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We combined femtosecond (fs) VIS pump–IR probe spectroscopy with fs VIS

pump–supercontinuum probe spectroscopy to characterize the photoreaction of the

hexacoordinated Al(tpfc-Br8)(py)2 in a comprehensive way. Upon fs excitation at

�400 nm in the Soret band, the excitation energy relaxes with a time constant of

(250 6 80) fs to the S2 and S1 electronic excited states. This is evident from the rise

time of the stimulated emission signal in the visible spectral range. On the same

time scale, narrowing of broad infrared signals in the C¼C stretching region

around 1500 cm�1 is observed. Energy redistribution processes are visible in the

vibrational and electronic dynamics with time constants between �2 ps and �20

ps. Triplet formation is detected with a time constant of (95 6 3) ps. This is tracked

by the complete loss of stimulated emission. Electronic transition of the emerging

triplet absorption band overlaps considerably with the singlet excited state

absorption. In contrast, two well separated vibrational marker bands for triplet

formation were identified at 1477 cm�1 and at 1508 cm�1. These marker bands

allow a precise identification of triplet dynamics in corrole systems. VC 2016
Author(s). All article content, except where otherwise noted, is licensed under a
Creative Commons Attribution (CC BY) license (http://creativecommons.org/
licenses/by/4.0/). [http://dx.doi.org/10.1063/1.4949363]

I. INTRODUCTION

Corroles are developing class of photosensitizers with significant chemical and photophysi-

cal properties and relatively unexplored potential.1,2 The simple and efficient procedure of cor-

roles synthesis combined with readily tuned physical and chemical characteristics by varying

the peripheral substituents,3–6 central metal,5,7 and axial ligands8,9 has revived substantial inter-

est in employing these contracted porphyrinoids in various fields. Examples for application of

the corroles include dye-sensitized solar cells,7,10 photodynamic therapy,11–13 photodynamic

detection,14 photodynamic inactivation of mold fungi and green algae,15,16 regular and sophisti-

cated optical imaging,17,18 formation of singlet oxygen for catalysis,19–21 and corrole-based

electron and energy transfer systems.22–24 In this context, the ability to control the corrole’s pa-

rameters such as fluorescence,6,25 phosphorescence,26–29 and singlet oxygen quantum yield,30

energy,31 and lifetime of their photoexcited states26,32–34 is fundamental in optimizing the cor-

role based photocatalysts for their specific application.35 However, there are very few in-depth

reports on the physical and spectroscopic features of corroles. The most striking example is

vibrational spectroscopy (IR, RR, and more sophisticated methods), very well established for

porphyrins36–39 but very limited for corroles.40–43 What is more, there is only one prior publica-

tion that focused on the ultrafast vibrational processes involved therein.44 A recent study on
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other corrole systems investigated electronic dynamics from femtoseconds to microseconds, but

a separation of singlet and triplet dynamics on the short time scale remained difficult.45 An

improved insight into the fundamental properties of post-transition metallocorroles is hence

clearly required for learning how to utilize them in potentially practical applications.

II. RESULTS AND DISCUSSION

In this study, we investigated hexacoordinated aluminum(III) 2,3,7,8,12,13,17,18-octab-

romo-5,10,15-tris(pentafluorophenyl) corrole, Al(tpfc-Br8)(py)2, upon excitation at the high

energy side of the Soret band at 400 nm. The absorption spectrum exhibits a Soret band maxi-

mum at 445 nm, and two maxima in the Q band at 600 nm and 637 nm, resulting from the S0

! S2 transition and S0 ! S1 transition.44 Fluorescence maxima were observed at 643 nm and

704 nm, as depicted in Fig. 1. Two pyridine ligands are located above and below the corrole

plane, directly interacting with the aluminum (see Fig. 1 inset).

The electronic dynamics were studied by femtosecond VIS pump–supercontinuum probe

spectroscopy on a time scale from femtoseconds to 280 ps. We investigated the dynamics in a

broad spectral range from 500 nm to 975 nm with a system response of �100 fs. Figure 2(b)

presents the difference absorbance change upon photoexcitation in a 2D map. Bleaching and

stimulated emission signals (negative) are shown in blue, while increased absorption due to

excited state and product bands as triplet absorption are colored in red. As displayed in Fig.

2(b), the positive signal from 500 nm to 574 nm, the positive signal from 670 nm to 975 nm, as

well as the negative signal from 574 nm to 670 nm appear instantaneously upon excitation. We

assign the positive signal to singlet excited state absorption, and the negative signal to bleach-

ing absorption of the ground state. On a time scale of a few hundred femtoseconds, negative

signals rise at the position of the fluorescence at around 650 nm and around 710 nm (see also

Fig. 3). We assign these signals to stimulated emission. On a longer time scale of 100 ps, these

stimulated emission signals vanish completely, indicating the decay of the electronic excited

singlet state. On the same time scale, the bleaching signal from 570 nm to 625 nm increases,

due to the loss of the singlet excited state absorption in this spectral range. This is well visible

in Fig. 3 for long delay times. This demonstrates the triplet formation on a time scale of 100

ps, since the bleaching signal does not recover, while the stimulated emission signal, reflecting

singlet excited state population, vanishes completely.

In Fig. 3, we display the absorbance difference spectra as a function of wavelengths at dif-

ferent delay times. The complete loss of stimulated emission signals around 650 nm and around

710 nm is clearly visible, enabling a definite assignment of the triplet state. Around 600 nm,

FIG. 1. Absorption spectrum (black) and emission spectrum (wine) of Al(tpfc-Br8)(py)2; excitation wavelength is indicated

by a blue bar at 403 nm; inset: Molecular structure of Al(tpfc-Br8)(py)2.
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a strong effect of the decaying singlet excited state absorption is displayed; while for wave-

lengths longer than �670 nm and for short wavelength around 500 nm, a significant positive sig-

nal remains. We attribute this remaining positive signal to triplet absorption. Triplet generation

in Br8Al(tpfc)(py)2 was previously observed by the time resolved EPR studies.5 Importantly, the

spectral shape of singlet excited state absorption and triplet absorption are strongly overlapping,

and thus difficult to separate.

Transients at selected wavelengths are presented in Fig. 4. At short wavelengths around

500 nm (red line, Fig. 4), the transient absorbance change is minor, because the loss of singlet

excited state signal around 100 ps is compensated by the newly generated triplet signal on the

same time scale. This indicates a reaction pathway from the singlet excited state to the triplet

state. Transients at 550 nm (dark yellow line) and 590 nm (green line) in Fig. 4 illustrate the

increase of the negative bleaching contribution on a time scale of �100 ps, due to the loss of

FIG. 3. Absorbance changes of Al(tpfc-Br8)(py)2 as a function of wavelength at different pump-probe delay times. Positive

signals indicate increased absorption upon excitation at �400 nm, while negative signals are due to reduced absorption.

FIG. 2. A. Upper panel: Infrared absorption spectrum of Al(tpfc-Br8)(py)2 in the investigated spectral region. Lower panel:

2D map of the vibrational absorbance change upon excitation at �400 nm as a function of wavenumber and delay time.

Negative signals (blue) indicate bleaching signals, while positive signals (red) are due to singlet excited state absorption

and triplet absorption. B. Upper panel: Visible absorption spectrum of Al(tpfc-Br8)(py)2 (black line) and fluorescence signal

(red line) in the investigated spectral region. Lower panel: 2D map of the absorbance change as a function of wavelengths

and pump-probe delay time. Excitation at the same wavelength �400 nm. Positive signals (red) show excited state and tri-

plet absorption; negative signals (blue) indicate bleaching and stimulated emission signals. The transient changes of both

experiments can be compared directly.
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singlet excited state absorption. In this spectral range, the triplet absorption is smaller than the

singlet excited state absorption and cannot compensate the loss of positive signal anymore. At

wavelengths of 640 nm (blue line), 650 nm (purple line), 660 nm (wine line), and 710 nm (black

line), the negative signal rises within a few hundred femtoseconds, stays nearly constant, and

decays on a time scale of �100 ps. The transient at 770 nm (grey line) in Fig. 4 exhibits an in-

stantaneous rise to a positive signal due to the singlet excited state absorption that decays on a

time scale of �100 ps to a smaller positive signal. The remaining positive signal is not vanish-

ing, reflecting triplet absorption.

Global simulation of the dataset with a multi exponential approach results in three relevant

time constants of s1¼ (0.25 6 0.08) ps, s2¼ (6 6 2) ps, s3¼ (95 6 3) ps, and a constant s4. The

decay associated spectra (DAS) for these time constants are shown in Fig. 5. Here, we can use

a true sequential model with a sequence of several steps. Upon excitation, the singlet excited

state in the Soret band is formed instantaneously, followed by transfer to the singlet excited

state of the Q band accompanied with the rise of stimulated emission with 250 fs. On the pico-

second time scale, energy relaxation processes occur in the singlet excited state, followed by a

complete singlet excited state decay into the triplet manifold with 95 ps. The constant compo-

nent in Figure 5 reflects the difference between ground state bleaching and triplet absorption.

FIG. 4. Transients of the visible dataset upon excitation of Al(tpfc-Br8)(py)2 at �400 nm (thick solid lines). Simulations of

the transients are presented by thin lines.

FIG. 5. Decay associated spectra (DAS) of the visible dataset upon excitation of Al(tpfc-Br8)(py)2 at �400 nm. Absorption

(grey line) and fluorescence (pink line) are scaled and plotted for comparison.
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As a result of the sequential model, the presented decay associated spectra (DAS) in Figure 5

show the decay and rise of intermediate states with the given time constants.

The DAS of s1 (DAS1) exhibits positive signals at the spectral positions of the fluorescence

maxima, and small negative signals around 600 nm. This demonstrates that the stimulated emis-

sion rises with a time constant s1, and probably small excited state absorption increases around

600 nm. The DAS2 exhibits a derivative like pattern with positive/negative contributions at

609 nm (�)/643 nm (þ) and 674 nm (�)/702 nm (þ) and a time constant of about 6 ps (blue

line Fig. 5). This can be interpreted as cooling of vibrational modes coupled to the singlet

excited state absorption, resulting in spectral shifts and narrowing of the stimulated emission.

Extending the global fit to five exponentials results in splitting of DAS2 in two contributions.

This is presented in Fig. S1 with two time constants of 2 ps and 18 ps for cooling.50 DAS3 has

negative signals at spectral positions of the fluorescence, significant positive signals around

600 nm, and small positive signals around 500 nm and 800 nm. We assign time constant s3 to

the singlet excited state decay and triplet formation. Positive signals indicate decay of the sin-

glet electronic excited state signal that is not compensated by the triplet absorption, and nega-

tive signals indicate the decay of the stimulated emission signal. Note that the stimulated emis-

sion signal vanishes completely, best visible at around 700 nm.

Since the stimulated emission and the electronic absorption spectra of excited state, triplet

state, and ground state provide considerable spectral overlap, we decided to investigate the

vibrational marker band region around 1500 cm�1 after excitation at �400 nm.44

The absorbance change upon excitation as a function of wavenumber and delay time is pre-

sented as a 2D map in Fig. 2(a) lower panel. Observed are pronounced bleaching signals at

1501 cm�1 and 1523 cm�1, matching the positions of the absorption bands in Fig. 2(a) upper

panel. These bleaching signals were assigned to C¼C stretching vibrations �(C¼C)1 and

�(C¼C)2 at 1501 cm�1 and 1523 cm�1, respectively. The bleaching band around 1470 cm�1 in

Fig. 2(a) is indicated by a small perturbed free induction decay signal44 at delay times before

time zero in Fig. 2(a). This negative signal is masked by positive contributions for all detected

delay times up to 300 ps. Upon excitation, we observe strong positive signals red-shifted to the

bleaching bands at 1501 cm�1 and 1523 cm�1 due to the vibrations in the singlet electronic

excited state. We assign these vibrations to �(C¼C)1* and �(C¼C)2* vibrations in the S1 elec-

tronic excited state. On a time scale of a few hundred femtoseconds, the positive bands show a

significant broadening to lower energy frequencies. We assign this feature to excitation of

higher low-frequency vibrational states in the S1, i.e., a hot population of the observed vibra-

tions due to fast energy redistribution of the excess energy. A striking feature in Fig. 2(a) is the

decay of the �(C¼C)1* and �(C¼C)2* signals on a time scale of 100 ps, exactly the time scale

when stimulated emission signal vanishes in Fig. 2(b). Accompanied with this decay, new posi-

tive signals rise at 1480 cm�1 and 1506 cm�1. We assign the decay of the �(C¼C)1* and

�(C¼C)2* absorption to a decay of the singlet excited state, and the rise of the positive signals

at 1480 cm�1 and 1506 cm�1 to triplet formation. Hence, the new emerging bands at 1480 cm�1

and 1506 cm�1 represent the marker bands for a triplet state in Al(tpfc-Br8)(py)2.

In Fig. 6, the absorbance difference spectra at different delay times are presented. At early

delay times, no signatures indicative of the triplet marker bands are visible. The positive signal

around 1540 cm�1 exhibits a decay within a few picoseconds. This signal could reflect some

population persisting longer in the electronic excited state of the Soret band, resulting in a

strongly altered C¼C stretching frequency. The early delay times from a few ps to about 30 ps

are dominated by narrowing of the positive bands. The cooling effect is also visible by the

spectral shift of the zero-crossings on the low energy side of the bleaching signals at

1499 cm�1 and 1520 cm�1. These spectral shifts presented in Fig. S2 can be simulated with

time constants of (1.4 6 0.3) ps and (19 6 3) ps.50 This is corroborated by spectral shift of the

bleaching and stimulated emission band around 650 nm (see Fig. S2) with the time constants of

(1.2 6 0.8) ps and (22 6 2) ps.50 The difference spectrum at 300 ps (red dots and line) in Fig. 6

mainly shows triplet absorption (positive signals) and bleaching bands (negative signals).

Fig. 7 presents the transients at selected wavenumbers: At 1516 cm�1 (green triangles) and

1522 cm�1 (yellow circles), a significant part of the dynamic changes in the sub picosecond

043210-5 Stensitzki et al. Struct. Dyn. 3, 043210 (2016)
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time scale. On a time scale of about 20 ps positive/negative absorption pairs decay at

1495 cm�1 (þ)/1501 cm�1 (�) and 1516 cm�1 (þ)/1522 cm�1 (�). Positive absorption of the

transients at 1480 cm�1 (black dots) and 1506 cm�1 (blue triangles) clearly increases around

100 ps, matching the triplet rise time of 95 ps in the visible data (Fig. 5).

In Fig. 8, we present DAS of the global fit of the vibrational data. We found at least five

components to simulate the data. The fast component with (200 6 100) fs decay time reflects

signal decay around 1460 cm�1 and shifting of bands around 1500 cm�1 and 1520 cm�1. Time

constants of (2.0 6 0.5) ps and (18 6 3) ps show dispersive features around 1500 cm�1 and

1520 cm�1 reflecting cooling, narrowing, and spectral shifts of these bands. The spectral shifts

of the zero-crossings are presented in Fig. S2.50 Since vibrational dynamics are directly con-

nected to its electronic dynamics, common decay times describe the same dynamics. Thus, the

DAS with decay time of (80 6 8) ps displays the decay of the singlet excited state (positive sig-

nals) and the rise of the triplet absorption (negative signals). We obtain the same results upon

analyzing the lifetime map of the vibrational data (presented in Fig. S3).50

In summary, we propose the following photoreaction scheme presented in Fig. 9. After

photoexcitation, the internal conversion in the Soret band is ultrafast, and energy relaxation into

FIG. 6. Vibrational absorbance difference spectra of Al(tpfc-Br8)(py)2 as a function of wavenumber at different delay

times. Positive signals are for increased absorption and negative signals for decreased absorption (bleaching bands).

FIG. 7. Vibrational transient data at selected wavenumbers as a function of delay time upon excitation of Al(tpfc-Br8)(py)2

at �400 nm.
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the Q band occurs with a time constant of 250 fs. In the Q band, energy relaxation processes

on the picosecond time scale take place (see Fig. 9). With a time constant of 95 ps all popula-

tion is transferred from the singlet excited state to the triplet state. We assume that this triplet

state is the T1 state, because we do not detect further relaxation processes on a time scale of

300 ps, but we cannot exclude that the populated triplet state is an excited triplet state. We con-

clude that 100% of the excited state population is transferred to the triplet state, since we do

not observe any bleaching recovery in the 95 ps time scale, and the stimulated emission signal

completely vanishes with this time constant.

FIG. 8. Decay associated spectra of the vibrational dynamics of Al(tpfc-Br8)(py)2 upon excitation at �400 nm. Our true se-

quential model allows to interpret the spectra as spectra of intermediate states increasing/decaying with the given time

constant.

FIG. 9. Sketch of the proposed photoreaction pathways. Upon excitation, a fast relaxation to the Q band (S1, S2) with a

time constant of 250 fs occurs, followed by energy redistribution processes with 2 ps and 20 ps. The complete excited popu-

lation is transferred to the triplet state with a time constant of 95 ps.
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III. CONCLUSION

We present the first comprehensive analysis of the photoreaction dynamics of a brominated

corrole Al(tpfc-Br8)(py)2 by combining electronic and vibrational dynamics for the first time.

We measured a very fast Soret to Q band transition with a time constant of 250 fs, which is

fast compared to non-brominated Al(tpfc)py with a time constant of 500 fs,34 and other corrole

systems.32,34,45 The energy redistribution processes occur on a picosecond time scale, similar to

other corrole systems.32,45

Nevertheless, electronic absorption bands overlap significantly and thus prevent a clear assign-

ment of triplet dynamics. We identified vibrational triplet marker bands at 1480 cm�1 and

1506 cm�1 as ideally suited for characterization of triplet formation and dynamics. In Al(tpfc-

Br8)(py)2 triplet generation takes place with a time constant of 95 ps, significantly faster than

intersystem crossing rates reported for free-base corroles and their germanium and phosphorus com-

plexes,32,45 and with an extraordinarily high yield of about 100%. This exceptional high triplet quan-

tum yield can be explained by the bromine atoms introducing a strong spin-orbit coupling. Hence,

Al(tpfc-Br8)(py)2 is a very promising candidate as a photosensitizer with an expected high singlet

oxygen yield. The identification of vibrational marker bands for separation of singlet and triplet

dynamic opens new strategies to investigate the triplet formation in corroles and related molecules.

IV. METHODS

Femtosecond laser pulses were generated starting from a fundamental femtosecond laser

pulse delivered by a 1 kHz Ti:Sa laser system (Coherent Legend USP, 80 fs pulses at 800 nm).

The fundamental beam was split into two parts for pump and probe pulse generation. The

pump pulses were generated by second harmonic generation in a BBO crystal with a pulse

energy of 0.25 lJ.

Angle balanced femtosecond polarization resolved VIS pump–IR probe measurements were

applied as described elsewhere.46,47 In short, the mid-IR probe beam is generated by a differ-

ence frequency mixing step from near-infrared signal and idler pulses generated by 800 nm fs

pulses in a BBO crystal. Two reflections of the fs mid-IR pulse are taken as probe beams with

different polarizations used at the same time in the same sample volume to detect absorbance

changes. The system response was about 350 fs with pump focus of about 200 lm and probe

focus of about 150 lm. Absorbance changes with mid-IR polarizations parallel (Apa) and per-

pendicular (Ape) to the VIS pump beam polarization were detected. Isotropic absorbance

changes (Aiso) were calculated by Aiso¼ (Apaþ 2 Ape)/3. Here, we presented only isotropic

data. In the IR dataset, we observed a rising featureless background with a delay time. This

background is subtracted in the presented data. The background is probably induced by long-

lasting triplet generation.

For isotropic Vis pump–supercontinuum probe measurements, we used a sapphire white

light supercontinuum with polarization angle between both beams set to the magic angle

(54.7�). Both beams were focused into the sample cell by a curved mirror. Behind the sample,

a filter (HR-800 mirror) was used to suppress the fundamental in the supercontinuum, and the

beam was focused into a prism-spectrometer (Stresing GmbH) equipped with a 512 pixel

InGaAs sensor. Every second pump beam was blocked by a chopper to record excited and not

excited sample volumes alternatively.48 The sample was moved perpendicular to the beam

direction to minimize reexcitation. The system response was better than 100 fs (typically �80

fs). The Al(tpfc-Br8)(py)2 was synthesized as reported previously.5,49 Al(tpfc-Br8)(py)2 samples

of about 0.008 mol/l were prepared with a maximal absorption of about 1 OD in the Q-band at

640 nm in d8-toluene.

ACKNOWLEDGMENTS

Work performed at the Technion was supported by a grant from the Israel Science Foundation.

The work at the Hebrew University of Jerusalem was supported by the KAMEA Foundation (A.B.).

The work performed at the Free University of Berlin was supported by the SFB 1078, TP B3.

043210-8 Stensitzki et al. Struct. Dyn. 3, 043210 (2016)

 Reuse of AIP Publishing content is subject to the terms at: https://publishing.aip.org/authors/rights-and-permissions.



1I. Aviv and Z. Gross, Chem. Commun. 2007, 1987.
2C. I. M. Santos, J. F. B. Barata, M. J. F. Calvete, L. S. H. P. Vale, D. Dini, M. Meneghetti, M. G. P. M. S. Neves, M. A.
F. Faustino, A. C. Tome, and J. A. S. Cavaleiro, Curr. Org. Synth. 11, 29 (2014).

3J. Vestfrid, M. Botoshansky, J. H. Palmer, A. C. Durrell, H. B. Gray, and Z. Gross, J. Am. Chem. Soc. 133, 12899 (2011).
4L. Wagnert, R. Rubin, A. Berg, A. Mahammed, Z. Gross, and H. Levanon, J. Phys. Chem. B 114, 14303 (2010).
5L. Wagnert, A. Berg, E. Stavitski, T. Berthold, G. Kothe, I. Goldberg, A. Mahammed, L. Simkhovich, Z. Gross, and H.
Levanon, Appl. Magn. Reson. 30, 591 (2006).

6C. M. Lemon, R. L. Halbach, M. Huynh, and D. G. Nocera, Inorg. Chem. 54, 2713 (2015).
7B. J. Brennan, Y. C. Lam, P. M. Kim, X. Zhang, and G. W. Brudvig, ACS Appl. Mater. Interfaces 7(19), 12728–12734
(2015).

8I. Aviv-Harel and Z. Gross, Coord. Chem. Rev. 255, 717 (2011).
9J. Palmer, in Molecular Electronic Structures of Transition Metal Complexes I, edited by D. M. P. Mingos, P. Day, and J.
P. Dahl (Springer, Berlin, Heidelberg, 2012), Vol. 142, p. 49.

10D. Walker, S. Chappel, A. Mahammed, B. S. Brunschwig, J. R. Winkler, H. B. Gray, A. Zaban, and Z. Gross,
J. Porphyrins Phthalocyanines 10, 1259 (2006).

11J. Y. Hwang, D. J. Lubow, J. D. Sims, H. B. Gray, A. Mahammed, Z. Gross, L. K. Medina-Kauwe, and D. L. Farkas,
J. Biomed. Opt. 17, 015003 (2012).

12J. F. B. Barata, A. Zamarr�on, M. G. P. M. S. Neves, M. A. F. Faustino, A. C. Tom�e, J. A. S. Cavaleiro, B. R€oder, �A.
Juarranz, and F. Sanz-Rodr�ıguez, Eur. J. Med. Chem. 92, 135 (2015).

13J. Y. Hwang, D. J. Lubow, D. Chu, J. Sims, F. Alonso-Valenteen, H. B. Gray, Z. Gross, D. L. Farkas, and L. K. Medina-
Kauwe, J. Controlled Release 163, 368 (2012).

14H. Agadjanian, J. Ma, A. Rentsendorj, V. Valluripalli, J. Y. Hwang, A. Mahammed, D. L. Farkas, H. B. Gray, Z. Gross,
and L. K. Medina-Kauwe, Proc. Natl. Acad. Sci. U.S.A. 106, 6105 (2009).

15A. Preuss, I. Saltsman, A. Mahammed, M. Pfitzner, I. Goldberg, Z. Gross, and B. J. Roder, Photochem. Photobiol. B 133,
39 (2014).

16J. Pohl, I. Saltsman, A. Mahammed, Z. Gross, and B. J. Roder, Appl. Microbiol. 118, 305 (2015).
17J. Y. Hwang, Z. Gross, H. B. Gray, L. K. Medina-Kauwe, and D. L. Farkas, Proc SPIE 7902, 79020F (2011).
18J. Y. Hwang, S. Wachsmann-Hogiu, V. K. Ramanujan, J. Ljubimova, Z. Gross, H. B. Gray, L. K. Medina-Kauwe, and D.

L. Farkas, Mol. Imaging Biol. 14, 431 (2012).
19I. Luobeznova, M. Raizman, I. Goldberg, and Z. Gross, Inorg. Chem. 45, 386 (2006).
20J. F. B. Barata, A. L. Daniel-da-Silva, M. G. P. M. S. Neves, J. A. S. Cavaleiro, and T. Trindade, RSC Adv. 3, 274

(2013).
21L. M. Reith, M. Himmelsbach, W. Schoefberger, and G. J. Kn€or, Photochem. Photobiol. A: Chem. 218, 247 (2011).
22L. Flamigni and D. T. Gryko, Chem. Soc. Rev. 38, 1635 (2009).
23L. Giribabu, J. Kandhadi, R. K. Kanaparthi, and P. S. Reeta, J. Lumin. 145, 357 (2014).
24L. Giribabu, J. Kandhadi, and R. K. Kanaparthi, J. Fluoresc. 24(2), 569 (2014).
25L. Shi, H.-Y. Liu, H. Shen, J. Hu, G.-L. Zhang, H. Wang, L.-N. Ji, C.-K. Chang, and H.-F. Jiang, J. Porphyrins

Phthalocyanines 13, 1221 (2009).
26J. Vestfrid, I. Goldberg, and Z. Gross, Inorg. Chem. 53, 10536 (2014).
27E. Rabinovich, I. Goldberg, and Z. Gross, Chem. Eur. J. 17, 12294 (2011).
28J. H. Palmer, A. C. Durrell, Z. Gross, J. R. Winkler, and H. B. Gray, J. Am. Chem. Soc. 132, 9230 (2010).
29J. H. Palmer, M. W. Day, A. D. Wilson, L. M. Henling, Z. Gross, and H. B. Gray, J. Am. Chem. Soc. 130, 7786 (2008).
30W. Shao, H. Wang, S. He, L. Shi, K. Peng, Y. Lin, L. Zhang, L. Ji, and H. J. Liu, Phys. Chem. B 116, 14228 (2012).
31A. Mahammed, B. Tumanskii, and Z. Gross, J. Porphyrins Phthalocyanines 15, 1275 (2011).
32L. Zhang, Z.-Y. Liu, X. Zhan, L.-L. Wang, H. Wang, and H.-Y. Liu, Photochem. Photobiol. Sci. 14, 953 (2015).
33D. Kowalska, X. Liu, U. Tripathy, A. Mahammed, Z. Gross, S. Hirayama, and R. P. Steer, Inorg. Chem. 48, 2670 (2009).
34X. Liu, A. Mahammed, U. Tripathy, Z. Gross, and R. P. Steer, Chem. Phys. Lett. 459, 113 (2008).
35A. Mahammed and Z. Gross, Angew. Chem. Int. Ed. 54, 12370 (2015).
36S. C. Omapinyan, Vibrational Spectroscopy of Porphyrins, Phthalocyanines and Tetraphenyl Derivatives of Group IV-A

Elements (University of East Anglia, 1997).
37B. M. Leu, M. Z. Zgierski, C. Bischoff, M. Li, M. Y. Hu, J. Zhao, S. W. Martin, E. E. Alp, and W. R. Scheidt, Inorg.

Chem. 52, 9948 (2013).
38L. M. Proniewicz, A. Bruha, K. Nakamoto, E. Kyuno, and J. R. Kincaid, J. Am. Chem. Soc. 111, 7050 (1989).
39T. Kitagawa and Y. Ozaki, in Metal Complexes with Tetrapyrrole Ligands I, edited by J. Buchler (Springer, Berlin,

Heidelberg, 1987), Vol. 64, p. 71.
40E. Steene, T. Wondimagegn, and A. J. Ghosh, Inorg. Biochem. 88, 113 (2002).
41V. V. Mody, M. B. Fitzpatrick, S. S. Zabaneh, R. S. Czernuszewicz, M. GałeRzowski, and D. T. Gryko, J. Porphyrins

Phthalocyanines 13, 1040 (2009).
42I. Halvorsen, E. Steene, and A. Ghosh, J. Porphyrins Phthalocyanines 05, 721 (2001).
43I. H. Wasbotten, T. Wondimagegn, and A. Ghosh, J. Am. Chem. Soc. 124, 8104 (2002).
44Y. Yang, D. Jones, T. von Haimberger, M. Linke, L. Wagnert, A. Berg, H. Levanon, A. Zacarias, A. Mahammed, Z.

Gross, and K. Heyne, J. Phys. Chem. A 116, 1023 (2012).
45S. S. K. Raavi, J. Yin, G. Grancini, C. Soci, S. V. Rao, G. Lanzani, and L. Giribabu, J. Phys. Chem. C 119, 28691 (2015).
46Y. Yang, M. Linke, T. von Haimberger, R. Matute, L. Gonz�alez, P. Schmieder, and K. Heyne, Struct. Dyn. 1, 014701

(2014).
47L. Linke, Y. Yang, B. Zienicke, M. A. S. Hammam, T. von Haimberger, A. Zacarias, K. Inomata, T. Lamparter, and K.

Heyne, Biophys. J. 105, 1756 (2013).
48T. Stensitzki, V. Muders, R. Schlesinger, J. Heberle, and K. Heyne, Front. Mol. Biosci. 2(41), 1 (2015).
49A. Mahammed and Z. Gross, J. Inorg. Biochem. 88, 305 (2002).
50See supplementary material at http://dx.doi.org/10.1063/1.4949363 for a global fit of the visible data with four exponen-

tials, an analysis of spectral shifts of visible and infrared data, and a lifetime map of vibrational dynamics.

043210-9 Stensitzki et al. Struct. Dyn. 3, 043210 (2016)

 Reuse of AIP Publishing content is subject to the terms at: https://publishing.aip.org/authors/rights-and-permissions.

http://dx.doi.org/10.1039/b618482k
http://dx.doi.org/10.2174/15701794113106660084
http://dx.doi.org/10.1021/ja202692b
http://dx.doi.org/10.1021/jp911465p
http://dx.doi.org/10.1007/BF03166220
http://dx.doi.org/10.1021/ic502860g
http://dx.doi.org/10.1016/j.ccr.2010.09.013
http://dx.doi.org/10.1142/S1088424606000624
http://dx.doi.org/10.1117/1.JBO.17.1.015003
http://dx.doi.org/10.1016/j.ejmech.2014.12.025
http://dx.doi.org/10.1016/j.jconrel.2012.09.015
http://dx.doi.org/10.1073/pnas.0901531106
http://dx.doi.org/10.1016/j.jphotobiol.2014.02.013
http://dx.doi.org/10.1111/jam.12690
http://dx.doi.org/10.1117/12.877780
http://dx.doi.org/10.1007/s11307-011-0517-z
http://dx.doi.org/10.1021/ic051483g
http://dx.doi.org/10.1039/C2RA22133K
http://dx.doi.org/10.1016/j.jphotochem.2011.01.008
http://dx.doi.org/10.1039/b805230c
http://dx.doi.org/10.1016/j.jlumin.2013.08.009
http://dx.doi.org/10.1007/s10895-013-1328-1
http://dx.doi.org/10.1142/S1088424609001546
http://dx.doi.org/10.1142/S1088424609001546
http://dx.doi.org/10.1021/ic501585a
http://dx.doi.org/10.1002/chem.201102348
http://dx.doi.org/10.1021/ja101647t
http://dx.doi.org/10.1021/ja801049t
http://dx.doi.org/10.1021/jp306826p
http://dx.doi.org/10.1142/S1088424611004191
http://dx.doi.org/10.1039/C5PP00060B
http://dx.doi.org/10.1021/ic900056n
http://dx.doi.org/10.1016/j.cplett.2008.05.038
http://dx.doi.org/10.1002/anie.201503064
http://dx.doi.org/10.1021/ic401152b
http://dx.doi.org/10.1021/ic401152b
http://dx.doi.org/10.1021/ja00200a024
http://dx.doi.org/10.1016/S0162-0134(01)00396-8
http://dx.doi.org/10.1142/S1088424609001364
http://dx.doi.org/10.1142/S1088424609001364
http://dx.doi.org/10.1002/jpp.378
http://dx.doi.org/10.1021/ja0113697
http://dx.doi.org/10.1021/jp211970j
http://dx.doi.org/10.1021/acs.jpcc.5b08235
http://dx.doi.org/10.1063/1.4865233
http://dx.doi.org/10.1016/j.bpj.2013.08.041
http://dx.doi.org/10.3389/fmolb.2015.00041
http://dx.doi.org/10.1016/S0162-0134(01)00373-7
http://dx.doi.org/10.1063/1.4949363

