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ABSTRACT: We present a comprehensive photophysical investigation on a s il BTN I Gerre
series of three corroles (TTC, P-TTC, Ge-TTC dissolved in toluene), employing p O K IO wOH MO
femtosecond and nanosecond transient absorption spectroscopy (TAS) measure- = - >
ments. Systematic analyses of the TAS data determined the rates and
corresponding time constants of photophysical processes: internal conversion - avin
(71c) in the 898—525 fs range, vibrational relaxation in the 7.44—13.6 ps range, A

[ .

intersystem crossing in the 033—1.09 ns range, and triplet lifetime (Tmplet) in the
0.8—3.5 s range. The estimated triplet quantum yields (C[)mplet) were in the
0.42—0.61 range. Comparatively, GeTTC displayed faster 7;c and higher @y
Additionally, the time-dependent density functional theory calculations were
performed for the three molecules. The HOMO/LUMO energy levels and the
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oscillator strengths of various transitions were determined and presented.

B INTRODUCTION

The chemistry and photophysics of normal porphyrins have
been profoundly explored, in large part, due to their relevance
to biological active sites and as components of advanced
devices." The optical, electronic, and nonlinear optical (NLO)
properties of porphyrins are well-documented in the
literature.”™* This has opened new avenues for studies on
similar macrocycles or porphyrinoids, such as corroles, core-
modified rings, etc., for the past couple of decades. Corrole
macrocycle is a contracted analogue of a porphyrin in which
one meso position has been eliminated yet still possessing the
18 m-electron aromaticity of porphyrins.” The structure of a
corrole molecule represents an intermediate between porphyrin
and the corrin ring in the B12 cofactor. The first investigation
on corrole was performed by Johnson and Kay in the late 1960s
when the macrocéycle was produced as a byproduct during the
synthesis of B12.”” While corroles have been known for more
than 40 years, research progress in this field was slow. However,
investigations on corroles have recently increased with the
synthetic work of the groups of Paolesse and Gross, who
reported one-pot synthesis of triaryl corroles. This provided a
new impetus to the synthesis of new corrole molecules with
empbhasis, particularly, on the peripheral functionalization of the
macrocycle.*”

Unlike porphyrins, corroles are tris-anionic ligands that
stabilize unusual high oxidation states of metal centers like
Fe(IV), Cu(III), Au(IIl), Mn(V), Ge(IV), Sn(IV), P(V), etc."”
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When compared to porphyrins, corroles are tribasic aromatic
macrocycles exhibiting interesting properties such as lower
oxidation potentials, higher fluorescence quantum yields, larger
Stokes shift, and relatively more intense absorption.''™'* The
typical corrole absorption consists of an intense Soret band in
blue region, due to 7—s* electronic transition from ground
state to the higher excited state (S,) and three less intense Q
bands in red region, originating from n—z* electronic
transitions, attributed to the first excited state (S;), yet they
lack significant optical cross sections for a large portion of the
visible spectrum (450—550 nm). The versatile spectral,
electrochemical, and photophysical properties of corroles
make them suitable for potential applications'* > in photo-
dynamic therapy (PDT), cancer diagnosis, molecular catalysis,
oxidation, reduction, and group transfer reactions of many
organic transformations, photosensitizers for organic solar cells,
fluorescence imaging agent, etc. Furthermore, the electron-rich
m-system has generated strong interest for the study of NLO
properties of these corroles for potential applications in data
storage, optical limiting, multiphoton absorption, fluorescence,
and surface-enhanced Raman scattering.%_34 Therefore,
investigation of photophysical properties of corroles is
indispensable for identifying the true potential of these
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TTC

P-TTC

Figure 1. Molecular structures and optimized structural geometries of TTC, P-TC, and Ge-TTC with side and top views.

macrocycles in a variety of applications. Furthermore, the
knowledge of these properties is imperative for designing
efficient corrole-based materials for optoelectronic and solar
cell applications. There have been a few photophysical studies
of corroles reported in terms of structure—function relation-
ships such as interpretation of photophysics as a function of

0,35—38 : 39
3035738 B substituted free-base corroles,”’

meso-substituion,
metalated corroles,” N—H tautomerization,*"** higher order
architectures such a corrole—fluorophore dyads,”** corrole—
porphyrin dyads,** etc.

In this communication, we present results from the
investigation of photophysical properties of three corrole
molecules, namely, (a) 5,10,15-tris(4-methyl phenyl) corrole
(herewith referred to as TTC) and (b) its phosphorus(V) and
(c) germanium(IV) metallo derivatives (herewith referred to as
P-TTC and Ge-TTC, respectively) using time-dependent
density functional theory (TD-DFT) calculations and transient
absorption spectroscopy (TAS) studies in the femtosecond to
microsecond time scales along with steady-state absorption and
fluorescence spectroscopy techniques.

B COMPUTATIONAL METHODS

Density functional theory (DFT) was implemented to
understand and interpret the electronic and optical properties
of corroles. The geometries of neutral, charged, and triplet state
of these molecules were optimized by restricted or unrestricted
functional B3LYP, together with basis sets 6-31G(d, p). The
solvent effects, toluene used in the absorption spectra
measurements, were taken into account with the conductor-
like polarizable continuum model (CPCM). All the optical
transitions and corresponding excitation energies and oscillator
strength of neutral and charged state were calculated by TD-
DFT method under the same hybrid functional and basis set.
All the calculations were done with Gaussian09 program
(Revision B.01).

B EXPERIMENTAL DETAILS

The corroles investigated here are synthesized and purified
using standard procedures. The synthesis procedures are
reported elsewhere (TTC,” P-TTC,*® Ge-TTC'). Their
respective molecular structures are presented in Figure 1.
Spectroscopic grade anhydrous toluene was used as the solvent
to prepare dilute solutions of 10 #M concentration to avoid any
aggregation affects. Prepared solutions are degassed with
continuous flow of nitrogen gas for 2 h. The degassed solutions
are filled into quartz cuvettes (Hellmal10-QS) of 1 mm optical
path length and kept sealed for all the spectroscopy
measurements. The steady-state absorption and emission
spectra measurements were performed using a LAMBDA-
1050 spectrophotometer (PerkinElmer) and Nanolog spectro-
fluorimeter (Horiba Jobin Yvon), respectively.

Femtosecond transient absorption (fs-TA) measurements
were performed using a commercial Ti:Sapphire regenerative
amplifier (Quantronix model Integra-C), delivering 1 kHz, ~1
mJ pulses at a central wavelength of 800 nm and ~150 fs
duration. Complete details of the experimental setup are
reported and described in our earlier works.” In the present
work we used second harmonic of the fundamental pulses
centered at 400 nm as the pump to resonantly excite sample in
the Soret band. Another small fraction (~2 yJ) of the amplifier
output was independently focused into a 1 mm thick sapphire
plate to generate a stable single-filament white-light super
continuum that served as the probe. By utilizing a filter the
probe spectral window was limited to the 415—760 nm spectral
range. The normalized transmission change AT/T is measure-
ment using a pump—probe setup consisting of a computer-
controlled optical multichannel analyzer, which enabled single-
shot detection at 1 kHz repetition rate. The instrument
response was estimated to be ~220 fs. The data were recorded
to the pump—probe delay window of —2 ps to +1.2 ns. Pump
pulses with typical energies of 200 nJ per pulse were used for
the measurements. All the measurements were performed at
room temperature.
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Nanosecond transient absorption (ns-TA) measurements
were performed with a LP920 laser flash spectrometer
(Edinburgh Instruments). It is based on a standard “pump—
probe” setup where the sample is excited by a nanosecond laser
pulse (pump), and the time evolution of the differential
absorption changes (AOD) induced by the pump is monitored
by a second weak probe generated by a CW light source. The
pump pulses centered at 410 nm were provided by a tunable
nanosecond OPOLett-355I1 laser (10 Hz repetition rate). The
probe light was provided by a pulsed Xenon arc lamp. The
sample was kept at 45° to the excitation beam. The beams were
focused onto the sample ensuring the spatial overlap. The
transmitted probe was spectrally filtered by a monochromator
and detected. A set of photomultipliers (with both visible and
near-IR detection window) enabled the collection of single-
wavelength kinetics with superior sensitivity. The signal
(AOD) was then recorded using a TDS 3032C digital signal
analyzer.

B RESULTS AND DISCUSSION

Steady-State Spectra. The steady-state absorption spectra
of TTC, P-TTC, and Ge-TTC in toluene are shown in Figure 2
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Figure 2. Absorption spectra (black curves) and PL spectra (red
curves) of TTC, P-TC, Ge-TTC. (inset) The 5X enlargement of the
weak Q-band absorption.

(black curve). An intense and broad band near 420 nm (Soret),
due to strong z—z* electronic transitions, was observed. P-
TTC and Ge-TTC illustrated stronger Soret absorption with
sharper absorption peaks compared to the free base corrole
TTC. The inset shows the magnified (5X) Q-bands that are
due to the n—7z* electronic transitions contributing to weaker
absorption bands in the visible region (500—700 nm). The
steady-state emission of the corroles was recorded with 400 nm

excitation. P-TTC and Ge-TTC data depicted strong blue-
shifted emission with distinct vibronic features compared to
TTC. In corroboration with our earlier report,”” we noticed
that the strongest emission was observed from the P-TTC
molecule. Particularly, the photoluminescence (PL) spectra
demonstrated a negligible Stokes shift at the Q-band absorption
edge for all three corroles investigated. The coefhicients
obtained from the steady-state measurements are summarized
in Table 1. The fluorescence quantum yields and the lifetime
data were obtained from our earlier measurements.*”
Quantum Chemistry Calculations. Figure 1 depicts the
optimized geometry of molecule TTC, and it was observed to
be nonplanar due to the steric hindrance between neighboring
hydrogen atoms at the central core and twisted methylbenzene
with dihedral angle of ~12°. Substitution of P atom at the
central core for P-TTC exhibited a further distortion in the
tetrahedral geometry.*’ Substitution of Ge in the central core
for Ge-TTC made the central geometry almost flat with the
small dihedral angle of ~3°. Figure 3 illustrates the results of
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Figure 3. Frontier molecular orbital energies and electronic density
distribution of molecules TTC, P-TTC, and Ge-TTC.

DFT calculations for the electronic density distribution of
frontier orbitals for the molecules as well as their corresponding
frontier molecular orbital energies. From the data presented in
Figure 3 we observed that for TTC the electronic distribution
of highest occupied molecular orbital (HOMO) depicts -
bonding character, spreading over the whole molecule, and
lowest unoccupied molecular orbital (LUMO) shows z*-
antibonding character being predominately localized on the
central core and two of sided methylbenzene units. Both P-
TTC and Ge-TTC retain the electronic characterization of
TTC but with additional electronic distribution along P—OH
and Ge—OH bonds. The introduction of heteroatoms into the
TTC core reduced the frontier orbital energies, especially for P-
TTC, due to strong electron-accepting —OH groups. The
calculated optical transitions from singlet ground state (S,) to
upper excited states (S,) are plotted in Figure S1 (left side).

Table 1. Summary of Absorption and Fluorescence Peaks” of the Three Corroles in Toluene Recorded at Room Temperature

absorption peaks [nm]

sample Soret band [¢ (M~} cm™)] Q-band [¢ (M! em™)] emission 4, (nm)

TTC 421 [106 465] 564 [13079] 619 [10577] 650 [106 465] 670

P-TTC 410 [154 828] 524 [7761] 563 [13 348] 600 [19 264] 570 605 665
Ge-TTC 415 [238894] 524 [8555] 61 [14 849] 591 [29 403] 600 650

“The values in parentheses represent the extinction coefficient (g, in M™' ecm™).
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Our calculated spectra obtained using TD-DFT method
including solvent effects was in good agreement with the
experimental steady-state absorption data presented in Figure 2.
The first weak broad band in the 540—580 nm range is from
the S, — S, transition with dominant contribution of HOMO
— LUMO. We observed very weak oscillator strength for Sy —
S,. The most intense peak at 426, 406, and 400 nm for TTC, P-
TTC, and Ge-TTC, respectively, is found to be from Sy, — S,
transition with main contribution of HOMO—1 — LUMO+1.
These peaks are in good agreement with the experimental Soret
bands. The detailed calculations of the optical transitions are
presented in Table 2.

Table 2. Summary of Orbital Transitions Calculated by
TDDFT for the Lowest Singlet Excited Electronic States of
TTC, P-TTC, and Ge-TTC

oscillator

strength
TTC So— S, 588 0.32

orbital wavelength

molecule transitions (nm) major contributions

HOMO-1 — LUMO
+1 (14%)

HOMO — LUMO
(78%)

HOMO-1 — LUMO
(44%)

HOMO — LUMO+1
(47%)

HOMO-1 — LUMO
(50%)

HOMO — LUMO+1
(47%)

HOMO-1 — LUMO
+1 (81%)

HOMO — LUMO
(14%)

HOMO-1 = LUMO
+1 (11%)

HOMO — LUMO
(77%)

HOMO-1 — LUMO
(44%)

HOMO — LUMO+1
(44%)

HOMO-1 — LUMO
(45%)

HOMO-1 — LUMO
+1 (9%)

HOMO — LUMO+1
(43%)

HOMO-1 — LUMO
+1 (74%)

HOMO — LUMO
(12%)

HOMO-1 — LUMO
+1 (17%)

HOMO — LUMO
(83%)

HOMO-1 — LUMO
(57%)

HOMO — LUMO+1
(43%)

HOMO-1 — LUMO
(42%)

HOMO — LUMO+1
(57%)

HOMO-1 — LUMO
+1 (81%)

HOMO — LUMO
(17%)

Se—S, 540 0.05

Sg—S, 423 121

Se—S, 410 1.49

P-TTC Se—S, 566 0.30

oS, 536 0.06

Se=S; 415 1.01

Se—=S, 396 1.30

GeTTC  $y—S, 549 030

Se—=S, 518 0.004

So=S; 401 1.30

So—S4 397 1.38

Femtosecond and Nanosecond Transient Absorption
Data. The fs-TAS measurements were performed with 400 nm
photoexcitation in the Soret band, and the data were collected
up to a delay of 1.2 ns. Considering the TD-DFT calculations
we construed that the photoexcitation takes place to S, state for
all the molecules. Investigation of ultrafast excited-state
dynamics revealed crucial insight into the ultrafast internal
conversion (IC) from S, — S, followed by the vibrational
relaxation (VR) within S;. From the ns-TAS measurements the
excited-state evolution, specific to the triplet state decay and in
the time window of 6 ns to a few microseconds was recorded.
Thus, by combining the two techniques the photoexcited
population was monitored from the initial S, state until it
decayed completely to the ground state.

Figure 4 shows the TA spectra for TTC, P-TTC, and Ge-
TTC in toluene solution. The obtained spectra revealed that
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Figure 4. fs-TA spectra of TTC, P-TC, and Ge-TTC recorded at 1 ps,
10 ps, 100 ps, and 1 ns.

the data possessed three distinct regions: (i) a negative band in
the 415—440 nm spectral region representing the ground-state
bleach (GSB,,.) due to the Soret-band absorption, (i) a
positive spectral band in the 430—570 nm spectral region
demonstrating a photoinduced absorption (PIA) representing
the overlap excited state absorption spectra of singlet as well as
triplet species, and (jii) a negative band in the $70—700 nm
spectral region representing an overlap of GSBq 4 due to the
weaker Q-band absorption and the stimulated emission (SE),
which was due to PL of the molecules in the same spectral
region. The SE maxima were observed in the vicinity of 670,
605, and 600 nm for TTC, P-TTC, and Ge-TTC, respectively,
which are also their PL. maxima. The vibronic features of the Q-
band absorption can be seen from these TA spectra
overimposed with the dominant PIA and SE in the 500—650
nm region. The GSB in the 400—450 nm range displayed a
broad negative TA with maximum near 430 nm for TTC, while
the negative TA maximum was observed near 425 for both P-
TTC and Ge-TTC. This is in agreement with the spectral
narrowing, blue-shift observed in the absorption with the
substitution of P and Ge atoms. Since the probe spectral
window was limited to 415 nm the lower spectral region of the
GSB from P-TTC and Ge-TTC could not be recorded. The
positive PIA maximum for TTC was observed at 470 nm (at 1
ns) suggesting the peak of the longlived TA signal from
triplet—triplet state absorption. Similarly, the PIA maxima were
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observed at 450 and 445 nm for P-TTC and Ge-TTC,
respectively, at 1 ns pump—probe delay. The strength of the
PIA was strong for Ge-TTC compared to P-TTC and TTC (in
that order) indicating that the yield of triplets in Ge-TTC to be
the highest compared to the other two corroles.

A careful analysis of the TA data in the first SO ps after
photoexcitation offered insight into the internal conversion
(IC) from S, — S, and the vibrational relaxation (VR)
mechanisms within S, for the considered corroles. Figure 5

mAOD
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460 450 So0 520
Wavelength (nm)
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=t . . s L :
400 450 5000 550 600 G50 70O 750 —2ps
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Figure S. (left) fs-TA spectra of TTC showing the spectral evolution
from 0.5 to SO ps; (right) enlargement of the PB (region 1) and PA
(region 2).

illustrates the spectral evolution obtained for TTC. The left
panel displays the TA spectra recorded at 0.5, 2, 10, and 50 ps.
Two spectral windows (regions 1 and 2) are chosen to describe
the spectral changes with time. The right panel shows the
enlarged image of the selected regions. In region 1, spectral
evolution of the PIA band is illustrated. The peak near 490 nm
decayed within the first 2 ps with simultaneous growth of the
peak in the vicinity of 470 nm, until 10 ps. However, region 2
depicts the negative band (SE+ GSBqp,n4). The negative
maxima near 470 nm (corresponding to SE) illustrated a
gradual red shift in 10 ps. The growth of this SE band may be
due to the decay of the competing PIA process and gradual
increase of the population of S; state. The red shift of the SE
peak also indicates the relaxation from a higher (hot)
vibrational state to lower vibrational state. At the same time,
the peak near 640 nm changed from negative to positive. From
the data presented in two regions it can be construed that the
TA spectral evolution until the first 2 ps and the spectra
thereafter belongs to two distinct excited species. Considering
the Soret-band photoexcitation, the primary photoevent should
be the IC bringing the excited population to the highest
vibrational level of S, within of first 2 ps. From the data
presented in the left panel of Figure $ it is evident that the TA
spectra at 10 and 50 ps had no significant change in the spectral
shape suggesting that they are from the same excited species.
The relaxation within the vibrational levels of S; [referred to as
the VR] is completed within 10 ps. Similar analysis for the
other two corroles is provided in the Supporting Information
(Figures S2 and S3). For Ge-TTC the IC happens at a much
faster scale, while the VR slowed down, perhaps, due to the
heavier molecular weight.

Figure 6 presents the TA kinetic profiles recorded at selected
wavelengths for TTC along with the best fit obtained using the
global fit analysis described in the later part of this section. The
displayed wavelengths were chosen to represent the various

m AOD

-1 0 1 10 100 1000
Delay (ps)

Figure 6. TA kinetics of TTC at selected probe wavelengths. (red O)
Experimental data. (blue) Theoretical fits after global analysis.

photo processes observed. The kinetics of the negative GSBg
at 430 nm represents Soret-band absorption. We noticed the
TA at 430 nm did not decay until the end of the pump—probe
delay suggesting the formation of long-lived excited states,
which results in the loss of population in the ground state (S,).
From our DFT analysis we identified the formation of triplet
states, which are usually long-lived. A quick look at the TA
spectra, illustrated in Figure 4, points out the complicated
spectral and kinetic evolution of the PIA band. Significantly, the
PIA band did not have distinct signatures for singlet and
triplets. It is well-established that the higher singlet states are
short-lived, while the triplet states are long-lived. As a
representative of the PIA band, the maxima peak at 470 nm
was chosen for analysis. We observed the TA kinetics lived long
as well and formed at the earliest delay after the photo-
excitation. Thus, we concluded the band consisted of PIA from
both singlets as well as triplet states. From our earlier analysis,
we concluded that initial kinetics (until the first 50 ps) was due
to PIA from singlets, and there we observed the onset of long-
lived triplet state absorption. The strongest peak of the Q-band
absorption was near 570 nm. We expected the TA kinetics at
this wavelength to be negative (GSBq,,4). However, the initial
kinetics until 2 ps was positive pointing to the presence of
competing PIA, probably from the higher singlet states.
Subsequently, we observed a gradual formation and growth of
the negative GSB.,,q Suggesting a weak PIA;, . and, may be,
much weaker or no PIA, in this spectral region and a
dominant GSBqp,ne At 620 nm, where the Q-band has its
second maxima, there was immediate formation of GSBgq 4
which gradually decayed and changed to PIA after 10 ps. The
PIA formation is complete at ~500 ps suggesting the strong
formation of triplets on that time scale. The SE kinetics was
observed at 670 nm, which is the PL maximum of TTC. We
observed a monotonous growth here, as expected.

From the emission data presented in Figure 2 we noticed a
strong blue shift of Q-band absorption, and PL was observed
for Ge-TTC and P-TTC compared to TTC. Therefore, the TA
kinetics of representative wavelengths from Q-band and SE for
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P-TTC and Ge-TTC is expected to demonstrate a different
behavior to that observed in TTC. The TA kinetics of P-TTC
and Ge-TTC are presented in Figures 7 and 8, respectively.

m AOD
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triplet
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Figure 7. TA kinetics of P-TTC at selected probe wavelengths. (red
O) Experimental data. (blue) Theoretical fits after global analysis.
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iriplet
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Figure 8. TA kinetics of Ge-TTC at selected probe wavelengths. (red
O) Experimental data. (blue) Theoretical fits after global analysis.

The kinetics at 425 nm, corresponding to GSBg,,, for both the
corroles and the PIA peak for P-TTC at 450 nm and Ge-TTC
at 445 nm, depicted long lifetime similar to what was observed
with TTC. For both P-TTC and Ge-TTC we observed the
contribution of dominant SE along with GSBq,,4 at 605 nm,
which were also their PL maxima and Q-band absorption
maxima. The kinetics of P-TTC at 565 and 665 nm portrayed a
different trend contrary to the expected logic and is evident
from the data presented in Figure 7. The kinetics at 565 nm

28696

was observed to be negative and long-lived, which is expected
since there is a spectral overlap of Q-band and PL, and
therefore, both GSB,,,q and SE contribute to the TA kinetics.
For 665 nm kinetics, where one expects a long-lived SE signal,
we observed a negative signal that can be attributed to be a
resultant of competition from the dominant PIA. In the same
vein, the kinetics of Ge-TTC at 560 and 650 nm displayed an
unexpected trend, where we concluded the temporal profile of
560 nm is a resultant of PIA;,,c and GSBq,ng and the 650 nm
kinetics to be a resultant of PIAj,gey SE and PIAy... With
substitution of heavier atom in the central core we observed a
faster IC and higher triplet yield. Figure 9a confirms the faster
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Figure 9. Comparison of normalized TA kinetics at (a) peak of PB
near Soret band absorption (425 nm) and (b) peak of triplet band for
TTC (470 nm), P-TTC (450 nm), and Ge-TTC (445 nm).

IC process from S, — S; upon comparing the normalized TA
kinetics of GSBg, for the three corroles until the first 2 ps. At
longer time delays (~1 ns) we observed the growth in the
positive PIA; kinetics for Ge-TTC higher than P-TTC,
which is more than TTC as shown in Figure 9b. This indicated
the triplet yield was highest for Ge-TTC.

Following the fs-TAS measurements, where we observed the
PIA peak to be at 470, 450, and 445 nm for TTC, P-TTC, and
Ge-TTC, respectively, we measured the ns-TA kinetics in the
same wavelengths. Figure 10 illustrates the ns-TA kinetics for
the three corroles along with the monoexponential decay fit to

T T T
30 TTC
P-TTC

Ge-TTC

20

m AOD

Time (us)

Figure 10. ns-TA kinetics at the peak of triplet band for TTC (470
nm, black), P-TTC (450 nm, blue), and Ge-TTC (445 nm, red).
Scattered points represent the experimental data, while the solid lines
are the exponential fits.
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Table 3. Summary of Global Fit Parameters® of fs-TAS Measurements and Triplet State Parameters Obtained from Both fs-TAS

and ns-TAS Experiments

fs-TAS measurements

triplet state parameters

sample kic 57 (zic) kyr(s™) (zyr) kisc(s™) (zisc) Kiiplet (s7) Tosipler (18) Euiplet (M™! cm™") Deiplet
TTC 1.11 X 10'* (898 fs) 1.34 X 10" (7.44 ps) 3.01 x 10° (0.33 ns) 121 x 10° 0.82 38671 0.43
P-TTC 1.57 X 10" (636 fs) 143 x 10" (6.95 ps) 1.09 x 10° (0.91 ns) 1.13 x 10" 1.03 68072 0.58
Ge-TTC 1.91 X 10" (525 fs) 7.33 x 10" (13.6 ps) 9.98 x 10* (1.09 ns) 1.13 x 10" 3.50 77 760 0.61

“Ticy Typ and Tygc represent the lifetimes of internal conversion, vibrational relaxation, and intersystem crossing, respectively.

estimate the lifetime of the triplet state. Since the concentration
and the intensity of the excitation laser pulse were kept
constant for all the measurements, these data reconfirm that
Ge-TTC had the largest triplet yield. The estimated triplet
lifetimes were 3.51, 1.03, and 0.82 us for Ge-TTC, P-TTC, and
TTC, respectively.

The triplet—triplet molar absorption coeflicient &, of the
three corroles in toluene can be estimated using the eq-1:

e —¢ AOD, triplet
triplet — “singlet
A()Dsinglet (1)
where AODy;pie and AODy;q are the transient absorption

change at the maximum of the positive PIA band and the
minimum of GSBg,,. band, respectively, and &, refers to the
steady-state molar absorption coefficient at the minimum of
GSB band. To this we chose the TA spectra recorded at 1 ns
pump—probe delay, since at this delay we expect a majority
population in the triplets manifold. Using the estimated &gy
we evaluated the triplet quantum yields @y, for the three
corroles according to the eq 2 (relative actinometry method)>’

triplet  Etriplet(std)

AOD
O] 0]

triplet — “tsinglet(std)
A ODtriplet(std) Etriplet (2)

Here, tetraphenylcorrole (TPC) was employed as the
standard molecule for comparison (®yipjer(sta) = 0.36).” We
recorded the TA spectra for TPC in toluene at 1 ns (see the
Supporting Information for details) and estimated Exriplet(std)
using the eg-1. The estimated @, values were 0.43, 0.58, and
0.61 for TTC, P-TTC, and Ge-TTC, respectively. All the
estimated triplet state parameters are summarized in Table 3.

Global Fitting. The kinetics in such molecules is
complicated mainly due to the overlapping contribution from
several excited species. This is mainly because the measured
transient absorption signal strength depends both on pump-—
probe delay and on the probe frequency v; at each frequency
(wavelength) the signal is the result of the overlap of several
transitions, each weighed with its corresponding absorption
cross section. From the observed data we propose the following
explanation for sequence of events (i) following photo-
excitation with 400 nm the population is driven directly into
the higher singlet states, (i) through internal conversion
process the population reaches the highest (hot) vibrational
levels of Sstate (denoted by Sj), (iii) the population then
relaxes to the lowest vibrational level of S; manifold, (iv) from
this state part of the population relaxes to ground state, S,
radiatively, and the rest proceeds to triplet states via intersystem
crossing (ISC; herein, we neglected the contribution from the
relaxation to ground state through nonradiative processes), and
(v) the population in the triplet states then eventually relaxes to
ground state S,

To explain the observed photophysical behavior of the
transient spectra we consider a model based on four
(electronically or vibronically) excited states called S,, S§, and
S, and the ground state S; connected via a sequential reaction
scheme presented as photophysical model shown in Figure 10.
We, then, performed global fitting using the following rate eqs
3—8 where N,, N;, N,, N3, and N, describe the population in
Sor Sw SF, Sy, and T}, respectively, and gen(t) is the temporal
profile of the pump pulse with 220 fs full width at half
maximum (fwhm) duration.

N0 _ i

= gen(t) + " k3N3(t) + k4N4(t) 3)
dN() _
— +gen(t) — kNy(t) (4)
dN(t)
— = k(1) = kNa(1) (¥)
dN;(t) _ _ ks

& EMN(1) ke + k3N3(t) ©
dN,(H) K _

dt ke + k3N3(t) N )
w = S, (AN(t) + S(AN,(t) + S,(A)N,(t)

+ TN,() ®

The spectral changes, which were determined experimentally,
are indicative of a continuous relaxation of the excited
populations, as distinguished from a short-lived but stable
intermediate. Consequently, the “basis spectra”, obtained by a
global fitting approach, do not represent eigen-functions on
minima of the respective potential energy surface but rather
represent typical magnitude of the population during their
course of complete relaxation. The global fitting scheme yields
the full photoinduced spectra of the excited states S,, S¥, S,
and T, and the estimation of rate constants k;, k,, and k;. Exact
interpretation of each of the rate constants is presented in
Figure 11. For the fitting, we used the k; (fluorescence rate
constant) from the fluorescence lifetime data presented in our
earlier reports.”” Further, we used the triplet lifetime data from
the ns-TA kinetics for the rate-constant k, and fixed it for fitting
procedure.

Figure 12 shows the global fitting of the TA spectra recorded
for Ge-TTC. The obtained basis spectra and the respective
population lifetimes at each excited intermediate state brings
into fore the distinction between PIAg and PIA;,., which
were indistinguishable from the experimental observation.
Notably, a closer look at the region of interest highlighted by
the dotted rectangle in the left panel presents the differences in
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Figure 11. Schematic of the photophysical model considered for
global fit analysis.

the spectra between the vibrational hot Sf state and a relaxed
S;. The right panel shows the estimated population’s lifetimes
at each excited state. From the fitting we estimated the IC rate
constant (kic = k;) as 1.91 X 10" s™' corresponding to a
lifetime of 525 fs, VR rate constant (kyg = k,) as 7.33 X 10'°s™!
corresponding to a lifetime of 13.6 ps, and the ISC rate (kjgc =
k) as 9.91 X 10° s™" corresponding to a lifetime of 1.09 ns. We
find an excellent agreement between the theoretical fittings and
the experimental data. Figure 13 illustrates an excellent overlap
of the TA spectra recorded from experiments (scatter points)
and the TA spectra obtained from fitting procedures (solid
line) at both extremes of the pump—probe delay (500 fs and 1
ns). The solid lines in the TA kinetics of the corroles presented
in Figures 7 to 9 demonstrate a good overlap with the
experimental data (scatter points). Corresponding results of
global fits for the TA experiment data for TTC and P-TTC are
presented in Supporting Information (Figure S6). Table 3

0.02
0.01
g 0.00
<]
-0.01
-0.02 Ge-TTC 7
1 L L L L L L
400 450 S00 550 600 650 700 750

Wavelength (nm)

Figure 13. fs-TA spectra of Ge-TTC at a pump—probe delay of 500 fs
and 1 ns demonstrating an excellent agreement of the global analysis
fit (solid curve) with the experimental data (O,00).

summarizes the photophysical parameters estimated from the
global analysis of fs-TAS data for the three corroles.

B CONCLUSIONS

A comprehensive photophysical investigation of three corroles
TTC, P-TTC, and Ge-TTC has been performed. To achieve
this we had employed TAS from femtosecond to microsecond
time scales along the steady-state absorption and fluorescence
spectroscopy. Using both femtosecond and nanosecond TA
measurements we estimated the triplet—triplet absorption cross
sections and quantum yields for all the three corroles. By
performing a thorough global analysis on the obtained fs-TAS
measurements we estimated rate-constants for various photo-
physical processes such as IC, VR, and the ISC. From our
detailed analysis we conclude that Ge-TTC had superior triplet
state properties compared to P-TTC and TTC. Moreover, the
theoretical calculations based on TD-DFT show good agree-
ment with the experimental absorption data. With strong
extinction coefficient in the range of (1-2.5) X 10° M~ cm™,
ultrafast internal conversion rates, favorable HOMO/LUMO
energy levels, and excellent nonlinear optical coefficients,*

GeTTC

Population

Abs. cross-section (arb. units)

Wavelength (nm)

450 500 550 600 650 700 750

N, —_,
N:—-— S;} =5251s
"0 1 2 3 4 5
Time (ps)
JL
N, _— 2{
> \
4 .
Ns (S,—=S,)=13.6
(8,—=T,) =109 ns
IJJ"
T,
N,
(T—S,)=35ps
0 2I!I 4IEI" lelﬂ -1-60 (III]I.I SII](I 10004
Time (ps)

Figure 12. (left) Basis spectra for Ge-TTC obtained from the global fitting procedure. The dotted rectangle represents the spectral region where Sj*
differs from Sy; (right) the decay dynamics of different species with rate constants.
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these molecules exhibit potential for various optoelectronics
applications.
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