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We performed a detailed experimental investigation and quantum-chemical analysis of linear, excited
state absorption (ESA) spectra, and lifetime dynamics of a new series of near IR symmetrical cationic
polymethine dyes, with 5-butyl-7,8-dihydrobenzo|cd]furo[2,3-f]indolium terminal groups. Additionally,
two neutral dyes, squaraine and tetraone, were synthesized with the same terminal groups. We compare
the nonlinear absorption properties of these three dyes with an analogous set of three “visible” dyes with
simpler benzo[e]indolium terminal groups. Measurements are performed using laser systems with fem-
tosecond and picosecond pulsewidths. We find that the dyes with dihydrobenzo|[cd]furo[2,3-f]indolium
terminal groups are characterized by a remarkably large red shift (200-300 nm) of their linear and
excited state absorption bands. The absorption bands for these dyes can now be shifted systematically
to the near IR region by a contribution from their terminal group that strongly increases the total length
of conjugation. ESA spectra in the “near IR” set of molecules have strong absorption bands with excited
state absorption cross sections increasing from 2 x 10~'® cm? for the shortest polymethine chain (trime-
thine cyanine) to 9 x 10~'® cm? for the longer chain (heptamethine cyanine). The peak ESA magnitude for
heptamethine cyanine is approximately twice as large compared to its peak ground state absorption, but
the oscillator strengths of the two bands are almost equal. This observation indicates that the ESA oscil-
lator strengths can be as large as those of ground state transitions. The results of these experiments com-
bined with agreement of the quantum-chemical calculations move us closer to a predictive capability for

molecular structure-nonlinear properties relations of cyanine-like molecules.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Strong and selective absorption across a broad spectral region of
cyanine and cyanine-like dyes have made them attractive for
applications as fluorescent probes in chemistry and biology, active
and passive laser media, photosensitizers, optical data storage and
electroluminescence materials [1-5]. The structural modification
of dyes, allowing a shift of their absorption bands to the near infra-
red (NIR) region, can expand the existing areas of applications and
reveal new ones such as highly efficient nonlinear optical materials
for all-optical signal processing [6]. In spite of the increasing infor-
mation available about near IR absorbing dyes, their thermal sta-
bilities, photochemical stabilities, and solubilities are the main
issues limiting their practical applications. Most of the known syn-
thetic methods to decrease the energy gap between the ground and
excited states consist of lengthening the polymethine chain usually
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leading to a decrease in photochemical stability. By novel chemical
modifications to the terminal groups, we have bypassed this diffi-
culty with the purpose of improving their functionality for the pre-
viously mentioned applications. The main absorption band for
these dyes can now be shifted systematically to the near IR region
by increasing the contribution from the terminal groups to the to-
tal length of conjugation. In this work we analyze the excited state
absorption spectra (ESA) and lifetime dynamics of cyanine struc-
tures, introduced in our previous manuscript Ref. [16], with spe-
cific terminal groups of dihydrobenzo|cd]furo[2,3-f]indolium,
which have their own extended m conjugation system, which in
turn can interact strongly with the main chromophore. This leads
to an increase of the total conjugation without increasing the
length of the chromophore and without decreasing its photochem-
ical stability.

In order to understand the origin of charge localization on some
specific molecular orbitals, local orbitals that are connected
with the structure of the terminal groups, and how those orbitals
influence the linear and nonlinear absorption, we synthesized
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and studied a new series of near IR symmetrical cationic polymeth-
ines with 5-butyl-7,8-dihydro-benzo|cd]furo[2,3-f]lindolium termi-
nal groups with different chain lengths (number of vinylene groups
increases from n=1-4). Compared to dyes with the same chain
length but simpler terminal groups, such as indolium or
benzo|e]indolium studied in previous articles [7,8], we notice a
remarkably large shift of ~300 nm in their linear absorption bands
to the near IR region.

We synthesized and studied two additional neutral dyes, squa-
raine and tetraone, with identical terminal groups and acceptor
bridges in the main conjugation backbone in order to gain a better
understanding of the relations between structure and nonlinear
absorption properties. The nonlinear characterization has been
based on detailed spectroscopic studies and focused on measuring
ESA spectra over a broad spectral range and investigating their ex-
cited-state decay kinetics. We show that these dyes can satisfy two
requirements important for nonlinear optical applications. First,
the new dyes are characterized by sufficiently large ground state
absorption cross sections to nearly completely populate the ex-
cited state (i.e., >10"'® cm?) over a large portion of the visible
spectrum. Secondly, their excited state absorption cross sections
are of the order of 107'6-107'> cm? at the peak, which is compara-
ble with the peak ground state absorption cross section values.
This produces a large difference between excited and ground state
cross sections with cross section ratios up to 100.

In this paper we will describe: (1) the electronic structure of
near IR dyes along with their linear absorption and fluorescence
properties (more details can be found in Ref. [16]), (2) the experi-
mental methods used for nonlinear absorption measurements
including femtosecond pump-white light continuum probe and
Z-scans in the pico- and femtosecond time regimes, (3) a detailed
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analysis of the ESA spectra and their decay kinetics, (4) comparison
of nonlinear properties of near IR dyes with their counterparts dyes
in the visible region, and (5) quantum-chemical analyses allowing
us to understand the nature of the linear absorption and ESA
bands. The combination of these methods gives us information
about the dye’s energy level structure, which accurately predicts
the nonlinear absorption properties in cyanine-like molecules.

2. Experimental methods and results
2.1. Materials and linear characterization

The molecular structures of the dyes studied in this paper are
shown in Figs. 1 and 2. Their chemical names are: 5-butyl-4-
[3-(5-butyl-8-methyl-7,8-dihydrobenzo| cd]furo[2,3-f]indol-4(5H)-
ylidene)prop-1-enyl]-8-methyl-7,8-dihydrobenzo| cd]furo[2,3-f]in-
dol-5-ium tetrafluoro-borate (labeled as PD 2371); 5-butyl-4-
[5-(5-butyl-8-methyl-7,8-dihydro-benzo| cd]furo[2,3-f]indol-4(5H)-
ylidene)penta-1,3-dienyl]-8-methyl-7,8-dihydrobenzo|cd]furo[2,3-
flindol-5-ium tetrafluoroborate (labeled as PD 2658), 5-butyl-4-
[7-(5-butyl-8-methyl-7,8-dihydro-benzo| cd]furo[2,3-f]indol-4(5H)-
ylidene)hepta-1,3,5-trienyl]-8-methyl-7,8-dihydrobenzo|cd]-furo-
[2,3-flindol-5-ium tetrafluoroborate (labeled as PD 2716), 5-butyl-
4-(3-{3-[3-(5-butyl-8-methyl-7,8-dihydrobenzo| cd]furo[2,3-f]ind-
ol-4(5H)-ylidene)prop-1-enyl]-5,5-dimethylcyclo-hex-2-en-1-yli-
d- ene}prop-1-enyl)-8-methyl-7,8-dihydrobenzo[cd]furo[2,3-f]in-
dol-5-ium tetra-fluoroborate (labeled as PD 2892). These dyes
differ by the length of polymethine chromophore (number of vinyl-
ene groups n=1-4). Corresponding tetracarbocyanine PD 2892
includes a trimethylene bridge in the chromophore to increase
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Fig. 1. Molecular structures, linear absorption, and fluorescence spectra for PD 2371 (1,1’), PD 2658 (2,2"), PD 2716 (3,3'), and PD 2892 (4,4’), respectively, in butanol. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 2. Molecular structures, linear absorption, and fluorescence spectra for PD 2658 (1,1’), SD 2878 (2,2’), TD 2824 (3,3’). Note: structure for PD 2658 is shown in Fig. 1. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

thermal- and photostability. Additionally, the salt labeled as 2337
was synthesized with an identical structure and compared with
the terminal groups in the corresponding dyes. Based on the struc-
ture of dicarbocyanine PD 2658, two new compounds: squaraine
4-[(5-butyl-8-methyl-7,8-dihydrobenzo|cd]furo[2,3-f]indol-5-ium-
4-yl)methylene]-2-[(5-butyl-8-methyl-7,8-dihydrobenzo[cd]furo|2,
3-flindol-4(5H)-ylidene)methyl]-3-oxocyclobut-1-en-1-olate (la-
beled as SD 2878) and tetraone 3,6-Bis[2-(5-butyl-8-methyl-7,
8-dihydrobenzo[cd]furo[2,3-flindol-4(5H)-ylidene)ethylidene]cyclo-
hexane-1,2,4,5-tetrone (labeled as TD 2824) were synthesized and
investigated. The last two molecules possess the same 5-butyl-7,8-
dihydrobenzo[cd]furo[2,3-flindolium terminal groups and similar
conjugation lengths for the purpose of performing a comparative
analysis of the influence of increasing the acceptor bridge strength
on the optical properties. We also perform a comparison of the lin-
ear and nonlinear properties of this set of near IR dyes (PD 2658, SD
2878, and TD 2824) and a set of visible dyes (PD 2630, SD 2243,
and TD 2765), which were investigated by us previously, with
the only difference being in the terminal groups and their effect
on the effective conjugation length [8,9]. The extinction coeffi-
cients for the investigated dyes in butanol are:
0.99 x 10° M 'cm™! at a peak position of 885 nm for PD 2371,
2.11 x 10°M'cm™! at a peak position of 980 nm for PD 2658,
1.37 x 10° M~' cm™! at a peak position of 1096 nm for PD 2716,
1.18 x 10° M~ ' cm™! at a peak position of 1223 nm for PD 2892,
1.71 x 10° M~ cm™! at a peak position of 963 nm for SD 2878,
and 1.76 x 10° M~! cm™! at a peak position of 813 nm for TD 2824.

The linear absorption and fluorescence spectra of all molecules,
shown in Figs. 1 and 2, are recorded with a Varian Cary 500 spec-
trophotometer and PTI QuantaMaster spectrofluorimeter equipped
with nitrogen cooled (77 K) Hamamatsu R5509-73 photomulti-
plier. All fluorescence spectra are corrected with the spectral
responsivity of the photomultiplier tube and spectrofluorimeter.
A substantial broadening of the absorption bands for the longest
PDs represented by the growth of the short wavelength shoulder
was previously explained theoretically with the concept of soliton-

ic-like waves of charge density and alternating bond lengths [10-
14] and experimentally [10,15] by a symmetry breaking effect.
Based on the experimental studies of the absorption shapes in sol-
vents of different polarities, we suggest that this symmetry break-
ing effect may be observed in this series of cyanines starting from
n = 3. In contrast to absorption spectra, fluorescence spectra for all
dyes are narrow independent of the solvent polarity indicating that
emission originates from the symmetrical form only. More detailed
information about the spectroscopic properties of these near
IR dyes with dihydrobenzo[cd]furo[2,3-f]lindolium terminal
groups, including quantum yield measurements, may be found in
Ref. [16].

The absorption and fluorescence spectra of PD 2658, SD 2878,
and TD 2824 are shown in Fig. 2. All dyes have the same donor
(D) terminal groups, but squaraine and tetraone molecules include
an acceptor (A) bridge in the main conjugation backbone and
therefore represent the structure: D-n-A-n-D. PD 2658 and SD
2878 have the same chain length (n=2) with an odd number of
carbon atoms, however the tetraone dye TD 2824 belongs to a
polyene-like family of compounds with an even number of carbon
atoms in the conjugated chain. Having the same terminal groups
and similar length of conjugation, this dye contains a stronger
acceptor bridge. The absorption bands of SD 2878 and TD 2824
(especially TD 2824 as a polyene structure) are blue shifted when
compared to the corresponding PD 2658. These shifts correlate
with increasing electron acceptor strength in the bridge leading
to a decrease in effective conjugation length due to bond lengthen-
ing in the acceptor groups [9].

2.2. Nonlinear characterization

Nonlinear optical characterization of the near IR dyes has been
focused on the ESA spectra and lifetime dynamics investigations.
Measurements are performed using laser systems with femtosec-
ond and picosecond pulsewidths. The femtosecond system is a
Clark-MXR 2010 regeneratively amplified Ti:sapphire laser operat-
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ing at 1 kHz at 775 nm with ~2 mJ per pulse, which pumps two
optical parametric generator/amplifiers (OPG/OPA Light Conver-
sion Ltd., model TOPAS), providing 100-140fs pulsewidths
(FWHM) with independently tunable wavelengths from 0.3 to
2.3 um. The picosecond laser system consists of a 10 Hz mode-
locked Nd:YAG laser (EKSPLA, model PL2143) with a measured
pulsewidth of 21 ps (FWHM) at 1064 nm and externally frequency
doubled to produce 532 nm with a measured pulsewidth of 15 ps
(FWHM).

To measure the ESA spectra, a femtosecond pump - white light
continuum probe technique is used as described in Ref. [17].
Briefly, the output from one of the independently tunable OPG/
OPAs is set to the absorption peak for the pump. The second
OPG/OPA is sent through a calcium fluoride plate to generate a
sub-picosecond white light continuum probe. The probe delay time
is set to ~1 ps to avoid pump-probe overlapping in time while
remaining shorter than the excited state lifetime. The white light
probe is then referenced and spatially overlapped with the pump
in the sample and spectrally resolved upon transmission using a
spectrometer (Acton Research Corp, model SpectraPro 2500i). The
incident angle between pump and probe is ~5°. The ESA spectrum,
01i(A), is then calculated using Eq. (1):
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where Ti(1) is the linear transmittance measured by a linear spec-
trophotometer and Ty (4) is the nonlinear transmittance of the
probe beam in the presence of the pump. The variables ¢¢;(4) and
o1/(4) are ground and excited state absorption cross sections and
N is the total number of molecules per unit volume, which equals
the sum of concentrations of the molecules in the ground (Ny)
and the first excited state (N;) in the approximation that we can ne-
glect the populations of any other levels, and L is the sample length.
To determine absolute values of g;(1), we use g1;(/gsa) data ob-
tained from independent pico- and femtosecond Z-scan measure-
ments at different wavelengths, typically close to ESA peaks for
each molecule (/gsa), using Eq. (2) from Ref. [15] as reproduced here

01i(4) = 001(4) — (Go1(AEsa) — T1i(Aesa))
x (Inf[Te/Till,) /(A0 [Tre/Toll, )- 2)

Experimentally measured ESA spectra for all molecules studied
and their decay kinetics are shown in Figs. 3 and 4 and discussed in
Section 3.2.
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Fig. 3. Linear and excited state absorption spectra for PD 2371 (1,1”), PD 2658 (2,2'), PD 2716 (3,3’) and PD 2892 (4,4’) in butanol. Their decay kinetics are shown to the right

(Ao is a change of the absorption of the probe beams).
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Fig. 4. Linear and excited state absorption for PD 2658 (1,1’), SD 2878 (2,2’), TD 2824 (3,3’). Their decay kinetics are shown to the right (A« is a change of the absorption of

the probe beams).

In order to understand and model nonlinear absorption proper-
ties, the fluorescence lifetimes and population dynamics must be
understood. Estimation of lifetimes performed from the steady
state fluorescence measurements indicate that all dyes are charac-
terized by very short lifetimes, which requires the use of femtosec-
ond pulsewidths. The femtosecond nondegenerate measurements
of the decay kinetics for each dye were performed using a pump
wavelength near the linear absorption peak and at two probe
wavelengths: (1) within the ESA band at a spectral region of re-
verse saturable absorption, RSA, and (2) at a wavelength closer to
the linear absorption peak at a spectral region of saturable absorp-
tion, SA. The results are shown in Figs. 3 and 4. The decay kinetics
for each dye follows a monoexponential decay with similar life-
times for both cases, RSA and SA, confirming that the excited-state
depopulation and restoration of the ground state population dis-
play the same lifetimes. Therefore, there are no additional interme-
diate states having a significant lifetime. More detailed decay
dynamics for several probe wavelengths are presented for PD
2658 in Fig. 5a. The wavelength of the pump beam is chosen to
be within the main absorption band at 900 nm; the decay dynam-
ics at different probe wavelengths show an evolution of nonlinear
kinetics from an RSA region (probing at 800 nm, 750 nm and
650 nm) to a SA region (probing at 980 nm and 830 nm). As shown,
all curves for PD 2658 show the same monoexponential decay with
a lifetime of 7p= 12 £ 2 ps. The largest amplitude of RSA and SA cor-
respond to the ESA peak at 750 nm and the linear absorption peak
at 980 nm. The range between 800 nm and 830 nm corresponds to
the crossing area where RSA is changing to SA and ground and ex-
cited-state cross sections become equal.

Fig. 5b represents an interesting case for a comparison between
a white light continuum probe and a single wavelength probe for
PD 2658. In both cases, the pump wavelength is fixed at 900 nm.

First, we probe the ESA region at 780 nm; curve 4 corresponds to
a single wavelength probe and curve 3 corresponds to a white light
continuum probe. Experimentally, this relates to a position of the
spike filter (which transmits the probe at 780 nm from the white
light continuum) placed before the sample (curve 1) and after
the sample (curve 2). Second, we probe the SA region in the same
way; curve 1 corresponds to a single wavelength probe (spike filter
transmitting the probe at 1000 nm placed before the sample) and
curve 2 corresponds to a white light continuum probe (spike filter
placed after the sample). Fig. 5b demonstrates the striking differ-
ence between the decay kinetics presented by curves 1 and 2
and by 3 and 4, respectively. As observed, the decay kinetics in
the case of a white light continuum probe consists of two compo-
nents. The fast component being of ~300 fs (resolution of our fem-
tosecond system is 150-200 fs) reflects the changes in the ground
or excited state populations due to stimulated emission processes.
Fig. 1 demonstrates the large overlapping area between the
absorption and fluorescence bands (small Stokes shift). This
implies that a white light continuum probe stimulates a fast
depopulation of the excited state. From this comparison, we note
the significance of stimulating excited state depopulation with
multiple probe wavelengths in the region of absorption and fluo-
rescence overlap. Therefore, a spike filter is used before the sample
to avoid stimulated depopulation and to accurately measure the
excited state lifetimes.

Measurements show that lifetimes for the molecules in butanol
are as follows: t=30 % 5 ps for PD 2371, 1= 12 + 2 ps for PD 2658,
Tr=7 2 ps for PD 2716, 1z = 1.3 £ 0.5 ps for PD 2892, 1= 11 £ 2 ps
for SD 2878, and tr=75%10ps for TD 2824. Triplet states
are not expected in this class of molecules, as confirmed experi-
mentally from the recovery of the transmittance. Therefore, triplet
states can be neglected for nonlinear absorption modeling. Molec-
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Fig. 5. (a) Decay dynamics for the several probe beams for PD 2658 at pump 90-
0 nm. (b) Comparison between white light continuum (WLC) probe and a single
wavelength probe for PD 2658 at pump 900 nm. (A« is a change of the absorption of
the probe beams).

ular reorientation times, which are known to depend on solvent
polarity and molecular volumes, are much longer than fluores-
cence lifetimes (on the order of 107 picoseconds), and there-
fore cannot affect the lifetime measurements for these dyes
[18-20].

The absolute values of ESA cross sections are obtained with
open aperture Z-scan [21] measurements by applying the model-
ing of Ref. [9]. These measurements are performed in the picosec-
ond regime for all the dyes except PD 2892, which has the shortest
lifetime of ~1.3 ps, for which we use femtosecond Z-scans. A com-
parison of picosecond and femtosecond Z-scan measurements was
performed for PD 2716 and resulted in similar ESA cross sections.
All measurements are made at several fluences and different wave-
lengths close to the ESA peak for each molecule: 580 nm for PD
2371, 740 nm for PD 2658, 760 nm for PD 2716, 740 nm for PD
2892 (shown in Fig. 3), 770 nm for SD 2878, and 600 nm for TD
2824 (shown in Fig. 4). Focused spot sizes are calibrated at each
wavelength by measuring closed aperture Z-scan of a neat solution
of carbon disulfide CS, as a Ref. [22]. To extract ESA cross sections,
Z-scan results are modeled by RSA and fit with a three-level model
taking into account singlet levels only. Propagation and rate equa-
tions are described by Egs. (3):

dI

dz = —001Nol — 012N11

dNO Go]NoI N]

_ Y _ 4+ —

dt hw TF 3)
%_001N017&7012N11 &

dt = ho 1% ho 1y

% _ O']2N1I 7&

dt hw 21

where N = Ng + Ny + N,, 7¢ is determined from femtosecond pump-
probe measurements, and 7,; is the decay lifetime of the S, level.
Experimental data for Z-scans and their fitting with this three-level
model for several molecules are shown in Fig. 6 and discussed in
Section 3.2.

3. Discussion of results and quantum-chemical approach
3.1. Quantum-chemical approach
Quantum-chemical orbital analysis is performed with the goal

of understanding the formation of the linear absorption spectra
[16] and ESA bands in the series of near IR dyes with 5-butyl-
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Fig. 6. Open aperture Z-scan measurements using (a) 140 fs (FWHM) at 740 nm for
PD 2892; (b) 14 ps (FWHM) at 770 nm for SD 2878. Solid lines are fits using the
3-level model with the following parameters (a) oo =2.64 x 1077 cm?, 013 =
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6.6 x 1071 cm?, 110=13 ps, and 757 = 3 ps.
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7,8-dihydrobenzo|cd]furo[2,3-flindolium terminal groups. The
methodology for the calculations of the positions of the electronic
levels and the shapes of their molecular orbitals is described in
Refs. [7,8]. This orbital approach is a very useful tool for under-
standing the nature of the orbitals and of the transitions between
them. It has been applied previously for getting a complete picture
of the nonlinear absorption properties, including two-photon and
excited state absorption of the visible PD-SD-TD dyes [9]. The opti-
mized molecular geometries for all investigated molecules were
calculated in the HyperChem package, AM1 approximation [23].
The energies of the molecular orbitals (MOs), electronic transitions
between them and oscillator strengths were calculated in the
framework of the standard semi empirical ZINDO/S method [24].
The wavefunctions of the excited states were built with the config-
uration interaction technique taking into account 7 occupied and 3
unoccupied MOs, a total of 21 configurations. In our calculations,
we limited the number of molecular orbitals considered to allow
explanation of the experimentally observed ESA bands in the visi-
ble and near IR region.

Fig. 7 represents the schemes of the highest occupied MO
(HOMO), several occupied MOs below HOMO, lowest unoccupied
molecular orbital (LUMO), the next LUMO + 1, the shapes of MOs,
and transition paths for PD 2658. The wave function of the ith
MO ¢; was written as an expansion of the atomic orbitals
Ly @i = >, Cin),» Where the Gy are the corresponding coeffi-
cients, and the summation runs over all atomic orbitals. We note
that Cizﬂ is the probability of the location of an electron in the ith
MO in the neighborhood of the uth atom [8]. The shapes of MOs
presented in Fig. 7 correspond to coefficients Gy allowing to ana-
lyze the symmetry of the wave function ¢;.

Quantum-chemical orbital analysis allows a distinction be-
tween three types of molecular orbitals (MO): (1) two donor occu-
pied orbitals HOMO and HOMO-1, originating from the donor
nitrogen atoms and extending to the chain, (2) local occupied orbi-
tals originating primarily from the benzene rings of the terminal

103

groups (HOMO-2, HOMO-3 in Fig. 7), and (3) delocalized occupied
HOMO-4 and unoccupied LUMO spreading out over the chain. Note
that symmetrical and asymmetrical pairs of donor and local orbi-
tals are formed from the doubly degenerate orbitals as a result of
their splitting, leading to charge redistribution. Therefore, transi-
tions between these orbitals are characterized by very different
oscillator strengths. A more detailed description of the nature of
the different types of orbitals can be found in our previous article
[9]. The first allowed So — S; transition for all molecules is con-
nected with electron transfer from HOMO to LUMO. It is important
to take into account that the position of the LUMO for all cationic
PDs is almost independent of the molecular topology; charge is dis-
tributed mainly over the chain. Therefore, this energy level may be
presented as a “charge” or “solitonic level”. As a result, we may
conclude that the Sp — S; transition energy for PDs depends mainly
on the position of the donor HOMO level. Note that this level may
be significantly shifted for neutral molecules, such as SDs and TDs.
An increase in the chain length (corresponding to an increase in the
number of m-electrons) leads to a higher energy position of the
HOMO and a decrease of the energy gap between HOMO and
LUMO levels. As was previously mentioned, PDs with dihydro-
benzo[cd]furo[2,3-flindolium terminal groups absorb at much
longer wavelengths (up to 300 nm longer) as compared to dyes
with the same conjugation length but the simpler terminal groups,
such as indolium or benzo[e]indolium. The large red shift is
connected with a more extended conjugated system including
the terminal groups moving their HOMO to higher energy
positions.

The next So — S, transition for all dyes primarily involves the
asymmetrical donor HOMO-1 and asymmetrical LUMO. This tran-
sition of the 1A; — 2A; symmetry is characterized by a much smal-
ler oscillator strength and corresponds to the experimentally
observed small absorption bands at ~570nm for PD 2371,
~615 nm in PD 2658, and ~648 nm in PD 2716 in the less polar
solvent o-dichlorobenzene (which more accurately corresponds
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Fig. 7. Schematic of molecular orbital (MO) energy levels with corresponding transitions and charge density distribution for PD 2658.
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to data from quantum-chemical calculations). In tetracarbocya-
nine, PD 2892, this band is covered by the shoulder of the
So — S1 band. It is important to note that quantum-chemical calcu-
lations indicate a large energy splitting between the two donor
molecular orbitals HOMO and HOMO-1. This results in a large sep-
aration (~300 nm) between the Sy — S; and So — S, transitions. In
contrast, the corresponding separation for the visible dyes (with
indolium or benzo[e]indolium terminal groups) is less than
150 nm. Two next transitions, Sog — S3 and Sg — Sy, for all of the
dyes corresponds to the electron transfer from the symmetrical
HOMO-2 and asymmetrical HOMO-3 local orbitals to the LUMO.
These bands originate from the molecular orbitals localized at
the terminal groups and correspond to the lowest absorption band
of the salt 2337. They show a systematic red shift of ~30 nm with
an increase of chain length from PD 2371 to PD 2892 without a sig-
nificant change in spectral shape. The next transition, So — Ss, in-
volves charge transfer from HOMO-4, which is delocalized over
the whole molecule, to the same LUMO level. The nature of the
next two transitions, So — Sg and Sy — S5, for all the molecules is
more complicated and involves transitions from HOMO-5 to LUMO
and from HOMO to the higher LUMO + 1 level. Calculations show
that the terminal groups are much more involved in all transitions
as compared to the dyes with simpler terminal groups (indolium
and benzo[e]indolium), as can be seen from a comparison of the
visible and UV absorption spectra of the near IR dyes and the cor-
responding salt.

3.2. Excited state absorption

Quantum-chemical calculations and molecular orbital analyses
allow estimation of the positions of the ESA bands, the dipole ori-
entation relative to that of the main band, Sy — S1, as well as the
MOs responsible for the ESA magnitude. The ESA transitions can
be roughly calculated as the energy difference between the transi-
tions of the 1A; — nA; symmetry and the main linear absorption
peak assuming that there are no substantial changes in the ex-
cited-state molecular geometry upon excitation. For cyanine-like
molecules, the intramolecular relaxation upon excitation is small
as evidenced by the small Stokes shifts and near mirror symmetry
of the absorption and fluorescence spectra.

The experimentally measured ESA bands for all near IR mole-
cules are shown in Figs. 3 and 4. First, we examine the positions
of the ESA spectra as a function of conjugation length compared
with that of the linear absorption spectra. The linear absorption
peaks shift by ~300 nm, while the ESA peaks shift by only 60-
70 nm. The same trend was observed by us earlier for the series
of PDs with the simpler terminal groups and different chain
length from n=2 to n=>5, however, the total shift of their ESA
spectra was found to be twice as large [20]. Based on this compar-
ison, we may conclude that the terminal groups in this series of
near IR dyes play a major role in the formation of the ESA spectra.
This is confirmed by quantum-chemical analysis provided below
and the experimental comparison between the ESA peak positions
for near infrared dye PD 2658 and visible dye PD 2630 shown in
Ref. [9]. Both dyes have the same conjugation length, and a
200 nm red shift in ESA position for PD 2658 is convincing evi-
dence of the effect of the dihydrobenzo[cd]furo[2,3-flindolium
terminal groups.

Next, we examine the peak values of ESA cross sections, gey, in
comparison with the peak ground state absorption cross sections,
0o1- As seen from Figs. 3 and 4, all ESA spectra represent strong
bands with . increasing from 2 x 10~'® cm? for the shortest PD
2371t09 x 1071 cm? for PD 2716. The last value is approximately
twice as large as the peak ground state absorption cross section. It
is also instructive to compare the integrated area of the absorption
bands since these are proportional to the oscillator strength of the

transition. The main characteristic to note is that as the conjuga-
tion length is increased, the areas of the linear and ESA absorption
bands become closer to one another in magnitude. The integrated
area of the ESA absorption band for PD 2716 is nearly 95% of the
ground state leading to the conclusion that excited state oscillator
strength can be as large as that of the ground state transition. This
is in accord with our previous findings that an increase in the
length of the polymethine chromophore leads to an increase of
the excited state cross sections [20]. We now conclude that a sim-
ilar increase can be achieved by changing the nature of the termi-
nal groups. The ESA cross section for the longest molecule PD 2892
is smaller, gex ~ 2 x 107!® cm?, which may be connected with ESA
from unrelaxed vibrational sublevels of S; due to the use of femto-
second pulses for this measurement.

We performed a detailed comparison between the ESA spectra
for the near IR squaraine and tetraone dyes with the visible ones
described in Ref. [9]. The experimental data are shown in Fig. 4.
ESA spectra for both near IR dyes show a substantial red shift of
~200 nm (the same trend as for PDs) for SD 2878 and ~170 nm
for TD 2824 clearly indicating the strong effect of the dihydro-
benzo[cd]furo[2,3-flindolium terminal groups. For SD 2878, the
maximum cex ~ 7 x 1071 cm?, which is about three times larger
than that of the visible squaraine with the same conjugation length
and the simpler benzo[e]indolium terminal groups [9]. However,
for TD 2824, the maximum e, ~ 1.2 x 10~'® cm? is about two
times smaller than that of the visible tetraone. This is the only
dye from the new series of near IR molecules, which for an un-
known reason shows a relatively small excited state cross section
value. For practical applications, the ratio g.x/dg;, while keeping
sufficiently large ground state cross sections (i.e., >107'® cm?), is
an important parameter. The maximum 6.x/do; for the visible PD
2630 is ~20 at 515 nm, where as for near IR dyes PD 2658 and
PD 2716 this ratio reaches ~80 for 650 nm and ~100 for 750 nm,
respectively. For the visible and near IR squaraines, these ratios
are comparable: maximum 0ey/0g; ~ 15-20 due to an increased
ground state absorption for SD 2878. For the visible and near IR tet-
raones, these ratios are smaller: gex/0o; ~ 5.

According to our calculations, for all near IR cyanines there are
several allowed ESA bands (1B; — nA; symmetry) of different
intensities in the spectral range of 400 to 1500 nm. Two weak
ESA bands, corresponding mainly to mixing between HOMO-1
and HOMO-3 with HOMO, are placed near ~1500nm and
~1000 nm. The most intense ESA bands observed experimentally
are placed in the range of ~750-780 nm and correspond to LU-
MO — LUMO + 1 transitions analogous to the ESA bands in the ser-
ies of visible PD-SD-TD dyes, as was shown by us previously [9].
However, ESA bands in the previously studied dyes were con-
nected with LUMO and LUMO + 1 orbitals, which are delocalized
mainly within the polymethine chain as in the unsubstituted mol-
ecules. For near IR dyes, LUMO and especially LUMO + 1 (see Fig. 7)
involve charge distribution that extends into the terminal groups.
This leads to a significant red shift of the ESA bands for these dyes
up to ~200 nm. The nature of the less intense visible ESA bands
(for example, 650 nm for PD 2658 and SD 2878 in Figs. 3 and 4)
is more complicated for analysis and involves overlapping between
several molecular orbitals.

4. Conclusions

We have described a detailed experimental investigation of the
linear and nonlinear absorption properties of a new series of near
IR cationic polymethine dyes and performed quantum-chemical
analysis in order to understand the effect of dihydro-
benzo[cd]furo[2,3-flindolium terminal groups that extend the con-
jugation to these molecular extremities. We also synthesized and
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studied two neutral dyes, squaraine and tetraone, with the same
terminal groups to provide a deeper insight into structure-prop-
erty relations and get a better understanding of the properties of
cyanine-like molecules. We performed a comparison of the ESA
spectra of this new set of “near IR” dyes (PD 2658, SD 2878, and
TD 2824) with a set of “visible” dyes (PD 2630, SD 2243, TD
2765) with the simpler benzo[e]indolium terminal groups studied
by us earlier [9]. From these measurements, we find that the dyes
with dihydrobenzo|[cd]furo[2,3-f]indolium terminal groups are
characterized by a remarkably large shift of their linear and excited
state absorption bands to the red region (200-300 nm). The large
red shifts for the linear absorption bands in the “near IR” set of
molecules (300 nm for PDs and 200 nm for SD) can be explained
by the extended m-system within the terminal groups and their
strong connection with the m-system of the chain resulting in a
significant extension of the effective conjugation length as seen
in our previous work [16]. The effect of these terminal groups is
equivalent to the extension of the chain to three vinylene groups
specifically for PDs with benzo[e]indolium terminal groups. Exper-
imental data and quantum-chemical analysis allowed us to make
the following conclusions:

1. The large red shifts for the ESA bands in the “near IR” set of mol-
ecules (~200 nm) can also be explained by the strong effect of
the terminal groups, but in a slightly different manner than
the explanation of the linear shift. Quantum-chemical calcula-
tions show that the most intense ESA band corresponds to the
LUMO — LUMO + 1 transition analogous to the ESA bands in
the series of visible PD, SD, and TD dyes [9]. However, ESA
bands in the previously studied “visible” set of dyes were con-
nected with LUMO and LUMO + 1 orbitals, which are mainly
delocalized within the polymethine chain as in the unsubstitut-
ed molecules. In contrast, LUMO and especially LUMO + 1 in the
“near IR” set of molecules involve charge distributions that
extend into the terminal groups.

2. ESA spectra in the “near IR” set of molecules represent strong
bands with g increasing from 2 x 10~'% cm? for the shortest
PD 2371 to 9 x 10716 cm? for PD 2716. The last value is about
two times larger than the peak ground state absorption cross
section value for this dye. We performed a comparison of the
integrated area of the ESA and linear absorption bands since
they are directly related to the oscillator strength of the transi-
tions and concluded that the lengthening of the conjugation
length results in comparable strengths of the ground and
excited state transitions. Thus, the integrated area of the ESA
absorption band for PD 2716 is nearly 95% of that for the ground
state area leading to the very important result that excited state
oscillator strength can be as large as that of the ground state
transition.

3. All near IR dyes are characterized by very short fluorescence
lifetimes from ~1.3 ps for PD 2892 to =75 ps for TD 2824 indi-

cating a very fast channel of deactivation of the excited state
energy. Our measurements for each dye show monoexponential
decay kinetics with almost identical lifetimes for both reverse
and saturable absorption cases. This confirms that excited-state
depopulation and the restoration of the ground state population
for each molecule exhibit the same lifetime.
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