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The formation of the (d, d) excited state of (meso-tetraphenylporphyrinato)nickel(Il) ([Ni(tpp)]) upon (r, ©*) exci-
tation, and its vibrational energy relaxation were monitored by picosecond time-resolved resonance Raman spectroscopy.
Stokes resonance Raman bands due the (d, d) excited state instantaneously appeared upon the photoexcitation into the (T,
n*) excited state. Their intensities decayed with a time constant of about 250 ps, which corresponds to electronic relax-
ation from the (d, d) excited state to the electronic ground state. This is consistent with the results of ultrafast absorption
measurements reported by Eom et al. [H. S. Eom, S. C. Jeoung, D. Kim, J. H. Ha, and Y. R. Kim, J. Phys. Chem. A, 101,
3661 (1997)]. Anti-Stokes v, (macrocycle in-plane mode) intensities of [Ni(tpp)] in the (d, d) excited state appeared
promptly and decayed with a time constant of 3.6 = 0.6 ps. The rise and decay of anti-Stokes intensity are interpreted as
vibrational excitation due to the excess energy and intermolecular vibrational energy transfer to the surrounding solvent
molecules, respectively. The ¢, mode, which is mainly V(CC) of the peripheral phenyl groups, gave no detectable anti-
Stokes intensity although the mode gave appreciable Stokes intensity. This means that the ¢, mode is left vibrationally
less excited than the v, mode in the process of vibrational energy relaxation and that intramolecular vibrational energy
redistribution is not completed in a subpicosecond time regime. These results for [Ni(tpp)] demonstrate that the vibra-
tional modes of peripheral groups are vibrationally less excited shortly after the formation of the (d, d) excited state and
that energy redistribution in the peripheral groups takes place in picoseconds, such a short time is competitive with vibra-
tional energy transfer to the surrounding solvent molecules.
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Vibrational energy relaxation (VER) plays an essential role
in many chemical processes in condensed phases and hence
has attracted much attention.' Upon photoexcitation, some
excess energy is initially deposited in Franck—Condon active
vibrations. Right after nonradiative transition, the energy is lo-
calized in some specific vibrational modes.*® Subsequent
thermal equilibration processes are not fully understood for the
excited molecules in solutions. In a picture for a polyatomic
molecule in gas phase, the energy relaxation process would be
composed of two temporally distinct steps: intramolecular vi-
brational energy redistribution (IVR) among all vibrational
freedoms of the molecule and intermolecular energy transfer
(IET) to other molecules by collisions and other means. For
large molecules in solution, the time scales of IVR and IET are
not clear due to lack of detailed studies. IET is found to occur
on the time scale of 1 — 100 ps, while IVR is generally believed
to occur on the subpicosecond time scale for large molecules
in solution,"? although there has been no clear experimental
evidence for this. Standard theoretical descriptions of solution
phase reactions such as RRKM theory employ the reaction co-
ordinate picture in which modes orthogonal to the reactive mo-
tion are considered to remain in statistical distribution with one
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another and also with modes of the solvent during the course
of the reaction. While this may be a good approximation on
the time scale of activated processes in which IVR is faster
compared with barrier crossing, it is not expected to hold in the
reactions with low or no barrier. In such cases, the motion
along the reaction coordinate can occur on time scales compa-
rable to, or even slower than IVR, and therefore, statistical de-
scription of the reaction is no longer appropriate. Microscopic
understanding of solvent-induced vibrational relaxation pro-
cesses is essential to provide a detailed picture of chemical re-
actions.

Vibrational relaxation dynamics in the condensed phase has
been extensively studied with time-resolved pump—probe opti-
cal spectroscopy.”® The thermally enhanced, low frequency
tail of the absorption spectrum (or the high energy part of the
emission spectrum) arising from vibrationally excited states
gives information on the transient temperature of the vibration-
al system. However, the interesting questions concerning the
initial energy distribution and the detailed pathway to a ther-
mal distribution are not easily answered by this kind of experi-
ments, since usually the vibronic structures of the electronic
transition are not spectrally resolved for solutions. On the oth-
er hand, time-resolved Raman and infrared techniques allow,
at least in principle, more direct monitoring of vibrational pop-
ulations because their energy resolution is much higher than
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visible absorption or emission spectroscopy. Especially, time-
resolved anti-Stokes Raman spectroscopy is selective for
vibrationally excited modes and therefore is powerful to mea-
sure VER.!'"'* The ratio of the integrated areas of anti-Stokes
to Stokes scattering, corrected to the first order for reabsorp-
tion and cross section differences, is expected to provide the
most direct information about relative vibrational popula-
tions,'>!® and is therefore essential to studies of energy distri-
bution dynamics in molecular systems. Recently picosecond
time-resolved resonance Raman (TR?) studies on the time
scale of TVR have been reported.”>'*!"2  Some of them
claimed the assumption that IVR is much faster than IET for
large molecules in solution,'>~!418.19.2122

We have been studying the VER of nickel porphyrins in so-
lution. Nickel porphyrins are chosen as the subject of study
for several reasons. First, molecular vibrations of nickel por-
phyrins in the electronic ground state have been well character-
ized through resonance Raman and IR experiments and normal
coordinate analysis.”>?’ Second, an electronically excited
nickel porphyrin reaches the (d, d) excited state in a very short
time (<350 fs),”® transferring most of the electronic energy
into the vibrational degrees of freedom. Nickel porphyrins
have absorption bands in the visible and near UV regions due
to (, ©*) transition of porphyrin ring. The photochemistry of
nickel porphyrins has been studied by transient absorption
spectroscopy;*®? results have shown that photoexcitation of
nickel porphyrins in noncoordinating solvents, such as toluene
and benzene, leads to the formation of a relatively long-lived
metal excited state, B,,, via nonradiative transition from the (x,
) state. This nonradiative transition deposits an excess ener-
gy of ~10,000 cm™! into the vibrational manifold of the mac-
rocycle. The decay of the (d, d) excited state into the Aj,
ground state takes place in about 300 ps. Therefore, there is
reasonable separation on time scale between the expected vi-
brational relaxation and the electronic relaxation. Finally, the
So=S; (Q band) and S¢—S, (B band) absorption bands are rea-
sonably separated and thus suitable to use them for effective
population of excited state and resonance enhancement of Ra-
man intensity in pump-probe Raman experiments.

We have previously demonstrated that the statistical energy
distribution has not been achieved in a picosecond time scale
for (octaethylporphyrinato)nickel(Il) ([Ni(oep)]) in benzene
using TR? spectroscopy.'® The rise of anti-Stokes intensities of
[Ni(oep)] upon the photoexcitation was not uniform: the rise of
the v, anti-Stokes intensity was instantaneous, while the rise of
the v; anti-Stokes intensity was delayed by 2.6 = 0.5 ps. This
delay indicates that there is a non-Boltzmann distribution in
vibrational manifold in the initial few picoseconds.

The present paper reports the VER of (meso-tetraphenylpor-
phyrinato)nickel(Il) ([Ni(tpp)]), which is another representa-
tive type of porphyrins. It is the aim of the present study to
clarify the time evolution of excited vibrational populations in
an electronically excited molecule by measuring changes of
Stokes and anti-Stokes intensities of [Ni(tpp)], especially, fo-
cusing on intensity of anti-Stokes bands of phenyl peripheral
modes. We discuss vibrational energy redistribution in phenyl
peripherals of [Ni(tpp)] and demonstrate that vibrational ener-
gy redistribution into the phenyl peripherals of [Ni(tpp)] is
slow compared to energy dissipation into the solvent mole-
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cules.

Experimental

Laser System. The details of the TR* apparatus used in this
study are described elsewhere.*® Briefly, a picosecond mode-
locked Ti:sapphire oscillator (Spectra-Physics, Tsunami 3950),
pumped by an Ar" ion laser (Spectra-Physics, BeamLok 2060),
produced about 1.5-ps wide pulses. The seed pulse was amplified
by a regenerative amplifier (Positive Light, Spitfire) operated at 1
kHz. This amplification unit provides 770-nm pulses, each with
an energy of about 0.8 mJ and duration of 2.5 ps. In the pump
arm, a pump pulse of 532 nm was generated with a home-built op-
tical parametric generator (OPG) and amplifier (OPA). The 532-
nm pulses were used for the pump beam for the ps-TR* measure-
ments after they were attenuated to 10 pJ. In the probe arm, a
probe pulse of 458 nm was generated as the first Stokes stimulated
Raman scattering from compressed hydrogen gas (50 kg/cm?) ex-
cited by the second harmonic of the 770-nm output. Components
other than the first Stokes scattering were removed spectrally with
a glass filter and dichroic mirrors and spatially with a Pellin-Broca
prism. The energy and bandwidth of the generated 458-nm pulses
were about 1.0 — 1.5 pJ and about 15 cm ™!, respectively. The 458-
nm pulses were used for the probe beam after they were attenuated
to 0.1 pJ. The pump and probe beams were made collinear and
coaxial using a dichroic mirror. The polarization of the pump
beam was rotated by 55° relative to that of the probe beam to min-
imize the effects of molecular rotations on the observed kinetics.
Pulse energies of the two beams were always monitored with pho-
todiodes (Hamamatsu Photonics, S2387-1010R) and were found
to be stable within =10%. A cross correlation trace of the pump
and probe pulses was measured with a 1-mm BBO crystal, which
indicated a width of 2.3 ps. The 0.0 ps of delay time (uncertainty
< 0.2 ps) was calibrated using the sum frequency generation by
the same crystal.

Data Acquisition. The sample solution was contained in a
10-mm¢ NMR tube and spun with a spinning cell device. The
sample was spun at 3400 rpm in the spinning cell configured for
135° backscattering illumination and collection to minimize the
effects of molecular rotations on the observed kinetics.>! Spheri-
cal and cylindrical lenses were used to focus the pump and probe
beams on the sample in line-focusing condition. The laser flux of
the pump and probe pulses was ~500 and ~7 MW/cm?, respec-
tively. About 8% of the initially present ground state molecules
were pumped to form a sufficient number of vibrationally excited
(d, d) state molecules to be observed. This does lend further sup-
port to the conclusion that the ground state population is not seri-
ously depleted under the present experimental conditions.

Raman scattering was collected and were imaged onto the 200-
um entrance slit of a single spectrometer (Spex, SO0M). A holo-
graphic notch filter (Kaiser Optical Systems, HSNF-457.9-1.0)
was used to reject the unshifted scattering. The dispersed light
was detected by a liquid-nitrogen-cooled CCD detector (Princeton
Instruments, CCD-1100PB). Raman shifts were calibrated with
cyclohexane, benzene, or carbon tetrachloride. The peak positions
of Raman bands are accurate within =2 cm ™,

Sample Preparation. [Ni(tpp)] and [Fe(tpp)(Cl)] (Aldrich
Chemical Co.) were used without further purification. Benzene
was of spectroscopic grade (Dojindo Laboratories). Solutions
with the [Ni(tpp)] concentrations from 0.03 mM to 0.3 mM were
examined and no concentration dependence of kinetics was ob-
served. Sample integrity was confirmed with UV-visible absorp-
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tion spectra after the TR® measurements.

Results and Discussion

Stokes Spectra. Figure 1 shows Stokes-TR? spectra of the
[Ni(tpp)] photoproduct in benzene. The delay times of the
probe pulse from the pump pulse are indicated at the left side
of each spectrum. In these spectra, the contribution of unreact-
ed species has been subtracted and signal intensities are cor-
rected using the intensity of solvent band at 992 cm™! to elimi-
nate the effect of self-absorption of the sample. The probe-
without-photolysis spectrum (ground state spectrum) is given
at the bottom of the figure for comparison. This spectrum is in
agreement with the reported spectrum.”

In negative delay times, the difference spectra are absolutely
featureless. In positive delay times new bands appeared; these
indicate the generation of a photoproduct. Their intensities in-
creased up to 4 ps, and then gradually decreased with time.
Their peak positions gradually shifted upward until 20 ps be-
ing accompanied by band narrowing, and no further evolution
was observed after 20 ps. Similar peak shifts and band nar-
rowing were also observed in the TR? spectra of [Ni(oep)] that
were reported previously and were ascribed to VER in the (d,
d) excited state."”* The difference spectrum was absolutely fea-
tureless at 1 ns of delay time, indicating that the photoproduct
has completely returned into the ground-state species. The
bands in the 100-ps delay spectrum at 1078, 1232, 1359, 1553,
and 1599 cm™! are assigned to Vo, Vi, V4, V, and ¢, modes, re-
spectively, on the basis of the ground state spectra.”> The ob-
served Raman spectrum for the ground state species is consis-
tent with that reported previously. There is no evidence for ap-
pearance of an additional electronic excited state in the TR®
spectra.

The vy, v4, and v, bands for the (d, d) excited state showed
appreciable downshifts compared with those for the electronic
ground state. These modes are totally symmetric in-plane
modes; V(C,Ph) (v;), V(Pyr half-ring), (v4), and W(CzCp)
(v»). The low frequency shifts can be ascribed to the change in
the core size of the [Ni(tpp)] macrocycle in the (d, d) excited
state. In the (d, d) excited state in non-coordinating solvents,
one d electron is promoted from the d.? orbital into the d,2.,2 or-
bital. The promotion of the d electron would increase the ef-
fective size of the metal atom. This is because the d,>.,> orbital
points at the pyrrole nitrogens of the porphyrin macrocycle.
All the skeletal mode frequencies above 1450 cm ™' show a
negative linear dependence on the core size, @**°, defined as
the distance between the center of the porphyrin ring and the
pyrrole nitrogen atoms, when this relationship is examined for
metal complexes of tpp,” oep,* and protoporphyrin®?7; v =
K(A — d), where K and A are parameters characteristic of the
porphyrin macrocycles. Employing the reported values of pa-
rameter K for the v, mode of tpp’s (297 cm™'/A),* one can
evaluate the expansion (Ad) of the core sizes in the (d, d) excit-
ed state from that in the ground state of [Ni(tpp)] as +0.064 *+
0.008 A, which is slightly larger than that observed for
[Ni(oep)].”> Thus, the core size in the (d, d) excited state is
calculated to increase to 2.02 A from 1.96 A* of the electronic
ground state. The value (2.02 A) of expanded core size in the
(d, d) excited state is close to that of [Fe(tpp)(Cl)] (high spin)
in the electronic ground state.* On the other hand, observed
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Fig. 1. Stokes TR® spectra of photoproduct of [Ni(tpp)] in
benzene. The pump—probe delay times are indicated at the
left side of each spectrum. In these spectra the contribu-
tion from unreacted species has been subtracted and signal
intensities are corrected using the intensities of solvent
bands (992 cm™!) to eliminate the effect of self-absorption
of the sample. The probe-without-photolysis spectrum is
given at the bottom of the figure for comparison.

downshifts of the vy and ¢, bands upon the (d, d) excitation are
very small. This is reasonable, because both modes are expect-
ed to be insensitive to the change in the core size of [Ni(tpp)]:
the vy mode contains mainly &(CgH) character and the ¢, mode
is mainly due to V(CC) of the phenyl group.?

Stokes RR intensities provide us information on the elec-
tronic population of the molecule because they are proportion-
al to the population if the intensities are corrected for the effect
of self absorption. To see the intensity change quantitatively,
the Stokes v, (squares) and v, (triangles) band intensities are
plotted against the delay time in Fig. 2. In the curve fitting cal-
culations, the system response was deconvoluted from the
Stokes intensity change using a Gaussian fit (the correspond-
ing cross correlation width is 2.3 ps) to the cross-correlation
signal. These temporal changes are well described with a sin-
gle exponential decay with a time constant of 245 * 10 and
269 = 25 ps for v, and v, bands, respectively, as are delineated
with solid curves in Fig. 2. These numbers are close to the
lifetime of the (d, d) excited state reported by Eom et al.>> The
rising parts for the bands indicate that both bands appeared
promptly within the instrument response time, consistent with
the fact that nonradiative transition from the (w, ™) excited
state to the (d, d) excited state occurs within 350 fs.

Anti-Stokes Spectra. Anti-Stokes scattering reflects the
excited state populations of individual vibrational modes. Fig-
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Fig. 2. Temporal change of Raman intensities of the Stokes
vy (squares) and v; bands (triangles) of [Ni(tpp)] in the (d,
d) excited state. The curves are displaced for clarity. The
horizontal lines correspond to zero Raman intensity for
each Raman band. The solid lines are calculated for in-
stantaneous rise followed by a single exponential decay
convoluted with a Gaussian instrument response function
for which the cross correlation time is 2.3 ps. The best fit
was obtained by decay time constants of 245 = 15 and 269
=+ 25 ps for v4 and v, bands, respectively. The lower panel
shows a closeup of the curve in the early time region.

ure 3 shows anti-Stokes TR® spectra of the photoproduct of
[Ni(tpp)] in benzene. The anti-Stokes v, v4 and v, bands are
most prominent, but vy band is weakly seen. In these spectra,
the contribution of unreacted species has been subtracted. As
shown in the inset, the v, band in the spectrum without photol-
ysis gave the contribution from the electronic ground state and
there is no intensity at the frequency of the (d, d) excited state.
This indicates that the probe pulse is weak enough to prevent
multiple interactions (i.e. absorption and Raman scattering) by
a single porphyrin molecule over the duration of the probe
pulse. With high photon flux, the v4 band of both electronic
ground and the (d, d) excited states appeared, indicating that
there is a significant probability for [Ni(tpp)] to be photoexcit-
ed and to provide Raman scattering within a single probe pulse
under high photon flux. The absence of band intensity of the
(d, d) excited state in the spectrum without photolysis is a good
measure of adoption of a proper experimental condition for the
probe power. In Fig. 3, new bands appear upon photoexcita-
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Fig. 3.  Anti-Stokes TR? spectra of the photoproduct of
[Ni(tpp)] in benzene. The pump-probe delay times are
specified at the left side of each spectrum. In these spectra
signal intensities are corrected using the intensities of sol-
vent band (992 cm ) to eliminate the effect of self-absorp-
tion of the sample. The inset shows the probe-without-
photolysis spectrum. Note that there is no anti-Stokes in-
tensity at the position of v4 band of the (d, d) excited state.

tion by the pump pulse, similar to Stokes spectra, but their in-
tensity decays are faster than those of Stokes bands.

Figure 4 shows the temporal change of the Raman intensity
of the anti-Stokes v;, v4 and v, bands of [Ni(tpp)]. The tempo-
ral behaviors of these bands can be described with a single ex-
ponential function as delineated with solid lines. The best fit to
the data by a single exponential yielded the decay constants of
3.5 *+0.9, 3.6 £ 0.6 and 3.7 = 0.6 ps for the v, v, and v,
bands, respectively. The decay should be ascribed to vibra-
tional energy relaxation, because there is no such component
in Stokes spectra. Note that the C,,—Ph stretching (v;) is vibra-
tionally excited similar to the in-plane vibrations of the macro-
cycle. Since these anti-Stokes intensities decay in nearly the
same way, it is suggested the excess energy is released to the
surrounding solvent molecules in this time scale. Concerning
the intensity rise, these anti-Stokes bands show the instrument-
limited rise, same as the Stokes counterpart.

An interesting aspect is how much the excess energy is de-
posited into the peripheral modes of [Ni(tpp)]. Figure 5 com-
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Fig. 5. Comparison of time-resolved Stokes and anti-Stokes
spectra at 1-ps time delay.

pares time-resolved Stokes and anti-Stokes spectra at 1-ps time
delay. The ¢, mode is present at 1599 cm ™" in the Stokes spec-
trum, but in contrast, the band is absent in the anti-Stokes spec-
trum. We have two possible reasons for very weak anti-Stokes
¢, intensity. One is less population at vibrationally excited lev-
els of the ¢, mode. Another idea is that this is due to small res-
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Fig. 6. Comparison of Stokes and anti-Stokes spectra of
[Fe(tpp)(Cl)] in benzene. The spectra were measured with
the 457.9-nm line from a CW Ar" ion laser.

onance Raman cross section of anti-Stokes scattering of this
mode, because, in the case of resonance condition, Raman
cross section of anti-Stokes scattering is not same as that of
Stokes scattering.

In order to examine the latter possibility, we measured reso-
nance Raman spectra of [Fe(tpp)(Cl)] in benzene at room tem-
perature using a CW laser of the same probe wavelength as
that used for TR® measurements of [Ni(tpp)]. The results are
shown in Fig. 6. [Fe(tpp)(Cl)] in the electronic ground state
(high spin) has a comparable core size (2.02 A) to that of
[Ni(tpp)] in the (d, d) excited state as noted above.** Therefore
it is expected to give an RR spectrum similar to that of
[Ni(tpp)] in the (d, d) excited state. In fact these two species
give very similar spectra. Because the RR spectra were mea-
sured with a CW laser, observed anti-Stokes intensities reflect
statistical distribution of vibrational populations at room tem-
perature. In statistical distribution, ¢y mode has a detectable
intensity even at room temperature as shown here. This result
shows that the intensity difference in [Ni(tpp)] is not due to the
difference in Raman cross section between the Stokes and anti-
Stokes scattering, and hence must be attributed to lower popu-
lation of vibrationally excited levels of ¢4 mode. In the course
of the relaxation, the anti-Stokes ¢4 band was not observed at
any time delay for [Ni(tpp)]. This implies that the ¢, mode is
vibrationally less excited than the in-plane vibrational modes
on the formation of the (d, d) excited state, and is left less ex-
cited in the process of relaxation, indicating that vibrational
energy redistribution into the phenyl peripherals of [Ni(tpp)] is
slower than energy dissipation into the solvent molecules.
This fact is unexpected, because the recognizable anti-Stokes
intensity of the v; (mainly C,—Ph stretching) mode suggested
that the excess energy has reached to the C,,—Ph bond as noted
before.
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The present results cannot be explained by the idea that en-
ergy randomization within the molecule occurs on the subpico-
second timescale, which is generally believed to occur for large
molecules.'? For large molecules with dense vibrational man-
ifolds, the following scheme of the relaxation process involv-
ing two temporally distinct steps has been proposed.!:>7841743

A IVR B IET C

Here A represents the state initially prepared by optical excita-
tion or nonradiative transition with a non-statistical distribu-
tion of vibrational energy, B is a state characterized by a
Boltzmann distribution of high vibrational energy,** and C is a
thermally equilibrated state at ambient temperature. The valid-
ity of this picture relies on a clear separation in time scales be-
tween the intra- and intermolecular energy transfer processes.
Experimental data which support this picture have been ob-
tained by ultrafast transient absorption and emission studies.
In the absence of such a separation, the loss of energy to the
solvent competes with the internal redistribution process; as a
result, the solute may never achieve a Boltzmann distribution
of the excess energy. In fact, several recent experiments have
suggested that the IVR is not completed within a few picosec-
onds for large molecules in solutions, such as stilbene,>'>1?
bacteriorhodopsin,*® metalloporphyrins,'**** 2-(2’-hydroxy-
5’-methylphenyl)benzotriazole,* and betaine-30.!* We have
previously demonstrated that the statistical energy distribution
has not been achieved on a picosecond time scale for [Ni(oep)]
in benzene using TR? spectroscopy.'> The rise of the v, anti-
Stokes intensity was instantaneous, while the rise of the v;
anti-Stokes intensity was not instantaneous but was delayed by
2.6 = 0.5 ps. This delay indicated that there is a non-
Boltzmann distribution in vibrational manifold in the initial
few picoseconds. The present study shows that the statistical
energy distribution between the skeletal and peripheral modes
has not been achieved in a picosecond time scale for [Ni(tpp)].
The phenyl groups of tpp are prevented from rotating into
coplanar orientation with respect to the porphyrin ring by ster-
ic repulsion between the phenyl ortho H atoms and the pyrrole
CsH atoms.” Consequently conjugation is expected to be un-
important in the tpp ground state. Consistent with this view,
NMR data show the relatively small contact shifts of the phen-
yl protons in low-spin iron(Ill) complexes of meso-substituted
porphyrins.>! It has been suggested that the RR enhancements
seen for the phenyl modes reflect delocalization in the excited
state.”> The vibrational character of the ¢4 mode was calculat-
ed to be composed of W(CC),, (61%), (CCH) (20%), and
V(CinCon) (13%).” The vibrational motion of the ¢, mode
would not involve the motion of atoms of m-conjugated sys-
tem. This suggests weak anharmonic coupling of the ¢, mode
to the skeletal modes, which leads to inefficient exchange of
vibrational energy between them. On the contrary, vibrational
mixing between the ¢, mode and the skeletal modes was sug-
gested in the normal mode analysis of [Ni(tpp)].>* The present
results favor the idea that the vibrational mixing is not so sig-
nificant. One may argue that the electronic delocalization
could lead to the vibrational excitation of the ¢4 mode on the
photoexcitation to the (T, ) excited state. In the present ex-
perimental condition, however, the 532-nm pump pulse does
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not give a large excess energy to [Ni(tpp)] on the photoexcita-
tion, because the energy of the 532-nm photon is close to the
0-0 energy between the electronic ground and (r, n*) excited
states. For the [Ni(tpp)] in the (d, d) excited state, vibrational
excitation results mainly from the large electronic energy re-
lease upon the nonradiative transition from the (rt, ) excited
state to the (d, d) excited state. Upon the nonradiative transi-
tion, only accepting or promoting modes are vibrationally ex-
cited. Therefore, the electronic delocalization in the porphyrin
ring and phenyl groups does not necessarily give rise to the vi-
brational excitation of the ¢, mode. The present results sug-
gest that the ¢, mode is a poor accepting or promoting mode.

Summary

We have successfully applied picosecond TR? spectroscopy
to explore the vibrational dynamics of [Ni(tpp)] in the (d, d)
excited state. This study elucidated that the transient Stokes
Raman scattering originating from the (d, d) excited state ap-
pears instantaneously upon the photoexcitation and decays
with a time constant of ~250 ps, which is consistent with the
results of the ultrafast absorption measurements reported pre-
viously.”® The anti-Stokes kinetics gives some insight into the
VER following the nonradiative transition. Three in-plane vi-
brational modes, v, V,, and Vv,, showed anti-Stokes intensity
decay of about 3.5 ps. This was ascribed to IET of [Ni(tpp)] in
the (d, d) excited state. In the course of the IET, the anti-
Stokes ¢, band was not observed at any time delay. This
means that the ¢, mode is vibrationally less excited than the in-
plane vibrational modes on the formation of the (d, d) excited
state, and is left less excited in the process of IET, indicating
that vibrational energy redistribution into the phenyl peripher-
als of [Ni(tpp)] is slower than energy dissipation into the sol-
vent molecules.

This work was supported by Grants-in-Aid to Y. M.
(11740339) and to T. K. (13308039) from the Ministry of Edu-
cation, Science, Sports and Culture.
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