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Near-Infrared Excitation of the Q Band in Free Base and Zinc Tetratolyl-porphyrins
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The photophysics of 5,10,15,20-teaelyl-21H,23H-porphyrin (TTP-H,) and 5,10,15,20-tetrp-tolyl-
porphyrinato zinc Il (ZnTTP) have been investigated by means of ptpngbe and transient anisotropy
experiments. After excitation to th@ band, the molecules were probed by NIR pulses in the range between
950 and 1350 nm in order to study states of gerade symmetry in the vicinity of the Soret band. Examination
of transient spectra and anisotropy delivered the first direct observation and the excitation energies of the two
lowest so-called dark states. The experimental results were compared with predictions from theoretical
calculations.

1. Introduction D P S S S —

Porphyrins, metalloporphyrins, and their related compounds ~—> B(06 3 B0

are of great scientific and industrial interest. Iron-containing = | Q (1,0)
porphyrins are found in hemoproteins, for example, hemoglobin H
and myoglobin, which are responsible for oxygen transfer in
blood! Tetrapyrrolic macrocycla related to the porphyrins can
also be found in chlorophylls, which are magnesium-chlorins,
that is, porphyrins where one of the four pyrrol subunits is
reduced to a pyrroline. Chlorophylls serve mainly as light
harvesting complexes in plants and photosynthetic bacteria.
Synthetic porphyrin derivatives are promising candidates as
antenna molecules in solar celis, elements in molecular logic B(1,0 L
circuits® or effective sensitizers in anticancer treatments as 0.0 )
photodynamic (PDT), photothermic (PTT), or boron neutron ) SRR T T

capture therapies (BNCTy1! In most applications, the por- 400 5&? / 800 700
phyrin derivatives serve as light-harvesting molecules. There- nm

fore, a thorough understanding of its photophysical and pho- Figure 1. UV—vis spectra of ZnTTP in cyclohexane (black) and ¥TP
tochemical processes are of fundamental interest. H: in dichloromethane (gray). The spectrum is multiplied by a factor

Consequently, various studies have been dedicated to this20 for > 480 nm.

field,'>~14 especially to characterize absorption and fluorescence g 1o symmetry as th@ band but a much higher extinction
spectrd>*2 and to study ultrafast dynamics after photoexcita- o eficient. In solution, it peaks between 400 and 420 nm with
tion 32757 The absorption spectra of porphyrins exhibit several 5" gouider on its blue side probably due to vibrational
characteristic bands:* The transition to the lowest-energy progressior#233 The Soret band is energetically not split in
excited singlet state (often referred to@isstate) is (_:alled the porphyrins with lower symmetry, however a bright absorbing
Q band. In the case of molecules with, symmetry, it hasE, state near the Soret band has recently been discés$éd.
symmetry. There are two or three _peaks between 500 and 650 Q andB bands can be explained by simple models such as
nm separated b1250 cntl. The dlffer_ent peaks, denotgd as  the “particle on a ring” mod&t5°or the four-orbital model5:16
QE)O’O).’Q(LO)' and sho forth, cz?n ble assigned to sevferal dlffer?nt however, these models do not predict the existence of dark states
vibronic states. In the case of a lower symmetry, for example, j, 1o Soret region, that is, states with gerade symmetry that
D2y in free base porphyrins, this band is further split Into the  cannot be seen due to the-g selection rule. The existence of
Q«and theQy bands, where th@ band has a lower excitation  eqe states has been discussed on the basis of quantum chemical
energy and extinction coefficient (see Figure 1 for the stationary ¢4ic,jation&69and was used to explain the relaxation dynamics
aﬁsqrptlon spectrum dqf rﬁ,lO,lSHZO-teﬂ?IyI-ZlH,Zai-por- following the B band excitatior¥? This also plays an important
P Iylrlne (ETF.LHZ) in dichlormethane an 5’%%15'204'3”’3; role in the interpretation of previous experiments, where the
tolyl-porphyrinato zinc Il (ZnTTP) in cyclohexane). The o gtates serve as pathways for fast energy dissipation.
transition to the state is called or Soret band and has the However, these states have not been excited directly in an
N ) o ) ) experiment before, therefore, the exact location of these states
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*Institute for Physical Chemistry. is still unknown. One possibility to probe these states are
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we will present pumpprobe and transient anisotropy measure- 400 500 600 700

ments where we excited th@y(0,0), Q,(0,0), and Qy(1,0) e
transitions of TTP-H, in dichloromethane and th&(1,0) 1
transition of ZnTTP in cyclohexane and probed with NIR pulses s 1.0-
in the range between 950 and 1350 nm. In doing so, the region = 1 I

near the Soret band is scanned while potential triplet excitations <=
are avoided that might occur after intersystem crossing (f3C). @
Since excitation to th& band promotes the porphyrin to an  ©Q ] |
ungerade state, the NIR pulse is sensitive for the gerade or dark g 0.5+

states. ]

2. Experimental Section

Absorb

Materials. ZnTTP was prepared by the Rothemund conden-

0.04

sation of para-tolualdehyde with pyrrole in the presence of zinc TSR0
acetate in refluxing collidin€ Column chromatography on 400 500
silica gel with dichloromethane provided pure ZnTTP, free of A/ nm

any chlorin which can accompany commercial batches of this Figure 2. UV—vis spectra of TTPH, in dichloromethane after

product that is usually prepared by the Adler-Longo synthesis different irradiation times with a xenon arc lamp; the arrows denote
in refluxing propionic acid? the temporal evolution. The spectum is multiplied by a factor of 10

Zinc demetallation to the free base (TFH,) was performed for 2 > 480 nm.

on a 100 mg scale by stirring ZnTTPrfa h under argon at
room temperature with a mixture of 10 mL trifluoroacetic acid
and 5 mL sulfuric acid 98%. After pouring on crushed ice,
extraction into dichloromethane and washing until neutral with
sodium hydrogen carbonate and with brine, the residue was
chromatographed on a silica gel column eluted with freshly
distilled dichloromethane.

The sample purities were checked by NMR (Bruker) and
MALDI-ToF mass spectrometry (Applied Biosystems). Solvents
were thoroughly dried as follows: cyclohexane was refluxed
overnight from sodium metal and distilled prior to use;
dichloromethane was refluxed over calcium hydride and distilled were performed at a pump energy of L&/pulse. The probe
freshly *?Efore use. . . pulse energy was less than 10 nJ/pulse. The probe beam diameter

Experimental Setup.Time-resolved pumpprobe absorption  \ya5 smaller than half of the pump beam, which was about 2
spectroscopy and tr_ansient aniso_tropy were used to investigateym Reference measurements in pure solvents without porphy-
the ultrafast dynamics of ZnTTP in cyclohexane and ¥ rins gave no significamhOD amplitudes under these conditions.
in dichloromethane. The tolyl-porphyrins were used instead of gqih |aser beams were slightly focused. The polarization of the
the commonly studied phenyl derivatives because of two probe beam was set either at’4f at magic angle®54.7)
reasons; (i) the tolyl derivatives have a higher purity compared yith respect to the pump beam by means of a tunakdlelate
with the phenyl derivatives because of the preparation processa|phajas). Intensities of the probe pulse before and behind the
(no chlorins, see above), and (ii) the zinc tolyl derivative can sample cell were detected by InGaAs photodiodes (Hamamatsu)
be better solved in nonpolar solvents such as cyclohexane, whichy 4 the change of the optical density with and without pemp
exhibit only a weak solvertsolute interaction. The samples —jse AOD, was recorded. In anisotropy measurements, a Glan-
were prepared in a cuvette (Helima QS) with an optical path Tayjor polarizer (Alphalas) was used to simultaneously monitor
length of 1 mm. The optical density at the pump wavelength change of the optical density for the parall&Dy) and

was typically 0.05 for ZnTTP and between 0.05 for ©0,0) perpendicular §0Dy) components. The anisotropyt) value
and 0.2 for theQ,(0,1) band of TTP-H,. A typical AOD value can be calculated thereafter $87

of 0.002 in the transients, therefore, signifies tk&% of the

spectra in Figure 1). The temporal resolution of the experiment
was~130 fs since group velocity mismatch in the sample could
not be avoided. Note that samples which are too concentrated
can exhibit remarkable aggregation effekts.our experiments,

we optimized toward transient amplitudes and not to time
resolution. The pumppulse was mechanically chopped and
temporally delayed relative to the probe pulses using a computer
controlled translation stage (Physik Instrumente). The pump
pulse energy at various wavelengths was varied between 0.4
and 2uJ/pulse in order to check the energy dependence of the
signal. Since no such dependence could be detected, experiments

excited molecules are probed. Both pump and probe pulses were AOD(t) — AOD(t)
derived from two NOPAs (noncollinear optical parametric r(t) = I = 1)
amplifier364 tunable from 470 to 1600 nm that were pumped AOD(t) + 2-AOD(t)

by a commercial 1 kHz amplified femtosecond Ti:sapphire laser

system (Clark-MXR, CPA 2210). Although the phosphorescence Some details of the evaluation of anisotropy data are given in
lifetime of, for example, TPPH, in EPA (ethyl ether/ Appendix A. The anisotropy was checked by sulforhnodamine
isopentane/ethanol in a volume ratio of 5:5:2)js—= 6.6 ms B in ethanol, which is supposed to give a time zero anisotropy
and therewith exceeds the repetition rate of the laser setup, theof ro = 0.3758 Since porphyrins dissolved in dichloromethane
triplet yield is only 2x 107555 therefore, a negligible part of are known to exhibit a charge transfer to solvent (CTTS)
the molecules is not in its ground state. The pulse duration wastransition followed by a reaction with the solvent or residual
about 80 fs, and the spectral width was approximately 40 nm water33:6970the sample was exchanged after each experiment,
for the visible pump-pulses and 50 nm for the NIR pulses although no difference in the transients was detected. In order
depending slightly on the wavelength. Because of this width, to study a possible influence of the CTTS product, irradiation
the probe wavelength was varied in steps of 50 nm. Note that measurements with a xenon arc lamp (Ushio Inc.) were
the spectral width in the visible is small enough to ensure the performed. A typical measurement can be seen in Figure 2.
excitation of the desired porphyrin bands exclusively (see the Obviously, when exciting th€y, band, the product shows no
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IR EE—— anisotropy decreases with increasing probe wavelength. A
X biexponential behavior can be found with time constants; of

C = 350-700 fs andz; > 100 ps where the latter can be

0.5 assigned to rotational diffusion. The explicit values can be found

in Table 1.

X Excitation to the Q, State: Excitation of theQy(0,0) and

10s0nm [ the Qy(1,0) states was performed at pump wavelengths of 514

and 546 nm, respectively. The probe wavelength was varied

between 950 and 1250 nm (1350 nm #ymp = 546 nm).

L Figure 6 shows several transients for an excitation wavelength

1250nm  F of 514 nm. Each transient can be fitted with a triexponential

decay where; = (170 £ 30) fs, 7, = (1200+ 300) fs andr;

> 300 ps independent of the probe wavelength except for 1100

AMOD

1150 nm

(') 20 40 6'0 80 '160' ' '120 nm, wherer, = (2000 + 200) fs. One main feature is the
t/ ps difference in the amplituded, and Az for 7, and zz. Let the
Figure 3. Transients of TTP-H; after excitation with 647 nm (shifted relative weight be defined as
for clarity). A
absorption in this region, so the pumpulse only excites the W(A) = A+ A, wherei =2, 3 2)

porphyrin. However, when exciting tf@ band, care has to be
taken. Note that the reaction also occurred when the sampleyypiie at 1000 and 1250 nmy(A,) is nearly 30%,
was irradiated withl > 500 nm using a high-pass filter (Schott,
OG 515) in front of the arc lamp. A detailed analysis will soon
be published.

it decreases

to a value of below 10% for a probe wavelength of 1100 nm.
Transient spectra can be seen in Figure 4a. As in Figure 4c, the
steady-state spectrum in the Soret region is compared with the
energy of the ground state of tig band and the probe pulse.
One sees a distinct maximum at a probe wavelength of 1050

3.1. Steady State Measurement$JV —vis spectra (Varian, nm.

Cary 5E) for TTP-H; in dichloromethane (gray curve) and Similar results are obtained when pumping @g0,0) state
Zn-TTP in cyclohexane (black curve) are shown in Figure 1. at 546 nm. Here, the transients can be well-fitted by a
Maxima are found at 419 nm for tH& band and at 485, 516, biexponential decay with time constamtsandrs. The first time

552, 592, and 647 nm for thgy(2,0), Qy(1,0),Q,(0,0),Q«(1,0), constant,r;, is supposed to be faster than the time resolution
and Qy(0,0) transition of TTP-H,, respectively. For ZnTTP,  (see discussion). The corresponding transient spectrum can be
the B band peaks at 417 nm and 506, 546, and 584 nm for the seen in Figure 4b peaking at 1050 nm. All fitted parameters
Q band, respectively. The TFH, peaks agree well with the  can be found in Tables 1 and 2.

spectrum of free base tetraphenyl-porphyrin (FiP) dissolved Selected anisotropy measurements at a pump wavelength of
in chloroforn?® while the ZnTTP spectrum is red-shifted by 514 nm are shown in Figure 7. They exhibit a fast rise, a
approximately 2 nm compared with zinc(ll)-tetraphenyl-por- maximum atr ~ 200 fs and a fast decay to a valug being
phyrin (ZnTPP) in hexan&. constant on a 10 ps time scale. Finally, the anisotropy decays

Fluorescence spectra upon excitation at 550 nm (Cary Eclipsewith a time constant of approximately 15@00 ps. The time
fluorimeter) were measured in 1 cm cuvettes (Hellma). The zero anisotropy as well ag become smaller with increasing
spectra were corrected and peaked at 596 and 646 nm for ZnTTRorobe wavelengths. Aflpone = 1250 nm, no intermediate
and at 653 and 718 nm for TFM.. maximum of the anisotropy can be seen.

3.2. Pump—Probe and Transient Anisotropy Experiments. Anisotropy measurements with a pump wavelengthof,
3.2.1. TetratolylporphyrinPump-probe and transient anisotropy = 546 nm (not shown) also exhibit no maximum in the probed
measurements of tetratolylporphyrin in dichlormethane have range between 950 and 1150 nm; the monoexponential decay
been performed by varying both pump and probe wavelengths. on the short time scale is faster than gmp= 647 nm, while

Excitation to the Q State: Figure 3 shows the pumfprobe a second decay constant is on the order of-1B100 ps as for
transients after excitation to th@(0,0) band at 647 nm. The  Apump= 514 nm. At longer probe wavelengths, a maximum can
probe wavelength was varied between 950 and 1250 nm. Atbe seen.
wavelengths beyond 1250 nm, the transients were too weak for 3.2.2. Zinc-tetratolylporphyrinPump-probe and transient
a thorough analysis. The transients exhibit no dynamics on aanisotropy measurements have been performed by a single pump
femtosecond time scale but on a time seatB00 ps independent  wavelength of 546 nmQ(1,0) transition) because of the small
of the probe wavelength as found for tBe-T; transition in oscillator strength of the othé absorption peaks. The probe
earlier investigations of TPPH,.347172In Figure 4c, atransient ~ wavelength was varied between 950 and 1350 nm. Selected
spectrum collected from the different pumprobe measure- measurements can be seen in Figure 8. The ptwnpbe
ments can be seen. The black curve is the normalized steady+ransients can be modeled by a two-exponential decay (see Table
state spectrum of TTPH, while the symbols represent the 3). Between 1350 and 1100 nm, the time constants were
normalizedAOD values of various probe wavelengths after 200 wavelength independent;(= (1300+ 300) fs andr, > 500
fs (black squares), 500 fs (dark circles), 1 ps (gray triangles), ps), while at larger wavelengths, gradually increases up to
and 20 ps (pale reversed triangles). The spectra are nearly(4.9 = 0.5) ps at 950 nm. The fitting convergence of the
identical for all delay times. Various symbols represent the total transients is not significantly improved when using a triexpo-
energy of pump and probe photons. In Figure 5, raw, that is, nential decay. The spectra shown in Figure 4d are analogous to
non-deconvoluted anisotropy profiles, are shown for different the spectra for TTPH,. Here, the energy for the transient
probe wavelengths following 647 nm excitation. The time zero spectra are the sum of tlgg0,0) transition at 584 nm and the

3. Results
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Figure 4. (a—c) Black line: Normalized steady-state spectrum of FH3 in the Soret region, the dotted lines are normalized transient spectra

at pump wavelengths of 514, 546, and 647 nm for a, b, and c, respectively, after 200 fs (black squares), 500 fs (dark gray circles), 1 ps (gray
triangles), and 20 ps (light gray reversed triangles). The probe wavelengths (in nm) are indicated. The energy assigned to the abscissa is the energy
of the Q«(0,0) state (647 nre 1.91 eV) of TTP-H; plus the probe pulse energy. (d) The same for ZnTTP with a pump wavelength of 546 nm and
Q(0,0) energy of 585 nm= 2.12 eV.

maximum,ro = —(0.11+ 0.03). With decreasing wavelength,
ro gradually increases up to 0.2 at 950 nm.

] 0.1 4. Discussion

4.1. Tetratolylporphyrin. The Q state dynamics of tetraphe-
nylporphyrin (TPP-H;) have been investigated intensively
84-36,71,72 gither on a femtosecond-to-picosecond time Staie
or nanosecond time scalk’? Since the differences between a
phenyl- and a tolyl-substituted porphyrin are small (the spectral
shift is approximately 2 nm for TTPH, and TPP-H, dissolved
in benzen#), these results are considered to be valid also for
TTP—H, (compare with Appendix B). In the femtosecond
experiments described in the literature, the dynamics following
excitation to the $state B band) were studie#: 3¢ The probe
wavelength in pumpprobe experiments was always in the
visible (the maximal probe wavelength being 7023fmthus
probing higher (undefined) S states. At longer wavelength, even
T, absorption could be detectétlin the present study, the
minimal probe wavelength is 950 nm, larger than necessary for

energy of the probe pulse. One recognizes a peak at 1250 nnﬁ;;‘];ig;gxr?:\?g(ig %Té"gé:szi%‘dﬁs); therefore, only singlet

and an increasing signal at wavelengths shorter than 1150 nm. 411, Excitation to the Q(0,0) Band. Pump-Probe

The anisotropy measurements are shown in Figure 9 for gyneriments: Magic angle experiments with a pump wave-
several probe wavelengths. A fast, wavelength independentiengih of 650 nm (see Figure 3) show that excitation to the
component withr} = (150 & 30) fs is followed by a residual  Q,(0,0) band does not lead to any relaxation within 100 ps in
anisotropyrs that does not decay within 100 ps. This residual agreement with &, lifetime of TPP-H; in benzene of 14 n&
anisotropy is 0.09t 0.01 for all wavelengths up to 1050 nm  More interesting are the transient spectra and the anisotropy
and increases to 0.13 for 950 nm. The significant difference measurements (see Figure 4c and Figure 5). Compared with
between these curves are the time zero anisotrogi€®r 1350 the Soret ground state excitation, the maximum is shifted some
nm, ro = —(0.18 + 0.03), at 1250 nm; that is, at the peak 0.22 eV toward the blue side. Note that the real value may

anisotropy r(t)

Figure 5. Transient anisotropy of TTPH, after excitation with a 647
nm pulse for various probe wavelengths (shifted for clarity).
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TABLE 1: Fit Parameters for TTP —H, after Excitation at 514 and 647 nn#
pump wavelength: 514 nm

wavelength/nm 950 1000 1050 1100 1150 1200 1250
transients
/s 190 180 180 140 80 150
Tolfs 1700 1200 900 2000 900 1700
A x 1073 0.42 0.61 0.37 0.17 0.25 0.22
As x 1073 1.59 1.62 2.65 1.75 1.10 0.56
W(A)/% 20.9 27.4 12.3 8.9 18.5 28.2
anisotropy
ro 0.28 0.27 0.07 0 —0.02 - —0.08
Fmax 0.23 0.29 0.12 0.08 0.07 b
rs 0.07 0.15 0.09 0.05 0.03 0.06
w5ifs ¢ d 70 60 80 130
T3/fs 2300 1900 900 1200 1000
pump wavelength: 650 nm
wavelength/nm 950 1000 1050 1100 1150 1200 1250
transients
A x 1078 0.39 0.39 0.31 0.23 0.24 0.15 0.15
anisotropy
ro 0.12 0.05 —0.02 —0.07 —0.18 -0.12
rs 0.11 0.14 0.12 0.06 0.01 —0.08 —0.02
Tilfs 600 580 330 400 700 300

aThe transients for 514 nm were fitted with a triexponential decay with time constants andzz® and amplitude#\, and As'. The relative

weightw(Ay) is defined in eq 2. The anisotropy is fitted with an exponential decay congtand a residual anisotropy that did not change on

a 10 ps time scale. A long time decay with a time constanf ef (200+ 100) ps could be estimated from the measuremegtienotes the time
zero anisotropy. Since the transients for a pump wavelength of 650 nm do not show any dynamics, only the amplitude’ iStgivenfile does

not provide a maximunt. The signal is not biexponential and exhibits a minimum and a maximum (see Figure 4). The value gijes foguess

for the last time constant.The profile is not biexponential. The value given fdris a guess for the last time constahThe time constants for

73 are omitted, because they exceed the time delay of the experiment. Howsgeslecreases markedly with increasing probe wavelength. While
it is beyond 1 ns forlprone < 1000 NM, it becomes-350 ps for 1250 nm'. The amplitudes are taken from a biexponential fit. The valueAfor
represents the amplitude for the short time dynamics while the valudsfapresents the long time dynamics.

T region whereas theoretical calculations of free base porhyrin
i typically deliver an energy-splitting of the two Soret bands (with
950nm [ 2By, and Bg, symmetry) ranging between 0.03 eV using BP/
ALDA?™® and 0.36 eV for SAC-C¥ (see refs 28 and 29 for a
10sonm b 16 comparison). The energy g#{Ezs, ;- 18,, Varies between 0 and
- 0.32 eV neglecting CIS and RPA calculations with 68A&(d)
[ basis where the gap exceeds 0.72&\Compared with these
1100nm 1 calculations, the experimental value MEzs, ;- 18,, = 0.22 €V
4 1150 nm is reasonable.
1 r i Anisotropy Measurements: As described in section 3.2.1
- (see also Table 1), the time zero anistrapydecreases with
1250nm | increasing probe wavelength. This behavior can only be
R understood, if (at least) two different states (further denoted as
2'0 4'0 6IO 8'0 | 60 120 & and S, whereE(S)) > E(S) ).\'Nlth nonparaIIeL'tranS|t|on
t / pS dlpoI(_-:-_momentsZ(Z for the transitionS, — Q and_/t2 for the
transitionS, — Q) are probed. Both states contribute partly to
Figure 6. Transients of TTP-H, after excitation with 514 nm (shifed  the anisotropy (as well as to the pumprobe response) with
for clarity). different amplitudesy". The highest anisotropyd = 0.12) is
exceed 0.22 eV, since it is unclear whether the probe wavelengthobtained at 1000 nm which correlates with the maximum of
of 950 nm is short enough. The probed state may be assignedhe transient spectra. The lowest anisotropy is at 1200mm (

AmOD
!

to a 1By state. Although there are no calculations for P~ = —0.18). Since a maximalOD value was measured at 1150
H,, nevertheless, the states and their related symmetries can bem, the transition is supposed to peak between 1150 and 1200
adapted from measurements of the free base porpH#inZ° nm. Moreover, theS, state partly absorbs at 1050 nm, where

where the symmetry class is supposed t@he(see Appendix the anisotropy starts to decrease. These two conditions are
B). The lowest gerade state isBiy symmetry and energetically  fulfilled by the Soret band. Intrinsically, two-photon excitation

in the vicinity of the Soret band (two bands Bf, and Bg, to the Soret band is electronically forbidden by selection rules
symmetry) for all computational methods. Byy state can be  assumindD,, symmetry. Because of Jakiteller distortion, the
found 0.6-0.8 eV above this state, that is, slightly lower than transition should be weakly allowed (see appendix B). Since
an A, state. The value of the energy gBgs,,,—E1s,, between the Soret band is a transition with a large oscillator strength,
the Soret maximum and theB3y; maximum could not be one can expect that it also has a significant oscillator strength
determined accurately by theoretical calculations, since thein a two photon process. In Figure 4c, a difference spectrum
absorption spectrum shows a single absorption peak in the Sorebetween the normalized transient spectrum (at 1 ps) and the
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TABLE 2: Fit Parameters for TTP —H, after Excitation at 546 nm?

wavelength/nm 950 1000 1050 1100 1150 1200 1250 1300 1350
transients

7,/fs 2500 1300 1200 1400 620 710 700 690

A x 1078 0.40 0.28 0.008 0.003 0.01 0.06 0.29 0.47 0.32

As x 1073 0.50 1.89 5.28 2.77 1.14 0.78 0.68 0.41 0.17

W(AL)/% 44.4 12.9 0.2 0.1 0.9 7.1 29.9 53.4 65.3
anisotropy

ro 0.26 0.23 0.16 0.08 0.09 0.08 0.09 0.11 0.09

I max 0.20 0.19 0.19

rs 0.18 0.19 0.11 0.13 0.10 0.18 0.17 0.14 0.13

s 510 380 210 340 300 210 130 130 200

T3/fs 210 500 500

@ The transients were fitted biexponentially with time constantand s and amplitude#\; andAs. The relative weightv(A,) is defined in eq
2. The anisotropy is fitted with an exponential decay constaand a residual anisotropy that did not change on a 10 ps time scale. A long time
decay with a time constant af = (200 + 100) ps could be estimated from the measuremegtdenotes the time zero anisotropyrhe time
constants are denoted andr; rather thanr; andz, in order to simplify the nomenclature in the discussion and comparison with the signals at a
pump wavelength of 514 nm. The same is true for the amplitédemd As. ¢ The signal is clearly triexponential and exhibits a rise with a time
constant ofrg ~ 100 ps.d The amplitude is too weak to give a reliable valuergf

0 2 4 6 8
1 " 2 " 1 2 " " 1 " " " 1 2 " "
\‘\\\__ 950nm:
Jou1
—~
ol
| -
a | 1000 nm [
o |
=
(@) -/ - 1050nm.
0
C -
T , . 1150 nm
[
L T L !
0 2 4 6 8
t/ps

Figure 7. Transient anisotropy of TTPH, after excitation with 514
nm (shifted for clarity).
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Figure 8. Transients of ZnTTP after excitation with 546 nm (shifted
for clarity).

The time zero anisotropiag are 0.10+ 0.01 below therg
value forAprone = 1050 nm, and the time constants vary between
330 and 700 fs. The anisotropy rise can be explained by the
splitting of the Soret band8, andBy. The dipole moments of
these states are pointing toward thandy directions of the
porphyrin skeleton (see ref 12 for definition). Therefore, the
Bx(0,0) —— Qx(0,0) and theBy(0,0) — Q4(0,0) transitions have
different transition dipole moments leading to the conclusion
that one transition is forbidden at time zero but is accessible
after vibrational excitation of the moleculéUsually, one would
expect coherent vibrations; however, the temporal resolution
of our setup and the low amplitude ratio are not good enough
to observe these oscillations. Note that orientation relaxation
cannot be a reason for the anisotropy decay, since the moments
of inertia of TTP-H, (I; = 1.865 x 10746 kg'm?, |, = 3.629
x 10746 kg'm?, andl; = 1.881 x 1046 kg-m? using DFT,
B3LYP/SVP) and therewith the free correlation times= (27/
9)(Ii/kgT)2 76 (71 = 4.70 pS,tc2 = 6.56 ps, andc3 = 4.72
ps) are too large; furthermore, the anisotropy should decay to
zero rather than tos.

In conclusion, excitation to th€, band reveals three states
near the Soret region. The state with the lowest energy is
probably the lowest gerade stat) as assigned by calcula-
tions. Additionally, the Soret band can also be reached because
of the JahnTeller distortion. The state with the highest
oscillator strength with a maximum at 3:28.25 eV is supposed
to haveByy symmetry.

4.1.2. Excitation to the Q Band. Pump—Probe Experi-
ments: A more detailed picture of the relaxation pathways can
be extracted from the transients when the molecule is pumped
at 514 or 546 nm. These wavelengths deliver an excess energy
of 0.5 and 0.36 eV, respectively, compared with the excitation
to the Q4(0,0) band. Therefore, the higher lyingz and Bsg
states can be reached (see Appendix B). The time constant(s)
is(are) on the order of the time constants reported by Baskin et
al. for TPP-H,.3* Thus, theQy—Qy transition occurs in< 200
fs and is even faster when exciting ti(g,(0,0) transition.
Vibrational relaxation occurs in about-2 ps. However, the

normalized Soret band is shown (open circles) exhibiting a analysis ofr; is quite complicated since several states can be

maximum around 950 nm.

probed by an NIR probe pulse as mentioned in 4.1.1. The time

A third state may be recognized at 1250 nm: The difference constant of 16-20 ps due to nonelastic scattering proce¥ses
spectrum is rising as does the anisotropy. Unfortunately, the are not seen in the presented experiments.

transient response is weak because of the small oscillator

Inspection of the transient spectra of both pump wavelengths

strength of th&Q,(0,0) band, so no additional probe wavelengths shows a maximum at 1050 nm (see Figure 4a,b), the spectra of

have been measured.

Apump= 546 nm also exhibit a weak maximum at 1250 nm that



Q Band in Free Base and Zinc Tetratolyl-porphyrins J. Phys. Chem. A, Vol. 112, No. 8, 2008725

TABLE 3: Fit Parameters for ZnTTP after Excitation at 546 nm 2

wavelength
(nm) 950 1000 1050 1100 1150 1200 1250 1300 1350

transients

nffs 4900 4100 3200 1000 1200 1600 1700 3100 1500

A x 1078 0.48 0.32 0.12 0.07 0.13 0.23 0.04 0.02 0.06

A x 1078 2.08 1.50 0.64 0.54 0.35 0.42 1.53 0.53 0.17

W(A)/% 18.8 17.6 15.8 11.5 27.1 35.4 25 3.6 26.1
anisotropy

ro 0.20 0.25 0.06 0.08 0.02 —0.04 —0.09 -0.14 —0.14

rdfs 0.13 0.19 0.10 0.05 0.08 0.09 0.09 0.08 0.09

IS 150 160 180 120 60 140 160 110 140

2 The transients were fitted biexponentially with time constantandz, (r was omitted since the time scale of the experiment was too short
to draw any quantitative conclusions) and amplitudesand A.. The relative weighiv(A,) is defined in eq 2. The anisotropy is fitted with an
exponential decay constarff and a residual anisotropy that did not change on a 10 ps time scaledenotes the time zero anisotropy.

0 2 4 6 8 comparing with the spectra dpymp = 647 nm, namely, the
e e e Soret band and thB,g state (see discussion of the anisotropy
950 nm}
i [ data below).
= Anisotropy Measurements: The most relevant difference of
= ] | . 1050 nm[ the anisotropy data at various pump wavelengths are the different
> I o1 transition dipole moments of th®, and theQ, bands, which
Q 1 1150 nm[ are supposed to be perpendicular to each other. This may alter
9 A4 ~ the anisotropy values significantly, but the time constants should
"6 1 1250 nml be retained. Fatpump= 546 nm, the transient anisotropy shows
0 1~ [ a biexponential decay for all wavelengths besides 950 nm. The
C . : different behavior atlyone = 950 Nm is not surprising since
© MMMWM\/\W*\I\M\/\/-\/\/\A/\ this probe wavelength has already shown a different behavior
| 1350 nml| in the pump-probe studies. At probe wavelengths assigned to
1 - the B,y state (1006-1100 nm) after the initiaQy—Qy transition,
(') T é T "1 T é T 8 the time zero anisotropy, becomes smaller and remains
t/ constant for longer wavelengths. Probing &g maximum at
PS E >3.22 eV, which is fullified by a combined energy of 546/
Figure 9. Transient anisotropy of ZnTTP after excitation with 546 1300 nm determines the value of the transition to th&x
nm (shifted for clarity). state. The higher values at shorter wavelengihs 8.45 eV)
decays on a picosecond time scale. Both spectra are similarare due to a higher state (probalfdy,). For Apump = 514 nm,
despite the excess energy of 0.14 eV in the casé,af, = the time zero anisotropy is rising over the whole range probed.

514 nm. Therefore, a significant part of this energy must be This can easily be understood as the combined energy 514 /1150

deposited in vibrational modes that do not contribute to the probe "M is 3.49 eV, thus being on the risilyy edge. The maximal
process. Both sets of spectra must be compared with the spectr@nisotropy is reached between 950 and 1000 nm, that3s/
of Apump= 647 nm in Figure 4c. Remember that the energy on €V, which gives a clue for the position of this state.
the abscissa is the sum of the energy of @estate plus the The dynamics of the anisotropy are determined by a@gst
probe wavelength. After 20 ps, the molecule is in Qestate Qx transition. The decay (or rise) times of the anisotropy on a
but still vibrationally hot. Therefore, the spectralgim,= 514 femtosecond time scale for th@y(0,0) excitation forAprone
and 546 nm are blue-shifted compared with the spectrum of <1100 nm are faster but still comparable to the dynamics after
Jpump= 650 nm at this delay time; that is, less energy is required Qy(0,0) excitation (206-400 instead of 356700 fs). This effect
to probe the same state. Consequently, the peak around 105@an be explained as follows: TI@g—Qy transition is supposed
nm is attributable to th8,, state (see section 4.1.1) shifted by to occur in~100 fs according to the measurements of Baskin
an excess energy 0f0.15 eV compared with spectra &lump et al3* and as suggested by the purprobe data (see above).
= 647 nm. This transition should be seen in the transient anisotropy as well.
At Apump= 546 nm, the delayed rise of the transients at 1050 However, examination of the signals only showgdpe= 1000
and 1100 nm might be interpreted as a spectral shift at earlyand 1050 nm) a single time constant instead of two (one for
times. The small change of t#OD values at these wavelengths the Qy—Qy transition and one for the Soret splitting after
(i.e., the maximum of the transient spectra) and the more rapid vibrational motion; see preceding subsection). Note that the
decay on the spectral wings can be qualitatively understood with second time constant can be faster than the time resolution of
a model described in Appendix C. The time constants are nearlythe experiment. Assuming the existence of such a process and
identical between 1000 and 1150 nm but distinctly smaller at therewith a smaller time constamt, has to be larger than 260
1200 nm (red edge). At 950 nm, the prolonged time constant 400 fs, thus being in the range of the suppoBdshnd splitting
indicates an influence of another transition. The fact that a as in the case of,ump= 647 nm. Further increase of the probe
picosecond dynamic of the transients at wavelength850 nm wavelength leads to a rise of while the transient anisotropy
can be seen shows that the relaxation process is not terminate@xhibits a maximum at ~ 300 fs, slightly depending on the
after 500 fs. Moreover, one recognizes a decreasing time wavelength. The existence of a maximum reveals that at least
constantrs with increasing probe wavelength as necessary for two different processes occur. After tigg—Qy transition, the
a red-edge transition. This analysis shows that at least one statd,y band is not (or only partly) accessible for these wavelengths,
is red-shifted with respect to tHgyy state, probably two when  and the probe process leads to another band of gerade symmetry.
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Therefore, the anisotropy rises to a valueff. The subsequent  again by a flat curve. The analysis of the amplitudes further
decay can only be explained if two bands overlap. According allows the prediction, that the maximum of the transition is not
to section 4.1.1, these bands are the Soret and, at lower energyreached with a probe wavelength of 950 nm. The lasgealue

the Byy bands. The Soret band delivers a greater anisotropy;at 1300 nm can be explained by a shoulder or red-edge
therefore, the anisotropy decreases after having passed thebsorption of either the'f or the £By state, which may lie
maximum. At 1350 nm, this band is not accessible anymore; underneath the; band.

so, the anisotropy rises without maximum. Anisotropy Measurements:Finally, the anisotropy measure-
The transient anisotropy for a pump wavelength of 514 nm ments shall be discussed. There are three important features:
also exhibits a maximum (except at a probe wavelength of (1) the decreasing time zero anisotropy with increasing probe
1250 nm), while the profiles are at least triexponential. One wavelength, (2) the long time anisotropy, which is identical for
component termed? can be assigned by a delay€y—Qy Aprobe <1150 nm and (3) the probe wavelength independent time
transition compared to an instantane@yf0,0) excitation. The constant of (156Gt 30) fs.
maximum can be explained by the superposition of two existing  The identical value fors at Aprpe < 1150 nm is due to the
states. ThéB,g state has an excitation energy 8.2 eV as  same state that is probed for all wavelengths (see transient
found byQx(0,0) excitation (see section 4.1.1). In the course of spectra in Figure 4d). At shorter wavelengths, eq 4 can be used
the vibrational relaxation in th@ band, the oscillator strengths  to describe the increasing value. Excitation occurs no longer to
of the transitions to théB,y and the Soret states change. Since the Soret band only but partly to a higher lying state. The smaller

the !B, state is energetically higher, thByy — Qy excitation r's anisotropy atlprone = 950 Nm compared WitRpope < 1000
results in a higher anisotropy compared with Bi¢Soret)— nm is probably due to a second gerade state. According to the
Qx excitation. Therefore, the anisotropy gets smaller with calculations, a possible assignment denotes the lower lying state
increasing time and decreasing probe wavelengthpAte = with a maximum slightly red-shifted as théAbg state and the
1250 nm, no maximum can be seen since'fBg state is ot band with a high oscillator strength as th&4, band. Since
reached. the Soret band is shifted by 0.14 eV, the maximum of thiggl

Concluding this section, the states found in the section 4.1.1 band is at (3.25+ 0.05) eV. Finally,7; can be explained by
are also found when exciting tf@@, band. Additionally, aband  decoherence effects. It is known, that metallated porphyrins
with higher energyBsg) is found by inspecting the anisotropy  exhibit a degenerat€ band. In the case of MgTPP, this
data. Moreover, the excess energy delivered by pumping thedegeneracy can be seen by a degenerate pyngbe experi-

Qy band is partly distributed in vibrational modes that are not ment at 620 nm, leading to an anomalous time zero anisotropy
active for the excitation with the probe pulse. of 0.7 that decays biexponentially with time constants of (220

4.2. Zinc-tetratolylporphyrin. Pump —Probe Experiments: + 13) fs and (4.9 0.6) ps due to dephasing and population
TTP—H, and ZnTTP differ in their symmetrie©g, compared relaxatior¥® (for a theoretical treatment, see ref 78 and references
with Dgy), resulting in aQ-band splitting of TTP-H, (Figure cited therein). In the experiments by Galli et al., only stimulated
1). The transient spectra shown in Figure 4d exhibit a maximum fluorescence was observed; in our case, higher lying states
at 1250 nm (or 3.11 eV, when summing the energy of the (“diffuse bands"j® are probed; therefore, the time zero anisot-
vibrational ground state of th® band and the probe pulse ropy is not 0.7. Neverthelesg; can be assigned to the
energy) and a rising edge at higher energies. This state cannotlephasing process of tligband, since it is independent of the
be the Soret band, since both the total energy is too high andprobe wavelength and therefore independent of the probed states
the oscillator strength ought to be too large for a forbidden (the effect of population relaxation is negligible).
transition; therefore, it has to be a state of gerade symmetry, 4.3. Comparison with Previous Work. Previous investiga-
for example, the 'E state (see Appendix B). Due to the same tions of dark states have only rarely been performed. Tobita et
symmetry of the Soret {E,) and the 1E4 bands (besides the  al. studied degenerate two photon excitations of ZnTPP at
parity), itis likely that both states exhibit a similar shape of the 540 nm, observing a gerade statéaf; symmetry®® The large
absorption band; therefore, the difference between the Soret bangscillator strength in this region was comparable with the
and the transient spectrum at 1 ps shifted by 0.14 eV is shownoscillator strength of the Soret band. A more systematic
in Figure 4d (open circles; the construction is similar to Figure experimental analysis was executed by Rodriguez &P alho
4c). The remaining spectrum has a rising edge of at least oneysed femtosecond flash excitation at 582 nm and collected vis-
but probably two different strong gerade transitions (see NIR spectra after delays on a picosecond and a nanosecond time
discussion of the anisotropy). scale. Spectra were obtained for tHe,7*) and the 3(zr,7*)

The assignment of the time constants and the amplitudesstates, respectively, of free base and metallated TPP and OEP
follows the model described in Appendix C. The first time (octaethylporphyrin) derivatives, that is, the spectra of the Q
constant ofr; = (4.9 + 0.5) ps fordyone= 950 nm agrees well  band and théT state. They found a strong absorption peak on
with the time constant of 5 ps for the vibrational cooling of the the red side of the Soret band but only a featureless structure in
Q band of ZnTPP as measured by Yu et¥@lAt longer the region between 600 and 900 nm for fife,7*) spectrum
wavelengths (10061100 nm), the time constant decreases as with a decaying absorption when increasing the wavelength
required for vibrational cooling at the red edge of a single probe toward the IR up to 1100 nm. A peak could only be found
transition. Starting with 1150 nmy; slightly increases up to  between 820 and 850 nm for tiér,n*) transitions of TPP
1250 nm. At longer wavelengths, there exists no obvious trend. derivatives. Similar spectra were found by Kubo et al. by
Additionally, the transients at 1100 and 1250 nm have a small exciting zinc pentafluoro-tetraphenyl-porphyrin (ZnFTPP) with
amplitudeA; for the; process. According to the analysis given a 15 ps pulse at 532 nfi.The strong absorption peak near the
above, there are (at least) two overlapping states that areSoret band was explained by the excitation of a second electron
responsible for the transient at 1100 nriEgand Ay, and/or instead of promoting an already excited electron to a higher
1'B,g). The lowAOD value indicates that a minimum between state. The decaying absorption for ZnTPP in ref 79 up to 1100
two maxima is probed. At 1250 nm, the maximum of thggl nm is confirmed by the present study for ZnTTP; however, the
band is reached. Besides the latg®D value, this is indicated  additional peak at 1250 nm has not been previously observed.
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experimental experimental lower energies than probed in the experiments, although no
T bright  dark bright  dark  theo. additional state is predicted by calculations.
E/eV At this point, two alternative interpretations shall also be
3.68: 1'B,, discussed. First, the probed states might be vibrationally higher
3.64: 1A, excited states of the Soret band, that do not have any oscillator
>37 strength in the one photon absorption spectrum. However, this
>>3.3 30w cannot be the only explanation, since at least one transition is
323025 325 —1 " found beneat_h _t_he _excitation energy of the Soret transition. T_he
506 hgy —— S3TE second possibility is that there exists only one dark state with
31 — — 31 several vibronic states. This would contradict the quantum
— 230 chemical calculations that predict several dark states. Moreover,

the states are not equidistantly spaced as required for vibrational

— 241 ;
— rogression.
— 225 } Q-band { —— 227 2351FE prog

— 50 — 12 u Further investigations may address this issue as well as the
— 191 solvent dependence of the transients. Moreover, different
systems like transition metal porphyrins may lead to a different
dynamic. Finally, excitation of the remainin@ transitions of

the porpyrins, for example, th@y(1,0) transition of TTP, should
give comparable results to the dynamics of ®¢,0)-probe

1 — process of ZnTTP.
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TTP-H, ZnTTP Appendix A
Figure 10. Energy level of electronic states of THP, in CH,Cl, Analysis of Anisotropy Signals.The transient anisotropy is
and ZnTTP in cyclohexane. The bright states were obtained by UV calculated by eq 1. For a system with no degenerate states as it

vis spectroscopy (Figure 1), and the dark states were obtained byis the case for free base porphyrins, the anisotropy can be written
analyzing the femtosecond measurements. The calculations are fory$6,67
ZnTPP by TDDFT(B3LYP/6-31G*) using B4, Symmetry constrairt}

1
It cannot be explained by an excitation of a second electron, r(t) = g[3t60sp(0) cosp()l— 1] ®3)
since the excitation energy ofl eV is too low. The same holds
for TTP—H,. The existence of such an excitation is crucial for wheref denotes the angle between the transition dipole moment
the interpretation of femtosecond experiments with Soret band i; of the pump and the transition dipole momgabf the probe
excitation, where bright or dark states in the vicinity of the Soret transition. If several states participate in the pump or the probe
band are essential to explain for instance the diverse fluorescencerocesses, eq 3 can be written in a modified form as
decay and rise times of tH&andQ bands, respectivel;33:34

since the relaxation processes for one- or two-electron excita- 1n a
tions are clearly differerf® r() = A ()[3EosB;(0)cop; () - 1] (4)
=
5. Conclusion and Outlook wherei reflects the different processes (i.e., transient bleaching,

excited-state absorption or stimulated emissignyepresents

the angle between the corresponding transition dipole moments
while Al is the fraction of the process(3iAY = 1). At t = 0,

the so-called time zero anisotropg0) = ro only depends on

the static position of the transition dipole moments. £or0,

We have presented the first visible pump/near-infrared probe
femtosecond investigations of porphyrin systems, that is, free
base tetratolylporphyrin in dichloromethane and zinc tetraphe-
nylporphyrin in cyclohexane. Besides the study of héand
dynamics of both systems, experimental evidence for the ) " . ]
existence of the dark gerade states were obtained (see Figurd® %leotropy changes due t{?l Q/Zarymﬁt), rotational diffu-
10 for an overview). The Soret band can be populated by a two SION~° or decoherence effect$?¢2Often these processes can
photon process, but other states, especially at higher energie§’e considered to behave exponentially.
have a higher oscillator strength. In the case of ¥H3, the
dark states lie at (2.8& 0.05) eV for the B4 state, at 3.26
3.25 eV for the By state, and at-3.7 eV for the Bgy state Comparison of Quantumchemical Calculations.Calcula-
therefore, more red-shifted than predicted by the TDDFT- tions of free porphyrin have been performed by several groups
calculations. In the case of ZnTTP, the results are less clear.using ab initio (RPA, DFT/B3LYP, SAC-CI, CAS-PT 2) as well
Besides the Soret band at 2.97 eV, there is one band at{3.11 as semiempirical methods (ZIND®)27-2983 The Q band
0.05) eV with'Eg symmetry, one at (3.2% 0.05) eV, probably energies are between 1.79 eV (RPA/6-3#G™) and 2.34 eV
of 1Ayy symmetry, and one band at3.30 eV, most likely of (DFT/B3LYP/6-31H1-+G™) for the Qx band (Bs, symmetry)
1Byg symmetry. Our results give no evidence for a transition on and between 1.94 eV (RPA/6-3t3#+G"™) and 2.49 eV (DFT/
the red side of the Soret band; however, after comparison with B3LYP/6-31H-+G™) for the Q, band (B, symmetry) com-
the measurements of TFH,, such a transition could occur at  pared with experimental values of 1.98 and 2.428%\Vhe

Appendix B



1728 J. Phys. Chem. A, Vol. 112, No. 8, 2008 Schalk et al.

energies for th®& bands (B, and Bz, symmetry) are between a)
3.43 eV (DFT/B3LYP/6-31++G™) and 4.06 eV (RPA/6-
3114++G™) with a difference of~0.1 eV between th&, and E
the By band. The experimental value is 3.33 eV. The higher
states (B3, and By,) are underestimated by all methods (by
0.3 eV for DFT/B3LYP to 1.5 eV for RPA). Additionally, three
bands with gerade symmetry can be foun@.¢l 1By, and
1B3g). DFT/B3LYP calculations deliver 3.57, 4.10, and 4.17 S,
eV29for these states, while other methods result in higher values.
For DFT as well as SAC-CI and ZINDO calculations, thggl
state is only 0.10.2 eV above the energy of the Soret band, & hy, > hy, > hy, & > hn>he
while the other states aee0.7 eV. Comparison of the energies
for different methods results in large differences. The results
with the smallest deviation from the experimental values are Figure 11. Qualitative visualization of t_he temporal evolution of the
DFT/B3LYP calculations, especially at higher energies. There- pump-probe profiles (see text for details).

fore, the dark states of porphyrins are expected at valluesfurther, the blue edge of th§, transition will be probed. In

delivered by this method. this case, the effect is inverse compared with probing at the red

While there are no calculations for a phenyl or a tolyl derivate gqqe- The time constant increases with increasing wavelength
for the free base, ZnTPP has already been studied by TDDFT 514 the amplitude of the; process also increases. Please note,
(B3LYP/6-3T) calculations. Assumind., symmetry, excitation 4t the analysis of shoulders (as seen in the Soret band of
energies of 2.35 eV (E,), 3.35 (2E,), and 3.73 (3,) could porphyrins) complicates the analysis considerably.
be found®® The gerade states are located at 3.32 e\Ed)]
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