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Abstract

Two-photon absorption (2PA) and excited state absorption (ESA) properties of ‘axial-bonding’ type hybrid porphyrin arrays are
investigated in the picosecond regime under single-photon resonant excitation condition. A crossover from reverse saturable absorption
(RSA) to saturable absorption (SA) and back to RSA is observed with the increase of excitation intensity. In the corresponding intensity
ranges, third- and fifth-order phase conjugate signals from degenerate four wave mixing are observed. These observations are explained
using rate equations for population densities in a three-level energy scheme. At higher intensities, 2PA is found to be dominant contrib-

utor to nonlinear absorption compared to ESA.
© 2005 Elsevier B.V. All rights reserved.

1. Introduction

Organic materials with delocalized electrons have
attracted basic as well as applied research because of their
large nonlinear optical susceptibilities, architectural flexi-
bility, and ease of fabrication. The delocalization of an
electron in the molecular frame enhances the optical non-
linearity and this has been one of the most successful strat-
egies for improving nonlinearity. The optical and electronic
properties of many oligomeric conjugated systems have
been investigated to determine structure—property relations
[1] focusing on the third-order nonlinear optical suscepti-
bilities (**) [2,3]. Conjugated organic materials have been
widely investigated in search of suitable chromophores for
all-optical applications like switching and limiting [4].
Metalloporphyrin and metallophthalocyanines form an
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important class of electronic materials exhibiting nonlinear
absorption, due to their large n-electron conjugation, high
values of #® and small HOMO-LUMO gaps with two-
dimensional conjugated molecular structure [5-7]. The
architectural flexibility like axial substitution of heavy
atom and electron-donor subunits linked to the central
metal atom [8-10] in porphyrins provides extra ways of
optimizing the nonlinear absorption (NLA).

Excited state absorption (ESA) and two-photon absorp-
tion (2PA) are the important processes leading to NLA
behaviour in metalloporphyrins. Linear absorption in a
chromophore is a #'" process and ESA is a sequential
72y process effectively giving rise to third-order nonlin-
earity. 2PA itself is a y® process involving four fields. An
electronic nonlinear optical process is said to be resonant
when the excitation wavelength is closer to any absorbing
electronic transition. Under resonant and near resonant
excitations, ESA is the dominant mechanism in metallo-
porphyrins [11], whereas, under nonresonant excitation
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2PA dominates the NLA behaviour [11-13]. Under certain
excitation conditions, both ESA and 2PA may be operative
simultaneously leading to higher nonlinearities [14]. In this
Letter, we discuss the contribution of ESA and 2PA to the
NLA with increasing excitation intensity in ‘axial-bonding’
type hybrid porphyrin arrays based on tin(IV) tetra-
tolylporphyrin (Sn'VTTP) scaffold under resonant excita-
tion. We present observations of open aperture Z-scan
technique and degenerate four wave mixing (DFWM) in
the picosecond (ps) regime and attribute the observed
NLA to third- and fifth-order optical nonlinearities to the
excited states of the molecules.

2. Axial-bonding type hybrid Sn" TTP arrays

Monomer and dimers are synthesized following the pro-
cedure reported in the literature [15]. The nomenclature of
monomer molecule is meso-5,10,15,20-(tetratolyl) porphyr-
inato tin(IV) dihydroxide; [(TTP)Sn"Y(OH),]; and is repre-
sented as Sn'TTP in this Letter. The architecture of the
trimer arrays is such that Sn'"Y complex of meso-
5,10,15,20~(tetratolyl)porphyrin forms the basal scaffolding
unit, and free-base, Ni'' porphyrins occupy the two axial
sites via an aryloxy bridge [16]. The nomenclature of trimer
arrays is: (free-base porphyrin),(tin(IV)porphyrin) =
[(TTP)-Sn"(H,TriTP(0)),] and (nickel(Il)porphyrin),
(tin(IV)porphyrin) = [(TTP)-Sn"Y(NiTriTP(O)),] and are
represented as Sn-(H,),(TTP); and Sn-Niy(TTP);, respec-
tively. The molecular structures of monomer and trimer
are shown in Fig. la. The dimer molecule has two mono-
mers linked covalently at meso position with ethoxy spacer.
The nomenclature of the tin(IV) dimer is [p-[5,10,15-tri
(p-tolyl)-20-[4-[2-[4-[10,15,20-tri(p-tolyl)-5-porphyrinyl jphen-

Sn{IV)TTP trimers

oxyJethoxyJphenyl]porphyrinato]ldi(tin)(I'V)tetrahydroxide;
[(TriTP)-Sn"Y(OH),}-O(CH,),O-(TriTP)Sn'"Y(OH),] and is
represented as Sn-Sn(TTP),. The architecture of hexamers
[15]is based on a covalently linked Sn'Y porphyrin dimer,
with each of the two Sn'Y porphyrins centers trans-axially
ligated to two free-base, zinc(Il) tetratolylporphyrins.
The nomenclature of the hexamers is: [(TTP)-Sn'Y
(H2TriTP(O))2] O(CH,),O-[(TTP)-Sn"V(H,TriTP(0)),] and
(TTP)-Sn™(ZnTHTP(O))>FO(CHo),O{TTP}SnY(ZiTH T O)). ]
and are referred as Sny-(H,)4(TTP)s and Sny-Zny(TTP)s,
respectively. The molecular structure of dimer and hexamer
is given in Fig. 1b.

Representative UV-Vis absorption spectra of the arrays
are shown in Fig. 2. The UV-Vis spectrum of a given tri-
mer and hexamer compared to the corresponding mono-
meric porphyrin suggest that the absorption peaks of
these compounds are in the same range, indicating minimal
perturbation of the electronic structures of the individual
macrocyclic n-systems in these arrays. Minor variations
in the spectral features of the trimers with respect to the
corresponding monomers are ascribed to the ‘substituent
effects’ [15,16]. On the other hand, the singlet state activities
of these oligomers are quite different from those of the pre-
cursor reference compounds as probed by steady-state fluo-
rescence and fluorescence lifetime measurements using time
correlated single photon counting (TCSPC) technique.
Fluorescence lifetimes and the respective yields of these
porphyrins in dichloromethane as solvent are given in
Table 2. All these molecules have bi-exponential decays
for tg; representing fast and slower decay. It is clear from
the Table 2 that as the array becomes larger; the contribu-
tion of slowly decaying (long lived) component increases.
Longer lifetimes of the first excited singlet state can lead

X =2H, Zn(ll)
Sn(IV)TTP hexamer

Fig. 1. Molecular structures of: (a) tin(IV) monomer and trimer; (b) tin(IV) dimer and hexamer arrays.
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Fig. 2. UV-Vis spectrum of the arrays. Dotted lines are magnified by a factor of 10 for clarity.

to enhanced ESA and subsequently alter the NLA proper-
ties of a molecular system. The lifetimes of the first excited
singlet state change considerably with substitution of metal
in hexamers. Substitution of Zn as central metal atom in
porphyrin ring is reported to vary the singlet state proper-
ties and triplet state formation quite significantly [17].

3. Experimental details

Second harmonic (532 nm) radiation from a hybrid
mode-locked Nd:YAG laser giving 25 ps pulses at 10 Hz
repetition rate is used in our studies. Open aperture Z-scan
[18] is carried out by focusing the input beam on to the
sample with linear transmission of ~75% at 532 nm using
a lens of 500 mm focal length to 60 um spot-size at focus
giving peak intensities in the range 5-50 GW cm 2. The
transmitted light is collected using a photodiode. We have
employed the standard backward DFWM phase conjugate
geometry [19] for the measurement of %*. Using a beam
splitter, a part of the input beam is split and used for the
backward pump (beam 3) and is gently focused using a
1000 mm lens. The rest of the beam is again split using a
second beam splitter. One part of this beam is the probe
(beam 2) that passes through a delay line and meets the
forward pump. The other part is the loosely focused (using
a 2000 mm focal length lens) forward pump (beam 1)
reaching sample at a fixed delay. The spot-size of the beams
on the sample is measured to be ~1 mm. The angle between
the forward pump and the probe is ~5.1°. A half wave
plate (HWP) is introduced in the probe beam to change
its state of polarization. A part of the forward pump is
picked up by a photodiode to monitor the pulse-to-pulse

fluctuations. All the samples, dissolved in chloroform, are
placed in a 1-mm quartz cuvette.

4. Nonlinear absorption and optical nonlinearities

The open aperture Z-scan curve representing NLA of
Sn,-Zny(TTP)s hexamer is shown in Fig. 3. NLA shows a
totally different behaviour with increasing intensity. In
the intensity range of 5-10 GW c¢m 2 these oligomers show
only RSA due to ESA. With the increase of input intensity
to 10-25 GW cm 2 we observed SA in RSA due to the sat-
uration of ESA in the S; — S, transition. At further higher
intensities (35-50 GW cm™?) RSA within saturation of
ESA due to 2PA is observed. In Sn-H, oligomers initial

=
®

Normalized Transmittance
o
()]

-2
04l 50 GW ¢cm
1 " 1 " 1 "
-8 —4 0 4 8
Z (cm)
Fig. 3. Open aperture Z-scan curve of Sn,-Zny(TTP)g.
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RSA is followed by saturation of ESA and no further
switchover to RSA is observed even at higher intensities.
Such intensity dependent saturation of ESA (S;—S,)
and faster higher excited state relaxation has been observed
earlier in axial ligated porphyrins [8,9]. The excitation
wavelength 532 nm, lies in resonance with higher levels of
the Q-band (Sy — S; transition) in the arrays having Sn-
H, porphyrins and is at the absorption edge in the arrays
with metal-metal (Sn—Ni, Sn-Sn, Sn-Zn) interactions.
Though ESA, 2PA and higher excited state lifetimes
appears to play an important role in the nonlinear absorp-
tion, 2PA is predominant in oligomers having metal-metal
interactions and is essentially negligible in molecules hav-
ing metal-freebase interaction. Though 2PA process is pre-
dominant in non-resonant excitation, large resonant
enhancement in the 2PA cross-section can be expected
due to stepwise single-photon transition and by proper
structural modifications to the porphyrin moiety [13].

In order to investigate the nonlinearities causing the
crossover in NLA, we performed DFWM in phase conju-
gate (PC) geometry. The log—log plot of input energy and
PC signal for Sn,-ZngyTTP)s hexamer is shown in
Fig. 4a. These arrays show a slope of ~3 at intensities
lower than 10 GW cm 2 and above this intensity the slope
approaches ~5.2, suggesting higher-order nonlinear contri-
butions. For dimer molecule, higher slope appeared at rel-
atively lower intensities (~9 GW ¢cm2) compared to that
for trimer and hexamers (~15 GW cm™2) arrays. In case
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Fig. 4. (a) Log-log plot of PC signal and the input energy for Sn,-
Zn,(TTP)s. (b) Intensity dependence of the PC signal in z*® measurements
for Sn-Ni,(TTP);. Line shows the cubic dependence fit.

Table 1
Second hyperpolarizability (y) of Sn(IV)TTP oligomers
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Porphyrin @) (x 107esu)
Sn(TTP) 0.37x 1073 [20]
Sn-(H,)(TTP); 0.93 £0.06
Sn-Niy(TTP)3 0.61 £ 0.04
Sn-Sn(TTP), 3.04+0.20
Sny-(Ho)4(TTP)s 0.33 +0.02
Sn,-Zny(TTP)s 0.38 £0.03

of Sn—-Sn dimer the log-log slope of the phase conjugate
signal were 2.8 + 0.1 and 4.9 0.1 at lower and higher
intensities, respectively. However, trimers and hexamers
have slopes that are slightly higher than 3 and 5. This
can be attributed to additional delocalization of the singlet
states in trimers and hexamers due to photoinduced elec-
tron transfer (PET) and excitation energy transfer (EET)
changing the population densities contributing to nonlinear
polarization. Whereas in the case of the dimer, possibility
of PET and EET is absent and conjugation via the covalent
ethoxy spacer is present.

The second hyperpolarizability (y) is measured from
cubic dependence of the PC signal (Fig. 4b) and are given
in Table 1. The {y) value for hexamers and dimer is three
and four orders of magnitude larger, respectively, than that
of monomers [20]. Excited state enhancements of the opti-
cal nonlinearities under resonant excitation are well known
in delocalized m-electron systems [21]. The (y) is increased
from monomer to dimer and then decreases for hexamer
arrays. Fig. 4b shows the plot of input energy and the
phase conjugate (PC) signal for Sn-Niy(TTP)3;. The chain
length dependence of #¥ for several molecular arrays
and polymers has been investigated and it is known that
the magnitude depends on the number of monomer units
[2]. For oligomers of larger monomer unit such as porphy-
rin, the enhancement of (y) is more drastic and it saturates
at a much shorter length [22,23]. Deviations from the cubic
behaviour of the PC signal with log-log slope approaching
~5, are reported in various porphyrins [20,24].

The four-wave description of the DFWM interaction
specifies only the number of beams involved and does not
limit the interaction to third-order nonlinearity and
depends mainly on the nonlinear mechanism and popula-
tion densities [25]. In isolated molecules in solution,
strongly coupled pairs of excitons created by a 2PA or
ESA processes would create a two-photon grating that
would produce a scattering proportional to the fifth power
of the laser intensity, and an effective > process. Similar
results of the intensity dependent higher-order nonlinearity
[14,26] and absorption [27] are reported in organic materi-
als due to 2PA and 2PA generated ESA. Saturation of the
DFWM signal at lower intensities and increase of the slope
at higher intensity due to multi-photon ionization processes
has been reported in semiconductor materials [24,28] indi-
cating the intensity dependant nonlinearity. Though we
have not observed any such saturation of the PC signal
in the lower intensity range, the transition from the lower
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to the higher intensity regime is fairly continuous. This
clearly indicates the presence of ESA in the lower intensity
domain and the dominance of 2PA at higher intensities.

We seek to understand our observations using a rate
equation model. Since the intersystem crossing from singlet
to triplet state is a slower process compared to the excita-
tion pulse width, the generalized five-level model for por-
phyrin effectively becomes a three-level model involving
singlet states Sy, S; and S,,. Thus, population distribution
in porphyrins can be explained by the rate equations,

dNy  aINo BI* N,

=0 1
d¢ ho 2o T (D
dN1 GolN() 0'11N1 N] Nn

_ _ g 2
de fiw o 1 * T, @)
dn, IN > N,

_ oty +ﬁ___ (3)

dt o 2k 1,

and the intensity transmitted through the sample is given
by

ar_ —00INo — 6,IN| — I, (4)
dz

where N; and t; represents population and the relaxation
times of a state S; oo is the ground state absorption
cross-section from Sy — Sy, o is the excited state absorp-
tion cross-section from S; — S, f is the 2PA co-efficient,
and 7w is the energy of the excitation photon. 7 is incident
intensity as a function of radial direction (r), time (¢), and
length (z) of the Gaussian beam. The differential equations
are first de-coupled and then integrated over r, ¢t and z
within the limits 0 to co, —oco to oo, and 0 to L (sample
thickness), respectively. Typical number of slices used for
r, t, and z are 60, 30, and 5, respectively. a1, f and g,
are estimated through least square fit of the experimental
data [29] and are tabulated (Table 2) with the ground
and 2PA cross-section (o»).

The 2PA cross-section is calculated using § = %62; (307,
where / is the Planck’s constant, v is the frequency of light,
and N, is the number molecules per unit volume. From
Table 2, it is clear that o, is large and comparable with
the values reported with dendrimer molecules [31]. Substi-
tution of electron acceptor and donor units is a well known
strategy for enhancing the two-photon absorption cross-
section in organic molecules [12,32]. A 13-fold enhance-
ment of ¢, under nonresonant excitation and further

enhancement by approaching the one-photon transition is
observed in porphyrin with symmetrically substituted elec-
tron accepting units [13]. Out of the different oligomers
studied, we have observed a nominal 5 times enhancement
in o, from SnTTP to Sn-Sn(TTP), and Sn,-Zny(TTP)g,
whereas Sn-Niy(TTP); has very large g,. This could be
due to the contribution of ESA from the highly delocalized
singlet states arising due to PET and EET leading to larger
resonant 2PA [10].

As the relaxations from the excited singlet state S, for
the arrays having Sn—Sn, Ni, Zn interaction are fast com-
pared to the laser pulse width, the population N, can be
assumed to be constant at very high intensities

. o Nn _ O-IINI ﬁlz
ie,dN,/dt=0=>—"= e (5)

Ty how
Substituting this in to Eq. (2), gives

dNy  aINy N,  BI° (©)
dt o 71 2hw’

The effective population density (N.y) describing the
nonlinear polarization (P™") can be given as,
dNeff 7dN1 dN() o G()INO 1 0 ‘812

_ - P
d¢ d¢ d¢ o T [Ne“ +Neff] + 2hiw’

()
where Nz = N; — Ny and Ngff = N| + Ny is the population
at zero field, a constant N,. The resulting PN" can be ex-
plained effectively using a two-level system and is propor-
tional to N.y. At higher intensities, the 2PA term has
dominant contribution to PN* [33]. Under our DFWM
geometry, as both the forward and backward pumps have
same intensities, the PC signal will have equal contribu-
tions from both the pumps.

The observed fifth-order nonlinearity is considered to be
arising from a sequential 7®:x" nonlinearity. Such
sequential nonlinearities leading to fifth- and seventh-order
nonlinearities are observed in semiconductors [33]. The
solid line in Fig. 3 is a theoretical fit to the observed
NLA behaviour using the rate Egs. (1)—(4). For the excita-
tion intensity in the range 10-25 GW c¢cm* these oligomers
show only third-order nonlinearities in DFWM and RSA
due to ESA and a crossover from RSA to SA due to the
saturation of ESA in the S; — S, transition. With further
increase in the excitation intensity (35-50 GW cm™2), PC

Table 2

Ground state absorption cross-section oy, and excited state parameters, fluorescence lifetimes s, % fluorescence yields o1, ts, and g, with 25 ps pulse
excitation

Porphyrin g1 1, (% fluorescence yield) 60 (x10717 cm?) o1 (x10717 cm?) Ten (PS) o> (x10* GM)
Sn(TTP) 0.56 (71), 1 (28) 0.63 11.60 60 2.7
Sn-(H,)»(TTP); 0.74 (71), 5.93 (28) 5.55 1.67 500 -

Sn- Niy(TTP); 0.62 (70), 2.13 (29) 75.00 2.10 50 396.0
Sn-Sn(TTP), 0.57 (95), 4.94 (5) 21.00 7.00 7.5 13.6
Sny-(H»)4(TTP)s 0.45 (28), 1.95 (23), 7.25 (47) 3.20 1.67 500 -
Sn,-Zny(TTP) 0.66 (30), 1.73 (69) 5.50 2.30 15 15.7

1 GM = 1073 cm* s/photon.
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signal shows fifth-order nonlinearities and the contribution
of 2PA in RSA is observed.

To summarize, we investigated nonlinear optical proper-
ties of porphyrin arrays based on Sn(IV)TTP scaffold under
resonant excitation in picosecond timescales. Of all the mol-
ecules studied, arrays having metal-metal interactions show
higher-order nonlinearities indicating the presence of 2PA
associated with ESA process. From the open aperture Z-
scan and the DFWM-PC observations, we are able to dis-
tinguish clearly the two major contributing processes under
resonant intense laser excitation. It is clear that the observed
crossover is due to the combined contribution of ESA
(xV:% V) involving S; — S,, and the 2PA (5® process), with
2PA dominating at higher intensities. Such intensity depen-
dent NLA might have potential applications as a nonlinear
optical device in the picosecond domain.
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