7406 J. Phys. Chem. R004,108, 7406-7416

Optical Limiting Properties of Zinc- and Platinum-Based Organometallic Compounds

Alexander Baev, Oscar Rubio-Pons, Faris Ge’'mukhanov, and Hans Agren*

Theoretical Chemistry, Roslagstullsbacken 15, Albed\droyal Institute of Technology,
S-106 91 Stockholm, Sweden

Receied: January 28, 2004

Optical power limiting is theoretically studied using an approach that combines quantum electronic structure
calculations of multiphoton excitations and classical calculations of dynamical wave propagation. We illustrate
the capability of such a combined approach by presenting results for a couple of organometallic compounds;
basic metat-base porphyrins, vinylphenylamine porhyrin, and the so-called type IVc platinum compound. A
comparative analysis of their electronic properties related to nonlinear absorption of electromagnetic radiation
and their optical limiting capability has been performed based on dynamical simulations of the nonlinear
pulse propagation taking account of resonant as well as off-resonant effects. Several key features and rate-
limiting steps in the transmission have been examined in relation to various characteristics of the pulse. It is
found that the resonant vs off-resonant conditions, the saturation conditions and the dephasing play critical
roles for the nonlinear transmission. The saturation effects are sensitive to the pulse duration, the inter-
system crossing rate and the quenching of the higher triplet state. The inter-system crossing rate has to be
comparable with the inverse pulse duration in order to boost the stepwise two-photon channel associated
with singlet-singlet followed by triplet-triplet transitions. It is illustrated that structure-to-property relations

of the rate-limiting steps serve as important criteria for choices of compounds suitable for the application of
interest.

I. Introduction and the hierarchy of saturation intensities of the different

Organometallic compounds have attracted a large amount ofexcitations was also foun_d t_o be of importance, especially in
attention in a variety of fundamental and applied photonic € case of long-pulse excitations. That is to say that two-photon
research areas, involving optical control, light harvesting, and @Psorption, even with proper account of desaturating excited
photosynthetic processes. They are considered as some of th§l@t€ absorption, can in many cases not be the sole source of,
most promising materials for applications in a wide range of for instance, a good optical limiting capability. In part|cu_lar,
areas such as quantum electronics, optical power limiting, for solutions, one needs to account for the above-mentioned

biological imaging, and photodynamic therapy, to mention a dephasing broad_enlng _of resonances, which then probably
few of many examples:® Metal—base porphyrins and many becomes the main medium effect for the TPA as well as for
compounds based on platinum exhibit strong nonlinear optical the OPL property.
(NLO) properties attributed mainly to the two-photon absorption ~ Both excited-state absorption SS,) and inter-system
(TPA) proces$:1°Much theoretical effort has been undertaken (S1—T1) crossing should in principle be taken into account as
in this area with the goal to model the interaction of NLO being main desaturation channels, the balance between the two
materials with intense laser beams in order to screen candidatéeing quite system dependent. However, strong such channels
compounds and to predict materials with especially large two- leads to a shift of the rate-limiting bottleneck further on in the
photon absorption cross sections. Thus, modeling of the chain, to triplet-triplet absorption, and to quenching of the
photophysics of organometallic compounds has become of excited states, either,®r Ty. In principle, the complete, so-
fundamental interest to understand and design NLO devices.called, Jablonsky diagram should be mastered, involving excita-
However, as is well established, in addition to the conven- tions and couplings within and between the singlet and triplet
tional coherent one-step two-photon process, which nowadaysmanifold of states. The calculations of all the contributing
readily can be treated by means of electronic structure calcula-processes and steps easily become a formidable undertaking,
tions, there are a number of processes that one has to accourand although recent developments of quantum modeling of
for in order to obtain a measure of the actual capability of the nonlinear properties and multiphoton excitations have taken big
material for a particular NLO response or for light control in  steps forward to solve these challengesh. through develop-
general. For instance, the competition of the resonant coherentment of time-dependent density functional theory for linear and
one-step channel with many-step, often off-resonant, channelsnonlinear interactiord paralleled by fully relativistic response
was recently elucidated by the present autHoasd found to theony®—it is still of great importance to find simplifying rules
be very crucial for optical power limiting (OPL) by condensed and structure property relations and to pinpoint the rate-limiting
materials for which decoherence processes in general are faststeps for an efficient material in the context of optical power
Apart from the dephasing of the singlet excited statg, (e limiting. The present work can be viewed as an attempt to
competition between the coherent one-step and incoherent manyaddress these problems by capitalizing on recent accomplish-
step channels were found delicately dependent on pulse intensityments on both the quantum and the classical sides of the problem
pulse length and excitation frequency. The role of saturation of light control, that is quantum computations of all important
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legs involved in the Jablonsky diagram, respectively, dynamic the kinetic equations which are responsible for the Doppler effect
pulse propagation accounting for the various characteristics of (exp(ttkz) — 1). The Doppler broadening in the studied
the laser beam. condensed absorber is indeed negligible compared to the
In the present work, we attempt to take account of the dephasing ratd;s. Because of nonradiative conversion the rate
theoretical accomplishments briefly reviewed above and study I'; of decay transitiong — a. is large in organic molecules
a few organometallic complexes that recently have been broughtand almost completely coincides with the total decay Fate
to the fore as good candidates for optical limiting. Thus, along  The decay rate of theth level is the sum of the partial decay
with the basic metatbase porphyrins and zirdase porphyrin rates of this level to all lower levels
with an attached pustpull system (vinylphenylamine Zrbase
porphyrin) we have analyzed a platinum compound called IVc [= Fﬁ (6)
with designed charge-transfer enhanced nonlinear absorption i)
cross-sectioA%14 Photon absorption in these compounds in-
volves both the ground-state singteiinglet and the excited- ~ We seek the solution of the density matrix equations making
state triplet-triplet channels. The relative contributions of those Use of the Fourier expansion:
channels, their appearance and mutual competition as well as
their allover NLO and OPL properties are comparatively
analyzed in some detail in this paper.
The presentation is organized as follows. We review the
essentials of the density matrix and field equations describing  Thjs representation is a key step to solve the problem of
structure calculations and of dynamics simulations are outlined |eye| medium. Substitution of the Fourier expansion (eq 7) yields

in section IIl. The main analysis and the discussion of the results the following equations for populations. & ) and polariza-
obtained are given in section IV, and our findings are sum- tions @ = B):1t

marized in in the last section, section V.
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To know the polarization we need the transition dipole moments, L p-D s g (D) Dy g
da(t) = dso €Xplwggt), and the density matrixg,s, of the Z[( * @ ICyp = Gyl w ) (®)
medium. Herewqs = (Ex — Epg)/h, is the frequency of the
transitiona. — . Heren = 2 andGys = &-dyg/2h. The parts in eq 8 are solved
We make the reasonable approximation of having slowly self-consistently together with the wave equation for the intensity
varying phases and amplitudes: > |&5/&); k> |9 In &ldz]. | = ceol8)%2:
The substitution oE (1) andP (2) in Maxwell's equations and
a selection of contributions with the frequenciesresults in d + 19 | = 2k @
X X . i —+——|1=2hwYm G, r 9)
the following paraxial wave equations for the amplitude of the 9z c ot ; Boc o
field:
[1l. Outlines of Numerical Simulations
(£+1§—LA)6’=$§P ©)
9z cot 2k U EOJ As a prerequisite for the dynamical simulations we first
computed transition energies, the permanent and transition dipole
The SI system of units is used here. moments with the Gaussiari9@&nd DaltoA® quantum chemistry
The density matrix equation for nonlinear media reads packages. The results were then used to model the medium of
interest and to simulate nonlinear pulse propagation. For some
(Q + f)p =£[p,\/], Tro=N,V=E-d (4) of the molecules we also computed two-photon transition matrix
ot h elements in order to evaluate the coherent one-step contribution

where the concentration of the absorbing molecules is denoted™© the total nonlinear absorption cross section. That was done
by means of the Dalton program. In our simulations, we ignored

by N, andP" s the relaxation matrix. The kinetic equations for the role of vibrational degrees of freedom (for a discussion of
lati , and off-di lel tges, Of the densit L .
POPU1atIonsea,, and ofi-diagonal lementpys, of the density vibrationally induced TPA, we refer to ref 34).

matrix read as follows: . . o
A. Electronic Structure Calculations. The parametrizations

0 " L of the calculations chosen for display in the present work, that
P + Lop)Pas = Oup zrypyy + £Z(payvyﬁ = Va,P,5) is geometries, functionals and basis sets, follow experience and
rea v (5) precalculations of the present and other compounds which we

have conducted along with the development and use of the
Here we neglect the space derivatives at the left-hand side ofDalton code and use of the Gaussian code. Details of these
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considerations are available from the authors upon request. TheTABLE 1: Selected Relative Excitation Energies AE, eV)
results shown in figures and tables of the paper are due to theand Transition Dipole Moments (u;, au) of the Low-Lying

following particularities: The ground-state geometries for all

compounds were optimized making use of Gaussian98 program

at the B3LYP/6-31G* level. The triplet state geometries were
optimized at the same B3LYP/6-31G* level. The ground-state
absorption spectra were calculated making use of TD-DFT linear
response (DFT-LR) with the cc-pVDZ basis set. The transition

dipole moments between the excited states, two-photon absorp-

tion transition matrix elements, and triptetiplet absorption
were calculated making use of TD-DFT quadratic response
(DFT-QR) implemented in the Dalton program. For the—Zn
base, Mg-base, Pbbase, and free-base porphyrins, these
calculations were performed with the hybrid functional B3LYP,
with the cc-pVDZ basis set for the C, N, and H atoms, and
with atomic natural orbitals (ANO) basis sétFor Zn and Mg
atoms, the following contraction was used: Zn (21s15p10d)
contracted to [5s3p2d] and Mg (17s12p5d) contracted to
[5s3p2d]. In the case of Pthase porphyrin, an effective core

potential (ECP) was used to describe the absorption spectrum.

In the case of vinylphenylamine Zbase porphyrin (ZnPP)
and IVc platinum-based compound (PtC), the properties of
interest were computed with Gaussiaft9&t the B3LYP/
LANL2DZ level for PtC and B3LYP/6-31G(d,p) for ZnPP. The

excited-state absorption for these compounds was modeled by

means of single-excitation configuration interaction (Cl-singles)

method, and the permanent dipole moments were calculated by

making use of the finite field gradients technique.

B. Dynamics Simulations.We performed the simulations
of nonlinear propagation of a laser pulse through the media
consisting of dissolved organometallic compounds:—Base
porphyrin, ZnPP, and PtC, making use of our recently developed

code based on the theory represented by eqs 8 and 9 and
described in detail in refs 11 and 18. As demonstrated in those;

papers the devised approach allows for a good quantitative
estimation of the nonlinear transmission. The solvent was
modeled by a dephasing rate taken as high as-@Qi eV1135
Small off-resonant absorption by the solvent is neglected as it
takes place in the region below 300 AhThe decay rates of

the selected states of the compounds of interest are collected in znp

Tables 5-7. The estimation of these are somewhat involved:
We first estimated the radiative decay rates making use of the
calculated transition dipole moments. The nonradiative decay

rates are quite problematic to be estimated, so for the full decay 7,pp
rates, we used the orders of magnitude which are characteristic

for the given class of organometallics. We account for that the
full decay rate of a state is just the sum of partial decay rates to
all lower states:I'i = Y« F‘i (this is the reason for the
appearance of numbers like 0.9999 in Tablesh

IV. Results and Discussion

A. Electronic Structure Calculations. We remind the reader
that numerous theoretical studies of different porphyrins have

Singlet States of Zinc-Base, ManganeseBase, Lead-Base,
and Free-Base Porphyrins, of Vinylphenylamine Zine-Base
Porphyrin (ZnPP), and of the IVc Pt Compound (PtC)

molecule state  AEppr-(r? Ux Uy Uz
FBP B3, 2.270 0.0004  0.0004
1'Byy 2.427
2'Bg, 3.314 1.6259 —1.6259
2'By, 3.487 1.9415 1.9415
3'Bsy 3.748 1.6486  1.6486
3'Bay 3.848 2.0227 —2.0227
ZnP LE, (S) 2.435 0.2098 —0.2098
2'Ey (S) 3.541 3.2483  3.2483
1'B14 (S3) 3.727
3'E, (Sy) 3.836 —0.8546  0.8546
4E, (S5) 4.289 1.2761  1.2761
MgP 1'E, 2.380 0.1165 0.1165
2'E, 3,500 —3.2651 —3.2651
1'By4 3.756
3, 3.774 0.7440  0.7440
4'E, 4235  —1.4980 —1.4980
PbP 1s 1.741
4's 2.329 —0.2024  0.0023 —0.0060
9's 3.436 —0.1367  0.0052
11'S 3.528 1.5214 —0.5035 —0.0013
12's 3.537 1.2840  0.0052-1.9132
13'S 3.538 —1.9040 0.2727 —1.2713
ZnPP 1S (S) 2131 —3.1416 0.0002  0.0687
31S(S) 2.760 0.0024 —0.6188  0.0001
4'S (S) 2.829  —3.4248 —0.0016 —0.0302
51 2.882 —2.3244  0.0023 —0.0437
6'S (S) 2.908 0.0010  1.6859
PtC 2A" (S 2.760 5.4870 —0.0046
3A' (S) 3.165 —0.0017 —0.2255
4A" (S) 3.341  —0.0561 —1.7405
5IA’ 3.579 2.3778 —0.1819

a Absorption at the equilibrium ground-state geome®yhe labels
in parentheses correspond to the labeling throughout the text.

TABLE 2: Selected Absolute Excitation Energies AE, eV)
and Transition Dipole Moments (u;, au) of the Low-Lying
Triplet States of ZnP, ZnPP, and PtC

molecule state  AEprr-or? Ux Ux U
BBy (T) 1.775
13Bgy(T2)  3.215 0.3027 —0.3027
2%Bgg 3.301 0.0098
2%Byyg 3.301 —0.0098
13A, 4.965
5T, (Ta) 1.573
5T, 1.800 —0.0739 —0.0275
5T4 (T2) 2.587 2.0997 —0.0677
3Ts (Ta) 3.150 —4.5893 0.0011
5T, (Ta) 2.170
T, 2.997 —0.7633 —0.0692
3T4 (T2) 3.357 47255  0.0520
8 4.010 2.2486  0.4219

a Absorption at the equilibrium lowest triplet state geome#ryhe
labels in parentheses correspond to the labeling in Tables 6 and 7.

been carried out. In recent years the emphasis has shifted from The absorption spectra of the singlet states of porphyrins have

semiempirical calculatiod®20to more sophisticated ab initio
wave function and, in particular, density functional theory (DFT)
approached!~26 Nakatsuiji et al. applied symmetry-adapted-
cluster (SAC) and SAECI (configuration interaction) methods

to free-base porphyrins (FBP)and to a number of porphyrin-
type molecule®?7 in order to interpret the singlesinglet
absorption spectrum. Rubio and Serrano-As#& have
calculated the singletsinglet absorption spectra of those
compounds making use of the CASPT2. Time-dependent DFT

thus been extensively studied theoreticafy?25282%n par-
ticular, magnesium and free-base porphyrins. On the other hand,
absorption and emission associated with triplet channels have
not attracted attention to a comparable extent, despite that triplet
excited states of photosynthetic pigments are known to be
involved in photosynthesis and similar photochemical reaction
cycles®® The triplet state energies addressed by Nakatsuiji et
al2! and Sundhol®f have to our knowledge not been comple-
mented by studies of singletriplet transition cross sections.

has also been applied recently to electronic absorption spectraRecently, the present authéfsused the response function

of FBP in many studie%}~26.30-32

technique for triplet excitatioA% developed at our laboratory
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TABLE 3: Two-Photon Absorption Tensor (S, au) of For the triplet states in metabase porphyrins a distorted
Zinc—Base, ManganeseBase, Lead-Base, and Free-Base geometry is expected because of the Jaheller effect. For
Porphyrins instance, in the case of Zbase porphyrin possessirigy,
molecule state AEprrorf® S« Sy Sz Sy Se Sy symmetry in the ground state the Jatreller effect leads to
FBP  ZAq 3.404 1.6 —1.6 D,, symmetry. This feature makes the symmetry assignment
3A; 3586 86 —86 of the lowest triplet state rather unclear, depending on the host
41Ag 4.031 81.3 813 or solvent®
ZnP 121.229 §j§2§ 13 13 2 Summarizing the data extracted from the previous papers and
3Ay 3977 175 -175 obtained from our computations we can say thatMand Zn-
iBlg g-ggg 212 "7 base porphyrins have molecular symmdyy at the equilibrium
MgP 115919 3758 o019 : ground-state geometry; the inclusion of a heavi(_ar metal atom
2A, 3.800 —28 28 such as Pb breaks the symmetry(g. Our calculations of the
3'A, 4004 -181 181 Q and B bands of Mg and Zn-base porphyrins are in good
2'Eg 6231 -19 -19 agreement with previous theoretical calculations although we
PbP g?s %-ggg 19 19-394 . use smaller basis sets in the present work. The origin of the B
15, 2.329 T o9 band is the doublet'E, state which gives the most intense
g 2.909 11.4 transition in the spectra (Table 1). The Q band of free-base
1S 2.909 11.4 porphyrin is split because of two state'B;, and £B,—which
a Absorption at the equilibrium ground-state geometry. are responsible for this band. The lack of the metalse and
lower molecular symmetry in free-base porphyrin makes the
TABLE 4: Permanent Dipole Moments and Excited State first excited-state lower in energy and less intense in the linear
Absorption (uy, au) of the Singlet and Triplet States for absorption spectrum. The oscillator strengths 85}, 1'Bsy
Zinc—Base, ManganeseBase, and Free-Base Porphyrins states are rather small, in accordance with weak intensities seen
molecule  matrix element X y z in the experimental spectruth.The energies of the Q bands
ZnP [A'Eyd] 1'Big0  —0.2944 —0.2944 are a little higher in our calculations than reported in the
EZiEuldl liBlgD —0.1932 0.1932 experimental works (see tables and citations in ref 31).
S Elgl bgigg ?:gggg _ 1939253035 The study of TPA has been carried out for the-trase, Mg-
[11E,|d| 12E,0] —0.3400 0.3400 base, Pb-base, and free-base porphyrins. The largest values of
21E,|d| 2'E,0 —0.3600 0.3600 the TPA transition matrix elements were found for free-base
[13A,[d] 1°By 0 0.0304 porphyrin at 4.03 and 4.26 eV (Table 3) owing to the large
&zﬁu Igl ﬁgzgg 0.8546 —0.8546 value of the dipole transition matrix element from the ground
ZnPP as, Iudl\ 1|SOD 39 : 0.8120 state to the B,, a_nd 3B, states with thg energies 3_.75 and
0s, |d| 1,0 0.0735 0.0735 3.85 e\_/, respectively (Table 1). The intense excnec_i-state
@3T, |d| 3T.O0 —0.9060 absorption from these states to tH81; and 4A4 states, which
as; |d| 'S0 7.3231 0.0292 are forbidden in one-photon absorption spectra, give then the
0S, (d| iSsD —5.6759 0.0853 high values of the TPA tensor. In Mg Pb—, and Zn-base
gg’z igi 12345 :g'ggig 8'82% porphyrins,.the dipole Fransition matrix elemenlts in the B bant;l
(S|S0 6.2083 ~0.0329 are not so intense as in free-base_porphyrln; instead, intensity
PtC A’ |d] A'D 0.1092 0.6978 is shifted to the Q band. It results in small values of the TPA
2'A" |d| 2':A'0) 1.0657 —0.1837 transition matrix elements. Among the unsubstituted metal-
B'A" |d| 3'A'D) 1.3965 0.8452 loporphyrins, we have focused on the Zn member in our pulse
BTy |d| 37,0 0.4747 —0.8676 simulations.
[@T3|d| 3Ts0 4.3364 0.9187 . . .
A |d| 3A'0 —14.0607 0.1503 Attachment of substituents enhances both linear and nonlinear
3'A" |d| 5'A'0 18.1245 —0.1238 absorption of porphyrins due to the better charge separation.

Our calculations of the ZnPP molecule confirmed this clearly
(see Tables 1, 2, and 4). However, the energy of the lowest

to characterize the triplet state, viz. absorption cross sections,excited singlet becomes loweg.13 eV-compared with 2.45
phosphorescence rates, zero-field splittingsgtehsorss” This eV for the basic Zr-base porphyrin. Thus, using the lower
development matches well the fact that porphyrin-based dyesfrequency of the exciting radiation the two-photon resonance
have been recognized as very promising for designing noniinearWith this state is fulfilled. This idea is applicable to PtC: The
optical device32 something we capitalize upon in the present linear absorption in the basic-HPt—P unit of this compound
study. is weak as shown by Norman et*lHowever, the inclusion of
The electronic absorption of metabase porphyrins exhibit ~ strongly absorbing groups such as phenyl and thiophene
some common trends. For instance, the linear absorption spectr&nhances the linear and nonlinear absorption.
of porphyrins are dominated by two intense bands, commonly We also studied an alternative mechanism of TPA enhance-
named Q and B bands. The Q band is mainly centered at aboutment in this work based on the stepwise two-photon processes
2 eV and the B band is near the UV region at about 3 eV. Both going through the triplet manifold of states which can be the
Q and B bands are created by — x* transitions. Other source of large values of the TPA cross sectian— x*
transitions with less intensity, bands N and L, are in the region transitions to the 3.22 eV triplet state in ZnP, to the 3.15 eV
of 3.6 and 4.3 eV, respectively. For the Q band the absorption triplet state in ZnPP, and to the 3.36 eV triplet state in the PtC
is rather weak while it is much more intense for the B band. In molecule dominate in the spectra of triptetiplet absorption
the free-base porphyrin where the metal is substituted by two (see Table 2). The fast inter-system crossing (ISC) then drives
hydrogen atoms, the most remarkable feature is the splitting of the nonlinear absorption. The efficiency of this kind of TPA is
the Q band due to the loss of symmetry (fr@my, to Do?>29). affected both by the ISC rate and the pulse duration (see

a Absorption at the equilibrium ground-state geometry.
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TABLE 5: Decay Rates of ZnP, s?

S S S S T: T
S 0.01x 10° 1.0 x 101 9.99x 10°
S, 0.70x 101 9.00x 10t 1.00x 101 0.1x 10%° 0.20x 10w
S; 4.90x 101t 1.50x 10%2 3.00x 102 5.00x 102 0.05x 101t 0.05x 101
T1 1.00x 10° 1.00x 10°
T, 0.50x 10° 0.50x 10° 9.00x 10° 1.00x 100
TABLE 6: Decay Rates of ZnPP, s?
S S S S S T: T2 T3
S 4.00x 10° 1.00x 1C° 6.00x 10®
S, 0.09x 10t 9.90x 1010 1.00x 104 0.01x 101
S 0.4999x 104 0.50x 101 9.00x 101 1.00x 102  0.0001x 104
S, 0.099x 101t 0.40x 101 1.50x 101 8.00x 101t 1.00x 102  0.0005x 10"  0.0005x 10
T: 1.00x 1C° 1.00x 1C° -
T2 0.05x 10° 0.05x 10° 9.90x 10° 1.00x 10w

T; 0.0001x 10 0.0001x 10 0.0001x 10'*  0.0003x 10'*  0.0004x 10 2.999x 10" 7.00x 10"  1.00x 10%
TABLE 7: Decay Rates of PtC, s?

S S S, S; T T2
S 0.1x 10 1.00x 10 9.90x 101
S, 0.0999x 10w 9.90x 101 1.00x 104 0.0001x 10
S 0.9999x 101 1.00x 10 7.9999x 101 1.00x 102 0.0001x 10 0.0001x 10t
T 1.00x 10° 1.00x 10°
T2 0.005x 1012 0.005x 102 0.01x 1012 9.98 x 102 1.00x 10

discussion below). Thus, for ZnPP and PtC molecules a strongerS, and finishing at @ [$o| S18s| S0 (0| S 15 | ;L) and [$o| Sp 3
nonlinear optical response is expected as they have larger([$;| S, [$|S0). The first two channels are again suppressed
ground-state and excited-state absorption cross sections comby symmetry reasons. The last channel can be quite intense
pared to basic metabase porphyrins. Moreover, lower sym- because of the large value of the transition dipole moment
metry removes symmetry restrictions giving rise to different between the singletg@nd S (see Table 1). On the other hand,
nonlinear absorption channels contributing to the total nonlinear we will have a one-photon absorption channgtS; in this
absorption cross section. case which, even being off-resonant, can dominate over the two-
B. Dynamics.1. Zn—Base PorphyrinThe Zn—base porphy- photon absorption channel until the saturation of the transition
rin molecule is shown in Figure 2. The energy level scheme is $—S; is reached.
given in Figure 1. One can here discern three possible two- Finally, if the radiation frequency is tuned in resonance with
photon absorption channels tuning the radiation frequency in the singlet g, three two-photon absorption paths starting @t S
two-photon resonance with either of the, S, or S singlet and finishing at $emerge: [$o|S;11%; | Ssl) [Fo| S,[1H,| 3l and
states. It is instructive to look closer at these channels to selectl$o|Ssl{[$s| SsC— [$o|So). The last channel is here suppressed
the important mechanism. If we tune the radiation frequency because the dipole transitiog-SS; is symmetry forbidden. Of
in resonance with the singlet; $here are three two-photon the two remaining channels the second -off&)|S,115,|Ss4-
absorption paths starting a &d finishing at 8 [$o|S,[1%,|S; [ seems to be more efficient according to Tables 1 and 4. From
(50| SMI%3]S10) and [$o| S1 (0% |S;0— [Ho|S). The S—S; and the outline above, it seems appropriate to tune the radiation
S—S; transitions are symmetry forbidden, which results in  frequency in two-photon resonance with the-S, or $—S;
strong suppression of the first two paths (see Tables 1 and 4).transitions in our simulations. The dephasing rate was set to
The last channel involving the permanent dipole moments of 0.1 eV. The concentration of porphyrin molecules in solution
the two lowest singlets is very weak according to Table 1. another important parametewas set to 1x 10 cm=3. The
Tuning the radiation frequency in resonance with the singlet length of the cell was chosen to be 3 mm. As the molecule is
S, state initiates three two-photon absorption paths starting at

S,

3.720eV ;
& -

3.541 eV T

2435eV

/ A\ 1.775 eV

Sy
Figure 1. Zn—base porphyrin energy level diagram. Figure 2. Zn—base porphyrin molecule (ZnP).
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Figure 3. Vinylphenylamine Zr-base porphyrin molecule (ZnPP).
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It is worthwhile to remind that the pulse duration was chosen
to be as short as 1 ps. As shown in refs 11 and 35 the role of
stepwise incoherent many-photon processes is strongly sup-
pressed for short pulses, while, as also well established by now,
the contribution of such stepwise processes to the total nonlinear
absorption cross section can be dominant if the laser pulse is
sufficiently long. To check this point, we performed a set of
simulations for a 100 ps pulse (see Figure 6). We then slightly
decreased the frequency of radiation in order to decrease off-
resonant one-photon absorption in the singlet manifold, and
instead, we set the resonance to the tripteplet transition T—

T, (see Table 2). When the rate of the inter-system crossing

highly symmetric, without selected axes and poor charge (ISC) between the singlet; &nd the triplet Tis high enough,
separation, a weak nonlinear absorption is indicated. Indeed,then an effective two-photon chann@|S;IT1| T.0appears.
the intensity dependence of transmission shown in Figure 5We made two simulations with the ISC rate settt x 10°
demonstrates that the main absorption channel is off-resonantand~1 x 10 s 1. As one can see from Table 1, the transition

one-photon absorption. This conclusion is supported by calcula- dipole moment between the ground state and the first excited

tions of the two-photon transition matrix elemerggs® collected

in Table 3. For Zn-, Mg—, and Pb-base porphyrins the largest
values ofS; correspond to the absorption length in the interval
20—60 cm which makes the contribution of the coherent TPA

singlet state is rather small, which gives an estimated radiative
lifetime of about 0.7us. So, the main decay channel of this
state was supposed to be the inter-system crossing.

Figure 6 (solid curve) shows a decrease of the transmission

process negligibly small compared with one-photon absorption. jn the region of moderate (from 10 MW/énto 1 GW/cn?)

We present in Figure 5 the transmission curves for the two-

photon resonance with theySS; transition at 1 ps pulse

intensities when the ISC rate is equal to<110! s71. This is
because of the triplettriplet absorption which starts to become

duration. The dependencies are the same for the two-photonimportant when the Ssinglet state is populated. This effect is

resonance with thegS'S; transition. A small difference, about

seen when the ISC rate is larger than the inverse pulse duration

a 20% lower value of transmission for the case presented in(r=1 = 1 x 10 s1). When the ISC rate is equal tox1 10°

the figure, derives from the more efficient off-resonant one-

s71, then the main contribution to the total absorption cross

photon absorption when the radiation frequency is tuned into section is given by the one-photon absorption process (Figure

the two-photon resonance with the-S5; transition—the radia-

6, dashed curve). The growth of the transmission in the region

tion frequency is then closer to the resonant frequency of the of higher than 1 GW/c intensities owes to one-photon

So—S; transition. The increase of the transmission with increas-

saturation of the T=T, and $—S; transitions. We estimated

ing intensity is related to one-photon saturation of the absorption the saturation intensities of the;¥T,, S$—S;, and $—S
channels. This also evidences that the off-resonant one-photontransitions and found them to be equal to 0.4, 104, and 11 GW/
absorption plays a major role. The lowest saturation intensity cn?, respectively, for the given pulse duration of 100 ps. Figure

is 88 GW/cnd for the $—S; transition at a given pulse duration
of 1 ps andl’ = 0.1 eV. The saturation intensities are much
higher for other transitions; 382 GW/é@nfor the T,—T>
transition, 883 GW/crhfor the §—S; transition, and about 3000
GWi/cn? for the $—S; transition, and hence, the saturation
effect influences strongly the,SS; transition in the chosen
range of intensities.

The dependence of the transmission Bngives another

7 shows the population dynamics of the singleisS, and $

and the triplets Tand T; at an intensity of 100 GW/cfwhich

is much higher than the saturation intensities. We detect the
populations at the end of the cell. As one can see the populations
of the singlets $and $ become equal as well as the populations
of the triplets. Thus, the medium becomes transparent for
radiation of such a high intensity, which also is reflected in the
intensity dependence of the transmission.

evidence of the one-photon character of absorption. Indeed, the Figure 8 shows the population dynamics of the same states
coherent TPA process must increase (transmission must dropat intensities lower than 1 GW/émWe calculated here the

down) whenl" decreases if TPA dominat&s!®However, Figure

populations near the entrance to the cell. The main effect is

5 demonstrates a gradual growth of the transmission for smallerthen due to the pumping of the first excited singlet state followed
by the fast ISC to the first triplet state. The nonlinear absorption
is quite efficient, as we can see from the intensity dependence
of the transmission.

values of the dephasing raté,= 0.01 eV. The ISC rate was
setto~1 x 1 s7! for simulations resulting in the dashed and
circled curves and te-1 x 10 s71 for the solid curve.

Figure 4. IVc Pt compound molecule (PtC).
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Figure 5. Transmission vs intensity for Zrbase porphyrin for
different dephasing ratds. The difference between solid and circled
lines is the inter-system crossing rate which is larger for the solid curve
(see text). The pulse duration is 1 ps in all cases. Two-photon excitation
is in resonance with the,SSg transition.
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Figure 6. Transmission vs intensity for Zrbase porphyrin. The pulse
duration is 100 psI’ = 0.1 eV. The radiation frequency is resonant to
the one-photon FT, transition.

2. Vinylphenylamine Zinc-Base Porphyri@ur simulations
of the nonlinear laser pulse dynamics for the basic metallic

porphyrins showed that these compounds are not suitable for

optical limiting. However, there is a way to enhance charge

Baev et al.
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Figure 7. Population dynamics at the end of the cell at a high-intensity
level. The pulse duration is 100 @3= 0.1 eV. The radiation frequency
is resonant to the one-photon transition-T-.
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Figure 8. Population dynamics near the entrance to the cell at low
intensity level. Pulse duration is 100 gs.= 0.1 eV. The radiation
frequency is resonant to one-photon transitiga-T>.

state g in our simulations. The energies of these “real” states
are quite close to each other and the transition dipole moment
between them is very small, so it was justified to unite them in
order to reduce the computational effort. The energy of the
effective state is the half-sum of the energies of the original
states. The dipole moment is estimated as the square root of
the sum of the squared dipole moments of the original states.
According to the results of electronic structure calculatiéns

there are four TPA paths starting ag 8nd finishing at @

separation, and, hence, to gain a higher two-photon absorption[$| S;[{[5:|S;0 — [$o|Sol), [Bo| S|S0 (ol SsBs| S0 and
cross section. That is to use different substituent groups as, for[$y|S4[%4|S;[1 The first channel results in weak two-photon

example in vinylphenylamine (Figure 3). All data for this

absorption because of the small values of the permanent dipole

compound are collected in Tables 1, 2, and 4. As one can seemoments of the singletg@nd S. The last three channels seem

from this set of data the first excited singlet state has a very
low energy which means that only infrared radiation with about
1160 nm wavelength fits a two-photon transition resonant with
S—S: (see Table 1 for notations). Let us briefly analyze the
possible two-photon paths as we did for the basic-Base
porphyrin molecule. The radiation frequency should be tuned
in two-photon resonance with the singlet i order to avoid
the strong one-photon absorption channgt$S, arising from

the large value of the transition dipole moment for this transition
(see Table 1). It is necessary to say that two “real” stat&s, 4
and 3S (see Table 1), were modeled by one effective singlet

to bring about rather poor two-photon absorption because of
small values of the transition dipole moments between the
singlets (3, &), (S, S3) and (S, Sy). However, there is a two-
photon channel$y| S;1$;| S;Cwhich is quite intense even if we
keep the two-photon resonance with the singlet™he two-
photon detuning is about 0.6 eV in this case which is
compensated by the large values of the transition dipole
moments between the singlets, S; and S, S; (see Tables 1
and 4).

The results of the dynamics simulationslat= 0.01 eV are
shown in Figure 9. The one-photon saturation intensity of the
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transition $—S; was estimated to be equal to 322 GW/dior
1 ps pulses, the same for the transitior-S; is 10.8 GW/crm.
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Figure 11. Transmission vs intensity for PtC at two different pulse
durations. Two-photon resonance with thg-S; transition. The inset
shows an almost linear regime in the region of low intensities=
0.01 eV. “sd”= slow decay of T; “fd” = fast decay of T.

the pulse is long. In the case of a 10 ps pulse the saturation
intensity of the T—Tj4 transition constitutes 0.2 GW/&rThe
contribution of the channély| ST 1| Te[X0 the total TPA cross
section (at rather high intensities) is larger than of the channel
related to the absorption to the triplet state The reason for
this is that the saturation intensity for the-1T¢ transition is
much highet-about 60 GW/crafor the 1 ps pulse. It decreases
slightly when the pulse is longe#0 GW/cn# for a 10 ps pulse.
The value of the transmission at 50 GW~FAmitial intensity

for a 10 ps pulse is 0.548 in comparison with 0.458ddl ps
pulse. The triplettriplet absorption from T to T plays the
crucial role in the case of the 10 ps pulse because the singlet
singlet $—S; transition, as well as;SS, and the triplet-triplet
T1—T4 transitions, is saturated. The lifetime broadening of the
triplet state Twas 1x 10 st and of the triplet stategl 1 x

102 s2,

3. Pt Compound (IVc).According to recent electronic
structure computations the platinum-based organometallic com-
pound IVc (Figure 4) is a very promising candidate for optical
limiting. The ab initio data are collected in Tables 1, 2, and 4.
As in the case of the ZnPP molecule two almost degenerate
states, #A’ and SA’ (see Table 1) were modeled by one
effective singlet states3n our simulations for reasons described
above.

The transmission decreases as the intensity grows up which is The same behavior of the nonlinear transmission as in the
a clear sign of strong two-photon absorption. On the other hand, case of ZnPP is observed for this moleculerat 1 ps (see

in the region of low intensities the transmission is almost

Figure 11, triangle-marked curve). However, the slope of the

independent of intensity (see Figure 9 inset), which implies weak transmission is steeper for PtC. The ratio of the transmission

off-resonant linear absorption. The population dynamics pre-

sented in Figure 10 for the intensity 100 GW/shows clearly

values measured at 1 W/érand at 100 GW/c & respectively,
equals 5.13 in the case of PtC and 1.4 in the case of ZnPP.

that the main two-photon absorption channel is related to the Off-resonant one-photon absorption is stronger for PtC in the
singlet manifold of states in the case of a 1 ps pulses. As we region of small intensitiesT(= 0.438) with respect to Zn
can see from Figure 10, the contribution of the stepwise channelsporphyrin T = 0.595). In comparison with ZnPP, this leads to

[Bo| 1T, | T4CBNd [$o| S 1T | Te[ 10 the total nonlinear absorption

more efficient nonlinear absorption in the region of high

is small due to the short pulse which at the given ISC rate doesintensities due to the stepwise channels. On the other hand, the
not have time to pump the lowest triplet state. The ISC rate saturation intensity for the off-resonant one-photof-S

was set to 1x 10° st in our simulations. The saturation
intensity of the triplet-triplet T;—T4 transition equals 2 GW/
cn? for a 1 pspulse according to our estimate. Such a small

channel becomes smaller for PtC (177 GWAdar a 1 pspulse;
see Table 8). Two-photon absorption starts to dominate one-
photon absorption at intensities of about 5 GW/¢Rigure 12).

value is the result of an almost exact resonance of the exciting The theoretical curve of the two-photon absorption lentybhn(
radiation with this transition. Thus, the stepwise TPA channel = 1/(fly)) passes the value 0.364 cm, which corresponds to the

[Bo| ST T4Ois switched off at high intensities, especially if

nonsaturated one-photon absorption length at this intensity point.
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Figure 13. Population dynamics near the entrance to the cell at high-
intensity level for the IVc Pt compound. Pulse duration is 10Ips:

while “simul.” means that the dependence was obtained making use

of the values of transmission at each intensity point. TABLE 9: Transmission vs ISC Rate for PtC?

=
TABLE 8: Saturation Intensities of Selected PtC Transitions "= 10ps
trzgnsition L satulratlon intensity, G\i\gc?n ISC rate, st r=1ps Iy, = 10051 Iy, = 10851
- i S T=1ps T=10ps
3 ! P P 101 0.0836 0.5214 0.0263
N 16 177.47 17.83 1019 0.0849 0.4674 0.2272
S—% 10° 12.12 1.82 10° 0.0850 0.4625 0.3663
S$i=S 10* 3341 2112 107 0.0850 0.4613 0.4191
S-S 12.32 7.79 106 0.0850 0.4612 0.4436
S—Ss 3182 2012
T—Ta 1010 5.20 0.54 aly = 100 GW/crd.

The two-photon absorption coefficiefitwas estimated dp = decay rate of 7. Such a low saturation intensity in the case of
70 GW/cn? where TPA dominates (see refs 18 and 36). As we a 10 ps pulse leads to a switch-off of the effective stepwise
can see from Figure 12, the simulated (calculated at eachtwo-photon channel$y|S;[T1|T4[ The population dynamics
intensity value) two-photon and one-photon absorption lengths are presented in Figure 13. As we can see in Figure the transition
do not cross. The reason for this peculiarity is that in the region T1—T, is saturated at the 100 GW/érmtensity level. A larger
of small intensities the estimation forméidor the two-photon value of transmission0.462 compared with 0.085 for the 1 ps
absorption length T/(1 — T), does not apply and vice versa pulse—signals saturation effects. However, the populations of
in the region of high intensities the estimation of the one-photon the triplet states are low compared with the singlet states which
absorption length-L/In(T), is not applicable. means that the triplettriplet absorption provides a minor
When the pulse is long (10 ps) the transmission is high at a contribution to the total absorption cross section at the given
high-intensity level (Figure 11, circle-marked curve). On the ISC rate (18 s™1). As we can see from Table 8, the saturation
other hand, the slope of the transmission is larger than=at intensities for some of the transitions in the singlet manifold of
1 ps in the region of smaller intensitiesp to 10 GW/cr (see states are rather low, especially for a 10 ps pulse. It implies
Figure 11). That is because of more efficient stepwise TPA that the saturation will make even the singlsinglet absorption
processes depending on the population of the excited singletchannels less efficient at the intensities higher than 1 G\/cm
states. which in turn will increase the transmission. The population
We are now interested in the reason for such an increase ofdynamics shows that the singtetinglet transitions are saturated
the transmission in the case of the long-pulse excitation. at a high-intensity level (Figure 13). Table 9 shows the
Apparently, the reason is saturation effects; the only question dependence of the transmission on the ISC rate. One can see
is which absorption channel is responsible for the saturation: that the value of the transmission does not change much in the
singlet-singlet or triplet-triplet? As we mentioned above, the case of the 1 ps pulse which again implies the minor role of
triplet—triplet absorption becomes important for long-pulse the triplet-triplet absorption. Such a short pulse cannot populate
excitations. The saturation intensity of the-TT,4 transition is the singlet state Stherefore, the stepwise chanf®&|S; [T, | T4
0.54 GW/cni for the 10 ps pulse while it is 5.2 GW/cnfior does almost not work at all. In the case of 10 ps pulses the
the 1 ps pulse (Table 8). The saturation intensity is very sensitive changes are visible although not large. It tells that the saturation
to the lifetime broadening of the excited state. In our case, the of the singlet-singlet transitions is the main source of the
radiative decay rate of the excited triplet; Btate equals increase of the transmission when the pulse becomes longer.
approximately 1x 1(° s 1. For highly excited states, the It is interesting to see what will happen if the rate of the
nonradiative decay processes must be of importance giving theinternal conversion of the excited triplet, s faster than the
main contribution to the total decay rate. The values of the inverse pulse duration. We set the lifetime broadeningabT
saturation intensities (Table 8) were obtained at>a 1010 s™1 1 x 108 s It results in an increase of the saturation intensity
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Figure 15. Dependence of the transmission on the ISC rate at different
values of the decay rate of, Triplet state for IVc Pt compound. The
pulse duration is 10 pd. = 0.01 eV.l, = 100 GW/cni.

to the value of 52 GW/ckfor the 10 ps pulse. So, more
efficiency than in the case of the slow decay stepwise TPA

J. Phys. Chem. A, Vol. 108, No. 36, 2004415

V. Summary

By capitalizing on recent accomplishments in theoretical
modeling in two different fields-quantum modeling of molec-
ular excitation processes and classical computations of pulse
propagatior-we are in a position to address detailed issues
concerning optical power limiting as well as to obtain a more
holistic picture why certain compounds are effective in this
respect. We illustrate these possibilities by presenting simulation
results for a couple of organometallic compounds that are
believed to be potential optical limiters. Electronic structure
calculations were thus carried out for basic metase por-
phyrins, for vinylphenylamine porphyrin, and for the type IVc
platinum compound aiming at a characterization of their
electronic properties related to nonlinear absorption of electro-
magnetic radiation. A comparative analysis of the optical
limiting capability of those molecules was performed based on
dynamical simulations of nonlinear pulse propagation. The total
transmission vs pulse intensity and pulse length was thus
predicted for these compounds and several key features and rate
limiting steps in the transmission were pinpointed.

We showed that the type IVc platinum compound exhibits
better optical limiting properties than porphyrins for short-pulse
excitations. The special design of this compound such as triple
C—C bonds shifting the energy of the first excited singlet state,
and phenyl and thiophene groups providing enhanced nonlinear
optical response contributes to a large apparent TPA cross
section. On the other hand, the large value of the transition
dipole moment between the triplet states and close to resonant
conditions between the exciting radiation and a tripteiplet
transition results in a low saturation intensity of this transition
leading to a decrease of efficiency of the stepwise TPA channel
associated with inter-system crossing. Thus, the saturation effects
can easily spoil the optical limiting capability if the exciting
pulses are longthe critical pulse length evidently being
different for different compounds. The saturation intensity is
quite sensitive to the nonradiative quenching and hence to the
lifetime broadening of the higher triplet state. The high
nonradiative internal conversion rate of the higher triplet states
results in a large value of the saturation intensity. In this case,
the upper limit of the pulse duration allowing for an efficient
optical limiting is shifted toward longer than 10 ps pulses for
the IVc platinum compound. The ISC rate has anyway to be
comparable with the inverse pulse duration in order to boost
the stepwise TPA channel associated with the sirglitglet
transition followed by a triplettriplet transition. This suggests
that organometallic compounds, especially those containing

channel was expected. Indeed, the transmission dropped dowrheavy elements, are good candidates for optical limiting as the

to 0.366 (which though is still higher than in the case of the 1

“heavy atom effect” with large spinorbit coupling produces

ps pulse). The population dynamics presented in Figure 14 strong mixing between;Sand T,. As the spir-orbit coupling

clearly show that the triplettriplet transition is not saturated.

Thus, the stepwise TPA channel associated with the triplet
triplet absorption can be very efficient if the ISC rate is higher
than 1x 1®° s™! (see Table 9 and Figure 15) or the pulse is

grows as the third power with the effective nuclear charge one
can thus easily predict that platinum elements are better than
the zinc elements for optical limiting, all other factors un-

accounted. However, it may be that a very effective inter-system

longer than 10 ps. The square-marked curve in Figure 11 crossing just shifts the rate-limiting step further down the chain

showing the transmission at the high I1SC rate of 10 s?
and the fast decay of the excited triplet statepfoves this.

of process-to triplet—triplet absorption, and, in particular, to
the quenching of the upper triplet states. From the computational

However, one has to remember that the saturation intensity of point of view we have demonstrated that response theory is

the transitions is very sensitive to the pulse duration. For
example, the saturation intensity of the—IT, transition
decreases to 0.082 GW/érfor a 100 ps pulse at the lifetime
broadening of T state 1x 10' s~ If nonradiative internal
conversion makes the value of the lifetime broadening of the

effective in estimating the ;S T, coupling—as residues of a
guadratic response functiorbut we note also as this interaction
does not involve particle exchange and is degenerate, it must
be strongly driven by vibronic interactions; the spiorbit
coupling serving only as an “electronic prefactor”.

absorbing triplet state higher, then the saturation intensity The above statements are supported by an analysis of

becomes higher too and the longer pulses can be used.

population dynamics performed for different values of the
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