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ABSTRACT OF DISSERTATION
GRADUATE SCHOOL. UNIVERSITY OF ALABAMA AT BIRMINGHAM

Degree _Ph.D. Program _ Physics

Name of Candidate Clare Chisu Bveon

Committee Chuir Christopher M. Lawson

Title Dvnamic Nonlinear Optical Characterization Of Asvmmetric Pentazzadentate

Porphvrin-Like Metal Complexes For Optical Power Limiting Application

We introduce a new class of two-dimensional conjugated ring nonlinear optical
materials, the asymmetric pentaazadentatc porphyrin-like metal complexes [(R-
APPC)M|CI,. for optical power limiting (OPL) application. Serics of [(R-APPCWMCI,
complexes with variability in the phenyl substituents. in the bridging aromatic group in
the ring. and in the metal center are characterized for third-order nonlincar optical
properties and dynamic photophysical propertics.

Degenerate four-wave mixing of [(R-APPC)M|CIl, shows large molecular
second-order hyperpolarizabilitics, ¥. even greater than those of metallophthalocyanines,
a well known class of optical limiting materials. The effects on ¥ due to the structural
changes are discussed along with the effect on the lincar absorption spectra.

Optical limiting performances of the series are investigated using nonfinecar
transmission measurements at 332 nm with 5 ns pulses. The results exhibit fow [imiting
threshold fluence and limiting throughput fluence comparabie to silicon
naphthalocyanine and lead phthalocyanine. The effects of structural variations on
nonlinear absorption properties are discussed.

Because excited state absorption is the dominant nonlinear optical process for this

series, the dynamic nonlinear properties are discussed from the results of time-resolved
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degenerate four-wave mixing (TRDFWM). It is found that at least two different dynamic
processes are observable in TRDFWM at 532 nm using a mode-locked picosecond laser.
One is a fast process between singlet excited states limited by excitation pulse width (~40
ps). and another 1s a relatively slower process involving intersystem crossing to the triplet
excited state from the singlet excited state.

To understand excited state mechanism further. the lifetime of the singlet excited
state has been measured for each complex in the series using the time-correlated single
photon counting (TCSPC) method with a femtosecond Ti:Sapphire laser and a tast
microchannel plate photomultiplier. The TCSPC results show that the lifetimes of [(R-
APPC)YM|CI, are all less than | ns. From the previously reported triplet quantum vields.
the intersystem crossing rates are found to be quite fast (<1 ns).

These results suggest that [(R-APPCIYM|CI, complexes are very promising
candidates for OPLs because these complexes have large optical nonlincarities and

exhibit higher flexibility in structures.
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CHAPTER |
INTRODUCTION
Overview and Motivation

[t can arguably be said that the 20th century has been the century of electrons.
Since the initial developments of quantum theory in early years. much successtul
research has been based on electronic structure of muatter. and electrons have been the
most interesting particle in science and engineering. As many new applications involving
the science of this much-studied particle were developed. the electronics and electric
power industries responded with great products for people to make their everyday life
easier and more comtortable. Now at the dawn of 21st century and the new millennium,
the trend is shifting toward another fascinating particle. the photon. or the light particle.
Thus, the new ficld, photonics. arises to study and utilize photons and the relationship
with matter. Nonlinear optics (NLO) is one of the buackbones of photonics.

Nonlinear optics is the field that studies nonlinear optical phenomena in which
the optical properties of medium. such as refraction and transmission become functions
of the intensity of the light. Light interacts with light via the medium. and the refractive
index and consequently the speed of light do change with the light intensity.

After the discovery of the maser' = and laser.™ lasers have become essential tools
as powerful coherent light sources in all areas of science and engineering. As more and
more intense lasers with high power output became available. researchers started

observing new phenomena that could not be observed with less intense. noncoherent light

/

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



19

sources. Among many ncw discoveries in the ecarly 1960s. observation of the second
harmonic generation by the intense laser light marked the beginning of NLO.” Since
then. materials with fast and large optical nonlinearities have generated much interest for
numerous applications. such as photonic switching for telecommunications.”

With the development of high power lasers. various third-order nonlincar
materials, such as organic and polymer complexes. have particularly attracted great
interest for nonlinear optical applications, such as wave mixings. wave guides, optical
phase conjugation. and optical power limiting (OPL). The desiruable properties of the
third-order nonlinear optical materials include a large nonlincarity. inherently fast
response times. broadband spectral responses. and case of processing and s‘_\’nlhcsis.w"' In
general, one can design thermally. mechanically. chemically. and optically quite stable
organic systems. The versatility tn synthesis gives fur greater diversity than most other
types of nonlincar materials.  Furthermore. the tact that one can control the optical
properties of the material by modifving its structure makes organic nonlincar materials
the most interesting and exciting class of new optical materials.  One can. on the
molecular level. engineer. design. and optimize optical properties to perform the
particular application.  In order to do so. one should first face the challenge of
understanding the basic physics of nonlincar optical processes and the mechanisms
behind the processes in these organic materials.

In general, an optical electromagnetic field can be completely described by its
phase and amplitude. For third-order materials. the third-order susceptibility ¥'*'. which
is a complex quantity in nature. is the macroscopic physical parameter that describes how

the material interacts with the irradiated field by modifying the phase and the amplitude.
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The real part of """ is related to the nonlinear index of refraction and changes the phase
of the field. whercas the imaginary part changes the amplitude by nonlincar absorption.
Moreover. the recal and the imaginary parts are not independent of each other. In addition
o ;(“'. the second-order molecular hyperpolarizability. . ts the microscopic quantity that
characterizes the third-order optical nonlinearity. Although the nature of £. the first-order
molecular hyperpolarizability. and the optimization of £ are well studied in general. the
optimization of v is somewhat more difficult duc to more complicated physics involved.

[t should be noted that comparison of the third-order nonlinearity among various
optical materials in today’s literature has some practical difficultics for several reasons.
First. the third-order optical nonlincarity can be reported in various forms. such as the
bulk property %", the nonlinear refractive index ns, or alternatively the corresponding
molecular quantity, the concentration-independent microscopic hyperpolarizability. 7.
Moreover. the definitions of these quantities depend not only on the unit system of choice
(ST vs. esu) but also on how the quantties are defined even within the same unit system
(see Appendix). As a result, conversion between different systems of units or between
euach representation in the same unit system may not be as trivial as one might think. To
make the comparison even more difficult. these values are wavelength dependent. To
make a legitimate comparison among different materials, one should carefully follow
these different definitions and the wavelength dependence of the measurements.

In recent vears. organic compounds with extensively delocalized #~conjugated
clectron systems have received considerable interest for the third-order NLO
10-12

applications. Various organic polymer systems with fairly large third-order optical

. .. . 1 9.43 . . .
nonlinearities have been studied.” " For conjugated polymers, where single and multiple

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



bonds arc alternating in chains. it was expected that optical nonlinearity increases with
the number of the repeat units.”* However. the experiments show a more complicated
relationship of optical nonlinearity and the chain structure of the polymer systems. Zhao
et al®’ performed a systematic study of polarizability and the third-order optical
nonlincarity in thiophene oligomers by measuring the second-order molecular
hyperpolarizability on the number of repeat units. The results show the rapid increase of
7 values of the polymer with the increase in the number of repeat units. Another work on
thiophene (2.5-didecylhexathiophence) by Hein er al.'® shews a similar increase of 7 up to
5 chain units: the rate of the increase slows down after 3 units. Frazier er al.'” and Porter
etal™ also performed very similar measurements on platinum and palladium poly-ynes.
Their results' ™' suggest that optical nonlinearity generally increases with the number of
the repeat units. but only increases to the certatn number of the repeat units and with the
certain substituents. The experimental work by Flom et al.'” also indicates that the third-
order nonlinearity is not simply correlated with the deiocalization length of the conjugate
systems.  Recently. Gubler er al™ reported the investigation of poly(triacetylene)
oligomers with several monomer units using degenerate four-wave mixing (DFWM) and
the third hurmonic generation. The results show that the chain-length dependence of vy of
poly(triacetylene) oligomers follows a power law ( y o< n’, i is the number of the chain)
for short oligomers and that this power law saturates around 7=9-10. The v values of all
these polymers range from about 10" to 107 esu.

More interesting groups of complexes are two-dimensional delocalized
conjugated m-clectron systems.” Among those macrocycles, some extensive research

hhJhk]

L2220 3 L2428 .
have been donc on metallophthalocyanines and metalloporphyrins because of
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their rclatively large third-order susceptibilities. inherently fust response times. and
chemical and thermal stability.

The experimental results of Shirk ¢r al.™ show that the third-order susceptibility
of metal-frce phthalocvanine (Pc) is enhanced 43 times by inserting a metal ion. These
authors™ reported ‘/"3’ values for tetrakistcumylphenoxy) phthalocvanine with Pt ion as
high as 2x10™"" esu (at 1064 nm). and also reported ‘/y""' values for lead phthalocvanine
(PbPc) as 2x10™"" esu (at 1064 nm) in the same paper. The ' 's of bistphthalocyanine)
complexes with various metal centers (Sc. Lu. Yb. Y. Gd. Eu. Nd) were reported by the
same group.:7 Their ¥ values ranged from 15 to 48x10°™ esu at 1064 nm). More

AR IR I

recently, other groups * reported similar results using various metal centers and
substituents in Pc und naphthalocyanine (Nc¢).

Porphyrin, very similar to Pc in structure. has only four N atoms in its conjugated
ring structure: however, there are eight N atoms in Pc. Indeed. Pc is considered to be a
porphyrin derivative. For this reason. many of metalloporphyrins are receiving the same
tvpe of attention as metallophthalocyanines.  Rao et al.™ have performed extensive
measurements on ' of a series of tetrabenzporphyrins with different substituent groups
and metal centers. Zn and Mg. and reported ‘[':' values 4 to 5 orders larger than carbon
disulfide. a common reference material in third-order NLO. The effects of metal
substitution and various axial ligands on the third-order optical nonlinearity of porphyrins
were also studied in detail by Kandasamy er al.™

Metallophthalocyanines and metalloporphyrins in general show large third-order
nonlinearities and fast response times. The y values of these materials can vary with

different substituents and metal centers. One of the most popular third-order NLO
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applications for these type of materials is OPL. OPL is achieved when a material shows
a strong nonlincar absorption. such as reverse saturable absorption (RSA). The
transmission of light depends on the intensity or the fluence of input light. At the
exposure to low intensity light. an OPL transmits the input light without much loss. At
the higher intensity/fluence. however, the output is clamped out due to nonlinear
absorption providing the proper protection for optical sensors. especially human eves.
The need for passive optical limiters to protect human cves and sensors from
intense optical beams has generated much interest in the development of optical limiting
materials. Power limiters based on nonlincar absorption. such as diphenyl polyenes.“h
indanthrone dyes.” and fullerenes.”™ along with mctu![()ph(hul(w,\’unincs'm‘”'J and
metalloporphyrins, **“® have been studied extensively.  Metallophthalocyanines and

. - IR I R
metallonaphthalocyanines are among the most promising materials

for use in
these devices because of their relatively low lincar absorption and high ratios of the
excited state to the ground state absorption cross sections (0./0,) in the 450~600 nm
region. The use of these complexes is limited. however, by their relatively high linear
absorption outside of the 450~600 nm region and, in some cases. by the low quantum
yields of their triplet excited states. The triplet quantum yield is one of the important
parameters in nanosecond excitation because optical limiting occurs mainly due to the
nonlinear absorption in triplet-triplet transitions for these materials.  Moreover,
metallophthalocyanines and metallonaphthalocyanines, like regular metalloporphyrins,
have a very rigid ring structurc so that any addition of ligands or substituents must be
made either axially through the metal center or at the periphery of the ring structure (see

FIG. 1). In addition. it is impossible to change the conjugated 7-electron structure of

/
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theses complexes. The conjugated m-electron is one of the Key variations to manipulate
the nonlinear optical properties by the structural modification. Because the ring structure
cannot be modificd. the size of the metal center is also limited. With large metal centers
(Pb. Si). the metal center cannot stay at the same plane with the ring structure. which in
general counteracts the increases in the third-order optical nonlinearity. As a result. new
types ot optical limiters are in high demand today in many areas. such as commercial
telecommunication and military applications.

Recently. we began to study a new class of expanded metalloporphyrin
complexes, asymmetric pentaazadentate  porphyrin-like  metal  complexes  [(R-
APPCMICI,. as OPLs. ™™  These complexes have two-dimensional delocahized
conjugated selectron systems and exhibit strong third-order nonlinearitics just like
metallophthalocyanines  and  regular mclulloporph_\'rins.;” However.  unlike
metallophthalocyvanines and regular metalloporphyrins, the ring structures of these
complexes can be readily modified as seen in FIG. 2. Such structural modifications
should allow [(R-APPC)MICI, complexes with optimal photophysical properties for a
variety of applications, such as OPL, to be developed.

The main mechanism contributing to OPL in these complexes is excited state
absorption (ESA) or RSA in which the molecules are excited to the higher excited states
by the absorption of additional photons after the initial excitation from the ground state to
the first excited state (linear absorption). By definition, the ESA cross section must be
greater than the ground state absorption cross section (0,>0;) to achieve an RSA. In
general. Pcs and porphyrin derivatives show a mixed form of RSA and two photon

ubsorp[ion.5 We expect our [(R-APPC)M]CI, complexes have mainly ESA at 532 nm,

/
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the wavelength at which all of our nonlinear absorption mecasurements are made. Many
ESAs. such as mctullophthulocyunines.'u"“"""5:“;" regular mctulloporph_\'rins.J‘”('ﬂ"“‘s’<
and expanded metalloporphyrin con1plcxes.5{”SS have been studied as possible candidates
for OPLs.

All the materials mentioned previously have relatively high third-order
nonlinearities and fairly competitive optical limiting performances. Nevertheless. most
resecarch has been focused on reporting the third-order nonlinear susceptibilitics or the
performance parameters, such as imiting thresholds and clamped limiting throughputs, ot
many ditferent materials. In today’s literature. one can rarely find a report clearly stating
a systematic way of enhancing the nonlincarity or optical limiting performance by
relating the main parameters, such as nonlinear susceptibility and various photophysical
properties involved with the optical limiting performance. to the chemical structure. We
know that certain complexes have greater ESA cross sections, longer excited state
lifetimes, fast intersystem crossing, or higher triplet quantum yields and that certain
complexes perform better optical limiting than others. However, which purameters are
the main optimization factors and why certain complexes are better optical fimiters than
the others are still big mysteries, probably due to the complicated nature of different
photophysical and nonlinear optical processes.

The ultimate goal is to develop a better OPL by a systematic optimization of the
chemical structure of a series of [(R-APPC)M|CI, complexes. To do so, it is essential
that we know which photophysical properties are the main contributors to OPL and how
these properties are related to the variation of the chemical structure, such as in the metal

centers and in the conjugated ring structures. Without these kinds of information. the
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random trials of different materials. which routinely appear in much current literature, are
the only means of developing the desired device.

The main objectives of this dissertation research are to evaluate the optical
limiting performance of the preliminary [(R-APPCM|CI, complexes and to provide
detailed analysis about the effects on linear and nonlincar optical properties due to
structural modifications. such as the variation on phenviene substituents. on bridging
group in the conjugated ring structure. and on the metal centers. The rescarch activities
include several experimental tasks that can provide or estimate some ot the basic
properties associated with the nonlinear absorption process, such as ESA cross sections,
lifetimes of the excited states. and intersystem crossing rates. Moreover. this work also
provides the experimental data essential to the numerical fitting of a computational model
that is in progress and expected to be complete in the near future.

To date. the third-order nonlinear optical properties of only a few [(R-
APPCMCI, complexes. [(CoH:-APPCICAICI. [(OCH:CoH:-APPC)Cd|CI. and [(C.Hs-
APPC)Gd]Cl-. have been rcportcd.“'(’” These studies demonstrated that the complexes

have large third-order nonlinear optical susceptibilities at both 532 nm’ and 1064 nm®

hhi

and that [(CoHi-APPC)CA|CI has a strong RSA for nanosecond pulses at 532 nm.™ In
addition, photolysis studies revealed that these complexes exhibit high intersystem
crossing rates and high quantum yields of triplet excited states.™ These preliminary
results are extremely promising but provide no information about the relationship
between ligand structure and nonlinear optical propertics of the complexes.

To determine the viability of the series of [(R-APPC)M]CI, complexes as

nonlincar optical materials, it is first necessary to evaluate their lincar absorption.

7

’
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Studies on the effects of alternation of the R group and metal ion on the linear absorption

0 The results revealed that the

of some of these complexes were reported previously.
maxima of the lincar absorption peaks. mainly the ((0.0) band (transition from the
lowest vibrational ground state to the lowest vibrational first excited state), depend on the
different secondary phenvlene substituents (R’. where R=R’C.H:). number of relectrons
(18-26). and metal centers (Cd™™. Pd™". Sm™). The results also showed that [(R-
APPC)M|Cl, complexes can kave wider optical windows for the OPL application than
the metallophthalocyanines. Recently, we have begun to study the OPL properties of
various {(R-APPC)Cd[ClI comp[cxcs."“’: We here investigated the relationship between
ligand structure and optical limiting abilitics of [(R-APPC)Cd|CI complexes. As will be
shown subscquently. variations in the ligand structure have a significant effect on the
optical limiting abilities of these complexes. and the nonlincarities of the complexes are
sensitive to the nature of the metal centers and ligands. These results suggest that
complexes with even larger nonlincarities can be obtained by a judicious choice of
ligands and metals.

The large third-order susceptibilities and the competitive preliminary results in
optical limiting performance of the series of [(R-APPC)M|CI, complexes motivated us to
investigate further the possibility of structural optimization for developing a better OPLs
using these complexes. In this dissertation, we will discuss how nonlinear optical
properties and photophysical characteristics are related to the optical limiting
performance when the chemical structure is systematically varied. In addition to the
basic nonlinear optical properties, such as third-order susceptibility x“". measured by

DFWM and thus the second-order molecular hyperpolarizability, v, the series of

/
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nonlinear optical characterization include OPL performance. measured by nonlinear
transmission measurement using a 5 ns Q-switched neodymium-doped vttrium aluminum
garnet (Nd:YAG) laser; dynamic temporal characteristics of transient excited state
population gratings. measured by a separate time-resolved degencrate four-wave mixing
(TRDFWM) using a 40 ps Q-switched Nd:YAG mode-locked laser: and the singlet
excited state lifetime, measurement by time-correlated single photon counting (TCSPC)
using a newly purchased femtosecond Ti:Sapphire laser and a tast micro-channel plate
photomultiplier (MCP PMT). The series of seven preliminary [(R-APPCYMICI, are
composed of three types of structural variations: the different secondary phenylene
substituents (R’=H, OCH:, NO-. R=R’C,H3). the bridge groups (R) with different number
(18. 22. 26) of conjugated & clectrons (R=(NC):Ci. CoHs. CioHe). and ditferent metal
centers (Cd™". Pd™. Sm*"). We will discuss the optical limiting performances. the
temporal characteristics of the excited state population gratings. and the lifetime of the
first singlet excited states (Sys) for these seven complexes accordingly.  The nonlinear
optical characterization presented here is by no means complete: neither do we expect to
come up with a perfect optimization method for the best OPL. Our results, however, are
a stepping-stone in the progress of gaining a sufficiently good understanding of nonlincar
optical charucteristics of these materials that optical limiting materials for use in devices

can be designed and developed.

Nonlinear Susceptibilities

When an electromagnetic wave propagates through a dielectric medium, the

electronic and optical properties of the medium are usually described by the relationship
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between the polarization density vector P(r.t) and the electric field vector E(r. t). Ina
linear medium,
P=yE.
which indicates that the polarization is proportional to the field. However. at the
presence of the highly intense field we can expund P with higher powers of the field and
introduce nonlinear susceptibilities.
P=>7"E+> 7 EE+Y 7z EEE +-

(r.1)
=P +P " +P "+

"""y~ and %' represent the linear. the second- and the third-

The coefticients ¥
order susceptibilities and are generally tensors in nature. P~ and P arc the nonlincar
polarization and are dependent on the higher powers of the fields. In gencral. the effects
due to ¥~ and ¥ are quite small in comparison with the linear susceptibility. Therefore,
only in the presence of high magnitude of optical field are the nonlinear optical effects
definitely observable, which is why and how the advent of laser physics opened the door
to NLO by providing the highly intense optical ficld sources.

While the polarization P, which is the sum of the individual dipole. and the

susceptibilities, ys, describe the macronature of the medium. we can also define

corresponding microscopic parameters.

l A l N
=— . =—) —¢X, .and
‘/ n=l ‘; u=l
p=>c E+> B, EE+Y 7, EEE + . (1.2)
! 1.k IR
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where the small p, represents the dipole moment of an individual molecule in a volume
of interests, V. The corresponding microscopic coefficients a. . and yare defined as the
linear. the first-order. and second-order molecular hyperpolarizabilities. These higher
order molecular hyperpolarizabilities are indeed the fundamental coefficients to quantify
the nonlinecarity of the materials because they are independent of the concentration or the
population.

When the medium has the center of the symmetry under the inversion. such that
r — —r transformation does not change the properties of the medium. the second term in
Equations (1.1) and (1.2) must vanish. which means that the medium may not have the
symmetry under the inversion to see the second-order nonlincar cffects. When there
exists the symmetry under the inversion. such as solids in cubic symmetry or liguid

medium. the third-order effects are the dominant nonlinear effects.

Nonlinear Absorption and Optical Limiting

An optical limiter is a nonlinear optical device that transmits the low intensity
light but blocks the high intensity light via nonlinear absorption. When the strong optical
field is propagating through a nonlinear optical medium, the output is clamped out even
more due to the nonlinear absorption in addition to the usual lincar absorption. The
phenomenon in which this intensity -dependent absorption increases is called an RSA,
compared with the saturable absorption (SA), where the absorption decreases due to the
high input intensity. When the nonlincar absorption occurs, the shape of the output
versus the input plot deviates from a straight line. Transmission characteristics of the

ideal OPL are illustrated in FIG. 3.

/
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There are two main quantitics that characterize the performance of the optical
limiter. The limiting throughput fluence (Fipuen) 1s the actual clamped output fluence.
Fluence is the optical energy going through a unit of cross-sectional area. It is the optical
intensity integrated over the temporal pulse width. such as

Firy= [Iurad. (1.3)

Fluence is also related to the pulse energy as integration over the whole cross-
sectional area.

E:HF(r)dA. (1.4

The tower the value of Fiyugn. the better the optical limiter performs.  Another
important quantity is the limiting threshold fluence. which is the input fluence where the
deviation from the lincar transmission starts to oceur. This threshold value separates the
linear transmission region and indicates the region in tluence where the nonlinear
transmission occurs. The lower value of Fyy, implies that the device limits the wider range
of the fluence.

Two of the most common types of the mechanisms contributing to nonlincar
absorption are two photon absorption (TPA) and ESA.  Let us assume a simple three
level system (see FIG. 4). When the light passes through an optical medium, the change
in the intensity can be described as

d—’z—al . (1.5)
d:
where «is the absorption coefficient.

In a lincar medium, & is constant with the tield, such as @ =0 n, (n,, the steady

state population density of the ground state; ¢, the absorption cross section of the ground
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state): we can casily get the expression for the output intensity by integrating over the
length of the medium.

I=1 ('—/11.

0
where Iy is the input intensity right before the medium and L is the path length of the
medium. However. when the absorption is dependent on the intensity. Equation (1.5)
should be modified to incorporate with the nonlinear absorption. Equation (1.5) can be
rewritten as

a__ [-B1°-onl. (1.6)

d:
The second term in Equation ( 1.6) corresponds to two photon absorption. and fFis the two
photon absorption coefficient. The last term corresponds to ESA. and o, is the ESA cross
section. It should be noted that n,. the population density of the excited state. is not
constant, but is a function of intensity. such as

dn. _al n,

di oot
where 7is the lifetime of the excited state. vis the frequency of the excitation light. and /1
is the Planck constant.

In the next section. we will introduce a new class of nonlinear optical materials

that is expected to have great OPL properties. such as large ¥, low Fiugn and Fip, wide

spectral ranges, and fast response.

’
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FIG. 1. (a) Metalloporphyrin and (b) metatlophthalocyanine. M indicates the metal
center.
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R - :Q/ R [(R'C¢H;-APPC)MICI,
R'= OCH3. COzNa, H. Cl. NO:
CN

[((NC)-C>-APPC)Cd]CI
CN

[(C ;oHe-APPC)CAICI

M=Cd2+, Pd2+, n=1; M=Sm3+. n=2

FIG. 2. Chemical structures of [(R-APPC)M]CI; complexes.
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FIG. 3. Idecal optical limiter. The output fluence shows clamping to the throughput
fluence, Finwougn after the threshold fluence, Fip. The corresponding transmittance, T, is
also illustrated as a function of the input fluence.
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FIG. 4. TPA and ESA. The solid line indicates the presence of an actual state (excited
state). and the dotted line indicates a virtual state where two-photon absorption occurs.
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CHAPTER 2

ASYMMETRIC PENTAAZADENTATE PORPHYRIN-LIKE
METAL COMPLEXES

Structure

The asymmetric  pentaazadentate  porphyrin-like  metal  complexes.  [(R-
APPC)MICI, (shown in FIG. 2), are of interest for third-order nonlincar optical
applications. The details of the synthesis are well explained in the literature. ™" These
compounds are stable at room temperature as a solid or in solution in the presence of air.
The complexes have two-dimensional delocalized electronic systems and exhibit strong
third-order nonlinearitics like the metallophthalocyanines and metallonaphthalocyanines.
The molecular second-order hyperpolarizabilities for the [(R-APPC)Cd|C] complexes are
in the range of 2.6x10"" ~ 1.2x10" esu. which are significantly larger than those of
lead(Il)  tetrakis(4-cumyvlphenoxyy  phthalocvanine  (PbPc(CP)y)  and  silicon
naphthalocyanine (SiNc). ™

Pc complexes have very rigid ring structures. and the substituents are attached
either to the metal center directly as axial ligands or on the periphery of the ring structure.
Because the ring is rigidly defined in size, the choices of metal centers in Pc complexes
are quite limited. However, unlike metallophthalocyanines and
metallonaphthalocyanines. the ring structures of [(R-APPC)MICI, complexes can be

casily modified so that a more extended conjugate system (18-26 7 electrons for our

samples) can be obtained. These complexes have more conjugated relectrons than do the
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metallophthalocyanines and metalloporphyrins, as well as a variety of metal-to-ligand or
ligand-to-metal charge transfer states. In addition. the large core size of the
pentaazadentate macrocyclic ligand provides a very stable coordination environment for
large metal cations: therefore. the choices for the metal ions are greatly expanded. and
nearly coplanar configurations can be formed around the large metal cations. The ability
for such structural modifications should allow [(R-APPC)M|Cl, complexes with optimal

photophysical properties for a variety of applications to be developed.

Linear Absorption of APPC

To determine the viability of the series of [(R-APPOMICI, complexes as
nonlinear optical materials. it is first necessary to evaluate their lincar absorption.
Studies of the effect ot alternation of the R group and metal 1on on the lincar absorption
of these complexes were performed, and the results are shown in FIG. 5. The clectronic
absorption spectrum of [{CoHs-APPC)Cd]CI reveals a strong (J(0.0) band absorption at
762 nm and an ~80 nm red-shift with respect to the metallophthalocyvanines.  Hence. a
relatively wide optical window is formed in the 500~660 nm region, wherein RSA may
occur. In contrast. the absorption spectra of [((NC)C:-APPC)Cd|Cl and [(CoHe-
APPC)Cd|C! show a quite different 0(0.0) band due to their different numbers of r
electrons.  Most notably. [(CoHe-APPC)Cd|CI. with its 26 x clectrons. exhibits a
dramatically bathochromic shift combined with a more extensive window. The
absorption spectra of the other four 22 rclectron [(R'CoH:-APPC)Cd|CI complexes are
quite similar to that of [(C,Hs-APPC)Cd]CI. Replacing H with the electron donor group,

OCHjs, induces a hyperchromic shift of the Q(0.0) band to 750 nm: however. replacing H

/
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with the electron withdrawing group. NO:. induces a bathochromic shift of the (10.0)
band to 792 nm. In addition, the effcct of metal ions on the linear absorption is
remarkable. The absorption spectrum of [(CoHi-APPC)Sm|CI: is quite similar to that of
[(CoHs-APPC)Cd|CI and only shows approximately 10 nm bathochromic shifts ot the
0(0.0) and B bands. However. the Q(0.0) band of [(C,H4-APPC)PA|CI exhibits
hyperchromic shift to 640 nm. which is probably due to the ditferent coordination
geometry of the Pd™" ion and perhaps to the aggregation of complex in solution at high

concentration.

Third-order Susceptibilitics of APPC

We established a system of three different experiments that are related to the
nonlinear optical characterization as illustrated in FIG. 6. The third-order susceptibilities
of the complexes were measured by DFWM at 532 nm using the counterpropagating
pump geometry described previously.” with an additional variable optical delay in the
probe beam for alignment purposes. A detailed experimental configuration of DFWM is
shown in FIG. 7. The second harmonic of a mode-locked frequency doubled Nd:YAG
laser (Continuum PY61) with a temporal pulse width of 40 ps in full width at half
maximum (FWHM) and a repetition rate of 10 Hz was used as the light source. The laser
intensity can be varied using a half-wave plate and a polarizing cube beam splitter. The
main beam was first split into a strong pump beam and a relatively weak probe beam
(90:10). Then. the pump beam split again equally into two beams, the forward and the
backward. These two beams met at the NLO sample position in counterpropagating

fashion. Another 50:50 beam splitter was used to guide the probe beam to the sample

/
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after an optical delay. The optical delay was placed to align all three beams so that they
both temporally and spatially overlap at the sample. The beam splitter was used rather
than a mirror because the phase conjugate reflection from the nonlinear optical sample is
the time reversal of the probe beam. and the phase conjugate beam travels in the opposite
direction of the probe beatii. The pulse energy of this phase conjugate signal was
detected with a silicon joule meter (Molectron J3S-10). The laser intensities at the
sample were in the ranges of 26-40 MW/cm™ in each of the pump beams and 2.9-4.4
MW/cm® in the probe beam.

All four beams had sume polarizations perpendicular to the plane of incident that

LNl

. a component of

g

was parallel to the optical table. Thus, ¥ measured was actually y

7" tensor [see Equation (1.1)]. Moreover. DFWM actually measures the complex

modulus of %', which is \/iRe #"*")* +(Im z"*)* . For the rest of this dissertation, 3" is
generally used without subscription and the modulus sign for simplicity to represent
'Il unless a clear representation is required. The same convention goes to |7, |-

The dependence of the phase conjugate intensity on the incident laser intensity
was mecasured, and a cubic power dependence was observed for CSa. a reference third-
order nonlincar optical material. as well as for all the samples studied. However, when
the incident intensity was higher than 90 MW/cm®. deviations from cubic dependence
occurred for all of the [(R-APPC)M|CI, complexes, indicating the onset of saturation or a
competing nonlinear process. FIG. 8 shows the dependence of the phase conjugate
intensity on the incident laser intensity for [(CeH:-APPC)Cd]CI, which was typical for

the [(R-APPC)M|CI, complexes.
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The ¢ for each solution was obtained by comparison of the magnitude of the
phase conjugate signal with that of the CS: reference using Equation (2.1 %

PN

al

sample

Voo, B
i/ V! n A\ [ Y
PR ISR L] ~ampis et
/{\nnr\lr - /(rcl )i J [ l L [ l ~al; - .
AN ] (L /.\ e - ( | )

where / is the intensity of the phase conjugate signal. n is the lincuar refractive index. [ is
the sample path length. and « is the linear absorption coefficient of the solution at 332
nm. The subscript ref refers to CSa. for which a value of 7', =6.8x10"" esu at 532 nm
for the 23 ps laser pulse was used.™

When a nonlinear optical material is taken into solution, the third-order
macroscopic susceptibility of the solution is assumed to be a pairwise addition of the
solvent and solute. The molecular second hyperpolarizability. }ue. can be calculated
from"’

/.{;n:‘:mnn =L N rentVonen ¥ Vet ) - (2.2
where Vooue: Veonen are the number densities of molecules of the solute and solvent per
mL: and L is the Lorentz local field correction factor. given by (n°+2)/3. We measured
27 values for all samples in methanol or chloroform solution in the concentration range
of 10°-10" mol/L. The dependence of 7" on the concentration of the solution for
[(C1oHe-APPC)Cd|CI was typical and is illustrated in FIG. 9. As expected. a linear
relationship was observed for all the complexes that were studied, and the y values of the
solutes could be obtained from the slope of the plots.

The calculated y values for all of the [(R-APPC)M|CI, complexes as well as

those of PbPc(CP); and SiNc, two of the metallophthalocyanines that are among the most

/
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promising optical limiting materials. are listed in Table I. For the [(R-APPCIMICI,
complexes. the ¥ values ranged from 1.1x107'-1.2x10"" esu. varying by a fuctor of 10 as
the conjugated R group and metal center were chunged. The y values for all of the [(R-
APPC)Cd|CI complexes (2.6x107"-1.2x10™ esu) were larger than those of PbPc(CP).
and SiNc. The largest y  was observed for the 26 m-clectron complex. [(C He.-
APPC)Cd|CI. and was a factor of 7 larger than those of PbPc(CP): and SiNc. This value
was also quite compurable with some of the extremely large values reported for nmeso-
substituted tetrabenzoporphyrins (51071010 " esu 1.7

The typical range of measurement uncertainties was 3% to 20% on ¥ values
when the pulse energy of the phase conjugate signal was averaged from the collection of
50-100 data points. The y values were obtained from the slope of x"' values in different
concentrations.  Thus. the uncertainty on a y value 1s related to the linear fitting
confidence. which was tyvpically greater than 0.95. It was estimated that the uncertainty
of the yvalues would be less than 10%.

The y values of the [(R-APPC)MICI, complexes are highly dependent on the
nature of the R group. For the three complexes. [(CeH:-APPC)Cd|Cl. [(CuH,-
APPOICAICIL. and [((NC):C:-APPC)Cd|CIL. which have the same metal center but
different conjugated R groups with varying numbers of conjugated r clectrons, the 7
value of the complex increases as the number of conjugated 7 electrons increases. (7

increases by a factor of 3.5 going from the 18 m-electron system to the 26 z-electron

system.) As expected, the more delocalized 7-electron system has the largest y value.

/
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TABLE . Linear absorption cross section and molecular second-order
hyperpolarizability of [( R-APPC)M|CI, complexes at 532 nm.

vl o)
Complexes v Ao b 1ot
107" (esu) (nm) 1077 (em™)  (esueem™)

[(OCH:CH:-APPC)Cd|CI * 2.6 750.5 470 55
[(CO:NaC,H:-APPC)Cd|Cl * 13 769.5 2100 2.0
[(CcHs-APPC)Cd|CI ? 1.8 762.5 780 6.2
[(CIC,H:-APPC)Cd|CI* 5.6 768.0 830 6.4
[(NO»C,H:-APPCICd|CI * 7.5 792.5 1600 16
[(CiwH,-APPC)Cd|CI * 12.0 861.5 1300 9.2
[(NC):C:-APPC)Cd|C1* 34 693.0 1300 26
[(CiH:-APPC)Pd|CI " 1 643.5 1100 1.0
[(CoH:-APPC)Sm|CI, * 1.4 7745 1400 1.0
PbPc(CP), " 1.6 713.0 320 5.0
SiNe* 1.7 774.0 770 22

a.  In methanol.
b. In chlorotform.

Changing the phenyl ring substituent of [(R'CoH:-APPC)Cd|C] complexes also
affects the y value of the complex. with the y value increasing by a factor of 2.9 as the R
group is varied in the sequence R” = OCHi. CO:Na, H. Cl. NO>. There appears to be a
correlation between electron donor/acceptor abilities of the R” groups and the y values of
the complexes as shown by linear correlation between the 7 values of the complexes and

the Hammett sigma parameters (0,)"" of the R groups (shown in FIG. 10, r=0.97).
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Variation in the metal center also has a significant effect on the y values of the
complexes. For the three complexes with identical ligands. {(CoHs-APPOICAICI. [(CoHs-
APPC)PA|CI. and [(CoH:-APPC)Sm|CI:. the y value changes by a factor of 4.4 as the
metal center is varied. This variation in the 7 values may be due to the differences in
both the clectron configurations and the coordination geometries of the metals.

4

As we reported previously.” the linear absorption peaks of most of the [(R-
APPC)MI]CI, complexes appear at ~420 nm (B band) and ~760 nm (Q band). providing a
broad optical window from 300 nm to 680 nm. However. there sull is considerable
absorption at 532 nm for all of the [(R-APPC)M|CI,, complexes: thus, it is necessary to
evaluate the contribution of the linear absorption to the third-order nonlincaritics of these
complexes. If the linear absorption dominates the nonlincarity. there should be a very
strong corrclation between the 7 value and the linear absorption crosssection, op. at 332
nm. This likelihood is not the case for the [(R-APPC)M|CI, complexes because the ratio
7/o, forthese complexes. listed in Table 1. vary by a factor of 9. indicating that there is
no general correlation between yand o for these complexes. This lack of correlation
implies that linear absorption is not the dominant factor contributing to the y value of the
[(R-APPCIM|CI, complexes.

The third-order nonlinearity of a sample may originate from electronic.

- . . 8.00 - . ..
orientational, acoustic, or thermal processes.” Measurement of the individual

L3
i

components of the 7"

tensor. especially the value of the ratio Z'\:"./Z for
perpendicular and parallel probe polarizations with respect to the pump beam, can help to

. . .. . (3 . . . . S .
identify the molecular origin of #”'. In an isotropic solution, the ratio y,. /7" is 1/3
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for an instantancous electronic ,23' but is 3/4 for nuclear reorientation. " In this work.
the ratios of 7.,/ ¥\ for [(CeHi-APPC)CAICL. [(CiHs-APPCIC|CL. and CS; were
measured. For CS:. in which ,27" is dominated by an molecular orientational effect. the
ratio of ,'{':"‘/,(":_"‘ was found to be 0.74. in good agreement with the reported ratio of
0.70.."" which is much closer to 3/4 than 1/3 as expected. In contrast. for cach [(R-
APPC)Cd]CI complex. this ratio was observed to be about 0.3, which strongly suggests
that the nonlinecarities of the [(R-APPC)M|CI, complexes are predominantly electronic in

origin.

7
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FIG. 5. Linear absorption spectra of [(R-APPCM|CI,. (a) Varving the secondary
substituent R” of [(R’'CeH:-APPC)Cd|CI. (b) varying the bridge group R with different
number of 7 electrons- 18 for (CN)-C., 22 for CoH; and 26 for CioHe of [(R-
APPC)Cd]CI, (c) varying the metal center M. We use a Shimadzu UV-3101 PC UV-
VIS-NIR Scanning Spectrometer. All samples are prepared in methanol solution of
3.4x10™ mol/L in a 2 mm quartz cell. except [((CN).C.-APPC)CdI|CI and [(CoHa-
APPC)Pd]CI are in chloroform.
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FIG. 6. Nonlinear optical characterization. (a) Nonlinear transmission/absorption. (b)
DFWM. (c) Z-scan. The light source can be interchangeable between nanosccond pulse
and picosecond pulse using a flipping optics.
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CHAPTER 3
OPTICAL LIMITING OF THE APPC COMPLEXES
Experimental Description

The nonlinear transmission measurement was performed using the second
harmonic of the nanosecond @-switched Nd:YAG laser (Spectra Physics GCR 230). The
pulse width was about 5 ns (FWHM). and the repetition rate was 10 Hz. A wedged
window was used to reflect a small portion of the main beam (see FIG. 6i. In this
manner, most of the pulse energy is transmitted through the sample. which is in solution
ina 2 mm thick quanz cell.

As illustrated in FIG. 11, the pulse energy of the retlected beam was measured
simultaneously with the transmitted energy using pyroelectric joule meters (Molectron
J4-09 series), which were connected to a personal computer through GPIB. When. using
a VI in Labview software (National Instrument), the measurement started. the half-wave
plate was manuaily rotated to vary the pulse energy going into the sample. The reference
and the transmitted pulse energy were measured and recorded through GPIB and
Labview. When the measurement was completed. the recorded transmitted pulse energy
was normalized with the reference energy to minimize effects due to energy fluctuation
of laser pulses. This procedure recorded typically 100-200 data points covering a couple
of orders of magnitude of variance in pulse energy. The fluence was calculated after

measuring the beam diameter at the sample using a small adjustable iris. The typical

/

7

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



36

beam diameter. defined as 87% transmittance. was about 6-7 mm without any focusing
lens.

Initiaily. without a focusing lens, we could measure the linear transmittance in
most of the data set and see some deviation from constant transmittance due to nonlincar
absorption at the high tluence. Nonetheless. high enough fluences were not obtained to
see stronger nonlinear absorption effects. To see significant nonlinear absorption at
higher fluence, we placed a focusing lens to generate more concentrated pulse energy at
the sample (sce FIG. 11). The laser pulses were focused at the center of 2 mm path-
[ength solution cell by a 25 cm focal-length lens (//38) giving an Airy spot radius of ~130
um. OPL was obtuained again by varying the input cnergy (E,,) with a half-wave plate
and polarizing cube beam splitter while monitoring input energy (£,,) and output encrgy
(E.) with two cnergy detectors.  The transmitted energy was collected by a 2.54 cm
focal-length lens located to relay the collected energy to 4 nominal spot size of ~4 mm on
the detector window of 8§ mm diameter.

The solutions of nine different [(R-APPC)M|Cl, complexes in methanol (CH:OH)
or chloroform (CHCl:) were prepared at the same concentration, 3.4x10™ mol/L. with the
internal transmittance ranging from 51 % to 80%.

To get the fluence from the measured value of the energy, it is necessary to know
the spot size or. to be more accurate, the spatial profile of the beam. Determining the
beam diameter is not a trivial matter. To start, there is no definitive universal definition
of the beam width. Some use !/e” of the irradiance profile. Another common definition
is 87% of the energy transmission. There are others. Sometimes some of the definitions

“

are equivalent (or even exact). For example, for a “perfect” Gaussian spatial profile, /e
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of the irradiance profile is the same value as 87% of the energy transmission. However.
in gencral, none of these definitions can describe the spatial beam diameter in a universal
way. The validity of each definition has its own limitation depending on the actual
spatial profile of the laser beam.

Another practical difficulty is that most of thesc definitions and formulas for
calculating the spot size are only useful for centro symmetric and diffraction-limited
beams. which are difficult to achieve in cost-effective ways. For example. assume that
the spatial beam profile is perfect Gaussian and the beam is perfectly collimated as
illustrated in FIG. 12. In addition to this ideal beam. assume that the focusing lens 1s

diffraction limited. The focused spot size. the beam waist, is mathematically well

defined.
A w; .
w, =——-. Z,=——. (3.
T, A

The Rayleigh range Zi is defined as the distance from the beam waist @, to the
transverse plane where the beam area is doubled. or equivalently the intensity becomes a
half as in focal plane. The collimated beam length. or confocal length. is arbitrarily
defined as 2Z including the both sides from @,. The beam diameters are all defined as
I/e” of the irradiance or 879 of the energy transmission for this ideal Gaussian
diffraction-limited case. However. if the spatial profile is not perfect Gaussian, the
optics are not perfectly diffraction limited, and/or the beam is not perfectly collimated.
then the above expressions are no longer valid. and @, > 7/;—({)—

1

As a result, direct scanning of the spatial beam profile using CCDs or knife-edge

techniques has provided the most accurate methods for measuring the beam size.

/
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However. cach method has its own limitations. [t is not safe to use CCDs at focused high
fluence laser beams because of detector damage problems. The knife-edge technique is a

1-50 s . . .
but a precision translation stage is required

well-known and very reliable method.’
when measuring a very small spot. such as the focused spot of a high power laser. In
addition. knife-edge techniques raise some safety issues when scanning a tightly tfocused
spot with a metal blade. Furthermore. neither method is a real time measurement.

We have developed a new method to directly measure the fluence trom the
fluence-dependent transmittance using nonlinear optical materials. This method is quite
useful to characterize the optical limiting properties of the material.  In addition. the
method provides us another way to measure the beam diameter safely anywhere in real
time, even at the focused spot. because we can deduce the etfective spot size from the
fluence.

The new method is based on the following argument. Assume a laser beam in

which both the temporal and spatial protiles arc Gaussian.

D

)

Iirn=le “ ¢ © (3.2)

For this beam. T is the Gaussian half width. and is related to TFWHM) as

3
7(FWHM) = 2r(Gaussian HW) ln__ =1.177 r(Gausstan HW) .

2

Then. integrating over the pulse width as in Equation (1.3). we can write

A

Firi=Fe ©

[ntegrating over the area gives

/
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Are.
The above expression gives a relationship between the pulse energy and the peak fluence.

Practically. we first measure the transmittance without the focusing lens while
varving the intensity using the rotational half-wave plate. The transmittance is simply the
normalized ratio of the readings on two detectors in FIG. |1, provided the proper
normalization for the reflection loss from the cell. Because we do not use the focusing
lens. the beam diameter at the sample is fairly large (approximately a tew millimeters),
and the fluence is not very high. The beam diameter is easily and fairly accurately
measurable by taking 87% of transmittance using an adjustable aperture. The fluence is
well defined in this low fluence range. at which we start to see some nonlineur absorption
at the high energy end and mostly lincar absorption in the low energy region. We plot the
transmittance 7 vs. Fluence.

Next. we place the focusing lens and measure the transmittance while varying the
intensity. Stronger nonlinear absorption is then observed throughout the whole range.
and we plot the transmittance T vs. Energy. We compare both plots and concentrate on
the region where the overlapping of the transmittance occurs. The region of the same
transmittance will be the high tluence end on T vs. Fluence without the focusing lens and
the low energy end on T vs. Energy with the focusing lens. Becuause transmittance is a
unique function of the input fluence. the input fluence must be the same at this
overlapping region in T vs. Energy as at the overlapping region in T vs. Fluence.

Because there exists a unique value for the focused spot size, we can match these

two plots using a numerical fitting procedure with the effective area as a fitting
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parameter.  First. we fit the data in the overlapping region of 7 vs. Fluence to a
reasonable mathematical function. The critical point here is that the functional form is of
no importance as long as it fits well only to the data in overlapping region. We should
not try to fit the whole curve because that can only be done by numerically solving the
whole six-fevel rate equations (see Chapter 3).  In addition. the rate equations can only
be solved after complete fluence measurement data are obtained. Applying the fitting
function to data only in the overlapping region allows us to use some of the simple fitting
functions shown below. When the overlapping region is small, and the data points are
compact enough. the simplest form will be a linear function.
T(Fy=a+bF.

[f it shows a little curve. either

[(F)=——— or T(F) =uexp ™

a+bF
will be fairly good functions to fit.
Once we have a well-defined fitting function for T vs. Fluence. the same function
is used with the exact parameters to fit the data in the overlapping region of T vs. Energy
with the effective area as the fitting parameter. In other words.

( Energy \i ‘

‘et J

T(Fy=T

After A, is obtained., Ay is applied to the data in the whole region of T vs. Energy. This
procedure will give the second sct of T vs. Fluence. Finally, the two T vs. Fluence plots
can be combined to yield the complete plot of the nonlinear transmittance as a function of
the input fluence for a wider dynamic range (several orders of magnitude) of the input

fluences. The result is shown in FIG. 13.
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In summary. the new method utilizes the uniqueness of T(F) of nonlincar optical
materials. High fluence on the small focused spot or anywhere else, for that matter. can
be directly measured without knowing the beam diameter. The method is simpler. faster,
safer. and less expensive than the Knife-edge technique: furthermore. it produces real time

data.

Optical Limiting Performance

In FIG. 14 to FIG. 16. the transmitted tluences of the nine complexes are shown
as a function of the incident fluence. A clear RSA in the 0.01 J/em™ to 3.5 J/em® range is
exhibited by all of the complexes. with [((NC):C:-APPC)CA|C! viclding results most
comparable with those obtained with SiNc and PbPc (shown in FIG. 17 and FIG. 18).
This complex has an optical limiting threshold (Fyy,). defined as the incident tluence at
which the center of the data band begins to deviate from the extrapolated linear
transmission line.” of 2.6 mJ/cm™. As the input fluence increases above 0.01 J/cm™. the
output-input curve bends farther away trom the linear transmission line until reaching a

maximum output energy. where clamping occurs. The value of the limiting throughput
(Fihrougn) 18 0.31 J/em® for incident fluences higher than 0.8 J/em®. The transmission for
this complex drops to a value less than 0.09 as incident tluence is increased to 3.5 Jem®
(see FIG. [8). The thresholds and the limiting throughputs of the other complexes. PbPc,
and SiNc are given in Table 2.

As seen in FIG. 14, variations in phenylene substituents of the [(R'CoHai-

APPC)Cd]CI complexes have significant effects on both the linear absorption and

opticallimiting properties of the complexes at 532 nm. As expected, there is a roughly

/
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inverse lincar relationship between the linear absorptions of the complexes and their
limiting throughputs. However, the limiting throughputs of the complexes arc also
influenced by the electron donor/acceptor properties of the R” group. This influence is
exemplified by the fact that two complexes with the same lincar absorption at 532 nm.
[(CO2NaCqH;-APPC)Cd|CIl and [(CIC(H:-APPC)Cd|CI. have quite different limiting
throughputs. The limiting thresholds. Fi,. of the [(R'CoH:-APPC)Cd|Cl complexes also
change as the R group is varied. but the uncertainty in these numbers precludes any

discussion of whether these changes are related to the linear absorption.

TABLE 2. The lincar absorption coefficient. the optical limiting threshold. and the
limiting throughput of the nine [(R-APPC)M|CI, complexes.

Oy Fa Fihrougn
Samples (cm™") T (ml/cm™) (J/em™)
[(OCH:C,H;-APPC)Cd|CI * b12 0.28 1.5 I.13
[(CO-NaC H:-APPCCd|C! * 2.00 0.26 25 0.90
[(CoHs-APPC)Cd|CI* 215 0.16 1.8 0.56
[(CICoH:-APPC)Cd|CI 2.00 0.24 1.8 0.77
[(NO-CsH3-APPC)Cd|CI * 3.37 0.10 1.4 0.40
[(CeH:-APPC)Pd|CI " 2.23 0.14 3.0 0.48
[(CoHi-APPC)Sm|CI: * 1.93 0.42 150.0 1.42
[((NC)-C.-APPC)Cd]CI" 2.39 0.09 2.6 0.31
[(C1oHe-APPC)Cd]CI * 231 0.13 3.0 0.44
PbPc " 0.87 0.11 10 0.39
SiNc® 1.86 0.09 35 0.28

a. In methanol.
b. In chloroform.
c. The limiting transmittance at 3.5 J/cm".
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In contrast to the effects of variations of the phenylene substituents. R, variations
in the conjugated bridging group. R. can independently influence the linear and nonlinear
absorptions. The three compounds with different conjugated bridging groups. [(CoH.-
APPC)CA|CI. [{(NC):C:-APPOYCAC! and [(CioHe-APPCYCA|CI, have similar linear
transmissions at 532 nm but show different optical limiting thresholds and limiting
throughputs (FIG. 15). Particularly good limiting properties are exhibited by [((NC)-Cs-
APPC)Cd|CI. probuably due to the strong electron-withdrawing ability of the —-CN group.
A similar result is seen for [(CyHe-APPCYCA|CI due to the effect of the conjugated
napthlene group.

Variation in the metal cation has a much larger effect on the optical limiting
properties than does variation of the phenylene substituents and conjugated bridging
group. FIG. 16 clearly demonstrates this fact. At similar linear transmittance. [(CoH.-
APPC)Pd|CI shows the lowest limiting throughput, while [(CoHs-APPC)Sm|Cl> has the
highest limiting threshold and limiting throughput. The high limiting threshold and
limiting throughput is connected with the lower vield of the triplet excited state (¢,=0.26)
and the relatively short lifetime of the lowest triplet excited state (T,=0.55 ps).

A figure of merit for RSA molecules involving an excited triplet state can be
defined as ¢, /0, = InTo/InTin>" where T is the value of the transmission for which the
slope of the transmission versus input fluence line approximates zero. The conditions for
this figure of merit are that the pulse width is longer than the intersystem crossing time,
the incident fluence exceeds the saturable fluence F., = hv/0.0, and the quantum yield of
triplet excited state is quite high. These conditions are met by the [(R-APPC)MICI,

complexes. These complexes exhibit F, values that range from 0.04 Jiem® to 0.12
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J/em®. implying that for fluences between 0.3~3.5 J/em”. the ground state will be greatly
bleached. Furthermore. the small intersystem crossing time and the high quantum yields
of the triplet excited states™ for these molecules indicate that the excited state is
distributed mainly to the lowest triplet excited state over the duration of one laser pulse in
nanosecond pulse regime.

In our current experimental setup. the damage threshold for the optical cell limits
the maximum fluence. and we are unable to reach saturable transmission for the
complexes. Hence. we can only calculate lowest bounds for the 6;/0, values of the [(R-
APPC)M|CI, complexes (Table 31 Nevertheless, these o; /0. values are extremely
promising because they closely approach those obtained with SiNc and PbPc (32 and 23,
respectively).*> The great case of structural modification of our complexes may allow for
values of ¢;/0, that surpass those of the complexes measured in this work. Morcover. the
complexes in this work already exhibit higher quantum yvields of triplet excited states
than does SiNc. as well as Fiy and Fipeyen values that are comparable with those of SiNe

and PbPc.
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TABLE 3. The photophysical properties and the ratio of lowest triplet excited state to
ground state absorption cross section (g;/¢;) for nine [(R-APPC)M|CI, complexes.

F;a[_‘ on .

Samples o, (J/cm~) ( 10" em®) ., O,
[(OCH:C.H:-APPC)Cd|CI * 0.89° 0.076 0.55 >5.7
[(CO:NaC.H:-APPC)Cd|C! * 047°¢ 0.080 0.99 >3.4
[(CsHs-APPC)Cd|C] * 091° 0.037 1.10 >4.3
[(CIC4H:-APPC)Cd|CI * 0.78°¢ 0.048 0.99 >3.6
[(NO-CoH:-APPC)Cd|CI1* 0.60¢ 0.038 1.62 >34
[(CoHs-APPC)Pd|CI " — — 14 >43
[(CeH:-APPC)Sm|CI- * 0.26° 0.122 0.95 >2.3
[((NC)-C:-APPC)Cd|CI " — — 118 >5.0
[(C1oHs-APPC)Cd|CI 0.32°¢ 0.102 14 >34
Pbpc P 092" 0.091 0.43 >12.7
SiNc P 0.20°¢ 0.177 0.92 >6.5

a. In methanol.
b. In chloroform.
c. Ref. 49,

d. Ref. 40.

e. Ref. 82.

/
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FIG. 12. Focusing of perfect Gaussian beam with diffraction-limited optics.
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FIG. 13. Nonlincar transmission of [(CoH:-APPC)CA|CI as a function of the input
fluence. The filled symbols represcnt the data points collected without the focusing lens.
while the empty squares represent the data collected with the focusing lens. The light
source is Q-switched mode-locked Nd:YAG laser with 40 ps pulse width and 10 Hz
repetition rate.
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FIG. 14. Input versus output fluences of [(R'CoH:-APPC)Cd|CI series. The excitation
laser pulse width is 5 ns at 532 nm. The concentration is 3.4x10™ mol/L in 2 mm cell.

Complexes are dissolved in methanol.
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FIG. 15. Input versus output fluences of [(R-APPC)Cd|C! complexes with different
numbers of melectrons- 18 for [((NC)-C--APPC)Cd|CI. 22 tor [(CoHi-APPC)CdICI. and
26 for [(CyHe-APPC)Cd]CI. The excitation laser pulse width is 5 ns at 332 nm. The
concentration is 3.4x10” mol/L in 2 mm cell. Complexes are dissolved in methanol
except for [((NC).C:-APPC)Cd|CI in chloroform.
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FIG. 16. Input versus output fluences of [(CoHi-APPC)MICI, series with different meta!
centers. The excitation laser pulse width is 5 ns at 532 nm. The concentration is 3.4x107
mol/L in 2 mm cell. Complexes are dissolved in methanol except for [(CoHs-

APPC)Pd|CI in chloroform.
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FIG. 17. Comparison of [(NC):C:-APPC)Cd|CI with PbPc and SiNc at the same
concentration of 3.4x10™ mol/L in 2 mm cell. The excitation pulse width is 5 ns at 532
nm. Complexes are dissolved in chloroform.
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CHAPTER 4
TIME-RESOLVED DEGENERATE FOUR-WAVE MIXING

Experimental Description

We prepared a separate DFWM setup in addition to the normal DFWM shown in
FIG. 6 and FIG. 7. The second setup was needed because TRDFWM required a different
geometrical configuration when we introduced various delay elements for time-resolved
mecasurements. In addition. some of the beam splitters must be replaced to accommodate
different beam-splitting ratios. The actual experimental configuration is illustrated in
FIG. 19. The main beam from the Q-switched mode-locked Nd:YAG picosecond laser
(Continuum PYO1) passes through variable attenuation elements (see FIG. 6) and splits
into three beams just like the ordinary DFWM. However, for TRDFWM. an adjustable
delay mechanism is adapted on the backward pump beam. The delay element consists of
a right angle prism that utilizes a total internal retlection and a micrometer-cquipped
translation stage. The right angle prism is & very convenient optical element with which
one can align the beam parallel to the direction of the translation of the prism by
optimizing the energy of the retro reflection. This way, the spatial misalignment can be
minimized for the full translation range of 50 mm. The full translation range gives a total
time delay up to ~300 ps on the backward pump beam. The zero delay position is sct
near to one end rather than to the center of the translation stage in order to provide the
maximum positive delay of 300 ps. The other delay element on the probe beam is only

for the alignment purpose and is fixed throughout the procedures to maximize the spatial

/
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and temporal overlapping of all three beams. Unlike the regular backward gecometry
DFWM (FIG. 7). where there arc two strong counter-propagating pump beams and a
weak probe beam. TRDFWM consists of strong forward and probe beams with a weak
backward pump beam. The backward beam is attenuated using a beam splitter. and the
input energy is monitored by the reflection from this beam splitter.  The relatively
stronger forward and probe beams interact with cach other. forming the transient
diffraction grating at the nonlinear optical sample. and the weak backward pump beam
diffracts off this transient grating. giving out the phase conjugate signal of the probe
beam. The phase conjugate signal. the forth beam. of the probe beam generated from the
wave mixing of all three beams is monitored while varying the delay of the backward
pump beam with respect to the forward and probe beams. The adjustable delay of the
backward beam with respect to the forward and probe beams works as time gating via
overlapping of different parts of the pulse in the temporal domain. This delayed pulse
essentially takes a picture of the time evolution of this dyvnamic transient grating formed
at the sample path length because all beams must not only spatially but also temporally
overlap each other if wave mixing is to occur. The angle between the forward beam and
the probe beam is about 77, and the beam diameter is adjusted to about less than 2 mm by
an appropriate telescope system.

The experimental procedures are as follows. First. the reference nonlinear
material, CSa. is measured. The phase conjugate signal of the probe beam is then
collected while varying the delay on the backward pump beam. The micrometer in the
prism translation stage is manually turned in steps by hand to give an optical delay. The

actual optical delay is twice the micrometer displacement, thus giving the amplitude of
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the phase conjugate signal as a function of the delay in time. Then. the procedure is
repeated for the sample. Because the sample, one of a scries of [(R-APPC)M|CI,
complexes. has some linear absorption at this wavelength despite not being near the
absorption maxima, the path length of the sample cell should be 2 mm or less in our
geometry to minimize the saturation effects due to the possible linear and nonlincar
absorption outside the spatially overlapping region. The cubic power relationship of the
phase conjugate signal to the input intensity is verified by measuring the amplitude of the
phase conjugate signal while varving the energy of the pulse.

For TRDFWM measurement. the solutions of [(R-APPC)MICI, are prepared at
varying concentrations so that they exhibit the same linear absorptions. The lincar
transmittances of these solutions were all 95% at 332 nm.  All pulse cnergy
measurements are done using Molectron joule meters Model J4-09 and J3S-10. The
silicon-based J3S-10 series detector is used to measure the phase conjugate signal. which
is typically a few hundred picojoules to a few nanojoules. To reduce the cver-present
background scattering light going into the detector. this sensitive silicon detector is
covered with dark cardboard and a small adjustable iris is placed in front of the detector
window. Typical backgrounds are less than 100 pJ at low energies and up to 300 pJ at
high energies even with these precautions. On cach scan with a fixed energy. this
background scattering light is measured by blocking onc of the beums. preterably the
forward pump beam. It is observed that the background stays fairly constant for each
scan and can be subtracted from the total reading to get the actual phase conjugate signal.
Typical reading of the phase conjugate signal is up to a few nanojoules. Any reading

above 6 nJ is disregarded due to the limitations of linear responsc on the J3S-10 joule
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meter. All the readings are recorded using a VI in LABVIEW software via GPIB. The
VI is programmed to collect 30-50 data points at each delay position. The average is
calculated from thesc points to minimize the effect due to laser pulse fluctuation. After
the background is subtracted. the data points are normalized to the cubic power of the
monitored input energy. ensuring the third-order effects because the phase conjugate
stgnal is proportional to the cubic power of the input energy.
Dynamic Nonlinearity of APPC

The cubic power relationship of the phase conjugate signal to the input intensity
for CS: is observed throughout the whole intensity regime. For the [(R-APPCYM|CI,
samples. there are significant deviations from the cubic power relationship. A fitting
function of the form Ip;\=c'lf'. with the value b less than 3: sometimes even less than 2 s
observed. This result may be due to some higher order saturation etfects on nonlincarity
resulting from lincar and nonlincar absorption even at the low intensity rcgimc.“ The
phase conjugate intensity is proportional not only to the cubic power of the excitation
intensity but also to the fifth power. such that / «=cF+¢'I". This behavior is not unusual
for this class of materials.”” The same kinds of results were reported for the various
similar classes of compounds.z5

For TRDFWM. the measurements from CS: indicate that there is no significant
transient effect of nonlinearity (FIG. 20) as indicated by an almost symmetric bell-shaped
Gaussian. The response of the phase conjugate signal as a function of the temporal delay
is almost the same as the expected autocorrelation of the excitation pulse width (~40 ps).

As expected. the dynamic nonlinear response of CS:. represented by the time evolution of
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the phase conjugate signal, is sufficiently fast that the response is only limited by the
pulse width. The responsc of CS, is consistent with the facts that there is no linear
absorption for CS; at this wavelength (332 nm). and that the nonlincarity is
predominantly due to molecular reorientation rather than electronic excitation.  Any

deviation from the autocorrelation of pulse width would result from the overall rotational
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reorientation time of CS:. which is about 2 ps.”” It should also be noted that any
asymmetry is related to the difference between the rising time and the falling time in
nonlinearity of CS-.™

For [(C+-H;-APPC)CdICL. the transient response of nonlinearity is far different
than for the nonabsorbing CS: sample (see FIG. 21). First. the transient response is not a
symmetric bell shape due to some sort of decay mechanism. In addition. the transient
response is not a single exponential decay: instead. there are at least two distinct
dynamics present. One is a relatively faster process limited by the laser pulse width. and
the other is a significantly slower process. It is very possible there may also be some sort
of intermediate process.

Furthermore. as seen in FIG. 22, the response of [(OCH:CoH:-APPC)YC|CI is
dependent on the input photon flux as previously reported in literature.™ The faster
process appears to be limited by the pulse width. Thus. the time scale of the process must
be shorter than the 40 ps pulse width. As the photon flux varies. the two processes
compete with each other, and the fasier process becomes dominant as the photon flux
increases. The dominance of the faster process results in a faster overall decay. We have
previously reported another APPC complex that exhibits this kind of fluence-dependent

) N
d_vnumlcs.S

/
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This unique fluence-dependent response can be explained as follows. The
molecules in the first singlet excited state (S§;) are excited to the upper excited states
(ESA) when there is enough photon flux. Then. the molecules will relax back to §;. The
time scale of this mechanism is expected to be very fast (picosecond regime or faster).
Eventually, the population in §; relaxes to the first triplet excited state via intersystem
crossing. These molecules arc excited to the upper triplet states (ESA). This process is
slower. hundreds of picoscconds. and gives the long tail on TRDFWM signal.  As the
photon flux increases, the probability of excitation to the singlet upper states from §,
increases. causing a higher fraction of the excited state molecules in S to undergo the
faster process: the overall decay becomes more rapid. Many porphyrin and Pc complexes
and organic polymers show a very similar behavior. ™™

Among seven [(R-APPCIM|CI,; complexes that we measured (FIG. 21 to FIG.
27). only two complexes. [(CoHis-APPC)ICdICI and [(OCH:CoH3-APPC)Cd|CI, show
such a long-lived tail. These two complexes differ from the others in that both of them
have high triplet quantum yields (0.91 and 0.89. respectively: see Table 3). The complex
with the next highest triplet quantum vield among the seven complexes is [(NO>CyH;-
APPC)Cd]CI with a triplet quantum yield of 0.6: this complex does not show the long-
lived tail. These data support the contention that the origin of this long-lived process is
directly related to the triplet quantum yield. The very similar dependence of TRDFWM
signature on the triplet quantum yield was also reported in the case of SiNc and PbPc,
with a triplet quantum vield of 0.20 and 0.92. respecti\'el_v.:3

Among the serics of [(R-APPC)M|Cl,. [(CoHe-APPC)CA]CI and [((NC).Cs-

APPC)Cd|C! show the best optical limiting performance (comparable with SiNc and
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PbPc). However. TRDFWM results for these two complexes do not show any special
characteristic signatures (see FIG. 24 and FIG. 235). leading us to believe that there is no
direct correlation between the TRDFWM results and the OPL performances in the
nanosecond regime. Both of these complexes show no tail that indicates any kind of siow
transient effects: during the picosecond pulse duration (~40 ps). most nonlinear processes
are expected to be faster than the pulse width. It should be noted that the triplet quantum
vield of these complexes is expected to be quite low, which is in good agreement with the
triplet quantum yield of [(CyHe-APPC)Cd]CI (0.32: see Table 3).

In general. the phase conjugate signal in DFWM is generated from the intensity-
dependent nonlincar refractive index grating. This purely nonresonance process is related
to the real part of ¥'*'. which has no relationship to nonlinear absorption. When the
material exhibits significant linear absorption. the population grating is formed in
addition to the nonlinear refractive index grating. This population grating contributes to
the phase conjugate signal and the nonlinear absorption. especially in the case of ESA.
For our measurement of TRDFWM. the linear absorption was about 5% and the intensity
of the pump and probe beam was significantly lower thun the level that we observed
optical limiting in nonlinear transmission measurement. Thus, it 1s possible that our
TRDFWM signature was dominantly from the nonresonance refractive index grating
instead of the population grating. This nonresonance process of nonlincar refractive
index grating is indeed a very fast process and can contribute to the phase conjugated
signal limited by the pulse width of 40 ps. This dominance of the nonresonance

refractive index grating over the population grating may explain why most [(R-
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APPC)M|CI, complexes did not show the slowly decaving tail, which is related to the
excited state population grating.

Although the TRDFWM results do not allow the OPL performances of the
complexes in the nanosecond regime to be predicted. these results still provide some very
useful insights about dynamic properties of these complexes. For example. the triplet
quantum yield values for [(CoHi-APPC)Pd|CI and [((NC).C2-APPCICA|CI have not been
reported: however, the results from TRDFWM suggest that those values are expected to
be low.

There have been a few attempts to quantify the TRDFWM signatures of a similar
class of OPL material. A numerical modeling of the transient index grating formed in
nonlinear optical material during DFWM was suggested by some authors.”” Nonetheless.
it is not clear why the arbitrary fitting parameters were used in their model.  These
authors succeeded in generating the shape of TRDFWM signature showing a
multidecaying process in which each excited state. with an arbitrary weight. contributed
to the overall transient response. but failed to relate their purely numerical model to the
actual physical data.  Another, much simpler approach is more common. Some

*» used a multiexponential function to fit the decaying part of TRDFWM results.

authors™
The multicxponential function consisted of a faser pulse limited short lifetime decay and
one or two relatively slower decays with unknown decaying constants. There are several
issues with this type of approach that need some attention. First, the part limited by the
laser pulse is not an exponential decay but is close to the autocorrelation of the excitation

pulse and is a bellshaped Gaussian as has been seen in the case of CS. (FIG. 20).

Second, the number of the fitting parameters must be considered. Even with a double

/
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exponential function. there are at least three parameters: the weights of each decay and
an unknown decay constant that is slower than the excitation pulse width by an order of
magnitude. When this approach was used on our data. it was observed that the fitting
was not very sensitive to these parameters. especially the slower decay constant. The
uncertainties on these values are quite large: hence. the goodness and the sensitivity of
fitting are not reliable. Currently. only qualitative analysis on TRDFWM is a reliable
means of relating the measurement results to the physical parameters and hence to
understanding the physics. In the future. though. it is anticipated that TRDFWM
signature may be modeled numerically by solving the whole set of four coupled nonlincar
Helmholtz equations using coupled-wave theory.™  Although requiring significant

computational resources. this approach should be the most nearly correct.

/
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FIG. 19. TRDFWM experimental configuration. The pulse width is ~40 ps. and the
repetition rate is 10 Hz. The actual beam splitting ratio of Forward: Probe: Backward:
Monitor is 67:61:14:11.
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FIG. 20. TRDFWM response of CS: in a | mm quartz cell at 532 am. The laser pulse
width is 40 ps, and the repetition rate is 10 Hz. The solid line is the fitting to a Gaussian
function.
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FIG. 21. TRDFWM response of [((_36H4—APPC)Cd]CI in a | mm quartz cell at 532 nm.
The solution is prepared in 8.02x10™ mol/L in methanol.
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FIG. 22. TRDFWM response of [(OCH:CH3-APPC)CdICl in a | mm quartz cell at 532
nm. The solution is prepared in 1.27x10™ mol/L in methanol.
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FIG. 23. TRDFWM response of [(NO2CeHz:-APPC)Cd|Cl in a | mm quartz cell at 532
nm. The solution is prepared in 6.51x10~ mol/L in methanol.
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FIG. 24. TRDFWM response of [((NC):C2-APPOICA|Clin a | mm quartz cell at 332
nm. The solution is prepared in 5.31x10™ mol/L in chloroform.
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FIG. 25. TRDFWM response of [((;;(,Hf,-APPC)CdlCl in a 1 mm quartz cell at 332 nm.
The solution is prepared in 3.55x10™ mol/L in methanol.
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FIG. 26. TRDFWM response of [(_C6H4-APPC)PdlCl in a | mm quartz cell at 332 nm.
The solution is prepared in 4.72x10™ mol/L in chloroform.
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FIG. 27. TRDFWM response of [(CeHs-APPC)SmICl: in a | mm quartz cefl at 332 nm.
The solution is prepared in 2.50x10™ mol/L in methanol.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



CHAPTER 5
EXCITED STATE LIFETIME OF THE APPC COMPLEXES

Six-Level Svstem and Rate Equations

The dynamic processes such as absorption and emission of light between different
energy levels are usually illustrated in a Jablonski diagram named after Alexander
Jabtonski. the father of fluorescence spectroscopy.”’ The dvnamics of APPC can also be
modeled in a six-level system as seen in FIG. 28. The molecules are first excited to the
upper vibrational states of §; in the presence of excitation light (linear absorption). Then.
the molecules collide immediately with surrounding neighbor molecules, quickly losing
the energy and stepping down to the lowest vibrational level of the singlet excited state.
This process is a nonradiative decay and relatively very fast (subpicosecond time scales).
Once in the lowest singlet excited state. the molecules will remain in that state until they
either emit the excess of energy in the form of fluorescence radiation and come back
down to the ground state or are excited to the upper excited states in the presence of
excitation light (ESA). The period during which the molecules stay in the excited state is
called the lifetime of the excited state. The lifetime is the key parameter in understanding
the dynamics of nonlincar optical phenomena involving excited states. The molecules in
the lowest singlet excited state can also go on a different route to the triplet excited state
through intersystem crossing (k). After arriving in the lowest triplet excited state. the
molecules are either excited to upper triplet excited states in the presence of excitation

light (ESA) or slowly return to the ground state emitting the excess of energy in the form
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of phosphorescence. Phosphorescence is a much slower process than fluorescence
because it is a spin forbidden transition. Typical triplet excited state lifetimes of [(R-
APPC)MICI, are expected to be a few tens of microsecond.™*"">

The dominant nonlinear mechanism in [(R-APPCYM|CI, is ESA.  With
nanosecond excitation. the ESA of [(R-APPCIYM|CI, is expected to occur mostly in the
triplet excited state. The measurements of the litetime of the singlet excited states and
the TRDFWM responses (see Chapter 4) would give some insights into the temporal
dvnamics of nonlincar responses for [(R-APPC)M|CI, and how these dynamic parameters
are interrelated to cach other.  The measurements may also help in optimizing these
complexes for better optical limiting performances by providing some knowledge about
the parameters that are significant in the desired nonlinear response.

This six-level model can be described with a set of coupled rate equations for the
population density (n,) change in each state. The most important rate equations are for

the ground state. Sy. and 7.

dn,  o,l
dt h r, T,

dn, ol [0’\11 1 \
— n — —

o hv hv T, T,
dn,, (o, 1) 1
—=I\'Nll‘{ - —+ — 1, +—I1!:.

dt h T, 7,

The equation for the propagation is

dl ‘ '
d__z'—(o'o”o to,n,+0o,n, "'"')['
where n,(t = =)= N=n,+n +n,+---, and n, (1 = -e)=n, (1 > -e)=--=0.
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Here the internal conversion (nonradiative decay from the lowest singlet excited
state to the ground state) is ignored initially for simplicity. The number density of the
concentration is represented by N. The rate of intersystem crossing from §; to the lowest
triplet excited state is k. The intrinsic natural fluorescence lifetime of S is denoted by
T.;. The total fluorescence lifetime of Sy is (7' +k_)"'. The absorption cross section of
cach state is indicated by ;. The irradiance and the frequency of the irrudiance are / and
v, respectively.

As seen in the above rate equations, the lifetime is a very fundamental parameter
for the dynamic nonlinear process. along with the ESA cross sections.  Absorption cross
sections can be estimated by OPL measurements (see Table ). To get more accurate
values of o5, however, the rate equations have to be solved numerically. and the solution
must fit the experimental data from nonlinear absorption measurements. This numerical

fitting requires accurate measures of the lifetimes of $,.

TCSPC Measurement

Fluorescent lifetime measurement. one of the most common experimental
techniques in spectroscopy. is used in various fields, such as biology. chemistry. and
physics. Fluorescence is the emissions of radiation when molecules in the excited state
give up the energy and return to the lower state with the same spin, usually to the ground
state. The lifetime of the excited state can be measured using laser excitation
fluorescence. The relaxation of the excited state is monitored by TCSPC." "

The basic general theory behind fluorescence lifetime measurement 1s not

complicated. A molecule is first excited by light. When decaying, the molecule gives off

/
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fluorescence. Thus. one could retrace the decay by measuring the intervals between the
excitation and the fluorescence. This measurement requires sophisticated timing
equipment and a selective variety of optics. Especially in the case of a fast decay (less
than a nanosecond). careful attention must be paid to every component to ensure the best
temporal accuracy.

The detailed experimental configuration tor TCSPC is illustrated in FIG. 29. The
excitation light source is a femtosecond Ti:Sapphire laser (Coherent Mira 900) that s
opticallv pumped by a diode-pumped solid state laser with an output power of 10 watts
(Coherent Verdi V10). The Ti:Sapphire laser gives out very short pulses tless than 200
fs) and has a broad gain band that is tunable from 700 to 1000 nm in wavelength. This
laser is an ideal excitation source for fast decaying lifetime measurements.

The repetition rate of the laser is 76 MHz. which corresponds to the pulsc spacing
of 13 ns. This high repetition rate is not desirable for our current timing electronics
system. The maximum repetition rate that our electronics can handle is about 4 MHz.
The high repetition rate of the Ti:Sapphire laser is lowered to 3.8 MHz (20 fold) using a
pulse picker (Coherent 9200). This particular pulse picker utilizes Bragg diffraction of an
acousto-optic cell made of TeO,. The particular pulse in the pulse train is diffracted off
the acousto-optic cell according to the desired repetition rate that can be adjusted from 4
KHz to 4 MHz. In principle. the output pulse energy should not decrease after the pulse
picker: only the average output power should decrease. For this particular acousto-optic
cell. the diffraction efficiency is greater than 60%. Atfter the pulse picker, the frequency
of the laser is doubled using second harmonic generation. For our lifetime

measurements, the fundamental wavelength of the laser was tuned to 810 nm. which is

/
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near the gain peak of Ti:Sapphire laser (780 nm). When the fundamental output of the
laser is frequency doubled. the excitation source has a wavelength of 405 nm with a 3.8
MHz repetition rate.

The samples are placed in a 10 mm standard quartz fluorometer cell (Starna 23-I-
10). The fluorescence band of [(R-APPC)IM|CI, is expected to occur in the 750-1000 nm
range. The fluorescence decay is expected to be a few hundred picoseconds. Typical
photomultipliers (PMTs) used in fluorescence lifetime measurements have instrument
responses of a few hundred picoseconds to a few nanoseconds, and these responses are
not appropriate for the lifetime measurement of [(R-APPC)M|CI,. The MCP PMT from
Biamamatsu (R3809-59) has a very fast instrument response time (<30 ps. the fastest in
the current market) and a broad spectral response down to 1200 nm. Because this PMT
has a significant responsivity in infrared, it must be cooled in order to reduce the dark
current and for the fastest instrument response.  We purchased a liquid-cooled
thermoelectric housing (Products For Research PC352CE) especially designed for this
MCP PMT. Betore the PMT is used for measurement, this thermoelectric cooler must be
turned on at least for 2 hours to cool down the PMT at 40°C below the ambient
temperature. A continuous flow of regular tap water at about 10 gallons per hour was
used as the cooling liquid. A high voltage power supply (Standford Research PS 350) is
used to set a negative bias voltage of ~-3000 V in the PMT.

For collection of fluorescence data. a 2 inch diameter double convex lens with
focal length of 75 mm is used between the sample cell and the PMT. The PMT has an |1
mm window, and we used a 10 mm sample cell. Thus, I:1 magnification is optimum. To

accomplish this magnification, the sample cell should be at twice the distance (150 mm)
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of the focal length on one side of the lens. and the window of the PMT should be at the
same distance on the other side. However. in order to allow for a small degree of
misalignment. the magnification factor is adjusted to about 1.3 by placing the sample cell
at 134 mm from the lens and the PMT window at 170 mm from the lens. To protect this
very expensive and very sensitive PMT from any accidental exposurc of light, an
electrical shutter was attached in front of the window of the thermoelectric cooler
housing. A manual switch can open the shutter only when the system is ready to collect
the data. A couple of long pass optical filters (Edmund Optics. A32-763. Schott ref. vis
GGH495. 2 inch x 2 inch) are used right in front of the shutter window to block completely
the excitation scattering light. The 50% cutoft wavelength of the filters is 495 nm. The
0.001% critical cutoff wavelength is 450 nm. and wavelength longer thun 550 nm passes
more than 99% of light. The excitation wavelength is 405 nm. with linewidth about 20
nm or less: the fluorescence band of the [(R-APPC)M|CI, samples is expected to range
from 750 to 1000 nm. The filter will effectively block the scattering light and transmit
the most of the fluorescence light.

Because the signal is weak and fast, extensive use is made of fast electronics for
cutting down the noise and enhancing the signal. The excitation pulse is detected by a
fast silicon-based photodiode (Electro-optic Technology. Inc. ET 2030). The photodiode
has rise time and fall time of less than 300 ps and a window of 0.12 mm~ and is
negatively biased. The output of this photodiode is typically about a few hundred
millivolts and | ns wide (FWHM). The fast pulsed output from the PMT goes through a
preamplifier (EG&G Ortec. VT120C) to broaden the pulse enough for the following

electronics. A constant fraction discriminator (PRA 1717, EG&G 383) inverts the
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portion of the incoming pulse. delays that portion. and recombines with the rest of the
pulse to minimize the time jitter due to the pulse height fluctuation. The constant fraction
discriminator also sets the discriminator level for the PMT output. More detailed
descriptions of the constant fraction discriminator can be found in standard references of
TCSPC.""

In standard mode. the excitation pulse starts the counting and the fluorescence
output stops the counting simply because that is what physically happens. The excitation
precedes the tluorescence. However. in single photon counting mode. not every
excitation produces a fluorescence photon. In fact. it is necessary to reduce the intensity
of excitation enough that a tluorescence photon is detected once every 100 excitations or
less in order to make sure that every tluorescence photon is indeed a single photon. In
other words, the counting rate should be below 1% of the excitation repetition rate. As a
result. most cycles in standard mode are wasted without the collection of any photon
count: however. noise accumulates. Thus, reverse mode is adopted. In reverse mode. the
pulse from fluorescence initiates the counting and the excitation pulse with some fixed
delay stops the counting. The delay must be sufficiently long enough to allow 4-5 times
of the lifetime to be measured.

A time-to-amplitude converter (PRA 1701) measures the time difference between
these two pulses and converts the difference to different voltages. A multichannel
analyzer with a personal computer interface (The Nucleus. Inc.. PCA II) takes the
readings. places them in the corresponding memory bin called a channel, and continues to
build a histogram of counts versus. channels until a desired level of maximum counts 1s

reached. In reverse mode, the histogram is horizontally flipped, showing the
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fluorescence decay on the left side. In addition. a photon counter (PRA 1770} is used to
monitor the excitation rate and the fluorescence signal count rate.

The measured response F(r) is not exactly the fluorescence response /(r). The
measured response is actually the convolution of the instrumental response P(r) and the

fluorescence response /(1).

F(I)=P(t)®l(t)=IP(!')[(!-I')dt'. (5.1)

where /(1) is in general a weighted sum of multiexponentials. For our [(R-APPC)M|CI,
complexes, we expect /(1) to be a single exponential decay. The instrument response can

be expressed as

|
l" N
i

Ar, = L(A’( ) *Z(Al. ):::- =90 ps. (

fJn
to

The excitation pulse width at FWHM is represented by Ar. (~200 fs). The instrument
response of the ith component in the system at FWHM is represented by Ar, (for example.
PMT ~25 ps). The measured total instrument responsc at FWHM is Az, and is
experimentally determined by replacing the sample with a scattering solution.

Before any sample measurement, the instrument response function (IRF) was first
measured using a diluted solution of glycogen in water as a scattering sample. The long
pass filters were removed during IRF measurement because the scattered light is at the
excitation wavelength (405 nm). The procedures can be described as follows. First. the
resolution of the channels is set. The resolution of the multichannel analyzer was set to
| K=1024 channels. The resolution was measured using a time calibrator, a device that

electronically generates a start pulse and a stop pulse with variable pulse spacing. The

/
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pulse spacing was selected as 10 ns. The actual channel spacing was counted from the
PC display as 321 channels between two pulses. giving a resolution of

10 ns
521 channels

=19.2 ps/channels.

After the calibration was done. the IRF was measured. The temporal width was
found to be about 90 ps. less than 100 ps as expected with this fast MCP PMT with 25 ps
response time. The rest of the broadening on IRF was due to the collective sum of the
temporal responses of timing electronics [see Equation (3.2)].  According to our
measured [RF. our instruments are capable of resolving less than 10 ps  (10% of IRF)
difference in fluorescence decay. which will be the overall resolution of our svstem. The
typical IRF is plotted in FIG. 30.

After the IRF was consistently measured. the long pass filters were placed back in
the position. and sample measurement was begun.  Samples were prepared in appropriate
solvents as stated in Tuble 3. Solutions were diluted to the concentration at which the
absorbance at the excitation wavelength (405 nm) was 0.1 to 0.2. Because each [(R-
APPCIMICI, has a different fluorescence quantum vield, the intensity of the excitation
light was adjusted for each complex to a counting rate of 2-3 K counts/s. Because the
repetition rate of the excitation was 3.8 MHz. the maximum counting rate to ensure a
single photon emission was about 40.000 counts/s. However. the MCP PMT also limited
the counting rate even further. down to 20.000 counts/s, to avoid any harmful saturation
effect. The range of the counting rates was well below all these figures ensuring single

photon emissions and the safe use of the MCP PMT.
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Singlet Excited State Lifetime of APPC

After data were collected. the binary file generated by the multichannel analvzer
was converted to a text file for a deconvolution fitting procedure. A fluorescence decay
data analysis software called FluoFit (PicoQuant) was used for fitting. This software can
fit fluorescence decay data to a maximum of four exponential functions by reconvolution
and has a very good user interface window in which users have full control over the

fitting parameters. such as lifetime, background. and shift of IRF. FluoFit also reports the

goodness of fit. represented by reduced chi-square. y;.

N
(3]
~

o Z(Decaym—f‘fsz
N-P*< Decavti)

e
where N is the number of fitted channels. P is the number of fitting parameters, and
Decay(i) and Fit(i) are measured intensity and fitted intensity in i channel. respectively.
The value of g, close to 1 shows a good fit with fitting parameters that are proper
representations of the actual data.”™

All of the data showed acceptable degrees of y;. ranging from 1.09 to 2.16.
First, attempts were made to fit the data to a single exponential function. With a single
exponential function, yz; was unacceptably large (>10). As a result, the data were fitted
to a double exponential function. and the results were significantly better despite a single
exponential decay function overwhelming the other as seen in Table 4. The main decay
constants initially had very small uncertainties (less than 19%). The values in Table 4 are
actually the weighted averages with the second decay constants. The averaging yielded a
little larger uncertainty on these values because the second decay constants carried much

larger uncertainties, although they are only a few percentage points from the total weight.
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The second decay constants in the double exponential function ranged from 1.1 to 1.6 ns
for [(R-APPCYM|CI, complexes, with much larger uncertainties (about [0%) than the
first decay constants. [t is not clear at this point what the origin of this longer decay
could be. Still, the farge uncertainties on these values suggest that the origin could be just
a noise from the timing electronics. These large uncertainties might explain the large
in the initial single exponential fitting, in which the slowly decayving photons were

counted in significant numbers in tails.

TABLE 4. Lifetime of singlet excited states of [(R-APPC)M]CI, from TCSPC and the
deconvolution fitting results.

Sample 7. (ns)* Y Weight (67)  Solvent
[(CoHs-APPC)Cd|CI 0.35 1.58 99.7 CH:OH
[(OCH:CH:-APPC)Cd|CI 0.29 2.09 99.9 CH:OH
[(NO-CnH:-APPCYCd|CI 0.33 216 99.8 CH:OH
[(INC).Ca-APPCYCd|CI 0.16 1.20 99.9 CHCl
[(C1oHs-APPC)Cd]CI 0.18 1.25 99.9 CH:OH
[(CoH4-APPC)Pd]CI 0.37 1.19 96.3 CHCl;
[{CeHy-APPC)Sm|Cl 0.38 1.09 97.1 CH;OH
SiNc 1.31 1.68 97.7 CHCHK
PoPc(CP), 2.18 1.64 98.6 CHClx

a. These are weighted average values. The uncertainties are about 0.01 ns or less.

b. Reduced y".
c. Weight of the single exponential when fitting to double exponentials.

/
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As we expected. all [(R-APPCM]|CI, compiexes have predominant singlet
excited state lifetimes of less than | ns. From the triplet quantum yield. the intersystem
crossing rate and the corresponding intersystem crossing time were calculated for each
complex. The results are shown in Table 3. In addition. the intrinsic natural fluorescence
lifetime. sometimes called radiative lifetime. is estimated and reported in the same table.
The values of the natural ﬂuorcsccnce lifetimes are onlyv estimates because the internal
conversion. the nonradiative decay from the lowest singlet excited state to the ground
state, might be significant and thus cannot be ignored in the whole dynamic process. The
nonradiative decay does not affect our calculation of the intersystem crossing rate.
however. because the measured fluorescence lifetime s the actual lifetime of the lowest
singlet excited state and because the triplet quantum vield 1s defined as the ratio of the
intersystem crossing rate to the total decay rate of the lowest singlet excited state that
includes the nonradiative decay.

The effects of different secondary phenvlene substituents (R'=H. OCH:, NOa) on
the excited state lifetime are small as cxpected. The overall lifetime does not vary
significantly (0.29 ns-0.35 ns). What is interesting is that the trend in the intersystem
crossing rate parallels the trend of electron donor/acceptor ability. The electron donor
(R’= OCH3) shows the fastest intersystem crossing rate, while the clectron acceptor (R'=
NOs) shows the slowest. The highest intersystem crossing rate among APPCs may
explain the fluence dependence in the TRDFWM result of the [(OCH:CoH:-APPC)Cd|CI
complex (see FIG. 22). which is not observed in [(CeHs-APPC)Cd]CI with an almost
equally high triplet quantum yield. The intersystem crossing times of all three complexes

are shorter than a nanosecond. which may explain why these three complexes showed
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similar optical limiting performances when exposed to 5 ns pulses despite large
differences in the triplet quantum yields (see Chapter 3). The results from OPL and the
similar lifetimes of these complexes also suggest that the lowest triplet state absorption
cross section of these three complexes. which is one of the most important parameters in
optical limiting. would not differ much from one complex to another. This possibility
will be verified in the ncar future when the numerical analvsis on the rate equations is
completed using the lifetime results of this work.” Although their OPL performances are
similar, the alternation of the secondury substituents is still an important controlling
parameter to adjust the effective spectral window of linear absorption tor desired
wavelength in OPL.

In the series of different bridging groups [R=(NC)-C:, C.H.. CHo| with varying
numbers of xelectrons (18, 22, 26, respectively) in the ring structure. the lifetime varies
significantly. Both (NC);C:- and Ci)He- show much faster overall decays (0.16 ns and
0.18 ns. respectively) in the singlet excited state than does the CHs- complex. It should
be noted that these are the two best optical limiters among APPCs that were characterized
in this work. Such a short overall lifetime may explain why these two complexes still
perform best in optical limiting despite relatively low triplet quantum yields. For
example. the CyHes- complex has a triplet quantum yield of only 0.32. which is
considerably lower than those of complexes with substituted phenylene groups.
However, this complex still shows an intersystem crossing rate close to those of
complexes with higher triplet quantum yield. The fact that the CyHs- complex shows
better optical limiting performance with an intersystem rate comparable with those of the

complexes with higher triplet quantum yield suggests that the triplet absorption cross

/
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section would be relatively larger than the others. In the case of the (NC):C:- complex.
the value of the triplet quantum vicld is not available currently. However, TRDFWM
results (see FIG. 24) have suggested that the triplet quantum vield is low because the
results did not show the slowly decaying tail. Then, for the same reasoning used in the
case of the C;yHs- complex. we can predict that the triplet absorption cross section of the

(NC):C:- complex would be larger than the others.

TABLE 5. Dynamic photophysical parameters of [(R-APPCYM|Cl,,.

Complexes T (ns)! o7 T (nS) ke (10°75)" 7, (nsr®
[(CoHs-APPC)HCdICI 0.35 091 0.39 2.39 >3.90
[(OCH:CqHx- 0.29 0.89 0.33 3.04 >2.66
APPC)Cd]ClI
[{NO-CnH:-APPC)Cd|CI 0.33 0.60 0.55 1.83 >0.82
[(UNC).C:-APPCYCd|CI 0.16 -- -- -- -
[(C1gHs-APPC)Cd]CI 0.18 0.32 0.56 1.79 >().26
[(CoHs-APPC)PCI 0.37 -- -- - -
[(CeH3-APPC)Sm|Cl> 0.38 0.26 1.47 0.68 >0.52
SiNc 1.31 0.20' 6.56 0.15 >1.64
PbPc(CP), 2.18 092¢ 2.37 042 >27.25

d. r}' = ( kll) + knr + kn; )—l
k

b. ¢, =——=——  values from Table 3.
ko +k, +k.
c. r.=k>.
d. Calculated using b.
e. Intrinsic natural fluorescence lifetime, 7, =& .
f. Inbenzene.™
. Pb tetra(t-butyl)Pc in toluene.™
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Varving the central metal center (M=Pd™. Cd=*. Sm™™) in the ring structure does
affect the lifetime of the excited state. Morcover, the effect on the intersystem crossing
rate, equivalently the triplet quantum yield. is quite noticeable. It is well known that
heavier atoms (higher in atomic number) have larger effective spin-orbit couplings for r
clectrons and that this increases the intersystem crossing rate.”~* An opposite trend was
observed in this study because the Sm™ (atomic number 62) complex shows a
considerably slower intersystem crossing rate than does the Cd™™ (atomic number 48)
complex. This difference is due to the fact that Sm has f-orbitals in the outer shell. while
Cd and Pd have d-orbitals. It is expected that the d-orbital electrons of the metal center
interact more strongly with the conjugate ring structurc of the [(R-APPC)M|Cl,
complexes. In fact. as has been seen from optical limiting performances. the [(CoH.-
APPC)Sm|CI: complex is a much poorer optical limiter than are the [(C,Hi-APPCICd|CI
and [(CeHs-APPC)HPA|CI complexes. Unfortunately. the triplet quantum yield of the
[(CoHs-APPC)PA|C! complex is not available yet. However. just like the case of
[((NC)-C>-APPC)Cd|CI. the TRDFWM result (FIG. 26) suggests that this triplet quantum
vield is between those of [(CoHs-APPC)Sm|Cl: and [(OCH:CH3-APPC)Cd|CL

For comparison. the singlet excited state lifetimes of SiNc and PbPc(CP); were
also measured. These complexes are the best optical limiting materials in the current
literature, and their singlet excited state lifetime and the triplet quantum yields in
different solvents were previously reported. For SiNc in tofuene, the lifetime of singlet
excited state was reported as 3.2 ns.** and the intersystem crossing time was reported as
16 ns.** The lifetime of SiNc in dimethylformanide (DMF) was reported as 8.8 ns.*> The

lifetime of Pb(Iitetra(s-butyl)Pc in toluene was measured as 0.35 ns by a picosecond

/

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



87

pump-probe measurement at 700 nm*’ and 0.7 ns by TCSPC.™ These results suggest that
the dynamics of these complexes depend on the solvent. As a result, the triplet quantum
vield and the intersystem crossing rates of these complexes reported in Table 3 and Table
S should be viewed with some caution. Because we used chloroform, these values are
only useful for estimation purposes and do not necessarily represent the real values in
chloroform. Assuming that the triplet quantum vields do not vary much among different
solvents, our values for lifetimes suggest their intersystem crossing rates are quite low.
Still. both complexes exhibit the best optical limiting performance at 332 nm which
implies that their triplet absorption cross sections would be much larger than those of the
APPC complexes in this work.

In addition, the results from the lifetime measurements of the excited state also
suggest that the slowly decaying tail of the TRDFWM resuits is the effect strictly of the
high triplet quantum yicld alone and that neither the actual value of the lifetime of the
excited state nor the intersystem crossing time has a direct relation to the slowly decaying
tail. For example, [(NO:CoH:-APPCICAICI, [(CHs-APPCIPICI. [(CoHi-APPC)Sm]Cl,,.
and SiNc¢ show either comparable or even longer decay of the excited state and slower
intersystem crossing times than do [(CoH:-APPC)Cd|CI and [(OCH-CyH:-APPC)Cd|ClI
with high triplet quantum yield. However, none of these complexes shows the slowly
decaying tail in TRDFWM that is observed for [(CoHs-APPC)Cd]CI and [(OCH:CeHx-
APPC)Cd|CI. Meanwhile. PbPc(CP)s, with a high triplet quantum yield of 0.92, shows a

similar slowly decaying tail in TRDFWM.™
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FIG. 28. A six-level Jubtonski diagram of [(R-APPCYMCI,.
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FIG. 29. Experimental configuration of TCSPC measurement.
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FIG. 30. TCSPC result of [(CeHs-APPC)Cd]CI. The IRF has a response width of ~90 ps
(FWHM). The thicker solid line indicates the fitting function of reconvolution with IRF.
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CHAPTER 6
CONCLLUSIONS

We have introduced a new class of nonlinear optical materials for OPL
application. [(R-APPC)M|CI, complexes have a two-dimensional delocalized m-electron
conjugated ring structure similar to metalloporphyrin and metallophthalocyvanine. Unlike
metalloporphyrin and metallophthalocvanine. the ring structure of [(R-APPC)M|Cl,
complexes can be casily modified. providing a possibility of optimization in nonlinear
optical properties.  We reported preliminary resufts of this possibility by varving
secondary phenylene substituents (R'=H. OCH:. NO: in R=R'C.Hx). bridge groups inside
the ring structure with different numbers of 7 clectrons (R=CoHy. (NC):Ci. CioHp). and
metal centers coordinating with the conjugate ring structure (M=Cd™". Pd™". Sm™).

In general. [(R-APPC)M|CI, complexes showed large third-order nonlincarities
represented by the second-order molecular hyperpolarizability.  The third-order
nonlinearities of a series of [(R-APPCIM|CI, complexes were investigated by DFWM
using 40 ps laser pulses at 332 nm with a repetition rate of 10 Hz. The molecular second-
order hyperpolarizabilitics for the [(R-APPC)Cd|CI complexes are in the range of
2.6x107"-1.2x10™" esu and are significantly larger than those of PbPc(CP), and SiNc,
two of the best optical limiting materials in current literature. The nonlinearities of the
complexes are predominately electronic in origin and are sensitive to the nature of both

the metal center and the ligand, suggesting that complexes with even larger molecular
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second-order hyperpolarizabilities can be obtained by a judicious choice of ligands and
metals.

Nonlinear absorption measurements were performed using a 5 ns pulsed laser at
532 nm with a repetition rate of 10 Hz. Most of these [(R-APPC)MICI, complexes
showed quite promising optical limiting performance through ESA. The .nduced
absorption from the [(R-APPC)M|CI, complexes is sufficiently fast to provide optical
limiting on a nanosecond scale. The optical limiting performance of these complexes is
comparable with those of the most promising complexes in the literature. Moreover,
these preliminary studies suggest that it will be possible to optimize the optical limiting
propertics of the complexes by varving the conjugated bridging R group and the metal
center. Although varving the secondary phenylene substituent did not affect the optical
limiting performances considerably. it was found that the secondary substituent could be
a good controlling factor to adjust the linear absorption property so that the desired
spectral window for optical limiting could be achieved.

The dynamics of nonlinear responsc was studied by TRDFWM using a 40 ps laser
at 532 nm. Time evolution of the phase conjugate signal showed a faster process.
indicated by the autocorrelation of the excitation pulse, and a relatively slower process.
indicated by a slowly decaying tail. The results showed that the high triplet quantum
vield close to 0.9 or above has a very strong correlation to the slowly decaying tail of the
phase conjugate signal after the excitation. All other fast nonlinear process such as
singlet ESA to the higher excited states. which 1s faster than the excitation pulse width.
were hidden under the autocorrelation of the excitation pulse width. The complex with

the fastest intersystem crossing rate showed fluence-dependent dvnamics.

/
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The lifetimes of singlet excited states were measured by TCSPC. The results
showed that all of our [(R-APPC)M|CI, complexes have sub-nanosecond singlet excited
state lifetimes from 0.16 ns to 0.3 ns. Due to high triplet quantum yield. some of the [(R-
APPC)M]CI, complexes showed intersystem crossing rates greater than 3x10” s, which
is an order of magnitude higher than that of metallophthalocyvanine. It is evident that a
high intersystem crossing rate is one of the major factors in optical himiting of [(R-
APPCIMICI,.

This work is by no means a complete characterization of the nonlinear optical
properties of {(R-APPC)M|Cl,. As a preliminary study. we only tried several complexes
with limited variation to test the possibility of optimization in oputcal limiting
performance by structural modification.  We showed that [(R-APPOMICI, complexes
allow much more flexibility in structural variation than some of the well known best
optical limiting materials. With further development, these complexes may ultimately
prove to be un important new class of materials for OPLs.

This work is only a partial step to tull characterization that would provide
complete information about some of the controlling factors in optimization. The final
goal is to develop the best optical limiter good enough to be an actual device. In order to
do that. there are several aspects into which we have to look further. First and foremost.
the numerical solution of the rate equation must be rcalized to fit the experimental data of
optical limiting results accurately. This realization will give us the values for the ESA
cross section, the key parameter in the ESA process, along with the intersystem crossing.
In the past, the accurate fitting was not successful because the lifetime values were not

available. The present dissertation research has now provided the singlet excited state
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lifetime. along with the intersystem crossing rate. which is calculated from the triplet
quantum yield. Currently, the numerical fitting of optical limiting results is on the way to
completion by another graduate student™ in our group. and the values of the ESA cross
section will be available in the very near future. In addition. transient absorption
measurement will be a very valuable tool to probing the absorption characteristics of the
cxcited states experimentally. A transient absorption experiment is a more direct
empirical approach to providing the absorption spectrum of the excited states.

Even with the information about the ESA cross section, additional work 1s also
required to develop an actual device. The other work involves the field of chemistry.
Once we have extended knowledge about the controlling factors. we have to work with
chemists to predict and syvnthesize the complexes expected to have good optical fimiting
properties. To do this. another type of computational work is additionally needed to
simulate the candidate complexes that have fast intersystem crossing and large ES A cross
sections. So far. our complexes showed fast intersystem crossing rates and comparable
ESA cross sections. By the judicicus choice of the metal centers, the bridge groups, and
the secondary substituents. it is expected that the absorption cross sections of the excited
state can be enhanced. Among these preliminary [(R-APPC)M|CI, complexes. [(NC):C:-
APPC)CAICI and [(CyHo-APPC)CAI|CI could be the best materials with which to start
because these complexes showed the best optical limiting.  Especially,  [(CjoHe-
APPC)Cd|CI attracts particular attention because the complex has most number of 7
clectrons and a wide optical window in the visible spectrum.

In addition, it is evident that the photophysical dynamics of this type of nonlinear

material are significantly dependent on solvents. which means that their nonlinear
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properties. including OPL performance. may be also dependent on solvents. Thus. the
effect of various solvents should be studied to develop better optical limiters: such studies
were bevond the scope of this dissertation.

In conclusion. [(R-APPC)MICI, complexes are very promising candidates for
OPL because of their large nonlinearities and their flexibility in structural modification to
enhance the desired optical nonlinearity. Moreover. whatever materials we devise in the
future by the structural modification of [(R-APPCIM|CI,. the series of experimental
nonlinear optical characterization methods we developed here are the essential parts in

developing effective OPLs.
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From Maxwell’s equations, the well-known wave equation can be derived for a

dielectric medium.

. 1 o 1
V'E(r.t)——,ﬁ-,—E(r.t) =—,a—.4frP(r.n (esu)
oot ¢ dr-

5

VlE(r.t)—-l—.a—,E(r.n:,u(,iP(r.r> (S (A1)
¢ ar- ar-

Here. ¢, is the speed of light in vacuum, and P is the polarization of the medium such that
l N —_—
P=iYp=p e,
where p, =¢r, is an individual dipole.
In a nonlinear medium. P can be expanded with higher order terms such that
P=y"E +y; EE +7 EEE + (esu)

P=ciy " E+y;  EE +yz,.:EEE+-(SD (A.2)

1A

Here, Einstein’s double index-sum rule is adopted. It should be noted that there
might be different expansion coefficients associated with each higher order term.
especially for some authors who use Taylor expansion to expand P as a power series. For

example. z.7' =+d,, and many authors use d instead of '~ in the sccond order term. It

should also be noted that some authors pretfer to absorb €, into y in higher order in SI
system. In any case. readers should be aware of the several variations in defining the
nonlinear susceptibilities in current literature when comparing the nonlinear optical
parameters among different authors.

The polarization P can be divided into linear and nonlinear terms.

P P[l \ Pul

/

’
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where P =P'" corresponds to the first term on the right side of (A.2) and
P" =P <P ~--. corresponds to the rest of the higher order terms. As the expanded
form of polarization as a function of the field vector is substituted in the wave equation

(A.1), the wave equation is now modified with the nonlinear driving term.

. : [ 9 ”
V'E—-—L—a—TEZ—.—‘-‘/TP’" (esu)
¢ ar- ¢ ot"
. 1 9" o .
VE~-——E=u —P" (Sh (A3)
¢ ot” -

The speed of light from the left side of the originul wave equation (A.1) is modified in
such a manner that ¢(=c¢, /n )is the speed of light in the medium and n, is the lincar
index of refraction. which originated from %', Without the driving nonlincar term on the
right side (P"=0). Equation (A.3) is just another homogeneous wave equation with
propagation speed ¢ rather than ¢, describing the wave propagation in lincar dielectric
medium. Thus. we can see that light propagates with slower speed in the linear medium
and none of the physics changes. Consequently. no nonlinear effect, such as wave
mixing. is possible in the linear medium. [t is quite obvious just by looking at the wave
equation why presence of the driving nonlinear polarization term is needed to see
nonlinear phenomena.
The displacement vector D relates the susceptibilities to the index of refraction, n.
D=cE=n"E=E+471P (esu)
D=cE=en’'E=¢E+P (SI) (A4
Then, for the third-order materials, the index of refraction is modified with higher order

of fields such that

/

/
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n’=n’+3dxy " :EE where n] =1 +4my'" (esu)
n=n>+y":EE where - =1+ y" (Sh. (A.5)

The index of retraction becomes

7" :EE : iry' " E
n=n,(l+ 24 - =5, + X (esu)
n, 2n
v :EE - v EE
n:n“(l-f-’{—-,—)- =n”+’{————— (Sh. (A.60)
n; 2n

Now we introduce the third-order nonlinear index of refraction n-. sometimes called
quadratic refractive index, which is related to the strength of quadratic field as

E| (A7)

n=n,+An=n, +n,
Before we relate the nonlinear index of refraction to the nonlinear susceptibility, we have
to consider a few important things. such as multiplication factors and degeneracy factors.
We are interested in the third-order effects. so here we consider the case of either third
harmonic generation or degenerate four-wave mixing (DFWM) tor simplicity and all
practical purpose despite the fact that some of the factors might remain the same in

nondegenerate  cases. As we define the field as real quantities, such as

a tux

E(r.ty=E (rycostar) or E(r.ty=1E (¢ +¢ "), the product of three degenerate ficlds
vields the different multiplication factor depending on the nonlinear process in which we
are interested such that

EEE = % E’ cos(3wr) + % E. cos(wr).

As we see here, there is a factor of 1/4 for third harmonic generation and a factor of 3/4

for DFWM. In addition, when we contract the tensor in (A.2), there will always be
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degeneracy factors associated with the pecrmutation of three different field vectors for

different tensor components. For example. if we consider the case where all the three E-
fields have the same polarization such that we are interested in z,; . the degeneracy
factor is 6 from the permutation of three different fields (i =1.2.3). Comparing (A.6)
and (A.7) and taking these factors into consideration, we get. for DFWNM. the expressions

: FRY
for relating nato .

ey 3
. £ -—-6 (esu)
) n 4
3
n.:’( -—-6 (Sh. (A.8)
T 2n, 4

In the current literature. we have to be extra cautious in keeping track of these factors
because many authors omit cither or both of these factors, implying that they arc
absorbed in xs. Some authors do not specify in their publication how they detine the
higher order susceptibilities incorporated with these factors. [n those cases. it is almost
impossible to make a meaningful comparison among any reported susceptibility values
unless the value of a common reference material is reported in the same paper.

Sometimes in practice. 72> is defined with intensity. /. rather than the quadratic
field. such that

n=n,+nl. (A.9)
It should be noted that some authors use ¥ in place of n!. In such a case, readers should
be aware of the fact that the letter ¥ also represents the second-order molecular

hyperpolarizability. For this reason, using the letter y for nonlinear refractive index

should be avoided to ease the confusion.

/
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Here we have to be a bit more careful with different system of units because the
intensity 1s defined differently in each svstem. The intensity. somectimes called
irradiance, is optical power per unit area and is defined as the time average of Poynting
vector. S. Thus, the intensity is expressed in terms of quadratic field in ditferent ways,
depending on the unit system of choice.

cn

[ ===
87

IE[“ (esu)

E | (SD (A.10)

! = ln,,é‘,,c
b}

Notice that some authors use complex amplitude of the field without an additional

=R Feex

complex conjugate term. such as E=E ¢ Then. there will be a factor of (27 in
(A.10). Using (A.7)-(A.10). the third-order susceptibility can be written in terms of 7!

rather than n..

b C”,? I'_l’__l_
Tler 36 (esw)
. \ 4 1
Va ':n;a,c-n_f?-—é— (SI) (A1)

Equations (A.10) and (A.l1) should be utilized with one important caution. The
magnitude of ¢ in esu ditfers by a factor of 100 from ¢ in SL.

[t should be noted that the linear susceptibility, %", is unitless regardless of the
choice of unit system. However. the storv is quite different with nonlinear
susceptibilities. The higher order nonlinear susceptibilities carry all ditferent units,

depending on the order of nonlinearity and the choice of unit system. For example, the

/
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unit of ¥ in esu is [cm/statvolts]” and in SIis [m/volts]*. Using 1 statvolt = 299.8 volts.
we can generate a conversion factor between x':’ in esu and ;("” in SL
Ayl =(3%10%) - gl (A.12)
The same story goes with the index of refraction. The linear index of refraction is not
only unitless but also universal between the two unit systems. However. all the higher
order nonlinear refractive indices carry different units. Then, it is very convenient to
have conversion factors handy for each nonlinear refractive index. For example.
cm’ m

—) = (3x10*)" ng (———) . tA.13)
statvolts” volts~

ny A

- TN

In addition to . the relationship of n: in csu and in SIwill be

cm: 2 m
) =10 "nl, (—. (A.14)
TS

1
n,, |

-Csu

erg/s
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