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The relaxation dynamics of a zinc protoporphyrin (ZnPP) in THF, KPi buffer, and encapsulated within
apomyoglobin (apoMb) was investigated in its excited state using femtosecond fluorescence up-conversion
spectroscopy with S2 excitation (λex ) 430 nm). The S2 f S1 internal conversion of ZnPP is ultrafast (τ <
100 fs), and the hot S1 ZnPP species are produced promptly after excitation. The relaxation dynamics of
ZnPP in THF solution showed a dominant offset component (τ ) 2.0 ns), but it disappeared completely
when ZnPP formed aggregates in KPi buffer solution. When ZnPP was reconstituted into the heme pocket of
apoMb to form a complex in KPi buffer solution, the fluorescence transients exhibited a biphasic decay
feature with the signal approaching an asymptotic offset: atλem ) 600 nm, the rapid component decayed in
710 fs and the slow one in 27 ps; atλem ) 680 nm, the two time constants were 950 fs and 40 ps. We
conclude that (1) the fast-decay component pertains to an efficient transfer of energy from the hot S1 ZnPP
species to apoMb through a dative bond between zinc and proximal histidine of the protein; (2) the slow-
decay component arises from the water-induced vibrational relaxation of the hot S1 ZnPP species; and (3) the
offset component is due to S1 f T1 intersystem crossing of the surviving cold S1 ZnPP species. The transfer
of energy through bonds might lead the dative bond to break, which explains our observation of the degradation
of ZnPP-Mb samples in UV-vis and CD spectra upon protracted excitation.

Introduction

As an excellent system to harvest light, metallo-porphyrins
play significant roles both as biological reaction centers1-3 and
in optoelectronic applications such as dye-sensitized solar
cells.4,5 Among many investigations of the spectra and dynamics
of porphyrins, the photophysical properties of zinc porphyrins
in solution6-9 and functionalized on a TiO2 thin-film surface10-13

have been extensively investigated, providing much information
on the mechanism of relaxation of excited porphyrins in various
environments.

Zinc protoporphyrin IX (ZnPP), a metabolic intermediate with
iron replaced by zinc in the substituted porphyrin center, is
involved in the absolute iron deficiency in hemeodialysis patients
and has been integrated into an artificial photosynthetic system.14

ZnPP forms a monolayer on a gold surface through a carboxyl
functional group, which provides a way to immobilize natural
porphyrins on solid substrates.15 Similarly, ZnPP molecules were
successfully immobilized on the surface of nanochannel arrays
of anodized aluminum oxide (AAO); excitonic coupling due to
aggregation of ZnPP inside the nanoporous environment pro-
duces a broadening of the absorption spectrum to cover the entire
visible region.16 Because of the efficient intermolecular transfer
of energy throughπ-π stacking interactions, the aggregation
behavior in porphyrins has attracted much attention.4,13,16-22

Despite ZnPP having two propanoic acid side chains attached
to the aromatic ring, it does not dissolve readily in aqueous

solution. Protoporphyrin IX, a free base form of ZnPP, is
reported to form aggregates in aqueous solution; the extent of
aggregation is controllable through the pH of the solution.22

Protein dynamics are well-recognized to be an important issue
in understanding the relationships between structure and function
in biological systems.23-26 Being a model system, myoglobin
(Mb) is an intensively studied protein. An understanding of the
biological function of Mb requires dynamical information about
the interactions between the heme group and its pocket. The
dynamics of electronic and thermal relaxation of Mb in aqueous
solution have accordingly been investigated using time-resolved
fluorescence,27 IR,28 femtosecond pump-probe,29 and resonance
Raman spectral25 methods as well as with simulations of
molecular dynamics.23,30 Because the lifetime of a heme
molecule in its excited state is as small as∼1 ps,28 the relaxation
in heme proteins occurs mostly in the electronic ground state.
In an investigation of the relaxation kinetics with the most
sensitive method,-fluorescence decay, artificially fluorescent
protein was made on removing the heme molecule from Mb to
form an apomyoglobin (apoMb) and reconstituting the ZnPP
molecule into the heme pocket of the protein.31-35 Under such
conditions, the kinetics of electron transfer induced by light has
been investigated from the triplet states of ZnPP-Mb and other
Mb-based triad systems.31-36

In the present work, we show that ZnPP molecules form
aggregates in KPi buffer solution but that the ZnPP monomer
can be isolated either in an organic solvent (THF) or embedded
inside the active site of apoMb in a buffer solution. Measure-
ments of UV-vis spectra, time-resolved fluorescence anisotro-
pies, and circular dichroism (CD) assays provide evidence for
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the formation of a stable ZnPP-Mb complex in aqueous solution.
On the basis of both picosecond time-correlated single-photon
counting (TCSPC) and femtosecond fluorescence up-conversion
methods, explicit experimental evidence is provided for the
manner in which a protein matrix influences the relaxation of
ZnPP through a comparison of the fluorescence dynamics of
ZnPP in THF, KPi buffer (100 mM), and reconstituted within
apoMb. A time scale, sub-picoseconds, is given for energy to
transfer from ZnPP to apoMb through the dative bond between
the zinc atom and the proximal histidine of the protein. By
means of UV-vis and CD spectra, we observed also the
degradation of ZnPP-Mb samples upon protracted excitation,
implying that the efficient transfer of energy through bonds
might eventually lead to dissociation.

Experimental Procedures

Preparation of apoMb. Apomyoglobin was prepared by the
modified butanone method to extract heme.37 In summary, Mb
(0.1 g) was dissolved in ice-cold, salt-free PBS (30 mL) before
the pH was set to 2.0. The heme prosthetic group was extracted
on adding HCl (0.1 M) dropwise to the solution. The acid
denatured Mb solution was mixed with an equal volume of ice-
cold butanone and shaken until formation of a hazy pale-yellow
protein layer and a dark-brown heme-containing layer. The
aqueous layer was repeatedly extracted with ice-cold butanone
to remove residual heme from Mb. After this heme extraction,
the apoMb solution was dialyzed against doubly distilled H2O
twice, then dialyzed extensively against potassium phosphate
(10 mM, pH 7.0) overnight. The apoMb was then lyophilized
and preserved at-20 °C until use.

Reconstitution of apoMb with ZnPP. To reconstitute zinc
(II) protoporphyrin into apomyoglobin, we followed the modi-
fied method of Hamachi et al.36,38ZnPP (1.5 molar proportion)
in a KPi/pyrimidine (100 mM, 1:1, v/v) solution (5.2 mM, 1.66
mg) was added dropwise to an apomyoglobin solution (0.235
mM) in 100 mM KPi/DMSO (4:1) buffer pH 12 (7.5 mL) cooled
in an ice bath. After incubation for 15 min, the solution was
adjusted to pH 6.8 and slowly stirred at 4°C for an additional
6 h. The solution was transferred into a dialysis membrane
against doubly distilled H2O, with two changes of H2O to
remove organic solvent, followed by additional dialysis against
KPi buffer (100 mM, pH 6.8) overnight. The solution was then
filtered with a cellulose membrane (0.2µm) before being applied
to a column (Sephadex G-25), equilibrated with KPi buffer (100
mM, pH 6.8), and eluted with the same buffer at 4°C. The
protein band was collected and stored at-20 °C for subsequent
experiments.

Steady-State Spectral Measurements.We recorded UV-
vis absorption spectra of ZnPP in THF, in KPi buffer, and
encapsulated in apoMb with a standard spectrophotometer (Cary
50, Varian) and emission spectra with a composite CCD
spectrometer (USB2000FLG, Ocean Optics); the excitation
source of the latter contains a pulsed diode-laser head (LDH-
P-C-400, PicoQuant) coupled with a laser-diode driver (PDL-
800B, PicoQuant) that produces excitation pulses at 405 nm
with an average power of∼300µW. We recorded CD spectra
with a spectropolarimeter (J-715, JASCO) and a thermostated
quartz cuvette (path length 1 mm) at 23°C.

Time-Resolved Fluorescence Measurements.To measure
lifetimes on a picosecond scale and anisotropy, we used a time-
correlated single-photon counting spectrometer (TCSPC, Fluo-
Time 200, PicoQuant), with excitation from either a femtosecond
laser system (Verdi-V10 and Mira 900D, Coherent) at 430 nm
(doubled from a 860 nm beam output) or a picosecond laser

system (LDH-P-C-440 and PDL-800B, PicoQuant) at 435 nm;
the instrument response is∼30 ps with the femtosecond laser
system but increases to∼80 ps with the picosecond laser system.

The experiment to measure the femtosecond up-conversion
is described elsewhere.13aBriefly, the femtosecond laser system
generates output pulses at 860 nm with a duration∼150 fs at
a repetition rate of 76 MHz. The frequency of the laser at 860
nm was doubled for excitation (λex ) 430 nm). The emission
was collected with two parabolic mirrors and focused onto a
crystal (BBO type I); the gate pulse was also focused onto the
BBO crystal for sum-frequency generation. On varying the
temporal delay between gate and excitation pulses via a
stepping-mirror translational stage, we obtained a temporal
profile. The polarization between pump and probe pulses was
fixed at the magic angle 54.7°.

Results and Discussion

Steady-State Spectra of ZnPP in Various Environments.
We compare the steady-state spectra of ZnPP in THF, in KPi
buffer (100 mM), and reconstituted into the apoMb heme pocket
to form a ZnPP-Mb complex in buffer solution. Figure 1 displays
absorption spectra of ZnPP in the range of 300-700 nm in these
conditions: ZnPP in THF is shown as a dashed-dotted curve;
ZnPP in KPi buffer solution (100 mM, pH 6.8) is shown as a
dashed curve; and ZnPP encapsulated within apoMb in KPi
buffer solution is shown as a solid curve. The absorption spectra
all exhibit two prominent features, the Soret (or B) band and
the Q bands, traditionally identified as the S2 r S0 and S1 r
S0 transitions, respectively. Explicitly, the maxima of these
bands in ZnPP/THF solution at 417, 545, and 583 nm are
assigned as B(0,0), Q(1,0), and Q(0,0), respectively; the number
of quanta shown in parentheses represents the dominant
Franck-Condon active vibrational modes.8,13a

The Soret band of ZnPP in KPi buffer became much broader
than that of ZnPP in THF, whereas no appreciable change was
observed for the Q bands.39 A red-shift was observed for both
the Soret and the Q bands of ZnPP-Mb in KPi buffer solution.
Because the energy of a typicalπ-π* state in porphyrins
decreases with increasing solvent polarity,40 the energy gap of
the S0 f S1 transition of ZnPP or ZnPP-Mb in a buffer is smaller
than that of ZnPP in THF, which is consistent with the red-
shifted spectral feature of the Q band of the former with respect
to the latter. The same is true for the S0 f S2 transition of ZnPP-

Figure 1. Normalized steady-state absorption spectra of ZnPP in THF
(dashed-dotted curve), KPi buffer (dashed curve), and reconstituted
inside the heme pocket of apomyoglobin (solid curve). The concentra-
tion of all samples was 5× 10-6 M.
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Mb in KPi buffer for which a red-shift of 11 nm was observed
for the Soret band relative to ZnPP in THF. In contrast, the
Soret band of ZnPP in KPi buffer was blue-shifted by 17 nm.
The broad and blue-shifted spectral features of ZnPP in KPi
buffer are generally attributed to the formation of ZnPP
aggregates of H type in aqueous solution.17,22,41,42When ZnPP
was encapsulated within the active site of an apomyoglobin to
form a ZnPP-Mb complex in buffer solution, the Soret band of
the complex became sharp and shifted toward larger wave-
lengths, as we have observed.

The emission spectra of ZnPP in various environments are
shown in Figure 2. The fluorescence spectrum of ZnPP in THF
exhibits a typical mirror image of the Q band of the corre-
sponding absorption spectrum shown in Figure 1. Accordingly,
the fluorescence maxima are assigned as Q(0,0) at 587 nm and
Q(0,1) at 641 nm. Similarly, the fluorescence spectrum of ZnPP-
Mb in buffer solution also shows a mirror image of the Q band
but with the two emission maxima red-shifted by∼10 nm with
respect to those of ZnPP in THF. This spectral feature provides
strong evidence for the ZnPP monomer being bound firmly into
the heme pocket of the apoMb in the ZnPP-Mb/buffer solutions
the bathochromic shift in the emission spectrum is consistent
with the spectral shift in the absorption spectrum of the system.
In contrast, when the ZnPP molecules aggregate in the absence
of the protein matrix in a buffer solution, the typical emission
feature of a ZnPP monomer disappears. The fluorescence
maximum of ZnPP in a buffer solution became significantly
red-shifted to 660 nm, and the intensity corresponding to the
ZnPP monomer (λem ) ∼590 nm) became much smaller than
that in ZnPP/THF or the ZnPP-Mb/buffer solution. Because the
fluorescence was significantly quenched in the ZnPP/buffer
solution, intermolecular transfer of energy is expected to be
efficient when the ZnPP molecules aggregate (Figure 1). We
thus attribute the quenching of the fluorescence to the aggrega-
tion of ZnPP in the KPi buffer; incorporation of the ZnPP into
the heme pocket of apoMb inhibits the intermolecular transfer
of energy and thus prevents the quenching of ZnPP fluorescence.

Stability of the ZnPP-Mb Complex. To test the photosta-
bility of the ZnPP-Mb complex, we measured the absorption
spectra of the ZnPP-Mb/buffer samples under femtosecond laser
irradiation at 430 nm (power) ∼5 mW) for several durations
of excitation. The reconstituted proteins became denatured to
some extent when the samples were exposed to this radiation.

Figure 3 shows absorption spectra of the ZnPP-Mb samples in
a rotating cell (∼1 mm) with excitation periods 0, 10, 30, and
50 min at 23°C. The absorbance at the maxima of both B and
Q bands decreased with increasing duration of excitation
(indicated by downward arrows), and the width of these
absorption bands increased. In contrast, the broad absorptions
at about 390, 470, and 620 nm increased with increasing
excitation duration (indicated by upward arrows), leading to
several isosbestic points being observed. The variation of the
absorption spectra and the existence of these isosbestic points
upon excitation reflect the photoinstability of the system,
according to the following explanation. The ZnPP-Mb com-
plexes first absorbed the excitation photons and relaxed to their
lower electronic states via nonradiative transitions; this process
transfers the excitation energy into the internal energy of the
protein. Second, the internal energy of the system might be
further transferred into the environment by solvent-induced
vibrational relaxation that increases the thermal energy (or
temperature) of the local environment. Third, dissociation of
the ZnPP-Mb complex might occur in two steps: (1) if
dissociation was more rapid than the energy transfer or (2) if
dissipation of the thermal energy was too slow. In either step,
the ZnPP-Mb complex decomposed so that ZnPP moved out
of the heme pocket of the protein to form aggregates with other
free ZnPP species. Because dissociation of ZnPP from the
protein occurred upon excitation, we deduce that the binding
of the zinc cation of ZnPP to the histidine group of apoMb is
weaker than that of heme in myoglobin.

We measured also the variation of the CD spectra to test the
photostability of the reconstituted ZnPP-Mb complex. According
to the reported CD spectrum of a protein, the characteristic
R-helical conformation of myoglobin occurs in the spectral
region of 200-250 nm.43 In Figure 4, two negative ellipticity
bands at 211 and 221 nm correspond to the conformational
feature of the ZnPP-Mb complex. There is also a positive
ellipticity band at about 428 nm corresponding to the charac-
teristic absorption spectral feature of ZnPP. No signal was
observed in the CD spectrum of the ZnPP/buffer solution (Figure
4, trace f). When the periods of laser excitation increased from
0 to 60 min, the strength of the two negative ellipticity bands
and the one positive ellipticity band systematically decreased
(Figure 4, traces a-e). Fandrich et al.44 proved that theR-helical
conformation of Mb was progressively lost when the temper-
ature was increased above 40°C. In our case, the unfolding
state of the reconstituted ZnPP-Mb complex was attained to
induce progressive loss of theR-helical conformation either
through excess internal energy absorbed by ZnPP or through
the thermal energy of the local environment. When the free
ZnPP molecules aggregated in buffer solution, no band about
428 nm was observed in the CD spectrum. When the reconsti-
tuted ZnPP-Mb complex unfolded upon excitation, ZnPP would
therefore be released to form aggregates in buffer solution,
causing the decreased CD intensity at 428 nm as we have
observed.

Picosecond Fluorescence Decays and Anisotropy Dynam-
ics. For picosecond fluorescence measurements of ZnPP in
various environments at 295 K, excitation was atλex ) 435
nm, and emission was observed in a broad wavelength range.
Figure 5A-D shows four typical fluorescent decays of a ZnPP-
Mb/buffer solution observed atλem (nm) ) 590, 650, 710, and
770. The fluorescence transients are well-fitted with a biexpo-
nential decay function and two time constantsτ1 andτ2; these
fitted time constants and the corresponding relative amplitudes
are summarized in Table 1. The valuesτ1 ) ∼0.5 ns andτ2 )

Figure 2. Normalized steady-state fluorescence spectra of ZnPP in
THF (dashed-dotted curve), KPi buffer (dashed curve), and encapsu-
lated within apomyoglobin (solid curve) with excitation at the Soret
band. The sample concentration was 5× 10-6 M.
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2.2 ns are almost constant forλem ) 580-710 nm, but bothτ1

andτ2 decrease forλem > 710 nm. The relative amplitudes of
the two components depend strongly onλem(i.e., the slow-decay
component (τ2) is the major part of the transient at smaller
wavelengths, whereas the rapid-decay component (τ1) becomes
dominant at greater wavelengths). In view of the lifetime of a
monomeric ZnPP in THF beingτ ) 2.07 ns,45 it is reasonable
to assign the 2 ns component of the transient in ZnPP-Mb/buffer
solution to the S1 f T1 intersystem crossing (ISC) of the
monomeric ZnPP inside the heme pocket of apoMb. According
to the systematic variation of the relative amplitudes of the two
components, the sub-nanosecond component that became sig-
nificant at larger wavelengths reflects the contribution of free

ZnPP molecules outside the apoMb active site in the form of
ZnPP aggregates in buffer solution.

To provide evidence that the slow-decay component of the
transients observed at shorter wavelengths was due to the
contribution of the ZnPP-Mb complex, we measured the time-
dependent fluorescence anisotropy of the system atλem ) 590
nm. The fluorescence anisotropy at timet is expressed as46

in which r(t) is the anisotropy at timet andIVV andIVH represent
the time-dependent fluorescence intensities for excitation with

Figure 3. Steady-state absorption spectra of reconstituted ZnPP-Mb in buffer solution under femtosecond excitations with irradiation periods as
indicated. The power of the excitation pulse is about 5 mW. The upward and downward arrows represent the systematic variation of absorbance
as a function of duration of irradiation.

Figure 4. Circular dichroism (CD) spectra of reconstituted ZnPP-Mb in buffer solution under femtosecond excitations with irradiation periods as
indicated. There are two negative ellipticity bands at 211 and 221 nm and one positive ellipticity band at 428 nm. The strength of the negative and
positive ellipticity bands decreases when the duration of laser excitation increases.

r(t) )
IVV - GIVH

IVV + G2IVH
(1)
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vertical polarization, but the polarizations of detection were
made at the vertical (parallel) and horizontal (perpendicular)
conditions for the former and the latter, respectively. Because
the sensitivities through the monochromator with vertical and
horizontal polarizations might not be equal, a correction was
made with excitation at the horizontal polarization and the
detection at either vertical (IHV) or horizontal (IHH) polarization
(i.e., a factorG ) IHV/IHH was applied to correct the ratioIVV/
IVH). According to the fluorescence decay data (refer to
Supporting Information) analyzed with eq 1, we derived the
anisotropy decays of both ZnPP/THF and ZnPP-Mb/buffer
samples; the results are shown in Figure 6 for comparison.

The observed data for time-dependent anisotropy show three

important features. First, the values ofr(t) at zero delay time
(r0) in both systems are near 0.1, which is lower than the
theoretical value (0.4) probably due to a different dipole
orientation between the S2 (excitation) and the S1 (emission)
states. Second,r(t) gradually decays to zero for both samples
(see Supporting Information), indicating that free rotation is
involved in both systems. Third, a single-exponential decay
function describes the decay feature ofr(t)

in which the time constantτr represents the rotational correlation
period of the system. We found the rotational correlation periods
to be 0.2 ns for ZnPP/THF and 11 ns for ZnPP-Mb/buffer. The
difference ofτr between the two systems reflects the size of
the system, as discussed next. When the ZnPP molecules are
well-dispersed in THF solution, the free ZnPP molecules can
freely reorientate; the reorientational period is the observed 0.2
ns. When the ZnPP monomers were encapsulated inside apoMb,
such a reorientation of the ZnPP molecule inside the cavity of
the protein was inhibited, however, and depolarization of ZnPP
in its excited state might occur when the whole ZnPP-Mb
complex made a movement in buffer solution. We observed
that depolarization of the ZnPP-Mb system occurs on the time
scale of 10 ns, which is 100 times that of the ZnPP/THF system.

Maiti et al. measured the time-resolved fluorescence anisot-
ropy of ZnPP on S1 excitation (λex ) 580 nm) in THF solution
and in various micelles;45 they reported the valuesr0 ) 0.10
andτr ) 0.18 ns in ZnPP/THF solution, which are identical to
our results on S2 excitation atλex ) 435 nm. When ZnPP was
combined with micelles in aqueous solution, the time-dependent
fluorescence anisotropy showed, however, a complicated dy-
namical feature that was described with two exponential decay
functions. A wobble-in-cone model was considered to interpret
such an observation (i.e., the fluorescence depolarization occurs
on both rotational diffusion of ZnPP inside the micelle and the
tumbling of the micelle).45 In our case, only a single-exponential
decay feature was observed for the fluorescence depolarization
of ZnPP encapsulated inside apoMb, indicating that the ZnPP
molecule was tightly bound to apoMb and reorientates with the
entire protein molecule. Taking into account the effect of
temperature with respect to the reorientational period, our
observation for the ZnPP-Mb system,τr ) 11 ns, at 23°C is
consistent with the result of the TNS-Mb system,τr ) 20.5 ns,
obtained at 2°C with frequency-domain phase modulation.47

Figure 5. Picosecond fluorescence transients of reconstituted ZnPP-
Mb in buffer solution withλex ) 435 nm atλem (nm) ) (A) 590, (B)
650, (C) 710, and (D) 770. Two decay components served to describe
the transients with a parallel kinetic model and the corresponding fitted
time parameters as indicated; those of other wavelengths are listed in
Table 1.

TABLE 1: Fitted Time Constants of Fluorescence
Transients in ZnPP-Mb/Buffer Solutions with Excitation
Wavelength λex ) 435 nma

λem (nm) τ1 (ns)b τ2 (ns)b

580 0.44 (14%) 2.2 (86%)
590 0.44 (14%) 2.2 (86%)
610 0.53 (24%) 2.2 (76%)
630 0.52 (35%) 2.2 (65%)
650 0.49 (33%) 2.2 (67%)
670 0.51 (50%) 2.2 (50%)
690 0.50 (64%) 2.2 (36%)
710 0.47 (67%) 2.2 (33%)
730 0.44 (71%) 2.1 (29%)
750 0.32 (75%) 1.7 (25%)
770 0.25 (77%) 1.5 (23%)

a Parallel kinetic model is employed using the FluoFit software.
b Relative amplitudes are shown in parentheses.

Figure 6. Picosecond fluorescence anisotropies of ZnPP in THF
(triangles) and encapsulated within apomyoglobin in buffer solution
(circles) obtained atλem ) 590 nm with excitation atλex ) 430 nm.

r(t) ) r0e
-t/τr (2)
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When ZnPP molecules aggregated in buffer solution, we
observed that the fluorescence intensity became weak and that
the fluorescence relaxation period was limited by the instrument
response (<50 ps), which further prevented us from deriving
depolarization information for the ZnPP aggregates.

Femtosecond Fluorescence Dynamics of ZnPP Monomers
in THF Solution. Figure 7A,B displays femtosecond fluores-
cence transients of ZnPP in THF solution for the emissions
observed at 590 and 640 nm, respectively. The transients feature
a prompt rise and a secondary rise to a plateau region on the
observed 100 ps scale. Because the excitation populated the S2

state (λex ) 430 nm) and the emissions were observed from
the S1 state, the prompt rise in the transients implies that the S2

f S1 internal conversion (IC) might be ultrafast (τIC < 100 fs).
The transient observed in the S2 state,λex ) 420 nm andλem )
470 nm, shows an instrument-limited response (refer to Sup-
porting Information) that is consistent with the transients
observed in the S1 state showing the prompt rise feature. The
S2 emission spectrum of ZnPP in solution was therefore not
observed using a commercial spectrofluorimeter in a steady state.
τIC of ZnPP in solution has a value much smaller than those of
ZnTPP6-8 and ZnCAPEBPP13a but similar to that of another
zinc porphyrin with alkyl substitution at theâ-position of the
porphyrin ring.7a The ultrafast IC relaxation is likely due to the
existence of the methyl and vinyl groups at theâ-positions of
ZnPP so that the CH3 torsion or the CdC twisting in the S2
state becomes the driving force for the observed ultrarapid S2

f S1 relaxation.
After the ultrafast S2 f S1 relaxation, we expect that the hot

S1 species (S1*) were immediately produced. Because the
fluorescence transients feature a secondary rise, we employed

a consecutive kinetic model, S1* f S1 f T1, to fit the transients.
The two components S1* and S1 correspond to hot and cold S1

species, observed in our fluorescence transients. The component
S1* decays inτ1 ) 8.0 ps, which represents the average duration
for vibrational relaxation from the hot S1 species cooling to form
the S1 species. Consistently, the component S1 has a rise
coefficient of 8.0 ps, but its time constant was fixed atτ2 ) 2
ns as it is insensitive to the fit in the∼100 ps interval, the precise
valueτ ) 2.0 ns we determined from our TCSPC measurements
for S1 f T1 ISC. The observed periodτ1 ) 8.0 ps for vibrational
relaxation in ZnPP/THF solution is consistent with that of
ZnCAPEBPP,τ1 ) 8.5 ps,13a and that of ZnTPP,τ1 ) ∼10
ps,8 in solutions.

Femtosecond Fluorescence Dynamics of ZnPP Aggregates
in Buffer Solution. Because of their slight solubility, to form
aggregates in KPi buffer, ZnPP molecules can readily stack
together. The effect of aggregation of the ZnPP/buffer system
is demonstrated in Figures 1 and 2; here, we provide further
evidence for the relaxation dynamics of the ZnPP aggregates
upon excitation atλex ) 430 nm. Figure 8A,B shows the
fluorescence transients of ZnPP in KPi buffer with emissions
observed at 600 and 660 nm, respectively. Although the
transients also feature a prompt rise character, they decay rapidly
to the zero-background level on a 10-20 ps scale. A parallel
kinetic model with two decay components was employed to fit
the transients: the major part of the transient decays in a few
hundred femtoseconds (τ1) and the minor part of the transient
decays in several picoseconds (τ2). At λem ) 600 nm, we
obtained the valuesτ1 ) 180 fs andτ2 ) 1.6 ps; atλem ) 660
nm, τ1 ) 590 fs andτ2 ) 4.7 ps. The nanosecond component

Figure 7. Femtosecond fluorescence transients of ZnPP in THF with
λex ) 430 nm atλem (nm) ) (A) 590 and (B) 640. The red circles
denote experimental data; solid black curves represent theoretical fits
with a consecutive kinetic model as indicated; blue and olive curves
under each transient are deconvoluted components; and green traces
represent the residuals of the fit.

Figure 8. Femtosecond fluorescence transients of ZnPP in buffer
solution withλex ) 430 nm atλem (nm) ) (A) 600 and (B) 660. The
red circles denote experimental data; solid black curves represent
theoretical fits according to a parallel kinetic model with fitted
parameters as indicated; blue and olive curves under each transient are
deconvoluted components; and green traces represent the residuals of
the fit.
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that represents the S1 f T1 ISC of the ZnPP monomer
disappeared completely. This behavior indicates that the inter-
molecular transfer of energy in the ZnPP aggregates was
efficient. The resulting two decay components likely reflect
aggregates of two types with varied extents of aggregation. The
relaxation dynamics depend strongly on wavelength (i.e., the
relaxation observed at 600 nm is 3 times as rapid as that
observed at 660 nm). This ratio is consistent with the steady-
state fluorescence spectrum shown in Figure 2 as the fluores-
cence intensity at 600 nm is much weaker than that at 660 nm.
We infer that the intermolecular transfer of energy in the ZnPP
aggregates is more efficient at 600 nm than at 660 nm because
(1) spectral overlap between the absorption (Figure 1) and the
emission (Figure 2) is greater for the former wavelength and
(2) hotter species were observed in the detection window of
the former.

Femtosecond Fluorescence Dynamics of ZnPP-Mb in
Buffer Solution. Figure 9A,B (the corresponding raw data are
shown in Supporting Information) displays the fluorescence
transients of reconstituted ZnPP-Mb in KPi buffer for the
emission observed atλem ) 600 and 680 nm, respectively. Both
transients exhibit similar dynamical features with a rapid decay
followed by a slow decay to an asymptotic offset. The offset
component is consistent with the excited state lifetime,τ ) 2.2
ns, observed in our TCSPC measurements (Figure 5), but the
fast- and slow-decay components were resolved in our femto-
second measurements. Because the fluorescence transients show

no apparent rise beyond the initial prompt rise discussed before
(Figure 7), the transients were fitted based on a complex kinetic
model with three decay components. For the fitted parameters,
the three time constants areτ1 ) 710 fs (0.41),τ2 ) 27 ps (0.26),
andτ3 ) ∼2 ns (0.33) atλem ) 600 nm andτ1 ) 950 fs (0.55),
τ2 ) 40 ps (0.26), andτ3 ) ∼2 ns (0.19) atλem ) 680 nm; the
values in parentheses are relative amplitudes. Because the S2

f S1 IC of the ZnPP monomer occurred extremely rapidly (τIC

< 100 fs), the observed fluorescence transients must arise from
the vibrationally hot ZnPP species in the S1 electronic excited
state. We proceed to discuss the observed relaxation dynamics
of the hot S1 ZnPP species.

The observed dynamics of relaxation of ZnPP inside the heme
pocket of the apoMb is summarized according to three points.
First, because we observed no sub-picosecond relaxation to
occur in free solvents, we expect that the observed fast-decay
component (τ1) reflects an efficient energy transfer occurring
exclusively from the hot S1 ZnPP species into the protein.
Second, because ZnPP is surrounded by localized water
molecules inside the heme pocket of apoMb, we assign the slow-
decay component (τ2) to the water-induced vibrational relaxation
of the hot S1 ZnPP species inside apoMb. The observed
relaxation period 27-40 ps is significantly smaller than that of
ZnPP in THF, 8 ps, because the water molecules were confined
inside the nanocavity of the protein so as to impede the cooling
relative to that in free solvents. Third, similar to the ZnPP/THF
system, we attribute the nanosecond componentτ3 to the S1 f
T1 ISC of the cold ZnPP monomer inside the active site of the
protein.

As shown in Figure 9, the relative amplitudes of the fast-
decay component and the nanosecond component exhibit a
systematic variation, whereas the amplitudes of the slow-decay
component remain invariant at both emission wavelengths.
When ZnPP monomers were dissolved in THF solution, the
contribution of the nanosecond component became dominant
because only the excess vibrational energy in the S1 state was
transferred to the surrounding solvents (Figure 7), and the
vibrationally relaxed S1 species fluoresced eventually. When
free ZnPP monomers formed aggregates in buffer solution, we
observed, however, much more rapid energy relaxation (Figure
8)sthe efficient transfer of electronic energy between ZnPP
molecules must be involved, so as to extinguish the nanosecond
component of the transient. In the ZnPP-Mb/buffer system, we
expect the fast-decay component to be due to not only the
transfer of vibrational energy in the excited state, which in
principle has no effect on the amplitude of the nanosecond
component, but also the transfer of the entire electronic energy
that diminishes the contribution of the nanosecond component.
The relative amplitude of the fast-decay component is larger at
λem ) 680 nm than atλem ) 600 nm, which indicates that the
probe window for the electronic energy transfer is more effective
at larger wavelengths. Hotter S1 species were probed more
efficiently at 600 nm than at 680 nm, consistent with the
relaxation coefficientsτ1 andτ2 for which the values observed
at 600 nm are less than those observed at 680 nm.

Our direct observation of the dynamics of energy transfer of
the ZnPP protein system might be compared with those of the
heme protein system for which both experiments25,27,28 and
calculations23,30have been conducted. On the basis of computer
simulation of the relaxation of vibrational energy, work by
Henry et al.23 indicates that the cooling of the heme in
myoglobin and cytchromec is a biphasic process equally
weighted with relaxation periods 1-4 and 20-40 ps. Consis-
tently, Mizutani and Kitagawa,25 who performed time-resolved

Figure 9. Femtosecond fluorescence transients of the reconstituted
ZnPP-Mb in buffer solution withλex ) 430 nm atλem (nm) ) (A) 600
and (B) 680. The red circles denote experimental data; solid black
curves represent theoretical fits with the fitted parameters as indicated;
magenta, blue, and olive curves under each transient are deconvoluted
components; and green traces represent the residuals of the fit.

7662 J. Phys. Chem. B, Vol. 111, No. 26, 2007 Luo et al.

http://dontstartme.literatumonline.com/action/showImage?doi=10.1021/jp068449n&iName=master.img-008.jpg&w=215&h=345


resonance-Raman measurements for myoglobin, reported that
the biphasic relaxation periods are 3.0 and 25 ps with an
amplitude ratio 93:7. In contrast, Straub and co-workers30

reported their simulation results for the relaxation of vibrational
energy of photolyzed heme in myoglobin to follow a single
exponential with a time constant 5.9 ps, which agrees with the
experimental data of Anfinrud and co-workers.28 Straub and co-
workers30 proposed three channels for the energy transfer from
heme to the surrounding protein and solvent: (1) a through-
projectile channel is due to collisions of the photolyzed ligand
(CO) with the heme pocket residues; (2) a through-bond channel
occurs through the covalent bond between heme and proximal
histidine; and (3) a through-space channel involves collisions
with solvent molecules.30

On the basis of the mechanism for energy transfer provided
from the simulations of classical dynamics of myoglobin,30 we
rationalize the relaxation dynamics for our system. Because the
excited ZnPP inside apoMb was produced via direct excitation,
the through-projectile channel of energy transfer is eliminated.
According to simulation results, as the through-space channel
dissipates energies via nonbonded transfer of collisional energy
from the heme side chains to nearby solvating water molecules,
it is less important. Because in the through-space mechanism
the surrounding water molecules served as an intermediate heat
bath for transfer of thermal energy to myoglobin, this mechanism
is consistent with our assignment for the slow-decay component
being due to water-induced vibrational relaxation. For the fast-
decay component of the transient, we suggest that it is due to
an efficient transfer of energy through the dative bond between
zinc protoporphyrin IX and the proximal histidine of apomyo-
globin. The binding between zinc and histidine in the ZnPP
protein is much weaker than the covalent bond between iron
and histidine in the heme protein. The through-bond channel
of energy transfer thus continuously accumulates energy in the
dative bond of the ZnPP-Mb complex, which might eventually
lead to the bond dissociation. This mechanism reasonably
explains the observed sample degradation when the sample was
exposed to laser radiation for a long period (Figures 3 and 4).

Conclusion

Myoglobin is a model system that has been extensively
studied to acquire an understanding of the interactions inside
the heme pocket of the protein. We prepared a fluorescent
protein by removing the heme molecule from myoglobin to form
apomyoglobin and reconstituted the ZnPP molecule into the
heme pocket of the protein. On the basis of both picosecond
time-correlated single-photon counting (TCSPC) and femtosec-
ond fluorescence up-conversion spectroscopy techniques, the
present results show explicit experimental evidence for the
manner in which the protein matrix influences the relaxation
of ZnPP through a comparison of the fluorescence dynamics
of ZnPP in THF, KPi buffer (100 mM), and reconstituted within
apoMb. The fluorescence transients of the ZnPP-Mb/buffer
system exhibit a biphasic decay feature with the signal ap-
proaching an asymptotic offset. We conclude that (1) the rapid-
decay component reflects an efficient transfer of energy from
the hot S1 ZnPP species to apoMb through the dative bond
between zinc porphyrin and proximal histidine of the protein;
(2) the slow-decay component pertains to the transfer of
vibrational energy from the hot S1 ZnPP species to apoMb via
collisions with the surrounding water molecules; and (3) the
offset component is due to the S1 f T1 intersystem crossing of
the surviving cold S1 ZnPP species. The energy transfer through
bonds might effectively accumulate thermal energy in the dative

bond and eventually leads to dissociation. This mechanism is
consistent with our observation showing the degradation of the
ZnPP-Mb samples according to absorption and CD spectra upon
protracted excitation.
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