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Recent experimental work on vibrational energy relaxation of metalloporphyrins in a condensed phase carried out

in this laboratory is summarized. The formation of a vibrationally excited photoproduct of metalloporphyrins upon (r,
n*) excitation and its subsequent vibrational energy relaxation were monitored by picosecond time-resolved resonance
Raman spectroscopy. Results related to intramolecular relaxation of octaethylporphyrinato nickel (NiOEP) are de-
scribed. Stokes Raman bands due to a photoproduct of NiOEP instantaneously appeared upon the photoexcitation.
Their intensities decayed with a time constant of ~300 ps, which indicates an electronic relaxation from the (d, d) excit-
ed state (B;,) to the ground state (A,,), being consistent with the results of transient absorption measurements. Anti-
Stokes v, and v; bands for vibrationally excited (d, d) state of NiOEP decayed with time constants of ~10 and ~300 ps.
The former is ascribed to vibrational relaxation, while the latter corresponds to the electronic relaxation from the (d, d)
excited state to the electronic ground state. While the rise of anti-Stokes v, intensity was instrument-limited, the rise of
anti-Stokes v, intensity was delayed by 2.0 = 0.4 ps, which indicates that intramolecular vibrational energy redistribu-
tion has not been completed in the subpicosecond time regime. To study the mechanism of intermolecular energy trans-
fer, solvent dependence of the time constants of anti-Stokes kinetics was investigated using various solvents. No signifi-
cant solvent dependence of the rise and decay constants was observed for NiOEP. For an iron porphyrin, we observed
two phases in intermolecular energy transfer. The fast phase was insensitive to solvent and the slow phase depended on
solvents. A model of classical thermal diffusion qualitatively reproduced this behavior. For myoglobin, temporal chang-
es of the anti-Stokes Raman intensity of the v, and v; bands demonstrated immediate generation of a vibrationally excit-
ed heme upon photodissociation and subsequent decays of the excited populations, whose time constants were 1.1 * 0.6
and 1.9 * 0.6 ps, respectively. This direct monitoring of the cooling dynamics of the heme cofactor within the protein
matrix allows the characterization of the vibrational energy flow through the protein moiety and to the water bath. For

solute—solvent energy transfer process, low-frequency modes of proteins seem to be less important.

A principal physical model for chemical dynamics in solu-
tion is provided by the motion of atoms under the influence of
potential energy curves in the presence of solvent molecules
that exchange and dissipate the energy and momentum of sol-
ute. This picture was first presented by Kramers in 1940; it
employs a model for the reaction coordinate dynamics de-
scribed by the Langevin equation, in which the force acting on
the Brownian particle at any instant is assumed to consist of
two parts: a frictional force and a randomly fluctuating force.
The friction and force fluctuations are related by the fluctua-
tion—dissipation theorem. Vibrational energy relaxation (VER)
can be viewed as the dissipative process of non-equilibrium vi-
brational energy due to the forces exerted by the bath on mo-
tion of atoms along the molecular vibrational coordinate. The
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bath mode can be the modes of solvents or, for polyatomic
molecules, the rest of the molecular degrees of freedom that do
not constitute the reaction coordinate. The former includes in-
termolecular energy transfer (IET), while the latter includes in-
tramolecular vibrational energy redistribution (IVR).
Numerous processes in condensed phases involve dissipa-
tion of energy from vibrationally excited modes. Accordingly,
VER has attracted much attention.' Upon photoexcitation,
excess energy is initially deposited in Franck—Condon active
vibrations. Right after nonradiative transition, the energy is lo-
calized in so-called “accepting” and “promoting” modes.*®
Subsequent thermal equilibration processes are not fully un-
derstood 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:
IVR among all vibrational freedoms of the molecule and IET
to other molecules by collisions and the like. For large mole-
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cules in solution, the collision rates are of the order of 102 s,
which is close to the time scale of IVR, and this brings about
complex evolutions of vibrational population.’

Recently, the evolutions of vibrational populations of many
fundamentals were studied in detail for small molecules; they
showed mode-specific intermolecular vibrational energy trans-
fer,>!% which indicates that the two steps are not temporally
distinct. For large molecules in solution, however, 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,>'" without clear ex-
perimental evidence. Standard theoretical descriptions of solu-
tion phase reactions such as RRKM theory employ the reaction
coordinate picture, in which modes orthogonal to the reactive
motion are considered to remain in statistical distribution with
one another and also with modes of the solvent during the
course of the reaction. While this may be a good approxima-
tion on the time scale of activated process in which IVR is fast-
er 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 IVR, or even faster. Thus, for barrier crossing phe-
nomena in solution, the rate for coupling energy into the reac-
tion coordinate relative to those for energy transfer to the sol-
vent and to other unreactive modes of the excited molecule
may determine the rate, pathway, and efficiency of a given re-
action. Therefore, a microscopic understanding of solvent-in-
duced vibrational relaxation processes is essential to provide a
detailed picture of chemical reactions.

Vibrational relaxation dynamics in the condensed phase has
been extensively studied with time-resolved pump-probe opti-
cal spectroscopy. For example, in the case of VER in the elec-
tronic ground state, the solute molecules were vibrationally ex-
cited by a picosecond infrared pulse, or were excited indirectly
by internal conversion from a higher lying electronic state.
The subsequent energy transfer to the solvent was monitored
with the thermal broadening of the S,—S,, absorption or the S;—
So emission spectrum. The thermally enhanced, low frequency
tail of the absorption spectrum (or the high energy part of the
emission spectrum) arising from electronically and vibra-
tionally excited states gives information on the transient tem-
perature of the vibrational system. The cooling kinetics was
derived from time dependent changes of the absorption coeffi-
cient or of the emission intensity. This enabled the measure-
ments of the energy flow from the molecule to the solvent. A
more sophisticated estimate of the energy distribution can be
given by comparison of transient absorption spectra with tem-
perature dependent absorption spectra of the S-S, transition
that were simulated with the Franck-Condon factors of the ac-
tive modes obtained from their resonance Raman intensities.
Using this method, one can roughly estimate the energy distri-
bution and/or the time-dependent internal temperature of the
system. It was proposed from this kind of experiment that [IVR
is not necessarily ultrafast, even for large molecules like
stilbene'>!* or 2-(2-hydroxy-5-methylphenyl)benzotriazole.'*
However, the interesting questions concerning the initial ener-
gy distribution and the detailed pathway to a thermal distribu-
tion are not easily answered by this kind of experiment, since
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usually the vibronic structures of the electronic transition are
not spectrally resolved for solutions.

Time-resolved Raman and infrared techniques allow, at least
in principle, more direct monitoring of vibrational populations
because their energy resolution is much higher than visible ab-
sorption or emission spectroscopy. In infrared spectroscopy,
high resolution in frequency and time can be obtained simulta-
neously when carefully considering the coherent interaction
between the ultrashort probing pulse and the sample,'>!® since
frequency selection by a spectrometer can be incorporated af-
ter the light pulse interacts with the molecule. However, it is
still a hard task to measure femtosecond or picosecond time-
resolved IR spectra in a wide frequency range (300-3000
cm™ 1Y), due to the interference of solvent bands and the difficul-
ties in the generation and multichannel detection of broad in-
frared pulse, although the transient femtosecond IR technique
is making recent progress.'”! On the other hand, in time-re-
solved resonance Raman (TR?) technique, subpicosecond time
resolution cannot be compatible with high resolution of fre-
quency, since they are achieved during the same interaction be-
tween the light pulse and the molecule. However, time-re-
solved anti-Stokes Raman spectroscopy is selective for vibra-
tionally excited modes and therefore is powerful to measure
VER. This technique has an advantage that many vibrational
transitions in a wide frequency range are simultaneously ob-
served with a single probe frequency. Furthermore, the reso-
nance effect allows us to measure the vibrational spectra of
solute without severe solvent interference. Due to the high
repetition rate of modern Ti:sapphire laser systems, a suffi-
ciently high signal-to-noise ratios can be achieved so as to ap-
ply ps-TR® experiments to a broad variety of molecules, al-
though the anti-Stokes Raman scattering is very weak. The
ratio of the integrated areas of anti-Stokes and Stokes scatter-
ing, corrected to the first order for reabsorption and cross sec-
tion differences, is expected to yield the most direct informa-
tion about relative vibrational populations,”>* and is therefore
essential to studies of energy distribution dynamics in molecu-
lar systems. Recently picosecond time-resolved vibrational
studies on the time scale of IVR have been reported.?*! Some
of them questioned the assumption that IVR is much faster
than IET for large molecules in solution. 27273

In this account, we review our recent experimental studies
on VER of metalloporphyrins in condensed phase by using
TR? spectroscopy. The advantages of metalloporphyrins for
the study of VER are described in Sec. 1. The IVR and IET of
metalloporphyrins are discussed in Secs. 2 and 3, respectively.
Our conclusion will be presented in Sec. 4.

1 Advantages of Metalloporphyrins for the Study of VER

1.1 Suitable Systems for the Study of VER. In order to
study VER accompanying a photoreaction, it is very important
to make the right choice of molecules and photoreactions in
the study. Figure 1(a) schematically illustrates a suitable sys-
tem for the study of VER. We begin with photoexcitation of a
molecule into an electronic excited state (B). In order to ob-
tain large excess energy for the excited molecule, we chose the
molecules which show ultrafast transition to another electronic
state (C) via nonradiative transition or ultrafast photoreaction,
transferring most of the electronic energy into the vibrational
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Fig. 1. Suitable system for the study of VER. (a) Schematic
description of the suitable system. (b) Photochemistry of
NiOEP. (c) Photochemistry of MbCO.

degrees of freedom. This transition of the molecule in the state
C has to be complete within a few hundreds of a femtosecond,
which is shorter than the instrument response time of the mea-
surement and the IET time. Thus the molecule with large ex-
cess energy in the electronic state C can be observed instanta-
neously upon the photoexcitation. The lifetime of this elec-
tronic state must be longer than ~100 ps to have a reasonable
temporal separation between electronic and vibrational relax-
ation so that we have a time window wide enough to monitor
VER in the state C. The molecule ends up with the original
electronic state A so that the molecule is recyclable.

1.2 Advantages of Metalloporphyrins for the Study of
VER. We have been studying the VER of metalloporphyrins
in condensed phase. Metalloporphyrins are metal complexes
of m-conjugated tetrapyrrole macrocycles. Among a variety of
metalloporphyrins, we have chosen octaethylporphyrinato
nickel (NiOEP) and heme (iron protoporphyrin IX) in myoglo-
bin (Mb) for the study of VER. For these porphyrins, photoex-
cited metalloporphyrins exhibit photochemical dynamics as
shown in the scheme of Fig. 1(a).

Figure 1(b) illustrates the photochemistry of NiOEP. The
photochemistry of NiOEP has been studied by Holten and co-
workers with femtosecond transient absorption spectrosco-
py.%*  According to their results, photoexcitation of nickel
porphyrins in noncoordinating solvents, such as toluene and
benzene, leads to the formation of a relatively long-lived (d, d)
excited state (B,,), via nonradiative transition from the (r, )
state (E,). This nonradiative transition deposits an excess ener-
gy of 10,000 cm ™! into the vibrational manifold of the macro
cycle. The decay of the (d, d) excited state into the A, ground
state takes place in about 300 ps, allowing reasonable separa-
tion on the time scale between expected vibrational relaxations
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and electronic relaxations. Therefore, the photochemistry of
NiOEP meets the requirements described above.

Figure 1(c) illustrates the reaction scheme of MbCO. Ul-
trafast optical absorption studies®*>> of MbCO revealed that a
ligand bound to the heme in Mb is dissociated upon photoexci-
tation within 50 fs with a quantum yield of nearly unity. Gem-
inate recombination of O,, which is a physiological substrate,
is fast and occurs in the subnanosecond regime, while that of
CO is slow and occurs in the submicrosecond regime. By us-
ing CO rather than O, as the ligand, it is possible to avoid com-
plicated side reactions and associated population dynamics.

There are additional advantages for metalloporphyrins. Mo-
lecular vibrations of metalloporphyrins in the electronic
ground state have been well characterized through resonance
Raman and IR experiments and normal coordinate analysis.*¢°
The So—S; (Q band) and S-S, (B band) absorption bands are
reasonably separated and they are suitable to use for resonance
bands in pump-probe excitations.

1.3 VER of Metalloporphyrins so far Studied. Little is
understood about vibrational dynamics in metalloporphyrins.
Spectral congestion and the independence of the fluorescence
lifetime from degrees of vibrational excitation have been inter-
preted as indirect evidence for efficient IVR in the S, excited
state of jet-cooled metalloporphyrins.**** Studies on vibra-
tional energy dynamics for solvated metalloporphyrins are few.
For hemeproteins, there are several time-resolved studies to in-
terrogate the internal dynamics of photoexcited hemes. Petrich
et al. observed a frequency shift for photodissociated hemoglo-
bin (Hb) in early picosecond range and ascribed it to an IET
process.**® Lingle et al. monitored Stokes and anti-Stokes
scattering from photoexcited deoxyHb using TR? spectroscopy
(8 ps pulse).**8 They observed saturation of Stokes scattering
and increased anti-Stokes scattering, which decayed in the
~10 ps range and explained the results in terms of the vibra-
tional relaxation of a thermally excited ground state heme. Li
et al. estimated IET time constants from nanosecond Raman
saturation spectroscopy.*’ Studies of deoxyHb and heme mod-
el complexes using ~30 ps pulses by Friedman and co-work-
ers suggested mode selective energy localization during photo-
excitation.®*? Sato and Kitagawa,?® and Mizutani et al.’! re-
ported anti-Stokes spectra of NiOEP and suggested that the en-
ergy randomization may not be completed on a subpicosecond
time scale. Recently, Mizutani and Kitagawa directly observed
the cooling process of heme upon photodissociation of carbon-
monooxy Mb.>?

2 Experimental

Picosecond time-resolved resonance Raman (ps-TR?) spec-
troscopy is a promising technique to investigate the ultrafast
structural changes of molecules.” Nevertheless, ps-TR* spec-
troscopy is not implemented as widely as nanosecond TR?
spectroscopy because of practical limitations. The most cru-
cial factor is lack of a light source that fulfills the requirements
for small timing jitters, appropriate repetition rates, and the
wavelength tunability of pulses applicable to ps-TR? spectros-
copy, which requires two beams: a pump beam to photoexcite
molecules of interest and a probe beam to monitor the subse-
quent changes occurring in the excited or reacted molecules.
To obtain the TR? spectra of a wide variety of molecules with



626  Bull. Chem. Soc. Jpn., 75, No. 4 (2002)

high S/N ratios within a reasonable measuring time, it is quite
important to use two independently tunable light sources with
a high repetition rate for the pump and probe beams. Repeti-
tion rates in the kilohertz range are desirable for practical pur-
poses, but so far, no one has succeeded in observing ps-TR*
spectra with a widely tunable pulse source at kilohertz repeti-
tions. We constructed an apparatus consisting of widely tun-
able light sources for ps-TR? spectroscopy using a 1-kHz pico-
second Ti:sapphire laser/regenerative amplifier system.>

Details of experimental procedures were described else-
where.”® A picosecond mode-locked Ti:sapphire oscillator
(Spectra-Physics, Tsunami 3950), pumped by an Ar™ ion laser
(Spectra-Physics, BeamLok 2060), produced approximately
1.5-ps pulses with a repetition of 82 MHz and an average pow-
er of about 0.7 W. The seed pulse was amplified by a regener-
ative amplifier (Positive Light, Spitfire) operated at 1 kHz by
pumping with the 527-nm output of an intracavity frequency-
doubled Nd:YLF laser. This amplification unit provides
~780-nm pulses, each with an energy of about 0.8 mJ, dura-
tion of 2.5 ps, and spectral width of 6 cm ™! in a nearly TEMjy
mode under operation at 1 kHz. A visible pump pulse was
generated with a home-built optical parametric generator
(OPG) and amplifier (OPA), which were pumped with the sec-
ond harmonic of the laser output. A probe pulse was generated
as the first Stokes stimulated Raman scattering from com-
pressed methane gas (50 kg/cm?) excited by the second har-
monic of the laser output. The pump and probe beams were
made collinear and coaxial using a dichroic mirror. The polar-
ization of the pump beam was rotated by 55° relative to that of
the probe beam to minimize the effects of molecular rotations
on the observed kinetics. The cross correlation width of the
pump and probe pulses was measured with a 1-mm BBO crys-
tal to be 2.3 ps. The 0.0 ps of delay time (uncertainty < 0.2 ps)
was calibrated using sum frequency mixing in the same crys-
tal.

The sample solution was placed in a 10-mm¢ NMR tube
and spun with a spinning cell device that was designed to min-
imize the off-center deviation during rotation.’’” The sample
was spun at 3400 rpm in the spinning cell configured for 135°
back-scattering illumination and collection. This configuration
is important to minimize the effects of molecular rotations on
the observed kinetics.®® Spherical and cylindrical lenses were
used to focus the pump and probe beams on the sample. In ps-
TR? experiments, it is very important to use weak probe power.
The probe power was empirically selected so that the sample
had no anti-Stokes v, band of the photoproduct in the probe-
only spectrum.’®

Raman scattering was collected by a doublet achromat (80-
mm focal length (FL), f/2) and the beams were imaged onto
the 200-um entrance slit of a single spectrometer (Spex,
500M) by a doublet achromat (200-mm FL, f/5). A dichroic
short-pass filter was placed between the lenses to remove the
scattered pump beam. A holographic notch filter (Kaiser Opti-
cal Systems) was used to reject the unshifted scattering. A po-
larization scrambler was placed at the entrance slit to remove
the effects of polarization on the spectrograph throughput. The
spectrograph is equipped with a blazed-holographic grating
(2400 grooves/mm) that enables measurements of a spectrum
as wide as about 1000 cm™! in the Soret region and with a
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spectral slit width of approximately 8 cm™'. 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 tetrachlo-
ride. The peak positions of Raman bands are accurate within
+2cm L

NiOEP, iron(Ill) protoporphyrin IX (FePPIX) (Aldrich
Chemical Co.), meso-tetrakis(4-sulfonatophenyl)porphyrinato
iron(Ill) (FeTSPP) (Porphyrin Products) and horse skeletal Mb
(Sigma, M-0630) were used without further purification. All
solvents used were of spectroscopic grade (Dojindo Laborato-
ries).

3 IVR of Metalloporphyrins

3.1 NiPorphyrins. Figure 2 shows Stokes-TR® spectra
of the NiOEP 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 intensities of solvent bands (993 cm™') to
eliminate the effect of self-absorption of the sample. The
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Fig. 2. Stokes TR spectra of photoproduct of NiOEP in ben-
zene. The pump-probe delay times are indicated at the left
side of each spectrum. In these spectra the contribution
from unreacted species has been subtracted and signal in-
tensities 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 (pump: 556 nm,
probe: 435 nm).
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probe-without-photolysis spectrum (ground state spectrum) is
given at the bottom of the figure for comparison.

In negative delay times, the difference spectra are absolutely
featureless, and this corroborates the present measurement of
cross correlation width of 2.3 ps. In positive delay times new
bands appeared, which meant the generation of a photoprod-
uct. Their intensities increased up to 4 ps, and then gradually
decreased with time. At 1 ns of delay time the difference spec-
trum was absolutely featureless, indicating that the photoprod-
uct has completely turned into the ground-state species. The
bands of the 100-ps delay spectrum at 669, 751, 1136, 1209,
1259, 1375, 1493, 1563, 1588, and 1628 cm™! are assigned to
V1, Vis, Vs, Vi3, CH, twist, vy, V3, Vi3, V2, and vjo modes, respec-
tively, on the basis of the ground state spectra.”® The observed
Raman spectra are consistent with those reported previously
for the ground state species®®® and the photoproduct.?6%°

Stokes RR intensities provide us information on the popula-
tion of the photoproduct, because they are proportional to the
number of molecules if the intensities are corrected for the ef-
fect of self absorption. To see the intensity change quantita-
tively, the Stokes v, band intensities are plotted against the de-
lay time in Fig. 3 (circles), where the lower panel shows the
expanded plot between —5- and 100-ps delay. In the curve fit-
ting calculations, the system response was deconvoluted from
the Stokes intensity change using a Gaussian fit (the corre-
sponding cross correlation width is 2.3 ps) to the cross-correla-
tion signal. This temporal change is well described with a sin-
gle exponential decay with a time constant of 330 = 40 ps, as
is shown with a solid curve in Fig. 3. This number is close to
the lifetime of the (d, d) excited state of NiOEP reported by
Kim et al.*» The rising part indicates that v, band 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 in less than 350 fs.3* Sol-
id squares in Fig. 3 show temporal profiles of v; band. This
band also shows essentially the same temporal profile as that
of the Stokes v, band. Therefore, the Stokes intensity decays
reflect the population decay of the (d, d) excited state of
NiOEP. Moreover, the observed frequency differences for v,
V3, Vig, and v;; bands between the (d, d) excited state and the
electronic ground state are well interpreted with the idea of
core expansion of the porphyrins by about 0.05 A.

Peak positions of the Stokes bands in Fig. 2 gradually shift-
ed upward until 20 ps, accompanied by band narrowing. Such
changes in the band shape as well as in the band intensity are
important to understand ultrafast processes after the nonradia-
tive transition. The changes of the Stokes bands are well de-
scribed by single exponential functions with time constants of
9.2 = 1.3 ps for the peak position and 8.3 = 3.7 ps for the
bandwidth. These are totally different from the electronic life-
time and are not associated with the electronic relaxation.
Therefore, this frequency shift can be attributed to other photo-
physical process such as IET. In fact, both time constants are
close to the IET time estimated from anti-Stokes intensity de-
cay of v4 and v; bands (vide infra). Therefore, this frequency
shift and band narrowing should be something associated with
IET. Similar spectral evolution associating with IET has been
observed for trans-stilbene,”*%'"% trans-4, 4’-diphenylstil-
bene,” azobenzene,** Mb,>* Hb,**% and NiOEP.?*3! One may
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Fig. 3. Temporal change of the Raman intensity of the
Stokes v, (circles) and v; bands (squares) of NiOEP in the
(d, d) excited state. The lines represent the results calculat-
ed for instantaneous 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 330 = 20
ps for v, band and 320 = 40 ps for v; band, respectively.
The lower panel shows a closeup of the curve in the early
time region.

interpret the time-dependent increases in the v, and v; frequen-
cies of the photoproduct as being due to intermolecular vibra-
tional relaxation causing depopulation of higher levels in an
anharmonic potential surface. Given the limited population at
vibrational levels greater than v = 1, the observed frequency
evolution is much larger than that normally expected for exclu-
sively thermal relaxation of anharmonic oscillators. In other
words, we would have to assume unreasonably large anharmo-
nicity and anomalously large Raman cross section forv =1 —
2 transition relative to that for v = 0 — 1 transition for the v,
mode to explain the observed shift if we adhere to this model.
A second possibility is that the frequency evolution is due to
anharmonic coupling between the v, mode and low-frequency
porphyrin modes. Hamm et al. proposed the alternative model
in which anharmonic couplings of the high-frequency mode
with the bath of the remaining low-frequency modes are as-
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Fig. 4.  Anti-Stokes TR® spectra of the photoproduct of
NiOEP in benzene. The pump-probe delay times are spec-
ified at the left side of each spectrum. In these spectra sig-
nal intensities are corrected using the intensities of solvent
bands (992 and 607 cm™!) to eliminate the effect of self-
absorption of the sample (pump: 556 nm, probe: 435 nm).

sumed.®* They showed that off-diagonal anharmonicity be-
tween the investigated high-frequency mode and the remaining
low-frequency modes dominates the observed transient absor-
bance changes, while the anharmonicity of the high-frequency
mode themselves (diagonal anharmonicity) causes only minor
effects. According to their formulation, the transition frequen-
cy from v = 0 to v = 1 levels can be changed according to to-
tal contribution of the vibrationally excited population of some
low-frequency modes. This model, therefore, explains the ob-
served frequency shift whose time constant is similar to that of
IET as observed in the present study.

Figure 4 shows anti-Stokes TR? spectra on the same photo-
chemical event. Similar to Stokes spectra new bands appear
upon photoexcitation by the pump pulse, but their intensity de-
cays are much faster than those of Stokes bands. In order to
see the temporal behavior of the anti-Stokes v, band, the Ra-
man intensity change is plotted in Fig. 5. The upper panel
shows the plot for the entire time range between —5 and 1000
ps, while the lower panel shows its close-up for the time region
between —5 and 200 ps. Clearly there are two decay compo-
nents. Best fit to the data by a double exponential yielded the
decay constants of 9.5 £ 1.2 and 340 = 50 ps. The slow com-
ponent can be attributed to the electronic relaxation, because
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Fig. 5. Temporal change of the Raman intensity of the anti-
Stokes v, band of NiOEP in the (d, d) excited state. The
data were fit to a double exponential function of the form,
A exp (—t/)(exp (—t/1;) + B) (an instantaneous rise and a
double exponential decay) convoluted with an instrument
function as described in the caption of Fig. 3. The curve
shown in this figure was obtained with parameters of 7, =
9.5+ 1.2ps, 7, =340 = 50 ps, and B = 0.14 £ 0.02. The
lower panel shows a closeup of the curve in the early time
region.

the comparable time constant was also seen in the decay of
Stokes bands. The fast component should be ascribed to vibra-
tional energy relaxation, because there is no such component
in Stokes spectra. Concerning the intensity rise, v4 anti-Stokes
band shows the instrument-limited rise, same as the Stokes
counterpart.

Figure 6 shows the temporal change of the Raman intensity
of the anti-Stokes v; band of NiOEP. The upper panel shows
the plot for the time range between —5 and 1000 ps, while the
lower panel shows its close-up for the time region between —5
and 200 ps. Similar to the anti-Stokes v, band intensity, this
band exhibits biphasic change. The two time constants are al-
most the same as those of v, band. Contrary to the anti-Stokes
v, band, however, this band exhibits a delay in intensity rise. It
was impossible to fit the observed data satisfactorily without
introducing a rise component. The best fit was obtained with
the rise time constant of 2.0 * 0.4 ps.

Thus, we observed the difference in the intensity rise be-
tween anti-Stokes V4 and v; Raman bands. One may naively
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Fig. 6. Temporal change of the Raman intensity of the anti-
Stokes v, band of NiOEP in the (d, d) excited state. The
data were fit to a double exponential function of the form,
Aexp (—t/T){(exp (—1/7) + B) — (1 + B) exp (—1/74s0))
(arise and a double exponential decay) convoluted with an
instrument function as described in the caption of Fig. 3.
In the function, the component of {(exp (—¢#/7;) + B)
— (I + B) exp (—t/Tie)} describes the populational
change in vibrationally excited states with a decay time
constant, T;, a rise constant, T, and an offset related to an
equilibrium value, B. The curve shown in this figure was
obtained with parameters of 7, = 2.0 = 0.4 ps, 7; = 10.8
* 1.8 ps, » = 330 = 40 ps, and B = 0.26 £ 0.03. Note
that the rise component was required to fit the rising part of
the intensity change. The lower panel shows a closeup of
the curve in the early time region.

imagine that all Raman bands of a single molecular species
synchronously change their intensities. But this is not true for
the case of anti-Stokes scattering because it reflects the vibra-
tional populations of individual modes. The observed delay in
the rise time of anti-Stokes V; band is the most direct indica-
tion of the difference in evolution of vibrational population
among the modes, i.e. IVR processes. To our best knowledge,
this is the first observation of a difference in anti-Stokes inten-
sity rises for large molecules in solutions, although a similar
difference among the intensity rises of anti-Stokes bands has
been observed for naphthalene, which is a rather small mole-
cule.®

We have proposed two possible reasons to account for the
difference in the intensity rise. One is an effect of population
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in the higher vibrational levels of the v; mode (intramode ran-
domization), and the other is the transfer of excess energy into
the v; mode via other modes (intermode randomization).

The intramode randomization model takes it into consider-
ation that anti-Stokes Raman bands for high vibrational levels
are possibly less intensity-enhanced via the resonance effect.
In the case of resonance Raman scattering, the Raman cross
sections are not the same between the transition of v =2 — 1
(and also high v/ — v’ — 1) and that of v = 1 — 0. The anti-
Stokes Raman excitation profile is highly dependent on the ini-
tial vibrational level of the Raman transition due to the energy
denominator term of the polarizability derivative. Therefore if
the cross section for v = 2 — 1 is much smaller than that for v
= 1 — 0, the intensity rise of the anti-Stokes v; band can be
delayed: the population at v = 1 first increases because of the
relaxations from the levels higher than v = 1 and then decreas-
es due to the relaxation into the v = 0 level. However, the
cross section for v =2 — 1 is larger than that forv =1 — 0 in
the first-order expressions for resonance-enhanced Raman
cross sections derived by Champion and co-workers.”* They
showed that the expressions are valid for the heme in proteins
where, in general, the vibrational modes of the heme are weak-
ly coupled to the electronic transition. This justification to use
the first-order expressions can be applied to NiOEP. There-
fore, the assumption of less resonance enhancement of anti-
Stokes Raman intensity for higher vibrational levels would be
unreasonable and intramode randomization model does not ex-
plain the delay in the intensity rise of the anti-Stokes v; band
within the framework of the statistical energy distribution.*®

The intermode randomization model assumes that the delay
is due to slow IVR between v; and other modes, as described
in the following. Right after the nonradiative electronic relax-
ation from the (rt, ™) excited state to the (d, d) excited state,
molecules should possess the excess energy of 11,000—-17,000
cm™!. Since the electronic lifetime of the (i, ©*) excited state
is very short (< 350 fs), the molecular vibrations of macrocy-
cle receive the excess energy in this timescale. The excess en-
ergy should be initially partitioned among promoting and ac-
cepting modes in a non-statistical way, as predicted in the theo-
ries for nonradiative transition.*® A difference in the intensity
rise can be observed if the initial non-statistical energy distri-
bution is randomized in a picosecond time scale. Namely, the
excess energy is mainly populated in the v4; mode and other
few modes, but less populated in the v; mode at the initial
stage. Then, the excess energy flows into the v; mode from the
vy or other modes for the randomization in a picosecond time
scale and this energy randomization causes the delay in the v;
population rise.

We also analyzed the temporal behaviors of anti-Stokes in-
tensities of the eight Raman bands observed. Table 1 summa-
rizes the time constants observed for temporal changes of anti-
Stokes intensities: the time constants for the rise, vibrational
cooling and electronic relaxation. The observed vibrational
modes are categorized into three groups with respect to the
symmetry of vibration. The time constants for vibrational
cooling and electronic relaxation show almost no mode depen-
dence. On the contrary to that, the time constant of the rise
highly depends on the mode, and some bands show delay in in-
tensity rise as the v; band does. In Table 1, we can find two
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Table 1. Time Constants of Anti-Stokes Intensity Changes of
the (d, d) Excited State of NiOEP

Mode viem™! Tiise/ PS T/ps To/ps
A, skeletal modes

Vi 1493 <03 109 =34 370 £ 80

| 1375 <0.3 95+12 340+ 50

Vs 1136 0.7+0.3 92*12 340 =*=50

v, 669 20*+x04 108 1.8 330 =*=40
B, skeletal modes

Vi3 1209 1.1+03 11.8*=20 310=*60

Vis 751 27*05 121*x19 35050

Ethyl substituent modes
CH, twist 1259 34+13 84 *+3.0 390 =* 60
wC-Cy) 1022 1.0+03 11.0*x15 340=*=50

7,: IET time constant, 7,: electronic relaxation time of the
(d, d) excited state, T, rise time constant.

trends in the observed rise time constants. One is that, roughly
speaking, the rise is faster for totally symmetric modes than for
nontotally symmetric modes and ethyl substituent modes,
when modes with similar frequencies are compared. The other
trend is that, even among the totally symmetric modes, a delay
can be recognized for low frequency modes. These non-uni-
form intensity rises again indicate that there is a nonstatistical
distribution of vibrational populations in the first few picosec-
onds. This difference would reflect the initial energy distribu-
tion right after the nonradiative transition to the (d, d) excited
state.

The nonradiative transition has been understood in the
framework of the breakdown of the Born—Oppenheimer (BO)
approximation. In the non-BO theory, two types of vibrational
modes are important: promoting and accepting modes. A pro-
moting mode mixes the electronic characters of the initial and
final states of the nonradiative transition and induces the non-
radiative transition by changing its vibrational quantum num-
ber. In order to be a promoting mode, the vibrational mode has
to have the same symmetry character as that of the cross prod-
uct of symmetry characters of the initial and final electronic
states. An accepting mode serves to provide an energy sink of
electronic energy upon the transition. Accepting modes are
limited to those whose Franck—Condon factors are appreciable.

The vibrational component of the non-BO transition matrix
elements contains a multidimensional Franck—Condon factor.
The simplest approach to evaluating the multidimensional
Franck—Condon factors is to assume that the ground- and ex-
cited-state potential surfaces are harmonic and differ only in
their minimum positions by A. The vibrational frequencies
and normal coordinates are then identical in the ground and ex-
cited states, and a system of N vibrational modes can be treated
as a collection of N independent pairs of harmonic oscillators.
We can safely assume that the molecule is not vibrationally ex-
cited in the E, state because the energy of pump pulse matches
to the 0—0 energy difference between the A;, and E, states. So
the molecule is supposed to be vibrationally unexcited in the
initial electronic state of the nonradiative transition. There-
fore, the non-BO theory predicts that the accepting or promot-
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ing modes can be vibrationally excited in the final state.

First, we would like to discuss the first trend, that the rise is
fast for totally symmetric modes, but somewhat delayed for
nontotally symmetric modes. In order to be an accepting
mode, the mode has to have nonzero Franck—Condon product
between v = 0 and v # O states. This means that there is a dis-
placement between the potential minima of E, and B, states
along the vibrational coordinate of the accepting mode; other-
wise the Franck—Condon product between v = 0 and v # 0 be-
comes zero. This is satisfied only for totally symmetric (A,,)
modes under the assumptions described above. On the other
hand, in order to be a promoting mode, the mode has to have
the same symmetric representation as that of the cross product
of E, and By, that is, E, symmetry. In the resonance Raman
spectra, we observed A, and B, skeletal vibrational modes.
Among them, the A,, mode can be an accepting mode, but the
B, mode cannot be an accepting or a promoting mode. Ac-
cordingly only the A, modes can be vibrationally excited after
nonradiative transition and the symmetry dependence can be
qualitatively explained.

Next we would like to discuss the other trend, which is that
the intensity rise gets slower as the frequency of the mode gets
lower. We can explain this as follows. In order to receive a
certain amount of excess energy, the change of the vibrational
quantum number has to be larger for a lower frequency mode.
In the range of realistic size of A for metalloporphyrins,
Franck—Condon product becomes smaller as the change in the
vibrational quantum number becomes larger. Therefore, the
low frequency modes would be poor acceptor modes because
they cannot take up a lot of energy without making their quan-
tum number high. This can be a reasonable explanation for the
second trend. For both trends, the non-uniform rise is sup-
posed to reflect the probability for the modes to be an accept-
ing mode.

Anti-Stokes Raman bands due to ethyl substituents showed
the delay in intensity rise. This indicates that most of the ex-
cess energy is stored in the macrocycle modes and that ethyl
modes are less excited shortly after the nonradiative transition
to the (d, d) excited state. A similar phenomenon was ob-
served for NiTPP. Figure 7 shows Stokes and anti-Stokes TR?
spectra of NiTPP at 1-ps following the photoexcitation. The
phenyl mode, ¢,, was observed at 1599 cm™ ! in the Stokes
spectrum (A), while no prominent anti-Stokes counterpart was
observed in the anti-Stokes spectrum (B), suggesting that the
¢4 mode is not excited as much as the macrocycle modes.
These results show that the peripheral modes are neither effi-
cient accepting nor promoting modes on the nonradiative tran-
sition of the nickel porphyrins.

For large molecules with dense vibrational manifolds, the
following scheme of the relaxation process involving two tem-
porally distinct steps has been proposed.'

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 a state characterized by a Boltz-
mann distribution of high vibrational energy,®’ and C a ther-
mally equilibrated state at ambient temperature. The validity
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Fig. 7. Stokes (A) and anti-Stokes (B) TR? spectra of NiTPP
at 1-ps time delay (pump: 532 nm, probe: 458 nm).

of this picture relies on a clear separation in time scales be-
tween the intra- and intermolecular energy transfer processes.
Indications that these two steps are temporally distinct in com-
plex systems have come mainly from ultrafast transient ab-
sorption and emission studies. Mokhtari et al. observed biex-
ponential dynamics for emission bandwidth and band position
of dye molecules, which were interpreted as resulting from
subpicosecond IVR, followed by an order of magnitude slower
IET process.®® Similar conclusions were reached by several
groups in their transient absorption studies of organic dye mol-
ecules in solution.*72

In the absence of such a separation, the transfer of energy to
the solvent competes with the internal redistribution process,
and as a result, the solute may never achieve a Boltzmann dis-
tribution of the excess energy. In fact, several recent experi-
ments have suggested that the IVR is not completed within a
few picoseconds for large molecules in solutions. For exam-
ple, time-resolved absorption spectra observed for nascent
trans-stilbene in the ground electronic state formed via photo-
isomerization of cis-stilbene have shown that the IVR process
is not completed in the time range of the cis to trans photo-
isomerization (subpicosecond), and non-statistical distributions
of vibrational populations persist for several picoseconds.'>!?
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From the anti-Stokes Raman spectral changes of trans-stilbene
in the lowest excited singlet state, the time scale of the IVR
process in the S; state has been estimated to be of the order of
picoseconds.”?7?3  Experimental results from other poly-
atomic molecules, namely, bacteriorhodopsin,73 metallopor-
phyrins,®®** and  2-(2-hydroxy-5-methylphenyl)benzotria-
zole' have also suggested that the IVR processes occur in the
picosecond range. None of these studies, however, gives con-
crete information on both the time scale of IVR and the mode
specificity. The present experimental data give more direct ev-
idence that the statistical energy distribution has not been
achieved in a picosecond time scale for NiOEP.

4 1ET of Metalloporphyrins

4.1 NiOEP. To study the IET mechanism, solvent depen-
dence of the time constants of the anti-Stokes kinetics was in-
vestigated using deuterated benzene, toluene, deuterated tolu-
ene, and tetrahydrofuran (THF). The results are summarized
in Table 2. The IET time (7, in Table 2) of NiOEP in the vari-
ous solvents exhibited no prominent solvent dependence. In
solutions, energy transfer to other solute molecules or to sol-
vent molecules has to be considered. The concentration of
NiOEP in the present experiments suggests an averaged solute-
solute separation of approximately 300 A. Therefore, the ener-
gy transfer to other solute molecules is negligible. This is sup-
ported by the observation of similar time constants for the IET
upon variation of the concentration by a factor of 10. General-
ly for liquids, there are three possible mechanisms for the in-
termolecular energy transfer: (i) direct V. — V energy transfer;
(ii) through hydrogen bonds; and (iii) through collisional ener-
gy transfer or V. — T energy transfer. Based on the work by
Scherer et al.,” the dominant mechanism of energy transfer
was suggested to be the last.

In the case of NiOEP investigated here we have found very
weak dependence of the 7; time constants on solvents which
have different spectra of vibrational modes. Although optical-
ly active modes are limited in the case of benzene, the substitu-
tion of C—H with C-D changes the frequencies of various in-
plane skeletal modes in the 400-1600 cm™' region as well as
the out-of-plane and their combination modes in the 100—1600
cm™! region.” Accordingly, not only the C-H(D) stretching
but also the entire vibrational density of states including the
low frequency region are significantly influenced by the iso-
tope substitution. Consequently, direct V. — V energy transfer
does not seem to play a major role in the IET process. The

Table 2. Solvent Dependence of Time Constants for the Temporal Behaviors of the Anti-Stokes

v, and v; Bands®

Solvent V4 Vi
T T Trise T T
Benzene-/i, 10£2 340 = 50 2004 112 330 £ 40
Benzene-d, 12x2 300 = 40 24 0.5 102 350 £ 40
Toluene-hg 9+2 330 = 50 24 +08 132 320 = 50
Toluene-dg 9+2 320 = 50 24 *0.6 122 310 = 50

a) All time constants are in picoseconds.

71: IET time constant, 7,: electronic relaxation time of the (d, d) excited state, T;: rise

time constant
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mechanism (ii) is not the case, because hydrogen bonding is
absent in solvents like benzene and toluene. We, therefore, are
led to conclude that IET via collisional energy transfer prevails
in energy transfer from the excited NiOEP to surrounding sol-
vents.

Iwata and Hamaguchi measured the cooling rates of S;
trans-stilbene in different solvents and found a strong correla-
tion with thermal diffusivities of the bulk solvents.”® They ex-
plained the observed correlation with the idea that the excess
energy is first shared by the solute and the nearest solvent mol-
ecules within a few picoseconds and that further heat conduc-
tion to outer-sphere solvent molecules determines the whole
dissipation rate. In contrast, very weak dependence of the
cooling rate of NiOEP on solvent was observed in the present
study. It may be due to the fact that the thermal diffusivity var-
ies over a range of only ~5% in the present case.

4.2 Water-Soluble Iron Porphyrin. We also tried to
measure the kinetics of vibrational relaxation in halogen-con-
taining solvents such as chloroform and dichloromethane, but
NiOEP was decomposed in an hour during the TR* measure-
ments presumably due to radical reactions. The solubilities of
NiOEP in polar solvents were too low to obtain reasonable sig-
nal-to-noise ratios of Raman spectra. Thus, the number of sol-
vents which can be used for NiOEP, was limited. Therefore
we examined FeTSPP having four sulfophenyl groups at meso-
carbons, which make this molecule soluble in polar solvents.!"?
The formation of vibrationally excited FeTSPP via internal
conversion from the S; state to the Sy state and its subsequent
vibrational energy relaxation was monitored by picosecond
anti-Stokes resonance Raman intensity changes. We investi-
gated the cooling rates of FeTSPP in three different solvents.
One is water and other two are mixed solvents composed of
methanol and benzene. In water solution, the anti-Stokes vy
band showed a single exponential decay, of which the time
constant was 1.9 = 0.4 ps (Fig. 8). In contrast, the band
showed an additional slow decay phase in the mixed solvents.
The contribution of the slow phase increased when the volume

> ® H,0Osoln.
-"5 —&— MeOH/benzene (50/50) mixed soln.
[ —ai— MeOH/benzene (20/80) mixed soln.
‘g’ —— time constant, 1.9+0.4 ps
_v
>
»
[0)
X
O
2
?
s
c
<
0 10 20 30 40 50
Delay time / ps
Fig. 8. Temporal changes of the Raman intensity of anti-

Stokes v4 band of FeTSPP in water (circles) and in mixed
solvents composed of methanol and benzene, 50/50 (trian-
gles) and 20/80 (squares) in volume percent.
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fraction of benzene increased while the behavior of the fast
phase was almost independent of the solvent. Therefore we as-
cribed the fast phase to the process in which the solute—solvent
energy transfer is rate-limiting and the slow phase to the pro-
cess in which solvent—solvent energy transfer is rate-limiting.

In order to verify this assignment, we calculated the solvent
temperature in the classical thermal diffusion model as pro-
posed by Li and Champion.”” It is reasonable to assume that
the observed intensity decay of the v, mode mainly reflects the
IET process, because all of the observed anti-Stokes intensities
decayed in a similar manner. Therefore, in the model, we ne-
glect the IVR process in the solute for simplification of the sit-
uation. Under such an assumption, the extent of vibrational
excitation can be expressed with the internal temperature of
the solute. We consider the classical cooling process of a
spherical solute with radius, a, in the continuous medium. The
cooling of the solute can be described by the surface conduc-
tivity between the solute and medium, H, and the thermal dif-
fusivity of the medium, K. We solved an equation of thermal
diffusion

*0T) _ I0T) _
o’ or

K 0 (D

with the following boundary conditions

‘Z“ + 4ma*H(T, — T) = 0 (at r = a)

)
CpK% + H(T, —T) =0 (at r = a)

G,

where T, and C, are the temperature and heat capacity of the
solute, respectively, and T, C, and p are the temperature, heat
capacity, and density of the medium, respectively.

Figure 9 shows the normalized solute temperature. The left
panel shows a log—log plot of the solute temperature versus de-
lay time, and the right panel shows a linear plot of the same
ones. In the early time regime, the cooling is mainly deter-
mined by the solute-solvent process and shows exponential de-
cay. On the other hand, in the later time regime, the solvent-
solvent process is a rate-limiting step of cooling and the tem-
perature shows diffusive decay (~¢ *?). The slow component
became more prominent when thermal diffusivity of solvent
becomes lower (right panel). Accordingly, the model calcula-
tion qualitatively reproduces the observed results. This sup-
ports the interpretation that the fast component reflects the sol-
ute-solvent energy transfer process.

4.3 Mb. Mb is an oxygen-storage protein containing a
heme prosthetic group. The heme is embedded within the
globin and is linked to it through the proximal histidine. Al-
though a heme and a protein constitute a single molecule, the
heme prosthetic group is relatively isolated from the protein
and approximates to a heme in a protein matrix. The heme is
linked covalently to the surrounding globin through the proxi-
mal His. Motion along the Fe—His coordinate is orthogonal to
the in-plane mode of the heme and, to a first approximation,
they are regarded as being decoupled from the vibrational
modes of the porphyrin ring. The heme is maintained in a cav-
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Fig. 9. The plot of normalized solute temperature vs delay time for the classical thermal diffusion model with @ = 0.5 nm, C, =1.0

X 102" J/K, and C, = 4.18 J/Kem’.

ity by approximately 90 van der Waals contacts with the pro-
tein.”® Therefore, the heme can be regarded as a solute mole-
cule dissolved in a “protein solvent”.

Figure 10 shows the Stokes time-resolved resonance Raman
difference spectra of photodissociated Mb for various values of
delay time of the probe pulse with respect to the pump pulse.
In these spectra, the contribution of unreacted species has been
subtracted. The fraction of photolyzed MbCO was estimated
to be 6% based on the intensity loss of the Raman bands of
MbCO. The TR? spectrum in the 1000 to 1700-cm™! region
for a 1-ps delay contains only the bands arising from the in-
plane vibrations of heme at 1352 (v4), 1560 (v,), and 1617
(Vi) cm ™ 1.3 These bands exhibited an appreciable narrow-
ing and frequency upshift in the first few picoseconds, but no
further changes occurred after that. The TR* spectrum for a
10-ps delay closely resembles the spectrum of deoxyMb, indi-
cating that the photodissociated heme has relaxed to the equi-
librium structure within the instrument response time (~2 ps).
There is no Raman band that can be assigned to the excited
electronic state. The involvement of the excited electronic
state in the relaxation pathway remains as a possibility, and
there are reports that suggest that this is likely.**”*%" However,
the results in this work and other studies*’#! indicate that a ma-
jority of the population is directly channeled into the vibration-
al manifolds of the ground electronic state, and minor channels
may lead to an appearance of small amounts of long-lived (ps
time scale) intermediate states.* The intensity invariance in
the spectra for delay times between 5 and 50 ps is consistent
with the fact that recombination of CO to the heme takes place
in the time regime of microseconds to milliseconds®” in con-
trast with the cases for NO and O,.%?

The anti-Stokes TR? difference spectra of photodissociated
MbCO between —5 and 50 ps are shown in Fig. 11. Anti-
Stokes intensities are highest at a 1-ps delay, when the vs, vy,
Vs, Vs, and v; bands were observed at 1469, 1353, 1118, 783,
and 669 cm !, respectively. These bands lose intensity as the
delay time increases and reached their equilibrium intensities
at a 10-ps delay.

Figure 12 shows the temporal changes of Stokes (A) and
anti-Stokes (B) v, and v; band intensities. The Stokes intensi-

ty develops within the instrument response time and remains
constant. This is consistent with the photodissociation of CO
from the heme taking place within 50 fs* and with the fact that
the recombination of CO takes place in the time range of mi-
croseconds to milliseconds. The anti-Stokes intensity also de-
velops within the instrument response time. The instrument
response was deconvoluted from the decay of the anti-Stokes
intensity using a Gaussian fit to the cross correlation signal.
This analysis enabled us to obtain the decay constants of 1.1 =+
0.6 ps for the v, band and 1.9 = 0.6 ps for the v; band. Be-
cause there is no intensity change in the Stokes v4 and v; bands
in the 3 to 50-ps time range, the observed intensity decay in the
anti-Stokes v, and v; bands can be ascribed to vibrational ener-
gy relaxation.

Pioneering work about the energy flow from the heme into
the protein matrix was reported by Henry et al.,”® who carried
out molecular dynamics simulations for Mb and cytochrome ¢
with initial energy deposits corresponding to optical excitation
at both 532 and 355 nm. The simulation predicted a fast initial
relaxation phase with decay constants of 1 to 4 ps, followed by
a slower relaxation phase with decay constants of 20 to 40 ps.
To compare those predictions with the results in this work, it is
necessary to estimate the temperature decay rate of the heme.
The anti-Stokes/Stokes Raman intensity ratio is determined by
the Boltzmann factor for the vibrational mode in question, as-
suming a statistical distribution of vibrational energy. When
the observed kinetics of population decay in vibrationally ex-
cited states are converted to temperatures by assuming a Boltz-
mann distribution, the time constant of 1.1 = 0.6 ps for the
population decay give rise to the time constant of about 2 ps
for the temperature decay. This value appears to be close to
the value of the fast component predicted by Henry et al.”®
However, the molecular dynamics simulations suggested a ra-
tio of 50:50 for the magnitudes of the fast and the slow com-
ponents, whereas we did not observe such a large contribution
of the slow component in Fig. 12(B). It is noted that the simu-
lation was conducted in vacuo and neglected the effect of the
water bath, which works as an extensive thermal sink. In fact,
fast heating of water with a time constant of 7.5 = 2.0 ps was
observed for Mb in D,0.% Genberg et al. studied the vibra-
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Fig. 10. TR? Stokes spectra of photodissociated MbCO in
the 140 to 1700-cm ™! region. Stokes spectra of the equi-
librium deoxyMb and MbCO are depicted at the bottom
for comparison. Horse skeletal Mb was dissolved into a
buffer (50 mM Tris-HCI, pH 8.0) and filtrated through a
0.45-um PTFE membrane (Millipore) to make a 300-uM
solution. One milliliter of the Mb solution was placed into
an airtight NMR tube (10 mm¢). The remaining oxygen in
the solution was removed by more than five cycles of de-
gassing and back-filling with CO. Finally the solution was
equilibrated under 1 atm of CO. The samples were re-
duced with a 5-fold stoichiometric amount of sodium
dithionite in a small amount of solution (approximately 50
puL). The sample solution in the cell was continuously
spun during the measurements to prevent multiple probing
of the same portion of sample. The sample was replaced
with a new one every three hours. Sample integrity was
confirmed with UV-visible absorption spectra after the TR?
measurements. The samples of deoxyMb were prepared
by the same procedure with MbCO preparation, except for
back-filling with N, and the equibration of the sample un-
der 1 atm of N,.

tional energy relaxation of optically excited hemeproteins by
using a transient phase grating technique, and they found that
vibrational energy was transferred from the heme to the water
interface through the protein matrix in less than 20 ps.** A mo-
lecular dynamics simulation with the presence of water mole-
cules indicated that the inclusion of water increases the rate of
the slower phase in cooling to a 10-ps time scale.®® Disregard-
ing the effect of the water bath may decelerate the cooling rate

Fig. 11. TR? anti-Stokes spectra of photodissociated MbCO
in the 450 to 1600-cm ™! region (see caption of Fig. 10 for
sample preparation).

of heme, resulting in a larger contribution by the slow compo-
nent.

Hopkins and his co-workers measured the TR? spectra of
deoxyHb with a time resolution of 8 ps.*® Intensity changes of
both negative transients in Stokes and positive transients in
anti-Stokes showed population changes with a time constant of
2 to 5 ps, to which the 1 to 2-ps decay of Fig. 10 obtained with
a higher time resolution is comparable, despite differences in
the globin (Mb vs Hb) and phenomena (CO-photodissociation
vs electronic excitation). Petrich et al. studied the vibrational
relaxation of hemeproteins indirectly using femtosecond
Stokes resonance Raman spectroscopy, and they estimated the
temperature of heme in HbCO based on the band shift of the v,
mode.*® They concluded that the heme in the HbCO photo-
product was substantially cooled within 10 ps. Li et al. quali-
tatively analyzed Stokes and anti-Stokes Raman scattering of
different hemeproteins to determine the heme vibrational tem-
perature as a function of nanosecond laser flux. They obtained
a time constant of about 4 ps for heme cooling.** These exper-
imental results on the time scale of vibrational energy relax-
ation are in agreement with the results of this work.

The fast energy dissipation from the globin to the water bath
has also been noted in femtosecond TRIR (time-resolved IR)
studies that monitor the heating of water caused by the photo-
excitation of deoxyMb.®> The observed kinetics was fitted
with a model having two time constants. The fast component
was best fitted by a Gaussian rise function with a time constant
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Fig. 12. Temporal changes of the Raman intensity of the
Stokes (A) and anti-Stokes (B) v, and v; bands of photo-
dissociated MbCO. In the panel (A), the lines show the re-
sults calculated for a step function (assuming an instanta-
neous rise and very slow decay) convoluted with a Gauss-
ian instrument response function for which the cross corre-
lation time is 2.3 ps. In the panel (B), the solid lines repre-
sent fits using an exponential function of the form, A(exp
(—t/Tgecay) + B) (an instantaneous rise and an exponential
decay) convoluted with an instrument function as shown in
the caption of Fig. 5. The lines shown in this figure were
obtained with the parameters of Tgcay = 1.1 * 0.6 ps and B
= 0.03 £ 0.01 for the v, band, and Tgecoy = 1.9 * 0.6 ps
and B = 0.31 = 0.02 for the v; band.

of 7.5 = 1.5 ps, and the slow component was described by a
time constant of ca. 20 ps with 40% of the total amplitude. A
comparison of the heme cooling (TR?) and water heating (TR-
IR) studies suggests that there are two channels of energy dis-
sipation from the protein to the water bath. One is a classical
diffusion process, and it is responsible for the slow component;
the observed time constant is in reasonable agreement with
that calculated using the classical diffusion theory. The other
is probably through the collective motions of the protein,** and
it is responsible for the fast component. The time constant of
heme cooling (3 ps) is shorter than that of water heating (7.5
ps). This time lag may correspond to the time required for en-
ergy propagation via the collective low-frequency modes of the
protein. Very recently, Sagnella et al.*® and Okazaki et al.¥’
proposed that a possible doorway for energy release from the
vibrationally excited heme involves the interaction of its propi-
onate groups with neighboring solvent molecules.
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One-color®™® and two-color® infrared pump-infrared probe
spectroscopy has been used to determine the vibrational relax-
ation time (7'}) for the CO stretching vibrations in the unphoto-
lyzed state of MbCO in D,O at 300 K. Both measurements ob-
tained similar results of 17 ps for T time. The CO T time can
be affected by the protein structure: ®® two different conformers
of MbCO have significantly different T, times. It is interesting
to compare the time constants of the vibrational energy relax-
ations of the heme modes with that of the internal mode of CO
bound to the heme. The T, of the CO stretch is much longer
than the time constants observed for heme cooling in Mb, indi-
cating that there is not efficient intramolecular energy ex-
change between the bound CO and the porphyrin ring. One
reason for the less efficient energy exchange is relatively low
frequencies of the other FeCO modes (577 and 512 cm™! for
the FeCO bend and FeC stretch of MbCO, respectively).
These frequencies imply that at least three quanta are required
to come within a few hundred wavenumbers of the energy of
the CO stretching mode. A pathway involving the transfer of
the CO vibrational energy into other FeCO modes therefore re-
quires large anharmonic coupling.

There are studies on the vibrational energy relaxation of CO
in the photolyzed state, where CO is not covalently attached
but is trapped within a docking site. The structure and dynam-
ics of the photolyzed state have recently been probed using X-
ray diffraction,”®®* vibrational spectroscopy,”**> and computer
simulation.”*®®  Photolysis of MbCO produces a significant
population of CO in its excited vibrational state. Based on
time-resolved mid-IR absorbance measurements, 7, time of
600 + 150 ps was determined.” Because the photodissociated
CO has no covalent interactions, its 7 time is significantly
longer than that observed in the bound state. Measurement of
this relaxation time will clarify the role of the “protein solvent”
in the relaxation of CO. The Landau-Teller theory predicted
that the relaxation rate of 1/T) is expressed remarkably well by
the Fourier component of time-dependent friction evaluated at
the frequency of the oscillator,'® which is connected to the
time correlation function of the fluctuating force along the vi-
brational coordinate by the second fluctuation—dissipation the-
orem. Sagnella et al. computed the influence spectrum, which
is practically the distribution of the square of the coupling con-
stants between the CO stretch and the bath modes as a function
of frequency.” In their simulations, the relaxation was domi-
nated by short-ranged van der Waals interactions with the resi-
dues forming the inner wall of the heme pocket of Mb. The
data suggests that the mechanism for the vibrational relaxation
of CO in Mb takes place through successive, noncorrelated
collisions with the pocket residues, acting as a first solvation
shell to the CO molecule.

The exchange mechanism of vibrational energy within pro-
teins is little understood. Several time-resolved experiments
were performed with picosecond and femtosecond infrared
pulses to study the dissipation of locally deposited energy in
the protein backbone (amide I mode).!”"'® The amide I vibra-
tional mode involves mainly the C=0 stretching motion of the
peptide backbone containing a small amount of contributions
from the CN and NH motions.'™ Because the amide I vibra-
tional mode is a strong infrared absorber, this band is ideal for
mid-infrared transient absorption (“pump-probe”) measure-
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ments. Mb is almost entirely « helical in the secondary struc-
ture, and it shows the amide I band centered near 1650 cm ™' in
D,0. Peterson et al. carried out mid-infrared transient absorp-
tion measurements on the amide I band of Mb over a wide
temperature range (6 to 310 K).!2 The temperature depen-
dence of the vibrational relaxation in the solvent mixture is
slight, changing from 1.9 = 0.2 ps below 100 K to 1.2 *= 0.2
ps at 310 K. Tokmakoff et al.'®> and Kenkre et al.!® gave de-
tailed discussions on the temperature dependencies of vibra-
tional relaxation. In general, if two or more low-frequency
bath modes are involved, vibrational relaxation has a signifi-
cant temperature dependence since, at higher temperatures, the
thermal population of the bath modes increase the relaxation
rate through a stimulated process. The lack of a strong temper-
ature dependence is indicative of a low-order relaxation pro-
cess where energy is transferred into the high-energy modes of
the system rather than directly to the low-energy solvent or
protein “bath” modes. Femtosecond pump-probe measure-
ments by Hamm et al. on small proteins, including apamin,
scyllatoxin, and bovine pancreatic tripsin inhibitor, each of
which contains both of the orhelix and [-sheet structures in
different proportions, show an identical lifetime of 1.2 ps for
amide 1.'" Despite the differences in their sizes and secondary
structures, the amide I relaxation dynamics observed in both of
these studies are essentially the same and appear to be funda-
mental features of the amide I mode in polypeptides and pro-
teins. It is interesting that the heme and the amide I modes
show similar vibrational lifetimes,'® although the coincidence
may be accidental.

Concerning solute-solvent energy transfer, we studied a role
of low frequency vibrations of globular proteins. Globular pro-
teins have delocalized skeletal vibrational modes with low fre-
quencies. These delocalized low frequency modes have been
thought to act as doorway states and to accelerate the rate of
the energy transfer.'”'® We compared the cooling time con-
stants of FePPIX embedded in protein (Mb) and in an organic
solvent (DMF). No difference was observed between time
constants for FePPIX in Mb (1.1 = 0.6 ps) and in DMF (1.4 =
0.5 ps, data not shown). This means that low frequency vibra-
tions of protein contribute little to the energy release from FeP-
PIX. This observation also suggests that V-V resonance ener-
gy transfer is not predominant and that V-T type energy trans-
fer would be a dominant mechanism.

5 Summary and Perspectives

We have successfully applied picosecond TR? spectroscopy
to explore the vibrational dynamics of metalloporphyrins in or-
ganic solvents and protein matrix, and demonstrated that this
technique is powerful to study the mechanism of vibrational
relaxation owing to high time resolution and mode selectivity.

Our recent studies revealed that IET of metalloporphyrins in
a condensed phase takes place in picoseconds and that the sol-
ute-solvent process mainly limits the transfer rate. It was also
shown that the IVR of metalloporphyrins in a condensed phase
are not completed in a picosecond: in NiOEP, non-uniform in-
tensity rises of anti-Stokes Raman bands were observed; in
Mb, rates of vibrational relaxation of the heme in-plane modes
are much different from that of the internal mode of CO bound
to the heme. We found that the IVR rate is comparable to the
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IET rate for metalloporphyrins in solution. This conclusion
would be applied to other planar conjugated molecules like ph-
thalocyanine and chlorophyll and their derivatives. It is inter-
esting to discuss on the extent to which the knowledge ob-
tained from the studies on the VER in metalloporphyrins is
general to other systems. We note that metalloporphyrins are
not peculiar molecules with regard to anharmonicity of molec-
ular vibrations: in the RR spectra of NiOEP, for example,
about 90 overtone and combination bands were observed,*
suggesting that anharmonic couplings among the vibrational
modes are by no means small. Therefore, the comparable IVR
rate to the IET rate would be expected in other large molecules
in solution. However, it would be premature to deduce some
general conclusion from the results for metalloporphyrins. It
should be noted that the present study demonstrates the impor-
tance of examining the mode dependence of vibrational energy
relaxation to elucidate the mechanism of VER in a condensed
phase.

Studies of vibrational energy relaxation of electronically ex-
cited molecules in solution phases have important implications
for understanding mode-specificity in ultrafast photochemical
reactions as well as for understanding the nature of solute-sol-
vent interactions. Ultrafast electron transfer reaction is a typi-
cal example in which intramolecular vibrations play an impor-
tant role. Recently, it was found that vibrational relaxation
times (on the order of several picoseconds) are much slower
than the electron transfer (~100 fs) in cyanide bridged mixed-
valence transition metal dimers.'” Thus, the general assump-
tion that reactions proceed out of a thermally equilibrated ex-
cited state is not correct. Under such conditions, reaction rates
may be faster than that predicted by theory. Understanding of
intramolecular vibrational energy relaxation is required for im-
provement of the theory. On the other hand, intermolecular vi-
brational energy relaxation is connected with solute-solvent in-
teractions. Recently, intermolecular interaction between ionic
solute and polar solvents has been discussed in terms of vibra-
tional relaxation rates of the solute.”®''*"''> Vibrational energy
relaxation gives us great insight into understanding of nuclear
dynamics with many degrees of freedom.
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