheral Se atoms in PD 1852), and ISC cannot efficiently
compete with internal channels of relaxation, resulting in
negligible triplet quantum yield. Negligibly small SOC elements
are found for PD 4216 for all lower-lying triplets. Therefore, we
may conclude that 10% triplet quantum vyields for Se-
substituted PD 1852 and PD 2972 are connected with non-
Franck—Condon vibronic enhancement of the EI-Sayed
forbidden ISC channel.

3.2. Quantum Chemical Analysis of SDs. Now we
analyze our experimental results for a series of oxygen- and
sulfur-substituted squaraines. The main difference in the ISC
rates between PDs and SDs arises from the nature of their first
excited states. As one can see from Figure 9, HOMO-1 and
HOMO-2 in SD 7508 are of n-type, the same as HOMO-2 in
SD 2405 (not shown). These orbitals consist mostly of the n-
lone pairs of S (or O) atoms and give rise to the low-lying nz*
excited states (S;, S;, for SD 7508 and S, for SD 2405).
However, not all El-Sayed allowed transitions have large SOC
components according to our calculations; see Table 2. The
noteworthy one is the S; (n7*) — T; (zz*) transition in SD
7508, probably thermally accessible, with a SOC component of
1.32 cm™!, the largest among all planar S, geometries
considered here. The vibronic coupling does not enhance this
channel appreciably; however, it opens an additional El-Sayed
allowed channel S; (nz*) — T, (zz*) with a SOC component
of 2.03 cm™, favorable due to the small energy splitting
between the singlet and triplet states. Calculations show that all
squaraine molecules consist of two perpendicular conjugated
chromophores: one placed in the horizontal plane between two
nitrogen atoms (N—N chromophore), and the second placed in
the vertical plane between two sulfur (S—S chromophore) or
oxygen (O—O chromophore) atoms, as shown in Figure 9 for
SD—S 7508. The main distinguishing feature of the vertical
chromophore is the existence of unshared electron pairs
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Figure 9. Molecular schematic of SD—S 7508 showing two
perpendicular chromophores, one between nitrogen atoms (blue)
and the second between sulfur atoms (yellow). The table presents
isosurfaces of Kohn—Sham orbitals in XY and XZ planes for SD—S
7508.

producing states of nz* nature. On the basis of the origin of the
charge distribution within the molecule, four types of MOs are
responsible for the lowest electronic transitions, as shown in
Figure 9 for SD—S 7508. The first type, presented by HOMO,
and HOMO-3, corresponds to the totally delocalized s-orbitals
with the charge spreading to both perpendicular z-conjugated
chromophores. The second type of orbitals, presented by
HOMO-1 and HOMO-2, corresponds to n-type and involve
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the charge localized at the sulfur atoms, as clearly seen in the
XZ plane of Figure 9. The third and fourth types are 7-MOs
involving the charge distributed only within the horizontal (N—
N) or vertical (S—S) chromophores. Examples are LUMO and
LUMO-+1, respectively. Calculations show that the electronic
transition lowest in energy corresponds to HOMO-1 —
LUMO and is of the n—z* nature. This n—z* transition, being
of very small oscillator strength, is covered by the next intense
transition of 7—7* nature, related to HOMO — LUMO, which
we typically consider as the main S, — S, transition.
Calculations suggest that replacing the oxygen atoms in a
squaraine ring (SD—O 2405 structure) with sulfur atoms (SD—
S 7508 structure) results in an inversion of the lowest 7—7x*
transition in SD—O 2405 by an n—7z* transition in SD—S 7508,
so that two ISC channels become available: S, (nz*) — T,
(zz*), thermally accessible in the planar excited state geometry
and an enhanced S; (na*) — T, (an*) transition in the
distorted S, geometry.

4. CONCLUSION

Linear and nonlinear spectroscopic properties of a series of
polymethine dyes with Br- and Se-atom substitution, and a
series of new squaraine molecules, where one or two oxygen
atoms in a squaraine bridge are replaced with sulfur atoms, were
investigated both experimentally and theoretically with the goal
of understanding the efliciency of ISC processes in poly-
methine-like molecules. Using the double pump—probe
technique, we determined that “heavy” Br- and Se-atom
substitution in PDs does not significantly enhance singlet—
triplet mixing probabilities. These dyes are characterized by
small triplet quantum yields (@1 < 10%), indicating that the
internal conversion via singlet states is a dominating
deactivation pathway. Our results have been explained by
quantum-chemical calculations at the TD-B3LYP/6-31G*/
PCM level, showing that “heavy” Br and Se atoms do not
significantly affect the charge distribution within the frontier
orbitals, HOMO and LUMO, which are responsible for the
main S, — S, transitions for these molecular structures. Small,
yet measurable, triplet quantum yields are explained by 7—c*
mixing in the out-of-plane distorted geometry of the S, state.

In contrast, the values of @ and singlet oxygen generation
for sulfur-containing SDs reach almost unity. We performed a
detailed comparison of a series of sulfur-containing squaraines
versus their oxygen-containing analogues. Quantum chemical
calculations suggest that replacing the oxygen atoms in a
squaraine ring by sulfur atoms leads to an inversion of the
energy levels between the lowest 7—z* transition (occurring in
SD—O molecules) and n—z* transition (occurring in SD—$
molecules), thus significantly reducing the singlet—triplet
energy difference, and opening an additional ISC channel
connected with non-Franck—Condon vibronic enhancement of
the S; (nz*) — T, (az*) transition. Importantly, this
inversion, affecting the ISC rate, does not lead to significant
changes of the nonlinear optical properties of the molecules,
such as ESA and 2PA.

In summary, we established a new approach to achieve
polymethine-like molecules (sulfur-containing squaraines)
having large triplet and singlet oxygen generation quantum
yields (up to 100%), large two-photon absorption cross
sections (up to 2000 GM), and large S—S and T—T absorption
cross sections (up to 4 X 107'® cm?), potentially useful for
applications in optical power regulation and photodynamic

therapy.
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