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The relaxation dynamics of unsubstituted porphyriaR} diprotonated porphyrin ¢H?*), and tetraoxapor-

phyrin dication (TOxP") has been investigated in the femtosecendnosecond time domain upon
photoexcitation in the Soret band with pulses of femtosecond duration. By probing with spectrally broad
femtosecond pulses, we have observed transient absorption spectra at delay times up to 1.5 ns. The kinetic
profiles corresponding with the band maxima due to excited-state absorption have been determined for the
three species. Four components of the relaxation process are distinguishefP fothil unresolvably short

B — Qy internal conversion is followed by the,@> Q, process, vibrational relaxation, and thermalization in

the Q state with time constarmt150 fs, 1.8 ps, and 24.9 ps, respectively. Going fros® kb TOxP", two
processes are resolved, i.e.;BQ internal conversion and thermal equilibration in the Q state. The

time constant has been determined to be 25 ps. The large difference with respect ter QgtBne constant

of H,P has been related to the increased energy gap between the coupled states, S3R0TORP" vs

6100 cn1t in HyP. The relaxation dynamics ofsF#™ has a first ultrafast component &f300 fs assigned as
internal conversion between the B (or Soret) state and charge-transfer (CT) states g¥thedrhplex with

two trifluoroacetate counterions. This process is followed by internalH€®Q conversion (time constant 9

ps) and thermalization in the Q state (time constant 22 ps).

I. Introduction analogues, the relaxation dynamics from the lowest states

] ] ) ) ] of monomer porphyrins, both as free bases and as metal

Porphyrins contribute to several biological and chemical complexes, have been investigated in great d&zAf. In

processes of fqndamental interest, which often mvolye their tetraphenylporphyrin (BT PP; Dz, ring symmetry) the internal
short-lived excited electronic statesThe most prominent conversions B~ Q, and Q — Q, starting from vibrationally
example is chlorophyll behaving as a natural antenna for solar gy cited levels of the Soret (or B) band take place in less than
energy collection and as an electron donor, funneling the 5g ang 100 fs, respectivel) Three decay processes have been
absorbed energy to the reaction cefit8upramolecular light- ;psarved in the lowest excited state (traditionally denoted as
harvesting assemblies employing porphytihave been ;tlﬁs)o QJ): intramolecular vibrational redistribution by dephasing and
synthesized for efficient electron transfer after photoexcitetton. by elastic collisions with solvent molecules, with time constants
In material science, the extremely large nonlinear optical 1450200 fs and 1.4 ps, and thermal equilibration or cooling

susgeptibilities of porph.yrin. linear arrays and_ oligomers, by energy transfer to the solvent in the temporal range2m
obtained by clever combination of porphyrin moietfe%,are ps. Similar results were reported for a second porphyrin

related, among O”‘ef factors, to the high polari_zabilit_y of these derivative?! the only difference being the assignment of the
n-elﬁctron systerfnshl.e.,dto the.Whﬁle set C.)f Fhe|r exr?ted Sl'lt_‘rj‘tes'intermediate time constant, 1.5 ps, to vibrational relaxation in
In the context of photodynamic therapy it is worth recalling yhe ¢ state!2 As to D, metalloporphyrins, the most extensively

that hema_t(_)porphyrln in the I_owest t”p_let state acts as a gy,gied is zinc tetraphenylporphyrin (ZnTPR}§51719 The B
photosensitizer for the generation of excited singlet oxygen. lifetime in benzene and ethanol solution was measured by

To acquire a deeper knowledge of the fast/ultrafast processesfyorescence up-conversion techniques, resulting 1.45 and 2.35
OCCUI’I’Ing n bIO|Oglca| phO'[OI'eceptOFS as We” as in SynthetIC ps’ respectivel%,:wl:urther, among gas_phase meta”oporphynns
ZnTPP has the longest B lifetime, 600 fs, in contrast with the
_*Autfllqr@ to _f\{\(hom correspondence should be addressed. E-mail: ultrafast lifetimes of porphyrin complexes with transition metals
piero.salvi@unifi.it. i i 1 i i i

T Also at Laboratorio Europeo di Spettroscopie non Lineari (LENS), havmglgpartlally filled d orbitals, which fall in t.he range 50
Universitadi Firenze, via N. Carrara 1, 50019 Sesto Fiorentino Firenze, 100 fs:® It was concluded that although Zn(ll) influences only
Italy, and at INOA-CNR, Largo E. Fermi 6, 50125 Firenze, ltaly. indirectly the decay, other transition metal ions partecipate
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Figure 1. Molecular structures of porphyrih, diprotonated porphyri, and tetraoxaporphyrin dicatidh The reference system, common to the
three species, is shown for conveniencelomhe a, 3, andmesopositions are indicated o2

actively in the process with the formation of a charge-transfer Il. Materials and Methods
state from the porphyrin macrocycle to d orbitals. Thus, the

pL?;snﬁes?ga? cgnt;?tli:se;?ltﬁéorr;rmﬁ driur:aé(cejecon&derably theFrontier Scientific (USA) and used without further purification.

P ] P y prop ] .p p.y ' ) H4P?*, the diprotonated speci@swas obtained by addition of
Distortion from planarity in diprotonated porphyrin 5 small amount (5% in volume) of trifluoroacetic acid to the

(Hs4P?*) and isoelectronic replacement of the inner nitrogen penzene/cyclohexane (1:10) solutiorloThe1 — 2 conversion

groups in tetraoxaporphyrin (TO%P), the dicationic s quantitative?® The perchlorate salt of TO®P has been

analogue of unsubstituted porphyrin A, are additional  synthesize® and provided as a generous gift by Prof. E. Vogel

structural factors that may affect the relaxation dynamics of (University of Kdn, Germany).

the photoexcited macrocycle. For the sake of clarity, the  Transient absorption experiments were carried out at room

structures of HP, H/P** and TOxP*, are drawn in Figure 1 as  temperature with freshly prepared solutions1ef3 using as

1, 2, and 3. In recent years we have reported on the vibra- solvents concentrated HCJ@r 3 and the benzene/cyclohexane

Free base porphyrin (or porphine;?j 1 was purchased from

tional and electronic properties of these systéh#d.In par- (1:10) mixture forl and 2. The solvent combination was
ticular, a dual fluorescence, from both the first and the suggested by the necessity of reducing to a negligible level the
second excited state, was observed for TOxFhe S (or Q) undesired two-photon transient signal from benzene generated

quantum yield results to be 0.11 and thdifetime 7.2 ns. The exciting into the Soret band dfand2, yet dissolving the solute

S, (or B) state shows a surprisingly high quantum yield, 0.035, completely. The solution concentration was adjusted such that
and a lifetime less than (or of the order of) the time resolution the absorbance at the exciting wavelengths, 370 and 400 nm in
of our experimental apparatus;100 ps. The near coincidence a2 mm thick cell, was<0.8. As tol, with a second excitation
between absorption/fluorescencedigins, the extremely small ~ at 490 nm and the same cell thickness the absorbapgevas

S, Stokes shift, and the clear mirror symmetry between the Set to 0.5. The sample was excited with pulse energy varying
absorption and fluorescence spectra suggest thatDipe betwee_n 0.3 and 0.8J. The transient signal was found to t_)e
ground state symmetry of TO%Pis conserved in the ;Sand proportional to the energy of the pump pulse. The solution
S, states and no significant reorganization of the solvent Stability under irradiation was checked by measuring the ground
molecules around excited TOXPoccurs. With reference to a  State absorption spectra before and after each experiment. No
previous definitior?* 3 has been classified as a normal porphyrin appr(_euable chan_ge was noticed, thus ruling out any ph_oto-
analogue?® As to the diprotonated porphyri2, there are physical degradation of o_ursamgles. FSorthe sake of convenience
experimental indications on peripherally substituted deriv- ::hieu?gezctra ofl=3 solutions,c ~ 107 M, are displayed in
ativeg® and computational results d2¥226:27that the lowest 9 ' . .
energy macrocycle conformation in the ground state is nonpla- Pump and probe experiments have been performed exciting

nar, i.e., saddle-shaped wi,gy symmetry, due to the steric L at 4QO and 490 nm2 at.40.0 nm and at 3?0 nm. The
interactions between the four central hydrogen atoms Becauseexmtam0n wavelengths are indicated by_ arrows In F_|gure 2. The

; . : . instrumental apparatus has been described in detail elsefhere.
of nonplanarity and consequent increase of the conformational

. e A self-mode-locked Ti:sapphire laser (Spectra Physics, Tsunami
freedom in the §state?*?® the Q lifetime was fqund to be is pumped by an intracavFi)tE)/ frequenc;(/ dF:)ubIed cé/ntinuous Wave)
short.er than forl, 5.5 ns V,S 1,5'8 n&: .Howe\./er, it yvas not (cw) Nd:YVO laser (Spectra Physics, Millennia) and emits
possible to measure the B lifetime exciting directly in the Soret pulses with~70 fs duration at 800 nm that are stretched,
band. In fact, this parameter was estimated to be in the gmpjified, and recompressed by a regenerative amplifier (BMI
femtosecond time scale from fluorescence yield and radiative a|pha 1000). The amplified pulses, whose temporal width is
lifetime > well below our time resolution. All these consider-  ~100 fs, deliver an average power sf600 mW at 1 kHz
ations led us to investigate further on the relaxation dynamics repetition rate. The pulse train is divided into two portions of
of 2and3 in the femtosecond/picosecond time domain by means ynequal intensity. The most intense is the excitation beam, which
of transient absorption spectroscopy. In this paper we wish to can be tuned by means of optical generation and amplification
give a full account of our results obtained exciting by femto- in a BBO crystaP?2 By frequency doubling the fundamental 800
second pulses the three molecular systen® and3, in the nm radiation, we obtain light pulses at 400 nm. The 370 nm
Soret band and probing the time evolution with spectrally broad wavelength is obtained as fourth harmonic of the 1480 nm
femtosecond pulses. infrared beam generated in the BBO crystal. In a series of
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seconds have been corrected and reconstructed with the help
of a homemade correction program taking into account the plot
of time vs wavelength. The transient absorbana¥(r,A) is
approximated by the expression {1 T(r,4)]/2.303 for suf-

x20
04 ® ficiently low T(z,A) values. In general, transient absorbances
l ' ' ' arise from four different contributiorfd,excited-state absorption
8 24 (ESA), stimulated emission (SE) and Raman gain (SRG) and
5 bleaching (B). ESA is associated with the decreas&(nf)
'g 14 2 with respect to the incident intensity(4) and then with positive
§ X 2 transient absorbancesA(z,A) > 0. Conversely, SE, SRG, and

B correspond to the conditiol{z,A) > lo(4) and therefore to
AA(z,A) < 0.

The decay curves have been determined following two
different sampling procedures. In the simplest, excited-state
absorbances at a given wavelength are extracted from the limited
number of transient absorption spectra actually measured. In
the second a higher sensitivity is achieved (a) increasing the

Wavelength (nm) repetition rate and lowering the pump intensity and (b) making
Figure 2. Absorption spectra o1—3 solutions,c ~ 105 M, room use of lock-in detection techniques. In this scheme, wavelengths
temperature, from bottom to top. The solvents are benzene/cyclohexaneare selected placing interference filters (fwhn20 nm) along
1:10 for 1, benzene/cyclohexane 1:10 added with@BOH (5% in  the probe beam beyond the solution cell and detecting the probe
\\,’v(zsggz‘gigzs’ fﬁgﬁ?%ﬁgﬁf&pﬁ%ﬁgﬁ? i"‘;]"t?]‘g’str'ﬂggit:s%‘émp intensity with a silicon double-photodiode. A lock-in amplifier

' synchronized with a mechanical chopper operating at 500 Hz

experiments o the 1265 nm radiation produced by the same alternatively blocks the 1 kHz train of pump pulses and amplifies
crystal has been frequency-mixed with that at 800 nm to give the probe signal when the excitation pulse is switched on. The
light at 490 nm. The weakest portion of light-2 mW, is relaxation dynamics is sampled with variable time steps starting
focused on a Cafplate and produces spectrally broad, i.e., from 50 fs in the first picosecond interval and ending to 1 ps in
containing all wavelengths between 350 and 650 nm (“white the interval 26-50 ps so that the sampling points for a given
continuum”), femtosecond pulses. This beam is further split into time interval are approximately constant. Increasing the delay,
two parts of equal intensity by a 50/50 beam splitter, the probe |arger time steps were chosen between 500 and 1500 ps. Due
beam reaching the sample at a given time after the excitationto the high number of sampling points the second procedure
pulse thanks to a suitable optical delay line and the referencewas preferred to the first. The decay curves measured in the
beam travelling along a shorter path and then striking the sampletwo cases have been found to be essentially coincident.

before excitation. The three linearly polarized beams are focused The relaxation kinetics has been studied on the basis of the
on the solution by means of a parabolic mirror in a quasi- following expression

collinear geometry. The relative pumprobe polarization angle

is set equal to 54°7with the purpose of excluding from the
excited-state dynamics rotational relaxation processes arising
from the partial orientation of the molecules in the polarized
light field. The solutions ofl—3 contained in the 2 mm thick
quartz cell are kept under continuous stirring by means of a
small magnet and irradiated at 100 Hz repetition rate by
interposing a mechanical chopper along the primary excitation
beam path to minimize spurious photochemical effects. Beyond
the solution cell a single 25 cm Czerny-Turner monochromator
(Chromex 250) and the coupled back-illuminated CCD camera
(Princeton Instruments; response spectral range-2000 nm)
are the dispersion and detection elements of the probe an
reference beam. At any given delay timend wavelengtid

the transient trasmittandéz,4) is measured bi(z,4)/Io(1) where

x12
1

O T T T 1
300 400 500 600 700

AATZ) = [T7gl(t-1),A] RE2) dt (1)

whereAA(z,A) is the experimentally observed transient absor-
bance at the selected wavelength resulting from the convolution
of the instrumental functiorg[(t—7),A] with the molecular
response functioR(t,A). The latter is further expanded in terms
of exponential contributions &(t,A) = YA(1) exp(t/t;), each
component of which is characterized by the amplitédgand
lifetime 7;. The instrumental function is defined as cross-
dcorrelation between pump and probe pulsg$), = floumdt’)
lprondt'+t) dt’, and determined measuring by stimulated gain
the time profile of the solvent most intense Raman peaks. The

I(z,4) and lo(4) are the intensities of the probe and reference CH mode of cyclohexane is observed at 2850&“‘“3 the
beam?! The experiments described for-3 were repeated on €104 symmetric stretching a4nd OH modes of HGlar ~950
blank solutions. No transient signal, except that due to the and 3520 cm*, respectively’ By plotting the intensity of the

stimulated Raman gain from the solvent, was observed. Raman signal vs the delay time, we show that the cross-
Due to the chirping of the spectrally broad probe pulse the correlation function has a Gaussian shape with temporal width
red components of the white continuum speed over the blue (fwhm) 160+ 10 fs. The temporal maximum of the cross-
components so that probing in the two visible regions does not correlation function is a good indication of zero delay time at
occur at the same delay tindeln the first picosecond the effect ~ the absolute wavelength corresponding to the Raman line. At
causes experimental artifacts of considerable entity. To avoid wavelengths different from those of the Raman lirg{$) has
such an inconvenience, we have determined the additionalbeen determined by means of the time-resolved optical Kerr
contribution to the delay time as a function of wavelength effect. Due to the reduced thickness of our cell it has been
measuring the optical Kerr effect on the solution and using verified that the pulse width is independent of the probe
optically heterodyne detection, as it has been already rep8rted. wavelength. As a consequence, no correction has been applied
Accordingly, the transient spectra measured in the first pico- to the previously measured instrumental function.
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I1l. Results
AA 0.04

First, we shortly review resuféon the $ — S, spectra of ) 002
1-3 that are pertinent to our study and supply additional 0.08 %\ ESA
information making reference to Figure 2. Undieg, symmetry t
for 3 and D,y symmetry for the lowest energy conforma- 1. 002 B
tion?226:27 of 2 the two zz* states $ and S are doubly 0.044 B 50 s 6w
degenerate, as they belong tq &d E symmetry species, AN Wavelength (nm)
respectively. The & S; and $ — S, transitions are allowed 1 '
and give origin to the Q and B bands. As3athe maximum of 0.004
the sharp B band has been repotted 372.2 nm and the origin ’
of the Q-band at 571.5 nm, so that the energy 4&B—Q) is
~9370 cntl. The absorption spectrum @fdepends on solvent
because the B band shifts to 394.5 nm in benzene/cyclohexane
solution from 401.8 nm in benzeR&No appreciable shift is
seen for the Q-band amdE(B—Q) is estimated to be=8500 AA |
cm L. Lowering the molecular symmetry froBn;D2g to Do, :
in 1 splits each of the two excited states into two components, 0.08 +
Bsy + Bau. Four bands are expected, Bsu);Qy (B2y) and B
(Bsw);By (B2y), although experimentally the splitting is observed
only for the Q;Qy pair. The Soret maximum is found at 393.1 0.04 4
nm and the Qand Q origins at 617.7 and 517.0 nm, giving
AE(B—Qy) ~ 6100 cm! and AE(B—Q,) & 9250 cni™.

1. Porphyrin. The transient absorption spectralb{c = 3 0.00
x 1075 M in benzene/cyclohexane 1:10; room temperature)
exciting on the rising edge of the Soret band, 400 nm, have
been measured as a function of the delay time between probe T T
and pump pulse up to 1.5 ns. The time evolution of these spectra 450
is shown in Figure 3, where spectral results before and after 5
ps are displayed separately. The spectrum shown with the solid
line in the lower panel of Figure 3 is observed when pump and ) ) )
probe pulses are temporally coincident. As anticipated in the Figure 3. Transient absorption spectra f(c = 3 x 10° M in

. . : . benzene/cyclohexane 1:10, room temperature) in the spectral range
previous section, the negative signal at 451.5 nm, 2850'cm 400-600 nm exciting at 400 nm with femtosecond pulses. The transient

from the 400 nm excitation pulse, is due to SRG of the CH gpecira are plotted as a function of the delay time between pump and
stretching mode of solvent cyclohexane and overlaps the probe pulses. The ESA, SRG, B, and SE symbols identify transient
unstructured ESA signal. Other negative absorbances appeabands due to excited-state absorption, stimulated Raman gain of the
with increasing delay times (whereas the SRG peak disappearssolvent, bleaching, and stimulated emission, respectively. (Lower panel)
within 200 fs) and are easily assigned as bleachings of the Q transient spectra in the first 5 ps: solid line, temporal coinciden(_:e
and Q bands. In the upper inset of Figure 3 the transient between pump and probe pulses; long dashed, short dashed, dotted lines,

. . . 200 fs, 1 ps, 5 ps delay times, respectively; vertical arrows up and
spectrum at the delay time of 1.5 ns displays also the negatlvedowm intensity increase and decrease with time. (Upper panel) transient

Q origin peak at 616 nm to which both B and SE contribute. gpectra after 5 ps delay time: solid, dotted, short dashed, dash-dotted
Two ESA bands are observed with maxima at 412 and 465 lines, 5, 20, 100, 500 ps delay times, respectively. Inset of the upper
nm, whose the first is severely distorted due to the onset of the panel: transient absorption spectrum at 1.5 ns delay time.
Soret absorption so that no band maximum survives above 400
nm once account is taken of the Soret bleaching. The two signals3- Nevertheless, the spectra obtained at early delay times indicate
show strongly different kinetic behaviors, as reported in separate conclusively that the two ESA bands at 412 and 465 nm are
panels of Figure 4. The transient at 465 nm rises within the due to starting states different from B.
time resolution of our apparatus and decays#00 fs to a 2. Diprotonated Porphyrin. The transient absorption spectra
nonvanishing background level. By applying the deconvolution/ of 2 (c = 2 x 10°° M in benzene/cyclohexane 1:10; 5%
fitting procedure, we were unable to resolve the ultrafast trifluoroacetic acid; room temperature) in the same experimental
formation of the state responsible for this signal. The decay conditions as forl are collected in Figure 6. The transient
time of the 465 nm ESA band has been confidently fitted to spectrum exhibits a well shaped ESA band around 440 nm and
150+ 40 fs. As to the relaxation dynamics of the transient at a long unstructured tail extending up to 525 nm. The bleaching
412 nm, four different components contribute to the signal. The of the Q-band is observed at 543 nm. The transient intensity
biexponential growth with time constants 14040 fs and 1.8 slowly decreases in the picosecond time scale, but the spectral
+ 0.3 ps is followed by two decay processes in different time shape is unaffected.
scales, the first with a lifetime of 2% 3 ps and a second too The relaxation dynamics has been characterized by measuring
long to be measured accurately with our apparatus but consistenthe kinetic profiles at 440 and 500 nm. The results are shown
with the lifetime of the Q state, 10.7 ns in a nondegassed in Figure 7. Three dynamic processes contribute to the time
benzene solutio?? evolution of these signals in distinct temporal domains: the
Finally, exciting into the Qvibronic band at 490 nm, transient ~ formation of a transient in hundreds of femtoseconds, a second
spectra in the range 41@80 nm have been obtained. Due to process in the picosecond range and a decay of several
the low absorbance of the,@and and difficulties to separate nanoseconds. The time constants have been calculated by means
spatially the pump from the probe beam, the transient spectraof our deconvolution/fitting program ag = 300+ 50 fs,7, =
of Figure 5 have a spectral quality lower than those of Figure 9 + 2 ps, andrs = 5.5 ns. The latter value has been kept

0.00
g SEB

500 550
Wavelength (nm)
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Figure 4. Transient absorbance #fas a function of the delay time in
the same experimental conditions detailed in Figure 3 and probing at
465 nm (lower) and 412 nm (upper). In the lower panel the cross-
correlation Gaussian profile (fwhms 160 fs) between pump and probe
pulses is also reported as dashed line. The insets of the two panel
show the transient absorbances at the probe wavelengths 412 and 46
nm for long delay times.

0.00+

440 460

Wavelength (nm)
Figure 5. Transient absorption spectra bfn the same experimental
conditions detailed in Figure 3 in the spectral range 4480 nm
exciting at 490 nm with femtosecond pulses. The transient spectra are
plotted as a function of the delay time between pump and probe pulses.
The ESA symbol identifies transient bands due to excited-state
absorption. Key: solid thick line, temporal coincidence between pump
and probe pulses; solid thin and dashed-doubly dotted lines, 100 and
400 fs delay times.
constant in the fitting procedure and equal to the already reported
Q lifetime in the nondegassed solutit#?3 The shortest time
71 corresponds for both kinetic profiles to a rise time, and the
second timer, has positive amplitude at 500 nm and negative
amplitude at 440 nm. This means thatis the decay time at
500 nm and the rise time at 440 nm of the same relaxation
process.

3. Tetraoxaporphyrin Dication. The transient absorption
spectra of3 (c = 6 x 107® M in concentrated HCIQ room

420

SRG .;Bﬁ
450 500 550

Wavelength (nm)

Figure 6. Transient absorption spectra @f(c = 2 x 10°° M in
benzene/cyclohexane 1:10, 5% trifluoroacetic acid, room temperature)

in the spectral range 46800 nm exciting at 400 nm with femtosecond
pulses. The transient spectra are plotted as a function of the delay time

Sbetween pump and probe pulses. The ESA, SRG, B, and SE symbols

entify transient bands due to excited-state absorption, stimulated

aman gain of the solvent, bleaching, and stimulated emission,
respectively. (Lower panel) transient spectra in the first picosecond:
solid line, temporal coincidence between pump and probe pulses; long
dashed, dashed-doubly dotted, dashed-dotted, short dashed lines, 200,
400, 600 fs, 1 ps delay times, respectively. (Upper panel) transient
spectra after 1 ps delay time: short dashed, long dashed, solid lines, 2,
10, 20 ps delay times. Inset of the upper panel: transient absorption
spectra at 20 ps and 1.5 ns delay times.

temperature) exciting at 370 nm, i.e., on the maximum of the
Soret band, shows a remarkably well structured ESA doublet
at 405 and 425 nm for delay times20 ps, as it can be seen
from Figure 8. The intensities of the two components increase
simultaneously and reach the maximum at about 100 ps. Beyond
this time the intensity of the transient spectrum lowers; however,
the profile remains unaltered (see the inset of Figure 8). At zero
delay time the negative 429 nm peak, assigned as SRG of the
3520 cnt! OH stretching vibration of HCIQ is observed. A
second negative band around 525 nm is assigned as bleaching
of the vibronic Q-band. The kinetic profiles of the 405 and 425
nm ESA signals, reported in Figure 9, are reproduced by the
convolution of the exciting pulse with a single rise process with
time constant 25t 5 ps and a single decay process with time
constant 7.2 ns. The latter value is coincident with the
fluorescence lifetime of the Q staté.

Blue shifts of the band maxima have been observed as a
function of the delay time for the intense ESA band@nd
3 at 440 and 425 nm, respectively. For simplicity the results
are collectively reported in Figure 10. The plots, although not
determined with high accuracy due to the scarcity of data points,
are reasonably fit to single exponentials with time constants in
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Figure 7. Transient absorbance dfas a function of the delay time in ~ Figure 9. Transient absorbance 8fas a function of the delay time in
the same experimental conditions detailed in Figure 6 and probing at (e same experimental conditions detailed in Figure 8 and probing at

500 nm (lower) and 440 nm (upper). The insets of the two panels show 425 nm (lower) and 405 nm (upper). The insets of the two panels show
the transient absorbances at the probe wavelengths 500 and 440 nnji€ transient absorbances at the probe wavelengths 425 and 405 nm
for long delay times. or long delay times. A two-photon spike is observed for both transient

absorbances when the pump and probe pulses temporally oetlap.
200 ps

N -1
AA '\ 0.03 . 15ns E (cm™) o °
ESA it ok °
R ‘[ 02 ESA 23400 1
LT
A =11+1
0.02- R oo1 23300- ' "
i I/\' '\..‘ , ‘\‘ 0.00
VAR BY SE 1
I PR 400 450 500 550 600 22800+ A e .
001 . '- Wavelength (nm) ‘/ 1=22+5ps
b ! 22700_ T T T T T
0 50 100 150 200
0.00+ t(ps)
: Figure 10. Dynamic blue shifts (cm™1)] of the ESA bands at 440
B\~ nm, for 2, and at 425 nm, foB, as a function of the delay time. The
i ' ' ' T " ! i data for2 and3 are reported as full and hollow circles, respectively.
400 450 500 550 The time constantse( ps) of thermal equilibration in the Q state are
indicated.
Wavelength (nm)
Figure 8. Transient absorption spectra 8f(c = 6 x10°¢ M in phyrins and interpreted as due to thermalization of the “hot”

concentrated HCIE) room temperature) in the spectral range 400  (jstribution of vibrational states by internal relaxation and energy
600 nm exciting at 370 nm with femtosecond pulses. The transient dissipation to the solvent environmefit3”

spectra are plotted as a function of the delay time between pump and

probe pulses. The ESA, SRG, B, and SE symbols identify transient ) .

bands due to excited-state absorption, stimulated Raman gain of thel V. Discussion

solvent, bleaching, and stimulated emission, respectively. Key: solid N . . .
line, temporal coincidence between pump and probe pulses: long Considering first porphyrid the analysis of our data follows

dashed, dashed-dotted, dashed-doubly dotted, 5, 20, and 200 ps delaglosely previous studied:'*We have found that decays from
times, respectively; vertical arrow up, intensity increase with time. the Soret band within the time resolution of our apparatus, 160
Inset: transient absorption spectra at 200 ps and 1.5 ns delay timesfs, therefore leading to the conclusion that the time constant of
the B— Qy internal conversion occurs in the tens of femto-
the range 1630 ps, i.e.~22 ps for2 and~11 ps for3. Similar seconds time regime. In fact, no rise component is resolved for
band shifts have been reported for vibrationally excited por- the 465 nm ESA signal. In porphyrin derivatives an upper limit
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TABLE 1: Multiexponential Fittings of the Observed Kinetic Profiles Shown in Figures 4, 7, and 9: Time Constantsf, ps),
Amplitudes (A), and Wavelengths £prope, NM)2

1 2 3
Aprobe A T }Lprobe A T j-probe A T
—0.06 0.14+ 0.04 —0.05 0.30+£ 0.05 405 { —0.009 { 25+ 3
412 —0.03 1.8+ 0.3 440 —0.016 o+ 1 —0.02 7.2
0.01 25+ 3 0.08 5.8
0.09 10.7
465 { 0.037 { 0.15+ 0.04 —0.05 0.33+£0.05 425 { —0.015 { 25+ 3
0.02 10.7 500 0.026 9t1 0.029 7.2
0.009 5.5

aDecay processes correspond to positive amplitudes and rise processes to negative anfplilmeesonstants in nanoseconds held fixed in the
multiexponential fitting.

of ~40-50 fs has been estimated for the-B Q, internal In(1/x))
conversiont®12 Going further, the decay time of the 465 nm
transient is coincident, within the experimental accuracy, with
the shortest rise time of the 412 nm transient. This means that R
the Q depopulation is coupled with a population growth relative R
to the manifold of Q vibrational levels quasi-degenerate with 261
Qy. Accordingly, the two kinetic behaviors correspond to the
same deactivation channel, i.e.y & Q internal conversion e
with time constant ok150 fs. This time is unresolvably short 24+
in H,TPPY and stretches to 90 fs in the more complex derivative 7000 3000 9000
having two phenyl substituents on oppositesopositions and AE(S S, )iem”
methyl or ethyl groups in alB positions!? Thus, the internal

conversion rate increases fl’dh'lo. HzTPP, roughly erend.ing gap between the two stateSHE(S;—S;), cnm ] in a semilogaritmic scale.
upon the number of phenyl substituents along the rng per!phery. Stars and hollow circle refer to data for Zn(ll) and Mg(ll) tetraphe-
Also the subsequent decay processes are slowértian in nylporphyrins in various solvents; data taken from refs 16 and 40. The
the derivatives. Time constants of 1.4 and 1.5 ps have beentfull star is the value of the rate constant Rdetermined in this work.
measured for the two substituted porphyrins and attributed to The dashed-dotted plot has been obtained from the linear regression
vibrational energy relaxation in the,@tatel%12|n the case of ~ ©f data on metalloporphyrins.
1 the time constant results to be slightly longer, 1.8 ps. The conversion rate constants 8fand of metalloporphyrins. B
substituent effect is even larger for the last process occurring fluorescence lifetimes have been repotfe for Zn(ll) and
in Qy before fluorescence, i.e., thermal equilibration with the Mg(ll) TPP in various solvents for whichE(B—Q) ranges
solvent. The time constant of 25 ps fbrexceeds appreciably  between 6300 and 7100 c The rate constants, calculated at
the reported value for J7TPP, which is in the range @20 ps° moderate/small fluorescence quantum yields as reciprocal
Going from 1 to 3 the molecular symmetry increases from lifetimes!6 have been plotted in Figure 11 in a semilogaritmic
D2 to D4y SO that, as already pointed out in the Results section, scale vsAE(B—Q) with addition of the equivalent rate f&:
the Q and B states are doubly degenerate, ps¥Emmetry As the latter value falls close to the semilogaritmic linear plot,
species, and with an energy separation much larger than betweeit is tempting to propose that the 25 ps lifetime fairly corresponds
B and Q. A single rise process of 25 ps time constant is to that of theD4, porphyrin macrocycle isoelectronic wigin
observed before fluorescence, indicating that the population of absence of the central metal atom.
the thermally equilibrated Q state increases in the picosecond Diprotonated porphyriR2 is a case more complex tharand
time scale. As to the B lifetime, an upper limit 8100 ps has 3. In fact, because the rate of the internal conversion depends
been reporteé This parameter has been also estim&t&om on the separation energy between the two staéesl this value,
guantum yield measurements on highly diluted10~7 M) 8500 cnt? for 2, is comparable, though smaller, to that3f
solutions to bex40 ps. Considering that the indirect determi- while much greater than that df we would be inclined to
nation has uncertainty width larger than the direct time-resolved associate the observed time constant of 9 ps with the B
measurement, it is reasonably concluded that the rise of the Qdecay. On the other hand, the B lifetime has been estimated to
fluorescence is correlated with the decay of the B fluorescence.be ~150 fs from fluorescence yield and radiative lifetiAie?
Vibrational relaxation, which is known to take place in few In our opinion, the difference between 150 fs and 9 ps is too
picoseconds or less in the excited stadfeis too fast to be large to be attributed to inaccuracies of the indirect estimate,
resolved with respect to internal conversion. Also, the thermal as proposed fo8. Instead, decay processes more efficient than
equilibration component may be deconvoluted from the total the B— Q internal conversion are operative in the present case.
rise process, assuming a time constant as indicated by theln fact, it should be recalled that nonplanar porphyrins, such as
dynamic band shift, without altering substantially the time dodecaphenyl- and tettebutylporphyrin have strongly reduced
constant of the internal conversion. The dramatic increase of Q lifetimes with respect to those of substituted planar porphy-
this constant fron®50 fs in1 to ~25 ps in3 is related to the  rins2428The effect was attributed to the torsional flexibility of
increase of the energy gapE(B—Q).2° In other words, no 2 in the Q staté*?® The conformational freedom causes the
additional singlet states between B and Q contribute to the decay.shift to excited-state configurations for which the vertical energy
In this respect, we note that the energy level diagrar8 gap with the ground state is smaller than that at the equilibrium
similar to that of D4, metalloporphyrins, the only difference  Q geometry, thus enhancing the rate of internal converSion.
being the reduced gap in the latter systems. This leads toA similar mechanism may be invoked for the B state. As a
speculate about a possible correlation between the internalsecond point, it has been shot#rthat not only B but also

28+

Figure 11. Internal conversion B~ Q rate constant 1 vs energy
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