
Journal of Molecular Liquids 311 (2020) 113308

Contents lists available at ScienceDirect

Journal of Molecular Liquids

j ourna l homepage: www.e lsev ie r .com/ locate /mol l iq
Ultrafast photophysical and nonlinear optical properties of novel free
base and axially substituted phosphorus (V) corroles
Naga Krishnakanth Katturi a, Shivaprasad Achary Balahoju b, A.R. Ramya b, Chinmoy Biswas c,
Sai Santosh Kumar Raavi c, Lingamallu Giribabu b,d,⁎, Venugopal Rao Soma a,⁎
a Advanced Research Centre for High Energy Materials (ACRHEM), University of Hyderabad, Hyderabad 500046, Telangana, India
b Polymers & Functional Materials Division, Tarnaka, CSIR-Indian Institute of Chemical Technology, Hyderabad 500007, Telangana, India
c Ultrafast Photophysics and Photonics Laboratory, Department of Physics, Indian Institute of Technology Hyderabad, Kandi 502285, Telangana, India
d Academy of Scientific and Innovative Research (AcSIR), AnusandhanBhawan, 2 Rafi Marg, New Delhi, 110001, India
⁎ Corresponding authors.
E-mail addresses: giribabu@iict.res.in (L. Giribabu), som

svrsp@uohyd.ernet.in (V.R. Soma).

https://doi.org/10.1016/j.molliq.2020.113308
0167-7322/© 2020 Elsevier B.V. All rights reserved.
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 24 December 2019
Received in revised form 1 May 2020
Accepted 5 May 2020
Available online 8 May 2020

Keywords:
Corroles
Transient absorption
Z-scan
Excited-state dynamics
Two-photon absorption
The progression in synthetic procedures over the last two decades gave admittance to a wide variety of corroles
for suitable potential applications such as photovoltaics, photonics, and bio-imaging. In this communication, we
present results from our investigations of ultrafast photophysical processes and third-order nonlinear optical
properties of newly synthesized donor-acceptor based free-base [(C6F5)3] and phosphorus [P-(OH)2(C6F5)3]
corroles. The global analysis of the femtosecond transient absorption data based on the compartmentalmodel re-
vealed the corresponding time constants of several photophysical processes such as (a) internal conversion (τIC)
in the 260–280 fs range (b) vibrational relaxation (τVR) in the 2.5-5 ps range and (c) nonradiative relaxation
times (τnr) in the 4.15–7.6 ns range and finally (d) triplet lifetimes in the range of 25–50 μs. The two-photon ab-
sorption (TPA) cross-sectionmeasurementswere performed using the femtosecond, kHz pulse Z-Scan technique
at 600 nmand 800nmand the retrieved TPA cross-section valueswere in the range of ~102 GM. Degenerate four-
wavemixingmeasurements illustrated a large third-order nonlinear optical susceptibility χ(3) with a magnitude
of 6.9 × 10−14 esu and instantaneous (sub-picosecond) response, suggesting a pure electronic contribution to the
nonlinearity of these corroles. The discoveries from this study may help further to extend the capability of
corroles as NLO materials for photonic applications.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

Unique, organic molecules possessing stable and strong optical/
nonlinear optical (NLO) properties are a prerequisite for diverse ap-
plications in photonics, bio-imaging, photovoltaic, and
photocatalysis [1–3]. Notably, organic molecules possessing large
π-conjugation, specially corroles with donor-acceptor (D-A) sys-
tems, are suitable for many applications, mainly photovoltaics
[4–8] and up-conversion [9] due to close structural similarities of
natural photosynthetic pigments [10–12]. They also exhibit strong
NLO properties arising from its larger π-electron conjugation
[13–18]. Organic moieties holding π-bond conjugation are known
to illustrate stronger dipole moments and create a delocalized distri-
bution of electric charges due to intramolecular charge transfer (ICT)
resulting in high electrical polarization, which is advantageous for
large NLO response [19–24]. A few reports on natural photosynthetic
a_venu@uohyd.ac.in,
phenomena of D-A systems based corroles can be found from the lit-
erature [25–29]. Such D-A systems have been designed by altering
the local position of metal ion of the corrole macrocycle, for example,
either at the axial or at the meso-phenyl position.

In the tetrapyrrolic family, corroles are new chromophores similar to
porphyrinoids possessing 18 π–electron aromaticity identical to that of
porphyrins. Corrole ring consists of four nitrogen atoms in the core and
19 carbons atoms in the molecule. When compared to porphyrins,
corroles are having attractive properties such as stability, higherfluores-
cence, intense absorption in the red region of the optical band, lower ox-
idation potentials, and more significant stoke shifts. In corroles, the
three central nitrogen atoms can stabilize the higher oxidation states
of different metals, which make the corroles a suitable material for
many different fields, in artificial photosynthesis and biomedical appli-
cations [9,30]. By attaching the various metals and transition metals to
the corrole macrocycle, one can tune the optical properties due to
change in the energy gap of the molecular orbitals, which can be used
for biomedical imaging and sensing [31–35]. Efficient photo-induced
electron transfer (PET) and triplet photosensitization can be achieved
by donor-acceptor based molecular systems with long relaxation
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times [4,36–38]. PET is the fundamental process in photosynthesis and
different artificial photo-devices. The triplet photosensitizers should
have efficient intersystem crossing to achieve triplet excited states.
This is possible by adding the metal/transition metal to the corrole
macrocycle provided high fluorescence quantum yields [9,39–43]. Liu
et al. [44] have performed a comparative study of the excited state dy-
namics of Al andGa corroleswherein they found that corroles are planar
rigid frameworks with large Frank-Condon vibration states possessing
large S2 displacements compared to metalloporphyrins. They recorded
lifetimes of the S2 states to be 520 fs and 280 fs in Al(tpfc)(py) corrole
and Ga(tpfc)(py) corrole, respectively. Raavi et al. [45] recently pre-
sented a systematic photophysical investigation on a series of Phospho-
rous (P-TTC) and Germanium (Ge-TTC) based corroles dissolved in
toluene occurring in the femtosecond to microsecond time scales and
concluded that Ge-TTC had superior triplet state properties compared
to P-TTC. Therefore, understanding these ultrafast photophysical pro-
cesses, especially in newly designed and developedmolecules, is essen-
tial for the development of new systems, enabling them tofindpotential
applications.

On the other side, the NLO properties of corroles have evoked tre-
mendous interest due to their highly conjugated π-electron distribution
compared to porphyrins. Several authors have investigated the NLO be-
havior of different corroles, and they found significant NLO coefficients
[16,46] when compared to porphyrins. Although the NLO properties of
corroles are superior to porphyrins, very few reports are found in NLO
activity. In general, for an efficientNLO activity, thematerial should con-
sist of high refractive index n2 valueswith an instantaneous response. In
thiswork,we have synthesized a novel free-base and axially substituted
phosphorus corroles. The investigation of their photophysical process
and third-order NLO properties and response were studied in the solu-
tion phase. The transient absorption studies show the long triplet decay
times in the case of phosphorus corrole and strongly excited state ab-
sorption behavior. We observed significantly strong NLO coefficients
and TPA cross-section (~190 GM) along with Kerr-type nonlinear re-
fractive index (n2 ~ 10−15 cm2/W) from the synthesized corroles.

2. Experimental details

2.1. Synthesis

Synthesis of 5,10,15-tris(pentafluorophenyl)corrole (C6F5-Corrole)
and phosphorous complex of C6F5-Corrole (P-(OH)2(C6F5)3-Corrole)
have been reported in literature [47,48]. The steady-state UV absorption
and emission spectra were obtained by using the PerkinElmer spectro-
photometer and Fluorolog (M/s HORIBA). The samples were dissolved
in a pure DMF to prepare the diluted solutions of ~25 μM concentration.
The prepared samples arefilled in a 1-cmquartz cuvette and kept sealed
for all the measurements. The measurements were performed at room
temperature. The fluorescence spectra are recorded at 410 nm excita-
tion, and the spectra were obtained in the 300–750 nm spectral range.

2.2. Transient absorption measurements

Transient absorption (TA) measurements were performed by using
a commercial HELIOS spectrometer based on a femtosecond (fs) laser
system. The complete experimental details can found from our previous
work [49]. Laser pulses from a femtosecond amplifier (LIBRA, M/s Co-
herent, USA) generating ~50 fs pulses at 1 kHz, 800 nm wavelength
were used to pump the TA spectrometer. The output from the amplifier
pulses 800 nmwas divided into two parts. One part of the laser was fo-
cused onto a 2-mm thick sapphire plate to obtain a probe light spectrum
from 430 nm to 800 nm, and the probe light was collimated using a set
of parabolic mirrors to overcome the group velocity dispersion effects.
The probe pulsewas placed on a linear stage (Thorlabs) before the sam-
ple to achieve the time delay between pump and probe pulses. The
other part of the laser was allowed to pass through a BBO (beta barium
borate) NLO crystal to generate the second harmonic at 400 nm, which
was used as the pump beam. The pump beamwas chopped at 500 Hz to
enhance the signal to noise ratio. The sample (in a 1-mm cuvette, at
~25 μM concentration in DMF solvent) was placed on an XY-
translating stage to minimize the sample degradation effects. The en-
ergy of pump pulses was kept at 0.15 μJ. The transmitted probe pulse
was collected by using a spectrometer (ocean optics). The complete
measurements were performed at room temperature. The TA spectra
are globally analyzed by using Glotaran software (based on TIMP R-
package) [50,51].
2.3. Transient absorption data analysis

To achieve a precise decay rate constants and spectra of excited-
state species, the TA spectra is globally analyzed using a compartmental
model [52]. The global analysis provides a detailed explanation of the TA
data at all measured wavelengths and time points simultaneously. This
was performed by fitting the TA spectra with number of independent
exponential components. The number of independent components
can be estimated by singular value decomposition (SVD) method.
First, the TA spectra are fitted to a sequential model consisting of evolu-
tion associated difference spectra (EADS), which provide the informa-
tion about the evolution of excited-state species. The sequential model
provides an estimation of respective time decay constants, which can
be used for further investigation of the system based on target analysis
using the compartmental model. In general, EADS contains a mixture of
contributions from different processes. To extract the information from
pure excited state and product states, a specific model can be attributed
so-called target analysis, which provides the individual species associ-
ated difference spectra (SADS). From this model, the energy and charge
transfer processes can be estimated in terms of different reactionmech-
anisms or different compartments.
2.4. Z-scan measurements

The third-order NLO properties were measured using a single beam
Z-scan technique. An optical parametric amplifier (OPA, TOPAS-C) is
used as a laser sourcewhich is pumped by a 50 fs 800 nm laser amplifier
(LIBRA).The input laser pulses from OPA (at 600 nm and 800 nm) were
focused on using a 15 cm lens, and the sample is translated along the Z
direction by using a linear translation stage (Newport). The input beam
diameter is ~3 mm with a beam waist (ω0) of 50 μm and the corre-
sponding Rayleigh range being ~2.0mm. The input intensities are calcu-
lated to be in the range of ~60–110 GW/cm2. The transmitted signal was
collected using a photodiode (PD, Thorlabs SM1PD2A). The PD is con-
nected to a lock-in amplifier (Signal recovery 7265). The voltage output
from the lock-in amplifier was recorded at each sample position. A 1-
mm sample cuvette was used to hold the sample and the acquisition
was performed through a LabVIEW program. The complete experimen-
tal details can be found in our previous work [53].
2.5. Degenerate four-wave mixing measurements

Degenerate four-wave mixing experiments were performed using
~50 fs pulses. The output of the amplifier pulses was divided into
three equal parts and arranged in a forward BOXCAR geometry fashion.
The energy of all the three input beamswere nearly the same (~1.2 μJ). A
5-mm sample cuvette was used for themeasurements to hold the sam-
ple (0.1 mM concentration in DMF solvent). The signal which appeared
as the fourth beam and was obtained at the fourth corner of the BOX
was fed to a lock-in amplifier (signal recovery 7265) by using a photo-
diode (Thorlabs SM1PDA). The complete experimental details can be
found in our previous work [53]. The time-resolved DFWM transients
were recorded at each probe delay using a LabVIEW program.
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3. Results and discussions

3.1. Steady-state absorption and emission spectra

The steady-state absorption spectra of two corroles (C6F5)3-Corrole
and P-(OH)2(C6F5)3-Corrole are shown in Fig. 1(a) and (b) (black
curves). An intense peak [Soret band (S2)] near 430 nm for the free-
base corrole was observed, which arises mainly due to π-π* electronic
transitions from the ground state to the second excited state (S2). The
Soret band of phosphorus corrole with a blue shift at 410 nm was ob-
served. The inset displays the magnified view of the Q-band absorption
due to theπ-π* transition from the ground state to the first excited state
(S1). The steady-state emission spectra of the synthesized corroles were
recorded at 410 nm excitation, as shown in Fig. 1(a) and 1(b) (red
curves). The photophysical parameters and DFT studies were reported
in our earlier work [54], with the corresponding molecular structure
are shown in Fig. 1(c) and (d). The energies of HOMO-LUMO were
5.80 eV, and 2.88 eV and 5.32 eV and 2.79 eV for phosphorus(V) corrole
and C6F5-corrole respectively [54,55], and the fluorescence quantum
yields are found to beΦ=0.53 andΦ=0.14 in phosphorus(V) corrole
and C6F5-corrolewith singlet excited state lifetime of 3.6 ns and 3.7 ns in
solution state (dichloromethane) [29,54].

3.2. Transient absorption measurements

The femtosecond transient absorption (TA) measurements were
performed at Soret band photoexcitation with 400 nm wavelength.
The TA spectra were measured up to 3 ns delay from 450 to 780 nm
wavelength range. Fig. 2(a)-(b) depict the transient absorption spectra
of the C6F5-Corrole and P-(OH)2(C6F5)3-Corrole recordedin DMF sol-
vent. The phosphorus corrole exhibited a strong photobleach signal at
590 nm compared to free-base corrole indicating with slow recovery
due to the possible formation of long-lived photo-excited species per-
haps resulting from a higher triplet yield. The TA spectra illustrated
Fig. 1. Absorption and emission spectra of (a) (C6H5)3-Corrole and (b) P-(OH)2(C6F5)3-Corrole
present study.
three different absorption peaks upon photoexcitation I) photo-
induced absorption band in the spectral range 450–550 nm due to ex-
cited state absorption including the formation of triplet-triplet state ab-
sorption II) a negative signal in the spectral range of 556–615 nmdue to
S0 ground state bleach (GSB) with Q-band vibrational features and III)
stimulated emission peak near 647 nm for phosphorus corrole and
685 nm for free base corrole. A closer look into the TA spectra of phos-
phorus corrole up to 10 ps, shown in Fig. 2(c)-(d), reveals various pro-
cesses: (i) After the photoexcitation with 400 nm positive bands at
465 nm and 714 nm and negative bands at 590 nm and 566 nm are in-
stantaneously formed, and the positive groups are assigned to singlet
excited state absorption whereas the negative signals to ground state
bleach, (ii) The bleach maximum at 590 nm of phosphorus corrole in-
creases up to 50 ps, and the Q vibrational band at 570 nm stays up to
1 ps time scale, and (iii) the stimulated emission peak near 645 nm,
that continues to increase up to 100 ps and after that starts decaying
which is due to the relaxation of singlet relaxed excited state (Fig. 2
(a)-(b)).

In the case of free base corrole, the SE band near 685 nm decays
within 1 ns, and the bleach maximum at 620 nm increases up to
10 ps. At a 10 ps time scale, a blue shift in the spectra shown in Fig. 2
(c)-(d) is evident from both the spectra; after that, it starts decaying
continuously. This represents the two different species spectra before
and after a 10 ps time scale, which could be due to the vibrational relax-
ation to the S1 excited state at that time scale. The longer decay of the
bleach signal due to the loss of excited state absorption confirms the for-
mation of triplet states, as seen in Fig. 2(a), (b). Understanding the ultra-
fast photophysical process by single wavelength analysis is difficult due
to the overlapping of different photo processes. Therefore, global analy-
sis based on target model was performed on both the spectra free-base
and phosphorus corrole to get a complete picture of the various photo
process involved such as I) internal conversion (from the lowest vibra-
tional states of Sn to the highest vibrational states of S1) II) vibrational
relaxation (within the S1 state) III) nonradiative relaxation [including
in DMF solvent (c) and (d) Molecular structure of the title molecules investigated in the



Fig. 2. fs-TA spectra of (a) (C6F5)3-Corrole and (b) P-(OH)2(C6F5)3-Corroleat different probe delays and TA spectra of (c) (C6F5)3-Corrole and (d) P-(OH)2(C6F5)3-Corrole at a shorter time
scale up to 10 ps.
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the intersystem crossing (S1 states to T1 states) and nonradiative relax-
ation directly from S1 states to S0 states and IV) triplet decay (T0-S0)
wherein the population from T0 states relaxes to ground state S0.

Fig. 3 shows the TA kinetic profiles along with fittings at selected
wavelengths for phosphorus corrole and free-base corrole obtained
after the target analysis. The displayed wavelengths represent different
photo process after photoexcitation at 400 nm. The kinetics of phospho-
rus corrole at Q-band at 590 nm (GSB) did not decay even after 3 ns,
which suggests the formation of long-lived excited species. The kinetics
of the SE band maxima at 648 nm is decayed within ~2 ns in the case of
phosphorus corrole, whereas in the case of free-base corrole kinetics of
Fig. 3. TA kinetics of (a) (C6F5)3-Corrole and (b) P-(OH)2(C6F5)3-Corroleat selected wavel
the SE band at 683nmcompletely decayswithin 1 ns suggesting the for-
mation of triplet states at this time scales. A kinetic analysis based on a
compartmental scheme was implemented by using a photophysical
model, as shown in Fig. 4, which helps to estimate the spectra of excited
species providing corresponding species associated difference spectra
(SADS) and microscopic rate constants of individual species shown in
Fig. 5.

Fig. 5 shows the target analysis for the phosphorus corrole and free-
base corrole TA spectra with respective SADS (left) and population
(right) decay profiles. From the target analysis of the phosphorus
corrole TA spectra based on the photophysical model (Fig. 4), we
engths scattered points are experiential data while the solid lines are theoretical fits.



Fig. 4. Schematic of the representative energy band model taken for global analysis.
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estimated the internal conversion (IC) rate (Sn to S1⁎ states) as kIC =
3.8 × 1012 s−1 corresponding to a lifetime of 260 fs, vibrational relaxa-
tion (VR) rate (from S1⁎ to S1 states) constant as kVR = 4 × 1011 s−1 cor-
responding to a lifetime of 2.5 ps and triplet relaxation from T0 to S0
with life time estimated to be 25 μs. The lifetime of S1 state was fixed
using the value obtained from the TCSPC measurements, which was
3.6 ns. We used τTCSPC = [1 / (kr + knr)] wherein ‘τTCSPC’ is the lifetime
Fig. 5. SADS (left) and concentration profiles (right) of (a,
obtained from measurements and kr being the radiative decay rate and
knr being the nonradiative decay rate (the population from S1 state can
come down to the ground state of S0 directly or through T0 (via ISC)
[29,54]. From S1 state 53% of population goes radiatively to the ground
state with 6.7 ns lifetime (obtained from fluorescence quantum yield)
and the remaining 47% is transferred to non-radiatively with a 7.6 ns
lifetime constant. In case of free-base corrole the life time of S1 state
was obtained as 3.7 ns, where 14% population from S1 state goes
radiatively to S0 with lifetime of 25.5 ns and 86% of population is trans-
ferred nonradiatively to ground state with lifetime of 4.15 ns. We have
obtained an excellent agreement between the theoretical fits and the
experimental TA data. Fig. 6 demonstrates the significant overlap of
TA data (scattered points) and theoretical fit (solid lines) at 0.3 ps and
3 ns probe delay times of the synthesized corroles. Table 1 summarizes
the estimated photophysical parameters from the target analysis. The
errors in the lifetimes estimated were estimated to be b1%.

Fig. 5(a) and (c) illustrate the SADS spectra of two corroles and indi-
vidual population decay profiles Fig. 5(b) and (c) of different excited
state processes after photoexcitation with 400 nm. The SADS spectra
of Corroles brings the distinction between different processes, the
SADS1 (left) corresponds to the formation of higher excited state Sn
and SADS 2, and 3 represents the vibrational hot S1⁎states and relaxed
S1 state. The SADS4 could be due to the relaxation of the triplet state.
3.3. Nonlinear optical properties

3.3.1. Z-scan
The third-order NLO properties of synthesized Corrole were investi-

gated at 600 nm and 800 nm wavelength by using a 50 fs laser pulses
using a Z-scan technique with an input intensity of ~50 GW/cm2. All
themeasurementswere performed in a solution phase at room temper-
ature with solution processing concentration ~ 0.1 mM in pure DMF.
c) (C6F5)3-Corrole and (b, d) P-(OH)2(C6F5)3-Corrole.



Fig. 6. fs-TA spectra of (a) (C6F5)3-Corrole and (b) P-(OH)2(C6F5)3-Corroleat a pump−probe delay of 0.3 ps and 3 ns depicting an excellent agreement of the global fitting (solid line) with
the experimental data (circles).
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From the obtained Z-scan transmission curves, two-photon absorption
coefficient (β) and nonlinear refractive index (n2) and corresponding
third-order nonlinear susceptibility χ(3) were extracted. The open aper-
ture (OA) transmission curves show the reverse saturable absorption
behavior, as shown in the data presented in Figs. 7 and 8. The OA trans-
mission curves were fitted using a standard two-photon absorption
Eq. (1),

TOA nPAð Þ ¼ 1

1þ n−1ð ÞαnL I0= 1þ z=z0ð Þ2
� �� �n−1

� �1=n−1 ð1Þ

TCA ¼ 1�
4ΔΦ

z
z0

� �
z
z0

� �2

þ 9

" #
z
z0

� �2

þ 1

" # ð2Þ

where L is the effective path length of the sample Leff ¼
1−e−α0L

α0
, Z0 is

the Rayleigh range Z0 ¼ πω2
0

λ
, ω0 is the beam waist at focus (Z = 0), I0

is the peak intensity.

The two-photon absorption cross-sectionswere obtained fromσn ¼
ðℏωÞn−1

N
αn (n= 2) where ω is input laser frequency, and N is the con-

centration of the sample. The obtained NLO coefficients are listed in
Table 2. The errors in the NLO coefficients are estimated to be b5% aris-
ing predominantly from input peak intensity estimation. Phosphorus
corrole exhibited a strong two-photon absorption coefficient
(4.6 × 10−13 cm/W) compared to free-base corrole, possibly due to
the effect of phosphorous ion [16,54,56]. The two-photon absorption
cross-section values are found to be stronger compared to recently re-
ported molecules [16,17,46,56–58]. Figs. 7 (b)-(d) and 8 (b)-
Table 1
Estimated photophysical parameters of the corroles investigated obtained from the global ana

Sample kIC
1012 s−1

(τIC)

kVR
1012 s−1

(τVR)

C6F5-Corrole 3.5
(280 fs)

0.2
(5.0 ps)

P-(OH)2(C6F5)3-Corrole 3.8
(260 fs)

0.4
(2.5 ps)
(d) illustrate the closed aperture Z-scan curves, and the valley followed
by a peak suggests positive type nonlinear refractive index (n2) and self-
focusing behavior with the magnitude of ~10−15 cm2/W.We measured
the nonlinearity of the solvent and found that the solute+solvent non-
linearitywas higher than that of solvent alone. It is pertinent tomention
here that the n2 measured was for the solutions prepared with typical
100 μM concentrations. One needs to prepare thin solid films using
thesemolecules or doped them into glasses to ascertain the actualmag-
nitude of the solute nonlinearity. Further, there is a finite probability of
laser pulses heating up the solvent, thereby resulting in thermal contri-
bution to the overall nonlinearity. However, since the pulse duration is
extremely short and the input pulse energies are too low, we believe
that the thermal contribution in this case could beminimal andmay re-
quire further experiments to quantify that. Those studies will be taken
up in future.

The two-photon absorption in D-A systems is accompanied by a
charge transfer process between donor and acceptor molecules such
asmetal and transitionmetals ions [58]. Rao et al. [13] recently reported
that TPA coefficients from tritolylcorrole (TTC) and triphenylcorrole
(TPC) were in the range of 10−13 cm/W, using ~ 40 f. laser pulses at
800 nm. Further, Anusha et al. [56] reported the TPA coefficient from
germanium-substituted TTC (GeTTC) and phosphorus substituted TTC
(PTTC) corroles with a magnitude of ~10−12 cm/W using ~ 2 ps laser
pulses again at an input wavelength of 800 nm. Garai et al. [17] have in-
vestigated the NLO properties of trans-A2B-corroles, and they reported
values of TPA (β) coefficients and nonlinear refractive index (n2) values
of 10−13 cm/W and ~ 10−14 cm2/W obtained using 250 f. pulses at
80MHz at 1064 nm. Recently, Yadav et al. [46]. studied the NLO activity
of push-pull trans-A2B corroles with ~150 f. pulses but at MHz repeti-
tion rate (femtosecond oscillator pulses). They found strong nonlinear
coefficients by two-electron withdrawing groups at meso position.
Rebane et al. [16] showed TPA cross-section values of 60–130 GM
(~70 fs,1 kHz repetition rate laser pulses) in meso-substituted A3
corroles, and they found that the cross-section values depended on
lysis. The values in the parenthesis indicate the relevant lifetimes.

kr
109 s−1

(τr)

knr
109 s−1

(τnr)

kT0
104 s−1

(τT0)

0.0392
(25.5 ns)

0.2622
(4.15 ns)

2
50 μs

0.1484
(6.7 ns)

0.1316
(7.6 ns)

4
25 μs



Fig. 7. (a)-(c) Open aperture Z-scan data (d)-(d) closed aperture Z-scan data of (C6F5)3-Corrole and P-(OH)2(C6F5)3-Corrole, respectively, recorded at 600 nmwith 50 fs, 1 kHz pulses and
for 25 μM concentration solutions.
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electron accepting capability of the substituents. The axially substituted
phosphorus corrole has stronger NLO activity compared to free-base
corrole possibly due to minimization of aggregation. Organic
molecules-based donor-acceptor systems can have significant dipole
moments by altering the donor or acceptor ions providing strong π-
Fig. 8. (a)-(c) Open aperture Z-scan data (b)-(d) closed aperture Z-scan data of (C6F5)3-Corrole
for 25 μM concentration solutions.
conjugation, and may produces intense electronic polarization. The en-
hancement of the obtained NLO coefficients from the phosphorus(V)
corrole could be attributed to its strong electron withdrawing nature
from the pentafluorophenyl group and possibly a strong intramolecular
charge transfer between phosphorus and pentafluorophenyl group
and P-(OH)2(C6F5)3-Corrole, respectively, recorded at 800 nmwith 50 fs, 1 kHz pulses. and



Table 2
Summary of the NLO coefficients of corroles obtained using the Z-scan technique at 800 nm.

Sample λ α2

cm/W
×10−13

σ(TPA)

GM
n2

cm2/W
×10−15

χ(R)

m2/v2

×10−21

χ(I)

m2/v2

×10−24

χ(3)

m2/v2

×10−21

χ(3)

esu
×10−13

P-(OH)2(C6F5)3-Corrole 800 nm 4.6 190 2.3 2.5 3.2 2.50 1.80
C6F5-Corrole 3.2 130 1.4 1.5 2.2 1.50 1.10
P-(OH)2(C6F5)3-Corrole 600 nm 4.4 181 2.0 2.15 2.3 2.14 1.54
C6F5-Corrole 2.5 103 2.1 2.25 1.3 2.24 1.61
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which creates the large dipolemoments. The TPA coefficients and corre-
sponding TPA cross-section values suggest that the synthesized corroles
can find applications in two-photon absorption-based bio-imaging,
photonics, and optical switching devices.
3.4. DFWM data analysis

The DFWM experiments were carried at 800 nm wavelength in a
forward BOXCAR-geometry. Figs. 9(a)-(c) illustrate the cubic depen-
dency of the DFWM signal on the input energy, confirming the third-
order NLO process measured in the solution phase at ~0.1 mM concen-
tration achieved from DMF indicates the nonlinearity acts as Kerr-like
fashion (with a slope of ~3.04). DFWM is an efficient technique to obtain
the χ(3) since the effect of linear scattering does not contribute to the
signal, as in the case of the Z-scan technique. DFWM provides the time
response of the optical nonlinearity. Z-scan measurements have contri-
butions occasionally from linear scattering, sample imperfections, and
laser beamshape. Thus, DFWMexperiment is a better choice tomeasure
the accurate magnitude of third-order nonlinearity when the sample
possesses scattering or other issues. A pure solvent [Carbontetrachloride
(CCl4)] was utilized as a reference with χ(3) = 4.4 × 10−14 esu and the
third-order nonlinear susceptibility χ(3) was calculated using the stan-
dard procedure [53]. We have noticed a slightly higher value of χ(3) in
phosphorus corrole compared to the free-base corrole. The χ(3) values
were 6.2 × 10−14 esu and 6.9 × 10−14 esu for (C6F5)3-Corrole and P-
Fig. 9. Cubic dependency of the DFWM signal on input energy and time-resolved DFWM signal
solid line is theoretical fits, and scattered points are experimental data.
(OH)2(C6F5)3-Corrole, respectively. A χ(3)of 4 × 10−14 esuwas obtained
from the pure solvent (DMF) measured at the same experimental con-
ditions. The χ(3) values obtained in the DFWM and Z-scan experiments
vary slightly (by a factor of 2–2.5) and this could be attributed to the
stringent alignment in DFWM experiments wherein we possibly have
underestimated the value and have slightly overestimated the values
in the Z-scan experiments owing to errors in the peak intensity
measurements.

The time-resolved DFWM signal was recorded as a function of probe
delay and the signal was found to be nearly symmetric about the origin
(zero delay). The TR-DFWMsignalwasfitted to aGaussian function. The
full-width half maxima (FWHM) of ~110 fs confirmed the instanta-
neous response, which suggests the pure electronic contribution (Kerr
effect) to the nonlinearity as shown in the data of Figs. 9(d)-(f). The ob-
tained χ(3) values are similar or higher in magnitude than some of the
reported works on metal-based organic moieties such as
metallophthalocyanines and porphyrins [59,60]. The fast response and
strong magnitude of χ(3) suggest these molecules can find applications
in all-optical switching and optical limiting.
4. Conclusions

In the presentwork, a detailed photophysical investigation and the ul-
trafast NLO studies of axially substituted phosphorus P-(OH)2(C6F5)3-
Corroleand free-base (C6F5)3-Corrole, has been performed. Femtosecond
profiles of (a, d) (C6F5)3-Corrole, (b, e) P-(OH)2(C6F5)3-Corrole and (e, f) DMF solvent.The
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transient absorption spectroscopic measurements elucidated the evolu-
tion of various photophysical processes. With the specific target analysis
of the TA spectra, we estimated rate constants for IC, VR, nonradiative,
and triplet relaxation. From the TAS data analysis we observed that phos-
phorus corrole exhibited strong excited and triplet state properties com-
pared to free-base corrole. The third-order NLO properties of synthesized
corroleswere explored using Z-scan andDFWMexperimentswith femto-
second, kHz pulses. The obtainedNLO coefficientswere found to be stron-
ger in both the corroles compared to some of the recently reported
corroles. The two-photon absorption cross-sectionswere found to be con-
siderably large (30–190 GM) compared to some of the recently reported
organic moieties based on donor-acceptor systems. The closed aperture
measurements confirmed a positive type of nonlinearity, suggesting
self-focusing behavior with a magnitude of 2.3 × 10−15 cm2/W (mea-
sured for 100 μMconcentration solutions). The transient absorptionmea-
surements of donor-acceptor P-(OH)2(C6F5)3-Corrole confirmed a fast
excited-state non-radiative relaxation or energy transfer, which can pos-
sibly assist in enhancing the nonlinear optical response in these mole-
cules. DFWM measurements confirmed reasonably large χ(3) values in
the range of 6.2–6.9 × 10−14 esu (in solution). Time-resolved DFWM
depicted an instantaneous response of χ(3), which confirms the presence
of pure electronic nonlinearity. We believe that these synthesized mole-
cules have strong potential for various optoelectronics and photonics
applications.
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