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Ultrafast excited state dynamics and dispersion studies of nonlinear optical

properties in dinaphthoporphycenes
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Ultrafast excited state dynamics of dinaphthoporphycenes were investigated using femtosecond and
picosecond degenerate pump-probe techniques at 600nm and 800 nm, respectively. Femtosecond
pump-probe data indicated photo-induced absorption at 600 nm resulting from two-photon/single
photon excitation, whereas picosecond pump-probe data demonstrated photo-bleaching which was a
consequence of three-photon absorption. The fastest lifetimes (100—120 fs) observed are attributed
to the intramolecular vibrational relaxation, the slower ones (1-3 ps) to internal conversion, and the
slowest components (7-10 ps) to non-radiative decay back to ground state. Z-scan studies in the
560-600 nm range were also carried out. © 2012 American Institute of Physics.

[http://dx.doi.org/10.1063/1.3701274]

Porphyrins, phthalocyanines, and porphycenes are large
aromatic molecules with huge number of 7 electrons in con-
jugation and, consequently, possess interesting optical and
nonlinear optical (NLO) properties. Combined with their
ultrafast response, numerous studies have demonstrated that
these materials find potential applications in a variety of
fields such as photodynamic therapy (PDT), biological imag-
ing, dye-sensitized solar cells, and photonics.'™’ Porphycene
is the first constitutional isomer of porphyrin and found to
act as better photo-sensitizer than the latter.'®' Porphycenes
and their derivatives display unique physical and optical
properties, including strong absorptions in the red region of
the UV-Vis spectrum.?’* Recently, we have investigated a
set of dinaphthoporphycenes possessing interesting third-
order NLO properties.”>° NLO studies performed at 800 nm
using ps pulses revealed singular nonlinear absorption prop-
erties and large NLO coefficients.>>® Several other groups
have also demonstrated their potential in applications such
as two-photon imaging, PDT, 3D-optical memory, and ultra-
fast switches.”’>” The true potential of any molecule is
revealed only through extensive studies using different
pulses (ns, ps, and fs pulses). Extending our earlier stud-
ies,”>?% further we deliberated the NLO properties with ps
pulses at 560 nm, 580 nm, and 600 nm. Importantly, we have
also investigated the temporal response of these molecules
using ultrashort pulses. A significant progress has been made
for studying the photo-physical properties of such
molecules.**> Due to lack of dipole moments in these mol-
ecules, relaxation from excited states may be conveniently
observed without any solvation effects.*® Detailed pump-
probe (p-p) results of dinaphthoporphycenes at 800 nm,
obtained using ~2 ps pulses, and at 600 nm, obtained using
~60 fs pulses, are discussed here.

Different porphycenes (Pol-Po5) were synthesized and
purified using the methods reported elsewhere.>> The com-
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pounds were dissolved in chloroform to obtain solutions of
0.25mM concentration corresponding to a linear transmit-
tance of 70%-80% near 800nm. Z-scan measurements>®
were performed at 560 nm, 580 nm, and 600 nm using ~2 ps
(FWHM) pulses with a repetition rate of 1 kHz from TOPAS
(Light Conversion) pumped with an amplified Ti:Sapphire
system (Legend, Coherent). The amplifier was seeded with
pulses of duration ~15 fs (FWHM, ~60nm bandwidth)
from an oscillator (Micra, Coherent). A quartz cuvette (1 mm
thick) containing the sample solution was traversed in the fo-
cusing geometry enabled by an achromat lens of 200 mm
focal length. The beam waist (2,) at focal plane was esti-
mated to be 60+ 4um (FW1/e*M) with a corresponding
Rayleigh range (Z,) of 3.5 = 0.4 mm ensuring the validity of
thin sample approximation. The solvent used in all the stud-
ies was chloroform, and the solvent contribution was found
to be insignificant. The fits to the data were performed using

standard two photon absorption (2PA) equations.’
M TOPAS LEGEND MICRA
1
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FIG. 1. Schematic diagram of the experimental set up used for pump-probe
studies at 600 nm.
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FIG. 2. Open aperture Z-scans of Pol-Po5 at different wavelengths at
560nm, 580nm, and 600 nm indicating 2PA behavior. Some of the plots
have been shifted vertically for clarity.

The fs degenerate pump-probe experiments were per-
formed at 600 nm, while the ps experiments were performed
at 800 nm. A schematic of the set up is shown in Figure 1 for
the fs case. In both cases, the liquid sample was taken in a
Smm thick glass cuvette. In the fs case, molecules were
excited by pulses from 1kHz optical parametric amplifier
(TOPAS-C, Light Conversion, Coherent) delivering pulses
of ~60 fs duration pumped by a Ti:Sapphire regenerative
amplifier. Pump pulses in the energy range of 5-50 uJ were
used. The probe beam diameter was ~2mm, and pump
beam diameter was ~4 mm. The pulse-width at the sample
in our fs experiments was estimated (taking into account the
optics and lenses involved) to be ~70 fs. The pump beam
was focused using a 150 mm lens, while the probe beam was
focused using a longer focal length lens (500 mm). Typical
pump beam intensity was ~0.3-3 TW/cm?, while the probe
beam intensity was ~5 GW/cm®. The ratio of pump to probe
intensities was at least 60. The pump beam was modulated at
~100 Hz with the help of a chopper, and the change in probe
transmitted intensity was measured with a combination of a
photodiode (SMO5R/M, Thorlabs) and a lock-in amplifier
(7265, Signal Recovery). In the ps pump-probe set up, the
pump and probe beam diameters were ~4 mm and ~2 mm,
respectively. The pump and probe beams were focused using
200 mm lenses. Typical peak intensities of pump and probe
beams in the ps case were ~150 GW/cm? and ~2-4 GW/cm?,
respectively. The ratio of pump to probe intensities was at
least 75. The focusing in both the cases was such that the
probe beam diameter was ensured to be slightly smaller than
the pump beam diameter. The polarization of pump and probe

Appl. Phys. Lett. 100, 141109 (2012)
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FIG. 3. (a)-(e) Excited state dynamics data of Pol-Po5 obtained using ps
pulses at 800 nm. Noisy lines (Black lines) represent the experimental data,
while the smooth solid lines (red lines) are fits to the data.

beams was perpendicular in both the cases to avoid diffraction
effects leading to coherent artefacts.*®

The absorption spectra (already reported in Refs. 25 and
26) illustrate red shifted Soret bands and Q-bands compared
to f-alkylated porphycenes, owing to the rigidification and
extended-m system resulted by the fusion of two naphtha-
lenes onto the porphycene macrocycle. The absorption spec-
tra of free-base porphycene (Pol, Po2, Po3) display
relatively intense low energy Q-band (15625cm™' to
12000cm™") peaking near 14 000cm ™' and well defined
Soret or B-bands peaking near 25 000cm . Figure 2 shows
the open aperture Z-scan data obtained for Pol-Po5 at
560 nm, 580 nm, and 600 nm. 2PA was the dominant mecha-
nism observed, but one cannot rule out the presence of
excited state absorption from S; to S, states. The fits to the
data provided the values of an effective 2PA coefficient (f3)
in the range of 1.05 x 10~ '*cm/W-8.70 x 10~ "% cm/W. Evi-
dently, these values are an order of magnitude lower than the
values reported at 800 nm, which was a resonant two-photon
wavelength for these molecules. The values of n, in the ps
regime recorded for Pol-Po5 were in the range of
5-35x107"7 cm*/W at 560nm, 6.5-71 x 10~'7 cm*’/W at
580nm, and 10.8-78 x 10~7 cm?/W at 600 nm. Interest-
ingly, the n, values increased as excitation wavelength
changed from 560 nm to 600 nm. This could be attributed to
the excited state population as one gets closer to 600nm
where the absorption also increases slightly. The values at
560 nm, possibly, represent the true electronic nonlinearity
to a great extent since there is minimal absorption at this

TABLE I. Nonlinear optical properties porphycenes at 560 nm, 580 nm, and 600 nm.

B (ps) 560 nm f (ps) 580 nm S (ps) 600 nm n, (ps) 560 nm n, (ps) 580 nm n, (ps) 600 nm

Sample (cm/W) x 1072 (cm/W) x 1072 (cm/W) x 1072 (cm*W) x 1077 (cm*W) x 1077 (cm*/W) x 1077
CHCl; — — — — — —

Pol 2.30 3.50 3.00 8.88 6.58 163

Po2 1.10 1.05 8.70 35.3 70.7 78.2

Po3 3.00 4.40 3.75 14.8 7.24 22.7

Po4 7.50 5.00 4.50 7.28 224 21.8

Po5 3.50 3.40 3.20 5.12 9.76 10.8
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wavelength. Po2 had the largest n, values for all the wave-
lengths investigated in this study. Po4 had the largest 2PA
values for both fs and ps excitations (except at 600 nm ps ex-
citation). The values of nonlinear coefficients obtained from
closed and open aperture data for all the molecules are tabu-
lated in Table I.

It is well established that depending on the excitation
wavelength and intensity, one can observe 2PA, three photon
absorption (3PA), excited state absorption, or a combination
of more than one process in such molecules owing to the
configuration of their electronic states.'*'*2%340 We per-
formed the degenerate pump-probe experiments, and Figure
3 illustrates the data obtained with ps pulses at 800 nm.
Depending on the energy levels of these molecules, one
would expect multi-exponential decay following different
excitation mechanisms. The transmitted probe data was fitted
using the equation given below. For the case of single decay,
it was observed only 7, for double decay, t; and 1,, and for
triple exponential decay, 1, 75, and 73 were used.

AT(t
T( ) =Y _‘_Alef(tfto)/r. +A2e—(t—to)/rz +A3ef(t7lg)/13,

where AT(t) is the time dependent change in probe transmis-
sion, induced by the pump at time "t" after the pump excita-
tion, and T is the probe transmission in the absence of pump.
The peak intensities (~150 GW/cm?) used in ps experiments
were sufficient to access the three-photon states.”® We
observed photo-bleaching for all the porphycenes studied.
The data were fitted with a double exponential decay, and
two lifetimes were retrieved from the fits. We tried to fit the
data for a single exponential, but the overall fit was poor.
Fast decay retrieved was in the range of 1.8-3.1 ps, while the
slow component varied from 7 ps to 8.5 ps for different sam-
ples. The fast component is attributed to the internal conver-
sion (IC) in these molecules (S, to S; states), whereas the
slower one to the non-radiative decay back to the ground
state (S; to Sy states). Similar decay times were observed in
porphycene reported by Fita et al.*> One needs to keep in
mind that the pulse duration used was ~2 ps, and any life-
time less than this would not be resolved. To resolve further
the dynamics below 2 ps, we performed the experiments
with ~60 fs pulses at 600 nm. Photo-induced absorption was
observed in the 600 nm fs pump-probe data for all the por-
phycenes. The negative transmission observed at 600 nm is
depicted in Figure 4 for all the samples Pol-Po5. The data
were obtained with focused pump and probe pulses with
pump peak intensities sufficient to excite the molecules to S,
states. Probe is absorbed from these states to higher states
(S,), thereby reducing the transmission. Fits obtained using
single/double exponential were not providing perfect match
to the experimental data, and therefore, triple exponential
equation was utilized and three different lifetimes were
retrieved from the fits. The fastest lifetime observed was in
the 100-135 fs which is attributed to the intramolecular
vibrational relaxation (IVR) within S, states, while the
slower component of 0.8—1.5 ps could be due to the IC and
the slowest one in the 7.3—10.0 ps range again due to non-
radiative decay. To ensure that we are indeed exciting the
molecules in S, states (followed by excitation into S, states),

Appl. Phys. Lett. 100, 141109 (2012)
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FIG. 4. (a)-(e) Excited state dynamics of Pol-Po5 using ~70 fs pulses at
600nm. The data were obtained using focused pump/probe beams. Noisy
lines (Black lines) represent the experimental data, while the smooth solid
lines (red lines) are fits to the data.

we performed the fs pump-probe measurements without fo-
cusing the pump and probe pulses, thereby ensuring there
was no nonlinear absorption. When the beams are not
focused, the excitation is limited to S states only and, there-
fore, induced absorption from S; states to S, states suggest-
ing decrease in probe transmission. The representative data
obtained with unfocused pulses is shown in Figure 5 for Pol,
Po2, and Po4. The data could be fitted with a single exponen-
tial, and the lifetimes extracted were 7.5 ps, 7.0 ps, and 10.9
ps for Pol, Po2, and Po4, respectively. Relaxation times
extracted for all the samples are enlisted in Table II.

A qualitative explanation for relaxation mechanisms in
both ps and fs regimes (focused and unfocused data) using
detailed energy level structure is depicted in Figure 6. An
unfocused 600 nm photon (16 667 cm ™) will only excite the
molecules to S; states at the best and, therefore, we observed
only a single lifetime (assigned to S;-Sy decay). Though the
scattering is evident in the data, we could fit a single lifetime
and, more importantly, we could see the difference in shape
of the probe transmission curve when recorded with high
peak intensities. When excited with higher peak intensities at
600 nm, we expect the high lying S, states (33 333cm™") to
be populated through two photon absorption (to just below
the S, states) followed by excited state absorption from S, to
S, states and were able to observe three relaxation rates
(IVR, IC, and S;-Sp). When excited with ps pulses at
800nm, we observed two distinct lifetimes which are

0.00 0.0 0.00
B 026 o4 -0.25
z -0.50
050 Pol
0.8 Po2 1075 Po4
0.75

50 51015202510 -5 0 5 10 15 20 5 0 510152025

Probe Delay (ps)

FIG. 5. Excited state dynamics of Pol, Po2, and Po4 using ~60 fs pulses at
600 nm using unfocused pump/probe pulses. Noisy lines (Black lines) repre-
sent the experimental data, while the smooth solid lines (red lines) are fits to
the data.
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TABLE II. Lifetimes of porphycenes obtained using ps and fs pump-probe studies.

Appl. Phys. Lett. 100, 141109 (2012)

7, 800 nm 7; 800 nm 73 600 nm 7, 600 nm 7, 600 nm 7, 600 nm
Samples (ps p-p) (ps p-p) (fs p-p) (fs p-p) (fs p-p) (fs p-p unfocused)
Pol 2.0 ps 7.2 ps 120 fs 0.8 ps 8.0 ps 7.5 ps
Po2 3.1ps 7.6 ps 105 fs 1.4 ps 7.3 ps 7.0 ps
Po3 2.0 ps 7.2 ps 102 fs 1.2 ps 8.2 ps —
Po4 1.8 ps 8.5 ps 100 fs 1.5ps 10.0 ps 10.9 ps
Po5 1.8 ps 7.0 ps 135 fs 1.2 ps 8.1 ps —

attributed to the S,-S; transition (IC) and S-S, transition
(slowest component). The values presented in Table II con-
firm that the fs data and ps data are corroborating each other,
within experimental errors, and support our arguments about
different excitation schemes. Since these are non-fluorescent
molecules, we feel that the lifetimes observed are due to
non-radiative transitions (thermalization processes). The
errors (from experiments and fitting procedures) in these
measurements were estimated to be ~15% for the focused
data and ~20% for unfocused data.

In summary, we have performed degenerate pump-
probe using ~60 fs at 600 nm and ~2 ps laser pulses centred
at 800 nm of five different dinaphthoporphycenes. Our ps Z-
scan results clearly demonstrate 2PA at all wavelengths.
Two component carrier relaxation dynamics with the fast
time constant in the range of 1.8-3.1 ps and the slower one
in 7.0-10.0 ps range were observed with ps excitation. We
could observe three decay time constants of 100-120 fs,
0.8-1.5 ps, and 7.3-10.0 ps in the fs pump-probe data. The
lifetimes observed were similar in both the ps and fs cases.
The fastest lifetime is attributed to IVR in the S, states, while
the intermediate lifetime to the S, to S; states de-excitation
(IC). The longest life time is characteristic of the S; to Sy
non-radiative decay. The present results demonstrating the
strong nonlinear absorption properties of dinaphthoporphy-
cenes combined with ultrafast response times may find possi-
ble applications in photonics.

50,000 cm!
A S
33,300 cm! : A n Naph
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@] PA ®)| PB
28,500 cm'! —
—— A T S
23,250 cm! — : 2Po
. ©ipla .
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: S
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[ 1f ]
i I | Sopo

PIA: Photo-induced absorption PB: Photo-bleaching
7;: Intramolecular Vibrational Relaxation;
T,: Internal Conversion; 1, : Non-radiative decay

FIG. 6. Energy level diagram of Pol-Po5 depicting the various relaxation
times from different excited states: (a) fs pulses, focused pump and probe
data, 600nm; (b) ps pulses, focused pup and probe data, 800nm; (c) fs
pulses, unfocused pump and probe data, 600 nm.
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