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Abstract

We study nonlinear absorption in a series of ten polymethine dyes and two squarylium dyes using Z-scan, pump-probe
and optical limiting experiments. Both picosecond and nanosecond characterization were performed at 532 nm, while

Ž .picosecond measurements were performed using an optical parametric oscillator OPO from 440 to 650 nm. The
photophysical parameters of these dyes including cross sections and excited-state lifetimes are presented both in solution in

Ž .ethanol and in an elastopolymeric material, polyurethane acrylate PUA . We determine that the dominant nonlinearity in all
Ž .these dyes is large excited-state absorption ESA , i.e. reverse saturable absorption. For several of the dyes we measure a

relatively large ground-state absorption cross section, s , which effectively populates an excited state that possesses an01

extremely large ESA cross section, s . The ratios of s rs are the largest we know of, up to 200 at 532 nm, and lead to12 12 01

very low thresholds for optical limiting. However, the lifetimes of the excited state are of the order of 1 ns in ethanol, which
is increased to up to 3 ns in PUA. This lifetime is less than optimum for sensor protection applications for Q-switched
inputs, and intersystem crossing times for these molecules are extremely long, so that triplet states are not populated. These
parameters show a significant improvement over those of the first set of this class of dyes studied and indicate that further
improvement of the photophysical parameters may be possible. From these measurements, correlations between molecular
structure and nonlinear properties are made. We propose a five-level, all-singlet state model, which includes reorientation
processes in the first excited state. This includes a trans–cis conformational change that leads to the formation of a new
state with a new molecular configuration which is also absorbing but can undergo a light-induced degradation at high inputs.
q 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

Several classes of organic dye molecules show
Ž .‘reverse saturable absorption’ RSA in the visible

0301-0104r99r$ - see front matter q 1999 Elsevier Science B.V. All rights reserved.
Ž .PII: S0301-0104 99 00086-5
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spectral region. RSA leads to an increasing loss with
increasing input and occurs when linear absorption
creates excited states having absorption cross sec-
tions larger than that of the ground state. Typical

ratios of excited to ground state absorption cross
sections that show strong RSA are 10–20, while the
ground-state absorption cross section is of the order

y18 2 w xof 10 cm 1 . A significant ground-state absorp-

Table 1
Molecular structure of polymethine and squarilium dyes
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Ž .Table 1 continued
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tion cross section is necessary to populate the excited
state in the first place. Recently we reported RSA in

Ž .several polymethine dyes PD in two host media
Žethanol and the elastopolymer polyurethane acryl-

.ate, PUA that showed considerably larger ratios
while maintaining a similar ground state cross sec-

w xtion 2 . One of these dyes showed a ratio of (80
which is higher than previously reported ratios. This
led to our current study, which is an investigation of
the photophysical and nonlinear properties of a series
of polymethine dyes with a systematic variation of
their structure. We also present data for two other
dyes of the squarylium class showing large RSA. We
report the magnitudes of the absorption cross sec-
tions, lifetimes of the excited states and angular
orientation data using polarized pump-probe experi-
ments. In addition, we investigate the spectral depen-
dence of one of PD and a squarylium dye in the
visible from 440 to 650 nm.

One of the applications of RSA is for optical
limiting devices that protect sensitive optical compo-
nents including the human eye and other sensors

w xfrom laser-induced damage 3,4 . Passive optical lim-
iting has been demonstrated using RSA in a variety

w xof organic and inorganic materials 5,6 . The best
results were obtained in metallo-phthalocyanines and

w xporphyrin dyes 7–10 . We contrast the current mate-
rials with metallo-phthalocyanine dyes indicating the
larger RSA but also indicating problems for using

Ž .PDs and squarylium dyes in optical limiting appli-
cations.

2. Materials

The molecular structures of the dyes studied are
shown in Table 1 2. The room temperature linear
absorption spectra are presented in Figs. 1 and 2 3.
Spectroscopic properties of PDs are determined
mainly by the existence of the delocalized p-electron

Žsystem polymethine chromophore or polymethine
.chain with the transition dipole moment directed

2 Molecules synthesized at the Institute of Organic Chemistry,
Kiev, Ukraine.

3 Data taken with a Perkin Elmer 330 UV–vis spectrophotom-
eter.

Ž .Fig. 1. Absorption spectra of PD1–PD10 in PUA solid curves
Ž .and ethanol solutions dashed curves .

along this chromophore. Changing the effective
Žlength of the polymethine chromophore number of

.CH5CH groups leads to a change in the position of
the absorption band. The simplest way to shift the
absorption maximum to the red region is to increase
the number of CH5CH groups in the polymethine

w xchain as demonstrated in Ref. 2 . In this case, a
simple change of the number of CH5CH groups
may drastically alter the limiting behavior. For ex-
ample, a change from one group to two causes the
nonlinear absorption to change from strong SA to
strong RSA at 532 nm because the linear absorption
peak is shifted out of resonance. A second way to
shift the absorption spectrum to the red is to increase
the effective length of the p-electron system at the

Žend chromophore groups so-called ‘heavy’ end
.groups or to put a ‘heavy’ substitute into the poly-

methine chain. In this case, the interaction between
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Ž .Fig. 2. Absorption spectra of SD1–SD2 in PUA solid curves and
Ž .ethanol solutions dashed curves .

Žtwo conjugated p-electron systems in the polyme-
.thine chain and end chromophore leads to a lower-

ing of the first excited state energy level. These
effects can be seen from the data in Table 2. For
example, PD1 with an unsubstituted polymethine
chain has the shortest wavelength absorption reso-

Ž .nance. An exception is PD9 as explained below.
Inclusion of the 6-link cycle with a phenyl substitute

Ž .in the polymethine chain PD3 shifts the absorption
peak to the red by 25 nm with respect to PD1. For
PD6, the 6-link cycle red-shifts the peak by 62 nm.
The difference lies in a more complicated p-electron
system in the end chromophore groups for PD6.

A similar trend with change of chemical structure
can be seen in the molecular series of dyes with a
5-link-cycle in the polymethine chain. Inclusion of a

Ž .5-link-cycle in the polymethine chain PD5 shifts
Žthe absorption peak to the red region 51 nm with

.respect to PD1 and by a similar amount for the dye
with a 5-link-cycle and phenyl or biphenyl substi-

Ž .tutes in the polymethine chain PD2 and PD4 . For
PD10, with a more complicated p-electron system in
the end chromophore groups, the red shift of the
absorption maximum is the largest: compare PD1
Ž . Ž .756 nm with PD10 840 nm . All comparisons are
made for dyes in the PUA host. Thus, we are able to
systematically modify the photophysical properties
of the dyes, in particular, the frequency difference
between the absorption resonance and the pumping
laser frequency through changes in molecular struc-
ture.

The photophysical properties of PD9, distin-
Ž .guished structurally by a dimethylamino DMA -

substitution in the polymethine chain, are connected
with the strong electron-donor ability of this group.
Spectroscopic studies and quantum-chemical calcula-

w xtions for the analog of this dye 11 suggest that the
blue shift in the absorption spectrum of almost 100
nm, with respect to PD8, is due to the strong donor
properties of the DMA group. This leads to a de-
crease in the effective length of the p-conjugated
system.

The two dyes at the end of Table 1 are squaraines
or squarylium dyes: SD1 and SD2. Spectroscopic

w xproperties of SD1 are described in Ref. 12 and
some nonlinear properties of SD2 are presented in

w xRef. 13 . The main distinguishing feature of
squaraines is that their molecular structure consists
of two electron-donor fragments connected with the
central C O acceptor group. Therefore, both the4 2

Ž . Ž .ground S and the first excited S states have an0 1

intramolecular charge-transfer character. They are
characterized by large extinction coefficients and
narrow absorption bands of the S ™S transitions.0 1

In the excited state, the internal rotation of the C–C
linkages between the central C O group and elec-4 2

tron-donor end fragments can promote the nonradia-
tive decay of this state. As will be described later for
SD2, this rapid intramolecular twisting is the major
reason for an observed quenching of the S state in1

low viscosity solutions. In a rigid microenvironment
surrounded, for example, by PUA, the squaraine
molecules show a decreased rate of intramolecular
twisting, leading to a significant increase in the

Ž .fluorescence lifetime more than ten times for SD2 .
It has been found that for SD1 the nonradiative
excited-state decay may be inhibited by hydrogen
bonding between the donor and acceptor parts of the

w xdye molecule 12 . The presence of a hydroxyl group
at the ortho position of each aromatic donor group
leads to the formation of hydrogen bonds between
these hydroxyl groups and the polar oxygen atoms of
the central ring. This structure is rather rigid even in
a low viscosity solution such as ethanol. Therefore,
as will be experimentally shown later, a change in
the surrounding environment from ethanol to PUA
does not significantly influence the fluorescence life-
time.

All experiments were performed on these dyes in
two host media: absolute ethanol and a PUA matrix.
The polymeric guest–host matrices were obtained by
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a previously reported radical photopolymerization
w xprocedure 14 . First, we prepared a liquid photosen-

sitive mixture of oligourethane acrylate, dye and
photoinitiator. This mixture, held between two glass
or quartz plates, was irradiated at the absorption
band of the photoinitiator, resulting in polymeriza-
tion. The polymerization of oligomers is character-
ized by a small shrinkage, only about 2–3% of its
original volume, which is significantly less than the
shrinkage upon the polymerization of monomers.
The dye molecules are not chemically bound, but are
dissolved in the polymer matrix. The advantages of
this method are that the dye molecules neither aggre-
gate nor form a complex with the polymeric matrix.
Therefore, their absorption characteristics do not
change significantly from those previously deter-
mined in liquid media. With this technology, it is
possible to incorporate many different classes of
dyes into PUA.

The main feature of PUA is the existence of a
highly elastic state at room temperature. The elastic

w xproperties of PUA described in Ref. 14 , and the
peculiarities of the radical photopolymerization pro-
cedure determine the construction of optical ele-
ments. The glass or quartz plates are necessary to
contain the material during the polymerization proce-
dure, establish high optical quality of the polymer
layer and protect the optical element from mechani-
cal damage and atmospheric exposure. Strong adhe-
sion between the surface of the plates and the poly-
mer layer is observed. Protection of the optical ele-
ment from atmospheric oxygen is very important
because photo-oxidation is one of the major mecha-
nisms for photodegradation of organic dyes.

The thickness of the polymer layers varies from
Ž0.1 to 2 mm in order to satisfy both linear 0.1–0.2

. Ž .mm and 0.8–2 mm and nonlinear about 0.8–2 mm
absorption characteristics. The concentration of the
dyes varies from 10y5 to 10y3 molrl. The absorp-
tion spectra in PUA show a small red shift in com-
parison to the ethanol solutions. This shift is smallest

Ž .for unsubstituted PD1 1 nm and largest for PD10
which has a 5-link-cycle and phenyl substitute in the

Ž .polymethine chain 14 nm . The structure of the
bands and their half-widths are similar in ethanol and
in PUA. Special attention was given to the pho-
topolymerization procedure in order to reduce the
rate of photobleaching of the dyes and avoid the

appearance of their photoproducts. It was shown in
w xour previous article 2 , that the appearance of photo-

chemical products in PUA during the preparation of
the samples led to a substantial increase in linear
absorption at 532 nm. Choosing the proper initiator
and its concentration minimized photodecomposi-
tion.

The concentration of the polymethine PD3 is
1.1=10y3 molrl in PUA and 1.03=10y3 molrl
in ethanol, while that of the squarylium SD2 is
3.4=10y3 molrl in PUA and 1.4=10y4 molrl in
ethanol. The corresponding sample thicknesses are:
for PD3, 2 mm for PUA and 2 mm for ethanol; and
for SD2, 0.65 mm for PUA and 2 mm for ethanol.
These dyes were singled out for more intensive
wavelength dependent studies due to their large RSA
response at 532 nm.

3. Experimental methods

We used three well-developed nonlinear charac-
w x Žterization techniques: Z-scan 15 with both pico-

.and nanosecond pulses , optical limiting measure-
w x Žments, see for example 16 for nanosecond laser

. w xpulses and picosecond pump-probe experiments 17 .
Many of the experiments were conducted at 532 nm
using the second harmonic of Nd:YAG with both
picosecond and nanosecond pulses, although Z-scans
and pump-probe measurements were also performed
on PD3 and SD2 at wavelengths from 450 nm to 650
nm using a picosecond optical parametric oscillator
Ž .OPO . For the picosecond 532 nm studies, we used
an activerpassive modelocked Nd:YAG laser and
switch out a single pulse from the 40 ns long train of
pulses each separated by 7 ns. This pulse was fre-
quency doubled to give a single pulse of temporal

Ž .width 30 ps FWHM at 532 nm and a repetition rate
that could be adjusted from single shot up to 10 Hz.
In some experiments, to determine the nanosecond
response, the whole frequency doubled pulse train
could be used. For nanosecond studies, we also used
a Q-switched laser with a pulsewidth of 10 ns
Ž .FWHM at 532 nm having a repetition rate of 10
Hz. The spatial beam profile from both laser systems
was Gaussian.

The tunable source was a singly-resonant, pi-
cosecond OPO synchronously pumped by the third-
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harmonic of the modelocked train of Nd:YAG pulses
described above. The OPO was continuously tunable
from 400 to 700 nm using two critically phase-
matched BBO crystals mounted for walkoff compen-
sation. This produced a train of pulses, from which
single pulses could be selected using a voltage tun-
able Pockels cell. The linewidth of the pulse train

Ž .was 0.5 nm to (1.5 nm HW1reM , depending on
wavelength. The single OPO pulses used had a

Ž .pulsewidth of (14 ps FWHM and energy of
approximately 2 mJ. The OPO Z-scans reported here
were all performed in the single pulse mode.

The Z-scans we performed are ‘open aperture’
where the total energy transmitted by the sample was
measured as a function of the sample position Z with

w xrespect to the focal position of the input beam 15 .
The incident energy was held constant during a

ŽZ-scan so that the irradiance and fluence energy per
.unit area varied with Z. The range of energies used

was 0.01–70 mJ. For all 532 nm Z-scans, the beam
Ž 2 .was focused to a waist of radius 22 mm HW1re M

Ž 2 .for picosecond pulses and 30 mm HW1re M for
nanosecond pulses. Similar sizes were used for the
OPO Z-scan experiments. Care was taken to collect
all the energy so that these open aperture Z-scans
were sensitive only to nonlinear absorption.

Optical limiting curves were measured with 10 ns
Ž .FWHM , 10 Hz, 532 nm laser pulses, in which the
samples were located at the focal position of the
input beam, corresponding to the minimum transmit-
tance as determined from Z-scan measurements. The
pumping beam was focused to a waist of calculated

Ž 2radius 5 mm HW1re M, assuming a diffraction
.limited Gaussian beam . Each limiting curve was

measured within two or three input energy regions.
Continuous variation of the input energy was ob-
tained by rotating a half-wave plate in front of a
fixed polarizer.

Pump-probe experiments were used to study the
dynamics of photoinduced absorption and deter-
mined excited-state lifetimes. In these measurements
a strong pump beam changed the absorption of the
sample which was probed at delay times up to 15 ns
by a weak probe beam. Pump-probe measurements
were performed for probe pulses polarized parallel
and perpendicular to the pump pulse. At 532 nm the
pump beam was focused to a waist of radius 230 mm
Ž 2 .HW1re M , while the probe beam was focused to

Ž 2 .a waist of radius 34 mm HW1re M . The range of
pumping energies was 10–150 mJ. The probe irradi-
ance was kept much less than the pump irradiance so
the probe beam did not induce any significant non-
linearity. Both pulses were recombined at a small

Ž .angle (5 degrees within the sample.
The pump-probe geometry used with the OPO

source was similar except that, due to the reduced
available energy, the spot sizes were reduced. The
beam waists of the pump pulse were 86–94 mm
Ž 2 .HW1re M depending on wavelength, and the beam
waist of the probe pulse was ;40 mm. Pump
energies were 0.9–1.4 mJ. The probe beam was
delayed up to 6 ns and its energy was kept approxi-
mately 500 times lower than the pump energy. The
two beams were focused at the same position inside
the sample and the angle between the pump and
probe beam was (4 degrees.

4. Results

We analyze the following data in terms of one of
the level structures shown in Fig. 3. Unless specifi-
cally noted, the results are interpreted in terms of the

Ž .simple 3-level model of Fig. 3 a . However, as dis-
cussed below, this model is inadequate to explain all
of the data, which requires the more elaborate 5-level

Ž .model of Fig. 3 b .

4.1. Measurements at 532 nm

4.1.1. Picosecond Z-scans at 532 nm
We studied the nonlinear transmittance at 532 nm

of PD1–PD10 and SD1–SD2 in ethanol solutions
and in PUA over a wide range of input fluences from

2 Ž .0.0001 to 1 Jrcm . All the samples except PD9
exhibited RSA as 532 nm radiation produced excita-
tion into the short wavelength tail of the linear
absorption band. The values of the ground state
absorption cross section, s , were in the range of01

1.5=10y18 to 2.4=10y17 cm2, depending on dye
molecular structure, except for PD9 which has s01

(10y16 cm2 since the broad absorption band was
shifted enough to include 532 nm. These values are
shown in Table 2.
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Ž . Ž .Fig. 3. a 3-level and b 5-level model for polymethine and
squarylium dyes. S , S , S , S i and S i are singlet states. s , s0 1 2 1 2 01 12

and s i are absorption cross sections and 1rt , 1rt , 1rt ,12 S1 S2 F

1rt are rate constants. The series of horizontal lines within eachR

singlet state are vibrational energy levels.

With repeated irradiation at fluence levels greater
than (0.3–1 Jrcm2, depending on the dye and

Žmedium, irradiances greater than (9–30 GWr
2 .cm we observed a marked permanent reduction of

the nonlinear response for all the dyes which we
refer to as photodegradation. Similar but unrelated
effects have been observed by many authors, for

w xexample, Refs. 18–21 , and explained by saturation

of the absorption of the S ™S transition of1 2
Ž .Fig. 3 a . While this type of saturation certainly

affects the numerical fitting of data for picosecond
Ž .inputs the S lifetime is determined from such fits ,2

it is not the cause of the large reduction of nonlinear
response at very high inputs, as explained below. In

w xa previous paper, Ref. 2 , we performed Z-scans at
various repetition rates from 10 Hz to 0.5 Hz and
also moved the sample between laser firings in order
to irradiate a fresh site after each pulse. Increasing

Žthe time between pulses or changing the spot at the
.sample led to a decrease of this photodegradation in

all the samples in either host. This can be explained
by a photochemical decomposition into a new photo-
product with low absorption at 532 nm due to a
laser-induced reaction occurring in the excited state.
The slow recovery observed in the experiments was
due to diffusion of fresh molecules into the focal
volume. This was determined by irradiating different
spot sizes and noting that the recovery time length-
ened with increasing spot size. This occurred even in
PUA, but at a much reduced rate as compared to

Ž .ethanol tens of minutes as opposed to seconds . A
more detailed understanding of these processes re-
quires additional investigation. In this paper we con-
centrated on studying the nonlinear absorption of the
dyes at fluences below those that produce pho-
todegradation. As explained later in this paper, this
degradation appears to be initiated by a chemical
reaction after a trans–cis conformational change in
the excited state. trans–cis conformational changes,
also revealed by the pump-probe experiments, are
also suppressed by the polymeric host.

In Fig. 4, we show open-aperture picosecond
Z-scans at 532 nm for one of the most nonlinear

Ž Ž .. Ždyes, PD3 in PUA Fig. 4 a and in ethanol Fig.
Ž .. 2 24 c at fluences from 0.013 Jrcm to 4.2 Jrcm . As

can be seen in the picosecond regime, the transmit-
tance was reduced by a factor of four at high fluence
Žlinear transmittance is 78%, sample thickness 2

. 2mm . At fluences )0.3 Jrcm for PUA and )0.7
Jrcm2 for ethanol, photodegradation was observed.
If degradation of the sample occurs during the per-
formance of an open-aperture Z-scan it will appear

Žasymmetrical scans are performed form the left to
.right in the figures . Molecular parameters are ex-

tracted for inputs lower than the values that produce
photodegradation for all the dyes.
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Ž . Ž . Ž . Ž .Fig. 4. Z-scan data for PD3 in a PUA for picosecond input; b PUA for nanosecond input; c ethanol for picosecond input; and d
Ž . 2ethanol for nanosecond input. The linear transmittance is 78% and the thickness is 2 mm. The fluences in a are: curve 1, 0.013 Jrcm ;

2 2 Ž . 2 2 2 Ž .curve 2, 0.066 Jrcm ; and curve 3, 0.26 Jrcm ; in b curve 1, 0.064 Jrcm ; curve 2, 0.4 Jrcm ; and curve 3, 4.2 Jrcm ; in c curve 1,
2 2 2 Ž . 2 2 20.02 Jrcm ; curve 2, 0.16 Jrcm ; and curve 3, 0.59 Jrcm ; in d curve 1, 0.05 Jrcm ; curve 2, 0.5 Jrcm and curve 3,4.2 Jrcm . Solid

Ž .lines are numerical fits using a 5-level model see Fig. 3b as described in Section 4. The molecular parameters used to obtain these curves
are given in Table 2.

Another test of the influence of nanosecond
pumping on the nonlinear properties of the dyes is to
perform a Z-scan using the entire train of picosecond
pulses by turning off the pulse switch-out device.
However, if the interpulse spacing in the pulse train

Ž .here 7 ns is considerably larger than t , there isS1

no accumulation of excited state population between
the pulses and the train may be considered as a
sequence of independent pulses. Fitting of pulse train
Z-scan data shows this to be the case, so that for
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these particular molecules, the pulse train yielded no
additional data over single pulse data except to indi-
cate that all relaxation processes in these molecules
were effectively completed in less than 7 ns.

The main molecular parameters at 532 nm deter-
mined from the linear absorption and picosecond
open aperture Z-scans are presented in Table 2. For
the polymethine dyes, the largest ratios s rs12 01

were found for PD1, PD3, PD6 and PD8. This ratio,
along with the significant linear absorption, is re-
sponsible for a very low threshold for the optical

Ž .limiting response. These four dyes PDs have simi-
lar molecular structures but can be characterized by
small differences. PD1 has an unsubstituted polyme-
thine chromophore, while PD3, PD6, and PD8 have
a phenyl-substituted 6-link-cycle polymethine chro-
mophore.

For the two squarylium dyes, the largest cross
section ratio was obtained for SD2 which combines
the structure of a polymethine chromophore with the
acceptor properties of the central C O -group. The4 2

poor photochemical stability of SD2 in PUA makes
practical application of this dye difficult. The photo-
stability of SD1 in PUA was much better. We also
studied the spectral dependence of SD2 as discussed
below.

4.1.2. Nanosecond Z-scans
Ž . Ž .In Fig. 4 b and d , we show open aperture

Z-scans with 10 ns, 532 nm pulses for PD3 in PUA
and in ethanol respectively. There are three impor-
tant differences when compared with the picosecond
input results. Firstly, to reach the same level of
nonlinear response for nanosecond pumping, we have
to significantly increase the fluence over that re-

Žquired for picosecond pumping a factor greater than
.four, depending on the transmittance change . Sec-

ondly, saturation of the RSA is less prevalent for
nanosecond pumping. Thirdly, with nanosecond
pulses we do not observe photodegradation until a
fluence of (6 Jrcm2. Therefore, the decrease in
transmittance is larger for nanosecond inputs. For
example, the threshold for photodegradation for
nanosecond inputs in PD3 in PUA was about ten
times that for picosecond inputs, while the minimum
transmittance for ns pulses was (6% as opposed to
(25% for ps pulses. These same effects, although
different in magnitude, were observed for all the

dyes. In addition, we find it is not possible to fit the
nanosecond data with the same simple 3-level model
that was used for the picosecond data. We find that
to fit both the nanosecond and picosecond data, a

Ž .5-level model of the type depicted in Fig. 3 b is
required. The relatively short overall relaxation times

Ž .observed -7 ns suggest that the additional states
are not triplets, such as are seen in phthalocyanines
w x22 . In addition, the triplet levels can be ignored as
intersystem crossing times for polymethine dyes are
about two orders of magnitude longer than t S1
w x2,23,24 . To investigate the nanosecond behavior
more fully, we performed excite-probe measure-
ments, described below.

4.1.3. Pump-probe measurements at 532 nm
Time-resolved excitation-probe experiments allow

study of the dynamics of nonlinear absorption in dye
molecules, allowing us to resolve molecular relax-
ation process. We performed pump-probe measure-
ments at 532 nm on all the dyes both in PUA and in
ethanol, and for probe beams polarized both parallel
and perpendicular to the pumping light. The main
results are presented in Figs. 5 and 6. These show
the picosecond response and recovery of the probe
transmittance with different polarization for PD3 and
for SD1 in PUA matrices and ethanol solutions.
Curves for the other samples appear qualitatively
similar. As can be seen from these figures, there is a
significant difference in behavior for parallel and
perpendicular probe polarization. The behavior ob-
served with the perpendicularly polarized probe
showed either a flat initial response or an initial
increasing loss, while the loss for parallel polariza-
tion decreased monotonically for all samples. How-
ever, analysis revealed that for both polarizations,
double-exponential relaxations were observed. This
behavior may be connected with rotational reorienta-
tion of the whole molecule or intramolecular config-

Ž .urational changes isomerization in the first excited
state, which reduces the number of chromophores
aligned in the direction of the electric field and
increases the number in the perpendicular direction.
Among polymethine dyes, the largest difference be-
tween parallel and perpendicular probe polarization
was observed for PD1, less for PD3 and the smallest
for PD6. A theory for excitation-probe measurements
on materials exhibiting photoisomerization, along
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Ž . Ž . Ž . Ž . Ž .Fig. 5. Results of pump-probe experiments for PD3 in PUA, a and b ; and in ethanol, c and d . Curves 1 correspond to a parallel
Ž . 2polarized probe, and curves 2 correspond to a perpendicular polarized probe beam. The pump fluence is 0.0041 Jrcm . Solid lines are

numerical fits as described in Section 4.

with experimental results in the picosecond regime,
w xis presented in Ref. 25 .

The experimental data shown in Figs. 5 and 6
Ž .were fit using bi-exponential decay expressions: T t

Ž . Ž .s1ya exp ytrt yb exp ytrt qc for the1 S 1 F 1
Ž .parallel polarization component, and T t s1ya2

Ž . Ž . Ž .exp ytrt y yb exp ytrt qc for the per-S 2 F 2

pendicular component. t is the time of reorienta-F

Ž .tion described below , and t is the relaxation timeS

of the RSA. The term with the negative amplitude
Ž .yb reflects the formation of molecules with a2

changed molecular structure. This is the simplest
way to empirically describe the data. From fitting
pump-probe experiments we found: t s0.1–0.2 nsF

in ethanol and t s0.5–0.6 ns for PDs in PUA. ForF

squarylium dyes, t in PUA depends more on theF
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Ž . Ž . Ž . Ž . Ž .Fig. 6. Results of pump-probe experiments for SD1 in PUA, a and b ; and in ethanol, c and d . Curves 1 correspond to a parallel
Ž . 2polarized probe, and curves 2 correspond to a perpendicular polarized probe beam. Pumping fluence Fs0.0045 Jrcm . Solid lines are

numerical fits as described in Section 4.

dye structure and t s0.85 ns for SD1 and t s2.5F F

ns for SD2. In ethanol, t s0.3 ns for SD1 andF

t s0.15 ns for SD2.F

Linear polarized excitation of dye molecules from
S to S produces a light-induced anisotropy. Molec-0 1

ular reorientation redistributes the dipole vector of
excited dye molecules, leading to a more isotropic
molecular alignment. There are two channels of re-

orientations: overall rotation of the whole molecule
Ž . ifirst channel and formation of a new S state with a1

new nuclear coordinate due to intramolecular rota-
Ž .tion of some molecular fragment second channel .

In ethanol solutions, both channels are possible.
Intramolecular rotation may include a trans–cis iso-
merization process leading to a large molecular de-
formation such as twisting of the polymethine chain.
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This twisting leads to a decrease in the effective
length of the polymethine chromophore and to an
increase in the effective length of the p-conjugated
system in the perpendicular direction. Thus, these
processes in the excited state can change the orienta-
tion of the dipole moment of the dye molecule with
respect to the field. The behavior of the probe beam
reflects these changes in molecular alignment. A
clear example of this deformation is the large change
in t for SD2 in ethanol and in PUA. In PUA thisS1

deformation may be a small distortion of the polyme-
thine chain or rotation of a small rotor, e.g. a phenyl
group. Based on these excite-probe data, we con-
clude that these conformational changes correspond
to relaxation to the additional states S i and S i in the1 2

five-level model of Fig. 3b. Consequently, we be-
lieve these additional states are probably just the
singlet states of the reconfigured molecule, i.e. iso-

w xmerization 26 .
Using the excite-probe data as a starting point, we

fit the nanosecond Z-scans for PD3 in both PUA and
ethanol using the 5-level model. Note that t in theS

excite-probe data does not precisely correspond to
either t or t in the 5-level model. It is a compli-S1 R

cated function of t , t , t , and the excited-stateS1 R F

cross sections. These fits correspond to the solid
Ž . Ž .lines in Fig. 4 b and d . The molecular parameters

determined from these fits are shown in Table 3.
Consistent with the pulse train data, fitted relaxation
times t and t are less than the pulse train inter-F R

pulse spacing.
The lifetimes determined from pump-probe mea-

surements are summarized in Table 2. For polyme-
thine dyes in PUA, the longest lifetimes t s2.1–S1

2.5 ns were related to unsubstituted PD1, and
phenyl-substituted PD3 as well as PD8 having 6-
link-cycles in the polymethine chain. For the dye
PD6 with the more complicated p-electron system in
the end chromophore groups and the same structure
of the polymethine chromophore, there was a de-

Table 3
Molecular parameters of PD3 for a five-level model

is t t t12 F R S2
y16 2Ž . Ž . Ž . Ž .=10 cm ns ns ps

PD3 in PUA 1 0.5 2 3
PD3 in ethanol 5 0.2 0.8 3

Žcrease in t to (1 ns e.g. compare PD3 andS1
.PD6 . The same trend with change in chemical

structure can be seen in the series of dyes with
5-link-cycles in the polymethine chain. For PD2,
PD5 and PD7, the lifetimes are in the range of
1.4–1.7 ns, with a decrease to 0.8 ns for PD10. The
lifetimes in PUA were typically twice as long as in
ethanol solutions, which we attribute to a restriction
of molecular motion in the polymeric host. Among
the PDs, PD3 has the largest ratio and was singled
out for more intensive studies including measuring
its spectral dependence with the OPO as discussed
below.

Interesting results were obtained for squarylium
dyes on short timescales. For temporally overlapped
pulses in the squarylium dyes, strong beam-coupling
effects are seen, with the sign of energy transfer
between pump and probe changing as a function of
delay. This can be ascribed to stimulated Rayleigh-

Ž .wing scattering SRWS resulting from molecular
reorientation andror conformational changes along
with slightly chirped laser pulses, as previously de-

w xscribed in Ref. 27 . While these coherent coupling
Ž .effects two-beam coupling are also observed for

the PDs, the magnitude of the effect is much re-
duced. The difference between ethanol and PUA

Žhosts can be seen only on these short time scales see
Ž . Ž ..Fig. 6 b , d , where the PUA shows a much reduced

beam coupling effect, as would be expected due to
the restriction of molecular motion imposed by the
host. These coherent coupling effects are not impor-
tant for the studies of RSA reported here.

On longer time scales, SD1 is characterized by
the largest value of t (6 ns, and this value isS1

w xnearly host independent. According to Ref. 12 , this
result can be explained by the formation of hydrogen
bonds between oxygen atoms in the central ring and
electron-donor hydroxyl groups leading to a more
rigid structure. For SD2, t s5 ns in PUA and onlyS1

0.4 ns in ethanol. This drastic difference in lifetimes
is probably connected with the internal twisting
around the C–C linkages between the central C O4 2

group and electron-donor end fragments in ethanol
solution.

4.1.4. Optical limiting experiments at 532 nm
The nanosecond optical limiting responses at 532

nm of PD1 in PUA, PD3 in ethanol and in PUA, are
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Ž .presented in Fig. 7 a . All the samples had a linear
transmittance between 69 and 78%. The largest
changes in transmittance were obtained for PD3. As
can be seen from the limiting curves at high inputs in

Ž .Fig. 7 a , the transmittance change with increasing
input decreased so that the limiting effectiveness was

Ž .reduced i.e. the curve became nearly flat . This
apparent ‘saturation’ of the nonlinear behavior can
be modeled using the 5-level model and the satura-
tion is less for nanosecond pulses than for pico-
second pulses, as discussed above. Below about 6

Ž .Fig. 7. a Optical limiting curves: curve 1, for PD1 in PUA with
linear transmittance 69%, and thickness 2 mm; curve 2, for PD3
in PUA and curve 3, for PD3 in ethanol, with linear transmittance
78% and thickness 2 mm for both polymeric and liquid samples;
Ž . Ž .b limiting curves for SD2 in PUA linear polarization with
linear transmittance 70% and thickness 0.72 mm. Insert shows

Ž .photochemical bleaching of the dye for 1 linear polarization and
Ž .for 2 circular polarization.

Jrcm2, the changes in transmittance shown in Fig.
Ž .7 a are reversible. However, at even higher inputs

photochemical decomposition of the dye can be ob-
served. This occurs for SD2 at lower fluences, where
an irreversible increase in transmittance is observed

2 Ž .at input fluences )3 Jrcm , as shown in Fig. 7 b .
We measured limiting curves for PD3 and SD2 in

PUA at 532 nm for both linear and circular polariza-
tion. For PD3 in PUA no difference in optical limit-
ing response was observed even above levels where
photodegradation occurs. The same behavior was
found for SD2 for fluences below (3 Jrcm2. Above
this level in SD2, photodegradation is more rapid for
linear than for circular polarization at the same flu-
ence which is probably connected with the larger
excited-state population in case of circular polariza-

Ž .tion, as shown in the inset of Fig. 7 b . The use of
circular polarization could help extend the opera-
tional lifetime of optical limiting elements based on
SD2. This could be accomplished by placing a quar-
ter-wave plate at the input to the limiting device.

5. Wavelength dependence studies with an optical
parametric oscillator

5.1. Optical parametric oscillator Z-scan experi-
ments

For applications such as optical limiting, it is
important to determine the dependence of the nonlin-
ear optical parameters over a broad spectral range.
Here, we report the results of Z-scan measurements
of two of these dyes at wavelengths from 440 to 650
nm measured with the picosecond OPO. We measure
the polymethine and squarylium dyes in PUA that
show the best RSA behavior in the 532 nm wave-
length studies, namely PD3 and SD2. Ground-state
cross sections determined from the linear spectrum
are shown in Fig. 8, while values for s rs based12 01

on a 3-level model, determined from the Z-scan
measurements, are shown in Fig. 9. The polymethine
dye PD3 showed RSA over a broad spectral range

Žfor wavelengths shorter than (620 nm, from (480
.to (620 nm while SD2 showed RSA over a rela-

tively narrow range from (500 nm to 560 nm.
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Ž .Fig. 8. Spectra of ground state absorption cross sections for 1
Ž .SD2 and 2 PD3 in PUA as calculated from linear transmittance

spectrum, concentration and sample thickness. All the cross sec-
tions are larger than 1=10y18 cm2.

Values of s rs -1 correspond to saturable ab-12 01

sorption, which occurs at wavelengths where the
linear absorption becomes appreciable.

5.2. Optical parametric oscillator pump-probe mea-
surements

Fig. 10 shows an example of pump-probe data
taken with the picosecond OPO on PD3 in PUA
Ž .using perpendicular polarized beams . From these
measurements with the absolute irradiance deter-

Fig. 9. Spectral dependence of the ratio of excited to ground state
Ž . Ž .absorption cross section for 1 PD3 and 2 SD2 in PUA. For

ratios, s rs larger than unity the samples show RSA.12 01

Fig. 10. Experimental pump-probe results for PD3 in PUA using
the picosecond OPO tuned to 501, 553, and 650 nm. Dotted lines
are experimental data and solid lines fitting curves: RSA
Ž . 2s rs s54 , t s2.1 ns at 501 nm, 0.01 Jrcm ; RSA12 01 S
Ž . 2s rs s65 , t s2.3 ns at 553 nm, 0.0086 Jrcm ; and SA12 01 S
Ž . 2s rs s0.5 , t s0.6 ns at 650 nm, 0.0086 Jrcm .12 01 S

mined from a combination of pulse width and spot
size measurements, the absolute value of the excited
state absorption cross section can be determined

Žfrom the initial value of the induced loss i.e. at zero
.time delay . These values agree within experimental

errors of ("20% with the values obtained from
the open aperture Z-scans. The saturable absorption
at 650 nm exhibited a shorter relaxation time than
the RSA at other wavelengths as calculated in this
3-level model. If the excited level is assumed to be
the same for all the frequencies measured, the life-
time of S should not depend on wavelength. The1

use of the 5-level model readily allows the lifetime
to be independent of wavelength as expected. In fact,
allowing level lifetimes to vary independently to
obtain a best fit gives ranges of values for lifetimes
that are consistent with a constant lifetime of S . The1

variable decay times observed in experiments are
due to the relative wavelength dependencies for the
two separate singlet excited states, e.g. as S decays1

to S i the absorption could decrease or increase de-1

pending on the relative cross sections.

6. Conclusions

We characterized the nonlinear optical properties
of a series of polymethine and squarylium dyes in
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two host media: liquid ethanol and the elastopolymer
Ž .polyurethane acrylate PUA . We were able to sys-

tematically modify the photophysical properties of
the dyes, in particular, the frequency difference be-
tween the absorption resonance and the pumping

Ž .laser frequency 532 nm , through changes in molec-
ular structure. We determined absorption cross sec-
tions and in particular the ratio of the excited-state to
ground-state absorption cross sections and found ra-
tios in excess of 100 for some polymethine dyes at

Ž .532 nm PD1, PD3, PD6 and PD8 . These ratios are
the largest measured to our knowledge while keeping

Ža large ground state absorption cross section )
y18 2 .10 cm . The dyes exhibiting these large ratios

have similar molecular structures. The parameters of
these molecules for nonlinear applications such as
optical limiting show a significant improvement over

w xthe first set of this class of dyes studied 2 and
indicate that further improvement of the photophysi-
cal parameters may be possible. We also determined
the nonlinear properties of two squarylium dyes SD1
and SD2, characterized by quite different molecular
structures. The distinguishing feature of these dyes is
a lower cross section ratio but a comparatively longer

Žexcited state lifetime, t 6 ns for SD1 in bothS1
.ethanol and PUA, and 5 ns for SD2 in PUA . The

best nonlinear response was found for SD2, which
combines the structure of a polymethine chro-
mophore with the acceptor properties of the central
C O -group. Also, the bandwidth of RSA is reduced4 2

with respect to the PDs and the photochemical stabil-
ity of SD2 in PUA is rather low. The photostability
of SD1 in PUA is much better. Therefore, there is
some hope that this property can be improved.

While the large cross section ratios are favorable
for application to optical limiting, large changes in
transmittance could not be obtained for picosecond
pulses. This reduction of the limiting effectiveness at
higher inputs can be explained by saturation of the
S to S transition due to the short but finite lifetime1 2

Ž .of the S level see Section 4.1.1 . This is explained2
w xmore fully in Refs. 18,21 . The values of t for theS2

dyes studied here are presented in Table 2. The
relative uncertainties are large due to the limited
range of inputs between where the saturation could
be observed and where bleaching began. From these
studies we found that t f0.2–3 ps in ethanol andS2

1–3 ps in PUA depending on the dye structure. The

smallest values of t in ethanol were found forS2

PD1, PD10 and SD1, and in PUA for PD4, PD10
and SD1. For PD2, PD6 and SD2, the t ’s areS2

almost equal in the two hosts. The largest values of
t f3 ps were found for PD1, PD3, PD8 and SD2S2

in PUA. For the dyes PD4, PD6 and SD2 in PUA,
t is so short that the minimum transmittance isS2

only weakly influenced. In this case, the major fac-
tors determining the transmittance for picosecond
pulses are the photochemical decomposition of dye
molecules and the damage threshold of the poly-
meric medium. Limiting of nanosecond pulses is
affected much less by this saturation, as t is muchS2

shorter than the pulsewidth. Explanation of the
nanosecond data requires a 5-level model as ex-
plained below.

While the 3-level model adequately explains our
picosecond data, it cannot consistently explain the
nanosecond data either for Z-scan or for pump-probe
measurements. We therefore proposed a five-level
model consisting of all singlet states, which includes
reorientational processes in the first excited state, see

Ž .Fig. 3 b . The nature of these processes may be
twofold: overall rotation of the whole molecule or
intramolecular configurational changes. For ethanol
solutions at room temperature, polarization kinetics
may include both processes. In polymeric media the
overall rotation of dye molecules does not contribute
on the time scale observed in our experiments.
Therefore, we consider conformational changes, i.e.
isomerization, as an important part of the excited-
state dynamics.

The results of pico-and nanosecond Z-scans and
excitation-probe experiments may be explained by a

Ž .five-level model all singlet states , which includes
S ™S ™S absorption, conformational changes in0 1 2

the S state leading to the formation of a new singlet1

S i state with a new molecular configuration, S i ™S i
1 1 2

reabsorption and restoration of the primary homoge-
neous distribution in the ground state S . This model0

was used to accurately model the response of PD3
for all experiments performed. Using the five-level
model, which includes S ™S ™S and S i ™S i

0 1 2 1 2

absorption as well as reorientational processes in S ,1

we could obtain fits for both pico- and nanosecond
inputs with the same molecular parameters. Exam-
ples of numerical fits are shown in Fig. 4 for pico-
and nanosecond Z-scans.
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Pump-probe polarization studies of the dynamics
of the excited-state absorption reveal a large differ-
ence in the behavior of the probe beam with parallel
and perpendicular orientation to the polarization of
the excitation beam. While the parallel probe beam
shows a fast decay of nonlinear transmittance, the
perpendicular probe beam at the same time shows
either an increase or constant value of nonlinear
response. This behavior is explained by the confor-
mational changes in the first excited state, which
reduce the number of chromophores aligned in the
direction of the electric field and increase the num-
ber in the perpendicular direction. These processes
could include overall rotation of dye molecules in
ethanol and intramolecular configuration changes in
both ethanol and PUA. Excited-state relaxation dy-
namics of polymethine dyes have been an area of

w xintense research in recent years 28–32 . It is well-
w xknown 33 that trans–cis isomerization in the ex-

cited states of polymethine dyes in low viscosity
solutions produces one of the most important nonra-
diative decay pathways. The quantum yield for iso-
merization strongly depends on the molecular struc-
ture of the dye, temperature and solvent viscosity. In
polymeric media trans–cis conformational changes
may be more restricted due to rigidity of the media.
Relaxation processes within the excited state of dye
molecules in polymeric media are less well investi-
gated. Our current studies and previous observations
w x11 allow us to conclude that in elastic PUA the
small conformational changes of PD’s, such as rota-
tions of phenyl groups either in the polymethine
chromophore or in the end groups, are possible.
These rotations are almost barrierless and may be
more closely related to free volume effects than to

w xmacroscopic viscosity 34,35 .
Thus, our understanding is that the main factor

reducing the effectiveness of optical limiting in the
nanosecond regime is the relatively short lifetime of
the first excited state S , which is reduced by intra-1

molecular conformational processes. Therefore, de-
spite the large ratio of s rs found for some12 01

Ž .polymethine dyes the largest among organic dyes ,
this advantage cannot be fully realized at present for
optical limiting. Molecular engineering methods to
inhibit the trans–cis changes are under investigation.
We expect that further research on PDs and SDs may
produce new dyes with increased excited-state life-

times, reduced upper-state saturation and improved
photochemical stability.
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