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Abstract

Cyclic tetrapyrroles are the active core of compounds with crucial roles in living systems, such as 

hemoglobin and chlorophyll, and in technology as photocatalysts and light absorbers for solar 

energy conversion. Zinc tetraphenylporphyrin (Zn-TPP) is a prototypical cyclic tetrapyrrole that 

has been intensely studied in past decades. Due to its importance for photo-chemical processes the 

optical properties are of particular interest and, accordingly, numerous studies have focused on 

light absorption and excited-state dynamics of Zn-TPP. Relaxation after photoexcitation in the 

Soret band involves internal conversion that is preceded by an ultrafast process. This relaxation 

process has been observed by several groups. Hitherto, it has not been established if it involves a 

higher lying “dark” state or vibrational relaxation in the excited S2 state. Here we combine high 

time resolution electronic and vibrational spectroscopy to show that this process constitutes 

vibrational relaxation in the anharmonic S2 potential.
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Porphyrins and other heterocyclic pyrroles are among the most ubiquitous photoactive 

molecules in nature, science and technology. They are at the center of research endeavors 

reaching from photodynamic cancer therapy,1 solar energy conversion2 to catalysis,3 and 
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they are a core component of many new materials like metal-organic frameworks.4,5 

Porphyrins are ideal candidates for these applications due to the combination of optical 

properties with their large versatility with respect to structural modifications like 

substitutions at the periphery and of the center metal atom. Accordingly, a large amount of 

literature is available covering all aspects of porphyrins including their ultrafast excited-state 

dynamics, a property that is essential in many applications mentioned above. Zn-

tetraphenylphorphyrin (Zn-TPP) is a prototypical member of this group. It is among the 

most extensively studied metal-porphyrins and its excited-state dynamics is often used as a 

reference for more complex systems like molecular aggregates.6–9 While many aspects of 

Zn-TPP excited-state dynamics are well understood, one remaining question concerns the 

initial relaxation in the S2 state. Controversy exists if this process can be attribute to 

vibrational relaxation in the S2 state or if a second excited state ( ) is responsible.7,10,11 

While it is in general assumed that this initial dynamics involves some kind of vibrational 

relaxation, hitherto, no direct measurement has been presented to confirm this assertion.7,12 

This process was first observed by Gustavson’s group using time resolved fluorescence and 

it was assigned to vibrational relaxation (IVR).12 Later, Zewail’s group recovered the fast 

time constant in transient absorption measurements and assigned it to a distinct higher lying 

state above the S2 energy surface.10 Enescu et al. confirmed the existence of fast dynamics 

in or above the S2 state and assigned it to a relaxation of the coherently excited degenerate 

S2 state.11 The Steer group discussed both possibilities without giving an unambiguous 

assignment.13,14

Here we focus on an unequivocal assignment of the initial relaxation dynamics. We 

employed pump-degenerate four-wave mixing (pump-DFWM) to study vibrational 

dynamics in the first 100s of femtoseconds. The observed continuous shift of an inner ring 

stretching mode that is coupled to electronic excitation of the molecule in the S2 state is 

characteristic for vibrational relaxation in the anharmonic potential energy surface (PES). At 

the same time, the absence of coexisting modes excludes the presence of an additional state. 

Excitation wavelength dependent pump-DFWM and transient absorption (TA) measurement 

confirm the assignment.

Porphyrin excited-state dynamics are susceptible to complications stemming from the 

presence of molecular aggregates.15–17 To ensure the integrity of the prepared Zn-TPP 

solutions, careful measurements of the electronic spectrum were performed over a range of 

concentrations. Steady state absorption spectra show no sign of aggregation (Figure S3)18,19 

Fluorescence excitation and emission spectra similarly provide no evidence of alteration to 

the electronic structure of the molecule, showing consistent spectral features down to a 

concentration of 0.1 μM. The high solubility of Zn-TPP in THF serves to mitigate 

aggregation.20 Measurements were performed with 50 μM for transient absorption and 100 

μM for pump-DFWM. Further indication of sample purity was provided by liquid injection 

field desorption mass spectrometry, which showed no demetallated porphyrin or molecular 

substructures (Figure S5).

A ground state spectrum of Zn-TPP together with spectra of the excitation pulses is shown 

in Figure 1a. A transient absorption map after 420 nm excitation on the blue side of the 

Soret band is shown in Figure 1b. The map confirms the data that has been presented 
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previously in Ref. 7. Individual kinetic traces at representative wavelength and fits are shown 

in Figure S6. excited-state absorption is observed across the visible spectrum, with negative 

contributions from ground-state bleach (GSB) of the Q band near 550 nm and 600 nm. The 

contributions have been assigned by global fitting to a rate model discussed in the supporting 

information and result in five time constants: τ1= 70 fs, initial relaxation in or above S2; τ2= 

1.8 ps, S2 - S1 internal conversion (IC); τ3= 10 ps and τ4= 100 ps, vibrational relaxation in 

S1; τ5= 1.8 ns intersystem crossing to T1. Our measurements are in very good agreement 

with recent literature values. However, the fastest component, τ1, has been assigned based 

on order of magnitude arguments only.7 This component has been reported several times 

with time-constants of around 100 fs. It was attributed to S2 population dynamics, because it 

was not present after exciting the Q band and it was not observed in SE from the Q band. 

Direct S2 - S0 relaxation can also be excluded because GSB recovery was not observed on 

this time scale. It should be mentioned that at delay times shorter than 500 fs the signal 

between 510 nm and 540 nm stems predominantly from S2 absorption, since IC to S1 occurs 

on a 1 ps time scale. Accordingly, internal conversion from a dark  state above S2, or 

relaxation inside the S2 PES have been discussed as possible explanations. The latter 

explanation raises the question how vibrational cooling leads to a rise time in the TA signal. 

It is not a priori clear why a hot S2 state should have weaker excited-state absorption 

compared to the cold state. In general one would expect a peak shift associated with cooling. 

However, the fact that this component manifests itself as a rise of the TA signal is often 

neglected and not discussed in literature. Hitherto no attempts have been made to study this 

component after excitation on the red side of the Soret band as suggested by Enescu et al.11 

This is a straightforward approach to probe how the process depends on the presence of 

excess energy. Excitation of Zn-TPP with 430 nm gives rise to the TA map shown in Figure 

S7. The map is very similar to the one in Figure 1b, however, fits at the 3 indicated 

wavelength confirmed that the rise of the signal is instantaneous within the IRF of 25 fs. 

Thus, the fast component is absent if excitation occurs with lower photon energy. The 

transient absorption difference map that results from subtracting a measurement with 420 

nm excitation from one with 430 nm excitation is shown in Figure 1c. It can clearly be seen 

that contributions to the signal have been redistributed from around 550 nm to around 570 

nm upon increase of the excitation wavelength. At 570 nme it overlaps spectrally with the 

strong ground state bleach. This redistribution equilibrates after 200 fs. One way to explain 

the measurement is to assume a formation of a hot S2 state. Transient absorption of the hot 

S2 is red shifted and appears at the same energy as the S0-S1 transition and reduces the 

ground state bleach signal. Upon cooling the S2 state shifts to the blue and both transient 

absorption maps become identical, resulting in a loss of signal in the difference map. A 

simple simulation of a difference map composed of a hot state that is shifting towards a cold 

state at constant wavelength is shown in Figure S8. The simulation predicts a shift of the 

zero crossing point. However, the measurement is not conclusive. While the negative 

contribution clearly shifts to the blue, the positive contribution remains at a constant 

wavelength. A constant zero-crossing line is analogous to an isobestic point and would be 

indicative of a population redistribution between two states, i.e. from the  state at 570 nm 

to the S2 state at 550 nm. However, the dynamic of the spectral shift is not known and does 

not have to be linear as it was assumed in our calculation. In addition, the map shown in 
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Figure 1c is the difference of two normalized transient absorption difference spectra and can 

include subtraction artifacts. Thus, no conclusive assignment can be made based on these 

measurements.

As can be seen in Figure 1b, interpretation of the ultrafast excited-state dynamics of 

porphyrins are complicated by the manifold of molecular states with broad overlapping 

absorption spectra. A method that can identify vibrational relaxation of an individual 

vibrational mode that is coupled to the S0-S2 transition is necessary to unequivocally assign 

the initial relaxation to either vibrational cooling or to a higher lying state. Pump-DFWM 

allows measurement of changes in the vibrational spectrum on the sub-100 fs time scale and 

it is sensitive only to modes that couple to electronic excitation.

Pump-DFWM employs an initial actinic pump pulse preceding a four-wave mixing pulse 

sequence that measures Raman active modes in the time-domain. Modes that are coupled to 

the S2 state are selectively measured by: Firstly, subtracting a ground state measurement 

with blocked actinic pulse on a shot-to-shot basis. Secondly, by resonance enhancement via 

tuning the wavelength of the DFWM pulses in resonance with S2 excited-state absorption 

(Figure S2). And thirdly, by narrowing the waiting time window that is Fourier transformed 

into a spectrum to below 600 fs such that the vibrational spectrum is measured before S2-S1 

internal conversion takes place. The oscillatory signal as a function of the waiting time t 
contains information on structural dynamics and dephasing times of the resonant PES. A 

scan range of 600 fs combined with 12 fs pulse length allows high frequency resolution of 3 

cm−1 beyond 2000 cm−1. Experiments were performed with pulse energy below 50 nJ. The 

DFWM signal was recorded after a monochromator that was set at 510 nm with 3 nm 

FWHM. The setup was aligned to maximize the amplitude of the 1352 cm−1 mode at 1 ps 

actinic pump delay. The optical setup, the pulse sequence and the phase-matching condition 

are depicted in Figure S1.

The background free time-domain DFWM measurement eliminates influence from 

fluorescence that typically obfuscates Raman spectra of solution-phase Zn-TPP. A 

comparison between a ground state spectrum and a spectrum after excitation of the Soret 

band at 420 nm is shown in Figs. 1d and 2a. The excited-state spectrum reveals the presence 

of two major vibrational modes at 385 cm−1 (Zn-pyrrole stretch) and 1352 cm−1 (inner ring 

stretch)21,22 as well as an intense induced solvent mode at 910 cm−1.23 The ground state 

spectrum of Raman active modes agrees well with published results.24 Additional peaks at 

180 cm−1, 650 cm−1, 1050 cm−1, and 1560 cm−1 are present in the ground state DFWM 

spectrum, but strongly suppressed in the excited-state spectrum. The presence of the non-

resonant solvent peak in the pump-DFWM spectrum is unexpected. It is possible that the 

difference of absorbance at the DFWM wavelength before and after Soret excitation leads to 

oversubtraction, which would also explain the phase shift. However, careful rescaling with 

the amplitude of the non-oscillating signal that is proportional to the pulse intensity did not 

remove the solvent peak entirely and did not affect the phase shift. An alternative 

explanation is the change of the polarizability of the solvent shell due to the excitation of 

Zn-TPP. This interpretation would associate the phase-shift of π to the delayed response of 

the solvent shell (Figure 2b). However, an in-depth study of the solvent response is not the 

scope of this paper and none of the above explanations can be excluded.
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Figures 2b, c, and d show maps of the Fourier transformed waiting time t that corresponds to 

the DFWM spectrum plotted as a function of the actinic pump delay (T). The dominant 

mode around 1350 cm−1 in Figure 2b shows a time dependent shift towards higher 

vibrational frequencies while no shift is observed for the lower 385 cm−1 mode. A small 

shift of around 3 cm−1 is observed in the solvent mode that is just within the resolution of 

the instrument. However, the absence of the shift in the 385 cm−1 mode excludes a 

systematic error. Figure 2c shows a magnification of the inner ring stretching mode that 

shifts from 1340 cm−1 to 1352 cm−1 in about 85 fs. The frequency shift is accompanied by a 

rise in amplitude in about 250 fs. The 385 cm−1 Zn-TPP mode shows no clear rise (Figure 

S9), while the solvent mode shows a much smaller rise.

The continuous frequency shift towards higher vibrational energies can be explained by 

relaxation in an anharmonic S2 potential.25–27 As the vibrational energy spacing increases, 

the vibrational energy increases. The shift in frequency is best fit with a second order 

polynomial. This fit would indicate a third order perturbation to the harmonicity of the 

potential energy surface.28 Computational studies beyond the scope of this work could 

provide more detailed insight into the exact shape of the PES. The continuous rise of the 

signal amplitude can be explained by a shift of the transition into resonance for S2 excited-

state absorption while the mode relaxes.7,11 It is consistent with the TA kinetics that show a 

rise in excited-state absorption on the same timescale.

The alternative explanation that involves intersystem crossing between a dark  state and S2 

would not result in a continuous shift in frequency. For this case two scenarios are possible. 

If both states couple to the same mode no change in frequency would be expected. In case 

both states couple to different modes, an abrupt change in frequency should be 

observed.25,29 Thus the continuous shift of the 1352 cm−1 mode over 12 cm−1 is strong 

evidence that the initial dynamics that has been observed in numerous TA measurements is 

associated with vibrational cooling in the S2 state. At lower pump energy the S2 state is 

excited in the vibrational ground state and no relaxation is expected in this case. 

Measurements with lower excitation energy at 430 nm show the expected absence of the 

vibrational shift as well as a constant signal (Figure 2d). While in itself this is not a proof for 

vibrational cooling, it supports the assignment. As mentioned above, a detailed analysis of 

the data would allow to extract the shape of the PES in direction of the 1352 cm−1 mode. 

Unfortunately, knowledge about the rate of IVR that is necessary to connect the peak shift 

kinetics to the PES profile is not available. However, an order of magnitude consistency 

check can be done using common anharmonic corrections. For the benzene ring stretching 

mode at 1494 cm−1 the correction is 10 cm−1, slightly below the 12 cm−1 correction we 

observed for the 1352 cm−1 inner ring stretching mode but in overall good agreement.30

We applied TA and pump-DFWM to elucidate the origin of the initial relaxation dynamics 

on the 100 fs time scale that has been reported for Zn-TPP two decades ago. Comparing TA 

maps for different excitation energies we were able to explain the observed rise time in the 

TA signals as a shift or redistribution of population from 550 nm to 570 nm. The TA maps 

did not allow a conclusive assignment of the dynamics to either IVR or IC from a higher 

lying dark  state. Pump-DFWM with excitation on the blue side of the Soret band revealed 
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that the inner ring stretching mode that couples strongly to the excitation shifts on the 

relevant time scale. This mode showed a continuous shift over 12 cm−1 and a continuous 

increase in peak amplitude. The continuous shift and rise can only be explained by IVR in 

the anharmonic S2 PES and is not compatible with IC. Pump-DFWM after excitation on the 

red side of the Soret band showed no signal rise or peak shifts as expected. Given the 

structural and electronic similarities between metal-porphyrins, these results can likely be 

extended to other compounds. Pump-DFWM has proven to be an appropriate tool to reveal 

electronic-vibrational coupling and relaxation pathways on the sub 100 fs time scale. 

Increased sensitivity and improved signal to noise ratio will allow internal vibrational 

redistribution to be followed in real time and will reveal the vibrational modes that are 

involved in chemical reactions.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
a) Ground state spectrum of Zn-TTP Soret band absorption and spectra of actinic pump 

pulses. b) TA map of Zn-TPP after excitation at 420 nm. c) TA difference map between (b) 

and a map recorded after 430 nm excitation on the red side of the Soret band (Figure S6). 

The dashed lines are guides to the eye. A vertical line would be indicative of repopulation 

between states, a sloped line would indicate a peak shift. d) Ground-state state resonant 

pump-DFWM spectrum.
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Figure 2. 
a) excited-state resonant pump-DFWM spectra (T=100 fs). Dominant features are 385 cm−1 

metalpyrrrole stretch, 1352 cm−1 inner ring stretch, and 910 cm−1 solvent mode. b), c), and 

d) Actinic pump delay dependent DFWM spectra and magnification of the 1350 cm−1 mode 

at c) 420 nm excitation and d) 430 nm excitation. The black dotted line is a fit with a 12 

cm−1/85 fs time constant.
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