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ABSTRACT

The opticd limiting peformances of nine asymmelric pentaszedentate porphyrin-like meta
complexes ( [(R-APPC)M]CI, ) have been measured at 532nm with nanosecond pulses. In a /38
geometry, with sample transmisson of 051 ~ 0.80 in a 2 mm cdl, the limiting thresholds for these
complexes were 1.4 ~ 150.0 mJcn?.  The throughputs of these complexes were limited to 0.31 ~ 1.42
Jen? for incident fluences as high as 35 Jon?.  The limiting throughput was strongly influenced by the
nature of the ligand and meta ions. Lower bounds for the ratio of triplet excited-date to ground state
absorption cross sections have been estimated at 2.3 ~ 5.7. The lower limiting thresholds, lower limiting
throughputs, as well as the ease of modification of the ligands and variation of the metd ions, make
these complexes promising candidates for optical power limiters.

Keywords: asymmetric pentaazadentate porphyrin-like meta complexes, reverse saturable absorption
(RSA), opticd limiting, limiting threshold, limiting throughput, triplet excited-state, absorption cross
section

1. INTRODUCTION

With the development of lasers and other high-intengty vigble-light sources, the need for passve
optical limiters to protect sensors and human eyes from intense opticd beam has generated much
interest in the development of new nonlinear opticd materids and devices. In recent years, organic
nonlinear opticd maerids'? have been studied because of their large nonlinearities, inherently fast
response times, broadband spectral response and ease of processng and synthess. Limiters based on
nonlineer  absorption have been reported using diphenyl  polyenes®  indanthrone  dyes*
metallophthalocyanines®°  metaloporphyrin,**? fullerenes'® and some organometalic compounds*
Among these materids metdlophthaocyanines and metdlongphthdocyanines were  especidly
attractive because of ther reatively low linear absorption and high ratios of excited sate to ground dtate
absorption cross sections (S¢/sg) in the 450~600 nm region. The use of these complexes is limited,
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however, by ther reatively high linear absorption outsde of the 450~600 nm region and, in some cases,
by the low quantum yidlds of thelr triplet excited Sates.

A rdaed class of complexes are the asymmetric pentaazadentate porphyrin-like complexes [(R-
APPC)M]Cl,,*>%® examples of which are shown in Figure 1. These complexes have two-dimensiond
delocdlized dectronic  sysems and  exhibit drong  third-order  nonlinearities  like  the
metallophthaocyanines and  metalongphtha ocyanines. However, unlike metdlophthaocyanines and
metdlonaphthdocyanines, the ring dructures of these complexes can be readily modified so that a more
extended conjugated system (18~26 p-electron) can be obtained. Moreover, the large core Sze of the
ligand provides a very dable coordination environment for large cations, therefore the choices for the
metd ions are greatly expanded and a near coplanar configuration can be formed. Such dructurd
modifications should dlow [(R-APPC)M]CI, complexes with optima photophysica properties for a
variety of applications to be devel oped.

[(R'CgH3-APPC)Cd|CI

[((NC)2C2-APPC)Cd]CI
R'= OCH3, CO2Na, H, ClI, NO2

[(C10HB-APPC)CdICI [(CeHa-APPC)M]CIn
M=Pd, =1, M=Sm, n=2

Fig.1 Chemicd dructures of [(R-APPC)M]CIl, complexes

To date, the third-order nonlinear opticad properties of only a few [(R-APPC)M]Cl, complexes,
[(CeHa-APPC)Cd]Cl, [(OCHsCgHs-APPC)C]ClI and [(CgHs-APPC)Gd]Ch, have been reported.}’*°
These studies demondrated that the complexes have large third-order nonlinear optica susceptibilities at



both 532nm’’ and 1064 nm,*® and that [(CsHs-APPC)Cd]Cl has a strong reverse saturable absorption
(RSA) for nanosecond pulses a 532 nm.™® In aldition, photolysis studies reveded that these complexes
exhibit high intersysem crossng rates and high quantum yields of triplet excited states!® These
prliminary results are extremey promisng, but they provide no information about the reationship
between sructure and nonlinear optical properties of the complexes. Recently, we have begun to study
the optical limiting properties of [(R-APPC)M]Cl, complexes (shown in Figure 1). In this paper, we
summarize our results on the reaionship between ligand Structure and optica limiting abilities of [(R-
APPC)Cd]Cl complexes?® and present new results on the effect of varying the metd center in the
complexes. We aso compare our complexes with PbPc and SINc, which are the strongest known
absorptive optica limiting materids for nanosecond 532 nm pulses to date.  As will be shown
subsequently, varidions in the ligand dructure and metd ions have a sgnificant effect on the opticd
limiting abilities of these complexes. And the optica limiting abilities of these complexes are quite
comparable to that of PbPc and SINC.

2. EXPERIMENT

The reduced macrocyclic ligands were formed by a 1:1 Schiff base condensation between a
diformyltripyrrane and  4-subgtituted- o-phenylenediamine. Subsequently, in the presence of an
gopropricte meta dt, the oxidation of the macrocycle as wel as coordination of the metd occurred
samultaneoudy to form the aromatic macrocyclic metd complexes. These compounds are dtable at
room temperature as a solid or in solution in the presence of ar. Absorption spectra were acquired by
usng a Shimadzu UV-3101 PC UV-VIS-NIR Scanning Spectrophotometer. Samples were measured in
a2 mm quartz cdll as asolution in methanol or chloroform with concentration of 3.4° 10 mal/L.

The nonlinear transmisson messurement was peformed with a frequency-doubled Q-switched
Nd:YAG laser operating a 532 nm with a tempora pulse of 5ns (FWHM) and a repetition rate of 10
Hz. The laser pulses were focused a the center of 2 mm path-length solution cdl by a 25 cm focd-
length lens (f/38) giving an Airy spot radius of ~150mm. The solutions of nine different [(R-
APPC)M]Cl, complexes in methanol or chloroform were prepared a the same concentration 3.4° 10
mol/L, with the interna transmittance ranging from 51% to 80%. The laser beam was divided into two
beams, one was used to monitor the incident laser energy, the other was focused into the sample cdll.
Opticd limiting is obtained by varying the input energy Ein) with a hdf-wave plate and polarizer and by
monitoring input energy Ein) and output energy Eour) With two J4-09 series Molectron energy detectors.
The transmitted energy was collected by a 2.54 cm foca-length lens located so as to relay the collect
energy to anomina spot size of ~ 4.0 mm on a photodiode of 0.8 cm diameter.

3. RESULTS AND DISCUSSION

To daemine the viability of the saries of [(R-APPC)M]Cl, complexes as nonlinear optica
materids, it is fird necessary to evauate ther linear absorption. Studies of the effect of aternation of
the R group and meta ion on the linear absorption of these complexes were performed, and the results
are shown in Figure 2. The éectronic absorption spectrum of [(CeHs-APPC)Cd]Cl reveds a strong
Q(0,0) band absorption at 762 nm, and a ~80 nm red-shift with respect to the metalophthaocyanines.
Hence, a relaively wide optica window is formed in the 500 ~ 660 nm region, wherein RSA may occur.



In contrast, the absorption spectra of [((NC).C2-APPC)Cd|Cl and [(C10Hs-APPC)Cd]Cl show a quite
different Q(0,0) band due to ther different numbers of p-eectronss. Most notably, [(CioHe-
APPC)Cd|CI, with its 26 p-éectrons, exhibits a dramaticaly bathochromic shift combined with a more
extensve window. The absorption gpectra of the other four 22 p-édectron [(R&CsHs-APPC)Cd]Cl
complexes are quite smilar to that of [(CsHs-APPC)Cd|Cl. Replacing H with the electron donor group,
OCHgs, induces a hyperchromic shift of the Q(0,0) band to 750 nm, while replacing H with the dectron
withdrawing group, NO,, induces a bathochromic shift of the Q(0,0) band to 792 nm. In addition, the
effect of metd ions on the linear absorption is remarkable.  The absorption spectrum of [(CgHa-
APPC)SM|Cl, is quite dmilar to tha of [(CsHs-APPC)Cd]CIl, only shows approximady 10 nm
bathochromic shift of Q(0,0) band and B band. However, the Q(0,0) band of [(CsHs-APPC)Pd|Cl
obviously hyperchromic shift to 640nm (Fig. 2a), this is probably due to the different coordinating
property of Pd®* ion and the aggregation of solution at high concentration.

300 400 500 600 700 800 900
Wavelength (nm)

Fig. 2 Electronic absorption spectrum of () [(CsH4-APPC)P|CI / chloroform,
(b) [((NC),C2-APPC)Cd|CI / chloroform, (c) [(CeHa-APPC)Cd]Cl / methanol and
(d) [(C10Hs-APPC)Cd]Cl / methanol solution at 3.4° 10 mal/L in 2 mm odll.

In Fgure 3, the tranamitted fluence of the nine complexes are shown as a function of the incident
fluence. A cdlear RSA in the 0.01 Jen? to 3.5 Jent range is exhibited by dl of the complexes, with
[((NC),C,-APPC)Cd|Cl yidlding results most comparable to those obtained with SINc and PbPc (shown
in Fg. 3d). This complex has an optical limiting threshold ), defined as the incident fluence a which
the center of the data band begins to deviate from the extrapolated linear transmission line?! is 2.6
mdcn?.  As the input fluence incresses above 0.01 Jent the output-input curve bends further away
from the linear transmisson line until it reaches a maximum output energy where clamping occurs.  The



vaue of the limiting throughput (Finrougn) is 0.31 Jen? for incident fluences higher than 0.8 Jorr?. The
trangmission for this complex drops to less than 0.09 as incident fluence is incressed to 35 Jen?. The
thresholds and the limiting throughputs of the other complexes and PbPc, SINc are given in Table 1.
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Fig. 3 Input versus output fluences of [(R-APPC)Cd]Cl complexesfor 5 ns, 532 nm laser
pulses at 3.4 10 mol/L in2mm cdll. (8) [(RECsHs-APPC)Cd]Cl series, (b) [(R-APPC)Cd]Cl
complexes with different numbers of p-eectrons, (c) [(CsHs-APPC)M]CI, series, (d) comparison
of [((NC)2C,-APPC)Cd]Cl with PbPc and SiNc at the same concentration of 3.4 10°* mol/L.
Complexes are dissolved in methanol, except for [((NC),C,-APPC)Cd]Cl, [(CsHs-APPC)P]CI,
PbPc and SINc dissolved in chloroform.

Varidions in phenylene subdituents of the [(RECsH3-APPC)Cd|Cl complexes have sgnificant
effects on both the linear asorption and optica limiting properties of the complexes a 532 nm. As
expected, there is a roughly inverse linear relationship (r = 0.92) between the linear absorptions of the
complexes and ther limiting throughputs. However, the limiting throughputs of the complexes are dso
influenced by the eectron donor/acceptor properties of the REgroup. This is exemplified by the fact that
two complexes with the same linear absorption a 532 nm, [(CO.NaCsHs-APPC)Cd|Cl and [(CICgHs-



APPC)Cd|CI, have quite different limiting throughputs. The limiting thresholds, Fy,, of the [(R&CsHs-
APPC)Cd]Cl complexes also change as the RC group is varied, but the uncertainty in these numbers
precludes any discussion as to whether these changes are related to the linear absorption.

In contrast to the effects of variations of the phenylene subgtituents, R¢ variations in the conjugated
bridging group, R, can independently influence the liner and nonlinear absorptions.  The three
compounds with different conjugated bridging groups, [(CeHs-APPC)Cd|CI, [((NC).C2-APPC)Cd|Cl
and [(C1oHe-APPC)C|Cl, have dmilar linear transmissons a 532 nm but show different optica
limiting thresholds and limiting throughputs (Figure 3b).  Paticulaly good limiting properties are
exhibited by [((NC)C2-APPC)Cd|Cl, and this is probably due to the strong dectron-withdrawing ability
of the —CN group. A smilar result is seen for [(CioHs-APPC)Cd]Cl due to the effect of the conjugated
napthlene group.

Vaiation in the metd caion has a much large effect on the opticd limiting properties than does
vaiation of the phenylene subdituents and conjugated bridging group. Figure 3c clearly demondrates
this. At gmilar linear tranamittance, [(CsHs-APPC)Pd]ClI shows the lowest limiting throughput, while
[(CeH4-APPC)SM|ClL, has the highest limiting threshold and limiting throughput.  The high limiting
threshold and limiting throughput is connected with the lower yidd of triplet excited dtate (F: » 0.26)
and the short lifetime of the lowest triplet excited state (t + » 0.55n).

In addition to the above reaultss we adso notice tha [(CeHs-APPC)PAICI and [((NC).Co-
APPC)Cd]CI, which have smilar linear absorption spectra and smilar linear trangmittance a 532 nm,
exhibit the milar optica limiting performances.

Tablel. ThelLinear Absorption Coefficient, the Optical Limiting Threshold and Limiting
Throughput of the Nine [(R-APPC)M]CI, Complexes

ao l:th Fthrou h

Samples (cm?) Tiin © (mJent) (chmg)
[(OCH3CgH3-APPC)Cd]Cl & 1.12 0.28 15 1.13
[(CO,NaCgHs-APPC)Cd|Cl 2 2.00 0.26 25 0.90
[(CeHs-APPC)Cd|CI 2 2.15 0.16 1.8 0.56
[(CICgHs-APPC)Cd]Cl 2 2.00 0.24 1.8 0.77
[(NO,CgHs-APPC)Cd]Cl 2 3.37 0.10 1.4 0.40
[(CeHa-APPC)Pd]CI P 2.23 0.14 3.0 0.48
[(CeHa-APPC)SM]Ch, 2 1.93 0.42 150.0 1.42
[((NC),C»-APPC)Cd]Cl ° 2.39 0.09 2.6 0.31
[(C10Hs-APPC)Cd]CI 2 2.31 0.13 3.0 0.44
PbPc ° 0.87 0.11 4.0 0.39
SiNcP® 1.86 0.09 35 0.28

a. In methanol.
b. Inchloroform.
c. Thelimiting transmittance at 3.5J/cn.



A figure of merit for RSA molecules involving an excited triplet state can be defined as st /sg »
INTsaINTiin,2 Where Ty is the vdue of the transmisson for which the dope of the transmisson versus
input fluence line gpproximates zero. The conditions for this figure of merit are that the pulsewidth is
longer than the intersysem crossing time, the incident fluence exceeds the saturdble fluence Fey =
hn/s4F ¢, and the quantum yield of triplet excited dtate is quite high. These conditions are met by the
[(R-APPC)M]Cl, complexes. These complexes exhibit Fsy vaues that range from 0.04 Jen? to 0.12
Jen?, implying that for fluences between 0.3~35 Jen?, the ground state will be greatly bleached.
Further, the smdl intersysem crossng time and the high quantum yidlds of the triplet excited states'®
for these molecules indicate that the excited date is digtributed mainly to the lowest triplet excited Sate
over the duration of one laser pulse.

In our current experimentd sgtup, the damage threshold for the opticd cdl limits the maximum
fluence, and we are unable to reach saturable transmisson for the complexes. Hence we can only
caculate lowest bounds for the s; /sy vadues of the [(R-APPC)M]Cl, complexes (Table 2).
Nevertheless, these s¢ /sy vaues are extremely promising because they closaly approach those obtained
with SINc and PbPc, 32 and 23, respectively.’® The grest ease of structurd modification of our
complexes may dlow for values of st /sy that surpass those of the complexes measured in this paper.
Moreover, the complexes in this paper dready exhibit higher quantum yields of triplet excited Sates
than does SINc, aswell as Fin and Finrough Values that are comparable to those of SINc and PoPc.

Table2. ThePhotophysical Propertiesand the Ratio of Lowest Triplet Excited-state to Ground-
state Absor ption Cross-section (s+t/s g) for Nine [(R-APPC)M]CIl, Complexes

Samples Ft Fsat Sgq St/Sg
(Jent) (10 cnf)

[(OCH3CgHs-APPC)Cd]Cl 2 0.89° 0.076 0.55 >5.7
[(CO,NaCsHs-APPC)Cd]Cl 2 0.47° 0.080 0.99 >3.4
[(CsHs-APPC)Cd]CI 2 0.01°¢ 0.037 1.10 >4.3
[(CICsHs-APPC)Cd]Cl 2 0.78°¢ 0.048 0.99 >3.6
[(NO,CgHs-APPC)Cd]Cl 2 0.60°¢ 0.038 1.62 >3.4
[(CsHs-APPC)Pd]CI ° — — 1.14 >4.3
[(CeHa-APPC)SM|Cl, 2 0.26°¢ 0.122 0.95 >2.3
[((NC),C,-APPC)Cd]Cl P — — 1.18 >5.0
[(C10Hs-APPC)Cd]CI P 0.32°¢ 0.102 1.14 >4.4
PbPc ° 0.92¢ 0.091 0.43 >12.7
SiNc® 0.23¢ 0.177 0.92 >6.5

a Inmethanol. b.Inchloroform. c.Ref.16 d. Ref.8 e Ref.22

4. CONCLUSION

The induced absorption from the [(R-APPC)M]Cl, complexes is sufficiently fast to provide optica
limiting on a nanosecond time scde. The opticd limiting performance of these complexes is



comparable to that of the mogt promisng complexes in the literature.  Moreover, these preiminary
dudies suggest that it will be possble to optimize the optical limiting properties of the complexes by
varying the conjugated bridging R group and metad ion  With further development, these complexes
may ultimately prove to be an important new class of materias for optica power limiters.
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