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Pump/probe picosecond time-resolved resonance Raman spectra of nickel(II) octaethylporphyrin (NiOEP) in
pyridine were observed in the time range-5 to +1000 ps. The spectra demonstrate generation of the
vibrationally and electronically excited (d,d) state (B1g) immediately after the excitation to theππ* state of
the macrocycle, subsequent vibrational relaxation, and the formation of six-coordinate exciplex, B1g(L)2 (L )
pyridine). Singular value decomposition analysis was applied to a series of picosecond time-resolved Raman
spectra to investigate whether a five-coordinate complex was generated prior to the formation of the six-
coordinate species. The results indicate insignificant population of the five-coordinate species preceding the
formation of B1g(L)2 and suggest concerted coordination of two solvent molecules to axial positions of the
(d,d) excited NiOEP. The formation process of the B1g(L)2 species is discussed.

Introduction

Nickel(II) octaethylporphyrin (NiOEP) has been extensively
studied to elucidate basic physicochemical properties of met-
alloporphyrins. The electronic configuration of the Ni(II) atom
in the ground state of NiOEP is (dxy)2(dxz)2(dyz)2(dz2)2 with A1g

symmetry but the lowest excited state of the metal (B1g),
obtained by promotion of an electron from the filled dz2 to an
empty dx2-y2 orbital, lies considerably below the lowest excited
ππ* state (Eu) of the macrocycle.1 This metal B1g state plays
a key role in the photophysical behaviors of NiOEP. The
excited-state dynamics of NiOEP have been investigated by
picosecond and femtosecond transient absorption spectroscopy2-6

and resonance Raman (RR) and resonance coherent anti-Stokes
Raman scattering, both in the time-resolved7-9 and saturation
regimes.10-12 Vibrational relaxation of NiOEP in the (d,d)
excited state in noncoordinating solvents has also been explored
with picosecond time-resolved RR (ps-TR3) spectroscopy.13

Theoretical calculations have shown that the lowest excited
(d,d) state of the metal (B1g) of NiOEP in noncoordinating
solvents lies at only 3000 cm-1 above the A1g state.1 Photo-
excitation of NiOEP to the Eu state of porphyrin in toluene and
tetrahydrofuran (THF) results in ultrafast radiationless relaxation
to the (d,d) excited state within 350 fs,5 from which the molecule
relaxes to the ground electronic state with a time constant of
ca. 250 ps. In a weakly coordinating solvent such as pyridine,
however, it is possible that two pyridine molecules coordinate
to axial positions of Ni in the (d,d) excited state, forming a
six-coordinate species, B1g(L)2 (L ) pyridine),4 while its ground
electronic state prefers the same four-coordinate structure
observed for the complex in a noncoordinating solvent such as
toluene. Recent femtosecond transient absorption experiments
suggest that photoassociation/dissociation of solvent molecules
to/from NiOEP takes place in various organic solvents14 but
that such coordination changes and the possible coexistence of

the five- and six-coordinate species remain to be clarified by a
more direct method such as vibrational spectroscopy.

Three molecular structures with various degrees of planarity
have been identified by X-ray crystallographic analyses for two
crystalline forms of NiOEP.15,16 For the planar form of the
ground-state NiOEP in noncoordinating solvents, static RR and
infrared (IR) spectra have been thoroughly analyzed on the basis
of the observations of isotopic frequency shifts and normal-
coordinate calculations.17,18 Effects of nonplanar distortions of
the macrocycle19,20 and changes of the metal spin state21 have
also been discussed from static RR spectra. Accordingly, in
this study, we have investigated the transient RR spectra of
NiOEP in pyridine with ps-TR3 spectroscopy with the light
sources reported previously.22 Singular value decomposition
(SVD) analysis has been used to identify a number of spectral
intermediates involved in photochemical processes of bacterio-
rhodopsin,23-26 retinals,27 and other molecules.28-31 The series
of ps-TR3 spectra observed were analyzed with the SVD method
both in time and frequency domains. The photodynamical
processes of NiOEP in pyridine will be discussed.

Experimental and Analysis

Setup for ps-TR3 Measurements. The block diagram of
apparatus for ps-TR3 measurements is illustrated in Figure 1.
The second harmonic (385-415 nm) of the output from a
picosecond titanium:sapphire laser (Spectra Physics, Tsunami)
amplified by a regenerative amplifier (Positive Light, Spitfire)
at 1 kHz was generated by aâ-barium borate crystal (BBO1).
The temporal width of a pulse was ca. 2.5 ps at this stage. In
the system shown in Figure 1a, the second harmonic was
separated from the fundamental by a dichroic mirror (DM). The
second harmonic was used as a probe pulse for pump/probe
time-resolved resonance Raman measurements, and the funda-
mental was focused into heavy water in a 10 cm long cylindrical
cell to generate white light continuum (WLG). Optical para-
metric amplification (OPA) was performed by mixing the white
light continuum with a part of the second harmonic in a 7 mm
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thick BBO crystal (BBO2). Details of the WLG/OPA system
and the nature of the generated light pulses were described
previously.22

In the other system shown in Figure 1b, the second harmonic
was split into two parts by a 10% reflective beam splitter (BS).
The reflected second harmonic (10%) was used as a probe pulse
of Raman scattering with the remaining portion (90%) used to
excite stimulated Raman scattering of high-pressure (50 kg/cm2)
H2 gas contained in a 1 mlong cell. The first Stokes component
of the stimulated Raman scattering was used as a pump pulse
to initiate the photoreaction of NiOEP. The energy of the pump
and probe pulses were adjusted to 13-15 and 1.5-2.0 mJ/pulse,
respectively, with neutral density (ND) filters. The pump and
probe pulses were combined collinearly and line-focused with
lenses on the sample solution in a 10× 10 × 50 mm3 quartz
cell. The timing of the illumination by the pump and probe
pulses was adjusted by the adjustable optical delay stage
consisting of two mirrors, operated by stepping motors. The
point of 0 ps delay between the pump and probe pulses was
determined by the rise of transient absorption due to the
formation of the S1 state of rhodamine 6G. The instrument
response function of this system was also determined with the
rise of transient absorption of the S1 rhodamine 6G.

The solution in the sample cell was continuously stirred by
a magnetic stirrer during the measurement to protect the sample

from damages by the repeated illumination of intense pump
pulses. Raman scattered light in backscattering geometry was
collected, collimated by a lens, and focused onto the entrance
slit of a triple polychromator (Spex 1877) by another lens. The
dispersed light was detected with an intensified photodiode array
(EG & G PARC, model 1421) that has 1024 active pixels (25
mm× 25 µm/pixel). The detected signals were A/D converted
and transferred to a personal computer.

The ground-state absorption spectra of NiOEP in piperidine/
toluene mixed solvents were measured by the following
method: a toluene solution of NiOEP was prepared and divided
into two portions. A volume of one portion was determined
precisely before complete evaporation of the solvent. Exactly
the same volume of piperidine was then added to the vessel.
This solution was mixed with the other portion of the solution
in various ratios, and absorption spectra were measured with a
spectrophotometer (Hitachi, U-3210). NiOEP (Aldrich), spec-
troscopic grade pyridine (Dojindo Laboratories) and toluene
(Dojindo Laboratories), and piperidine (Wako Pure Chemicals)
were used without further purification.

Singular Value Decomposition Analysis for Time-Resolved
Spectra. The computer program for SVD analysis was coded
on the basis of the algorithm described in ref 32. Time-resolved
spectral data are arranged in am × n matrix, A, in which m
and n correspond to the numbers of delay time points and
wavenumber points, respectively. In this studym is 99 andn
is 900. MatrixA is converted to ann × n diagonal matrix,W,
by means of anm × n orthogonal matrix,U, and ann × n
orthogonal matrix,V, through the following equation.

The diagonal elements ofW are called singular values ofA
and are arranged in the order of magnitude.U andV are also
rearranged consistently. The number of large singular values
are equivalent to the number of species involved in the time-
resolved spectra. For convenience, theqth column vector ofU
is represented byuq(t), which has a dimensionmand represents
a temporal behavior of theqth mathematical species, and the
qth row vector of V is represented byvq(ν), which has a
dimensionn and represents its spectral behavior. Note that the
mathematical species are not equal to actual species.U, V,
andW were numerically determined for a given data ofA.

Model functions on temporal profiles of the population of a
given species must be assumed to obtain practical meaning from
this analysis. When there arek large values inW, the number
of spectral species present isk. Accordingly, a temporal profile
of population is assumed for each of thek species. If a
population ofpth species at delay timet is Fp(t), the sum of
Fp(t) aboutp should be unity for anyt and there would bek
sets ofFp(t), that is,p ) 1-k. The SVD analysis identifies an
appropriate set of coefficientsrpq (p ) 1-k) which satisfy a
given uq(t).

When there is no satisfactory set ofrpq, Fp(t) should be
reconstituted. When a set ofrpq is obtained for theqth vector,
the same procedure is applied to the nextq value. This
procedure is used to determine allrpq values for thek sets (q )
1-k). The spectrum of thepth species is given by∑qrpqwqvq-
(ν), in which wq is theqth diagonal element ofW.

Results

Figure 2 shows the ps-TR3 spectra of NiOEP in pyridine in
the time range-5 to 1000 ps, which were obtained by pumping

Figure 1. Schematic diagram of the ps-TR3 measurement system
constructed in this study: (a) pumping by the output of the WLG/
OPA system; (b) pumping by stimulated Raman scattering. W, water
in a 10-cm long cylindrical cell; DM, dichroic mirrors; BS, beam
splitter; BD, beam dumper; L, focusing lenses; FP, 180° folding prism;
RC, 1 m long Raman shifting cell filled by high-pressure H2 gas; PB,
Pellin-Broca prism; ND, variable neutral density filter; S, sample; TP,
triple polychromator; D; photodiode array detector.

A ) UWV (1)

∑
p

Fp(t)rpq ) uq(t) (2)
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at 516 nm and probing at 425 nm. The static RR spectrum of
ground-state NiOEP (probe-only spectrum) is depicted at the
top. The contributions from pyridine and ground-state NiOEP
have been subtracted already from the observed TR3 spectra.
In the 10 ps delay spectrum, bands are seen at 1627 (ν10), 1587
(ν2), 1491 (ν3), 1372 (ν4), 1135 (ν5), and 667 (ν7) cm-1. These
band positions are the same as those observed for the (d,d)-
excited NiOEP in noncoordinating solvents such as toluene and
THF.9,13 (Note: ν7 is not included in Figure 2). Therefore, it
is evident that the metal (d,d)-excited state of NiOEP (B1g) is
formed within a few picoseconds. The initial asymmetric band
shapes are gradually altered to more symmetric, and peak height
becomes larger until∼50 ps.

A new set of Raman bands start to grow at 1586 (ν2), 1370
(ν4), 1260 (CH2 twist), 1213 (ν13), and 1135 (ν5) cm-1 after ca.
100 ps of delay time and become noticeably intense around 1000
ps. Although these band center frequencies between 100 and
1000 ps are close to the frequencies observed at 10 ps, they are
distinctly different. In addition, bands also appear at 1610 (ν10)
and 1484 (ν3) cm-1 in this time frame. Therefore, it is apparent
that population of a new species is increasing in the time range
from 100 to 1000 ps. The frequencies of the RR bands of this
species are closer to those of the B1g species rather than those
of the A1g species in the spectrum shown at the top of Figure
2. The stretching frequencies of the porphyrin macrocycle
above 1450 cm-1 mainly depend on the core size.33 Since the
electronic configuration of the metal is responsible for the core
size, it is possible that the new set of bands arise from the metal
excited B1g species with different coordination numbers.

It is known that NiOEP adopts the six-coordinate structure,
B1g(L)2 (L ) piperidine), in piperidine with the absorption
maximum at 419 nm due to the strong coordination ability of
piperidine. Figure 3 compares the ps-TR3 spectrum of NiOEP
in pyridine at 1000 ps delay with the static ground-state RR
spectrum of NiOEP in piperidine excited at 425 nm. It is
evident that the two spectra are quite alike in terms of relative
intensities and frequencies of bands. This indicates that the

species generated at 1000 ps delay in pyridine is probably a
six-coordinate species with two axially coordinated nitrogen
ligands. The observed frequencies of the three species of
NiOEP are summarized in Table 1.

Figure 4 shows the anti-Stokes ps-TR3 spectra of NiOEP in
pyridine in the delay time region between-5 and+50 ps. The
ν7 andν4 bands are clearly seen in the spectrum of 1 ps delay,
but their intensities become weaker with increasing delay time.
The Boltzman factors at 300 K for 667 (ν7) and 1372 (ν4) cm-1

are 0.041 and 0.0014, respectively. Theν7 intensity at 50 ps
delay may reflect the thermal population at theV ) 1 level in
the electronically excited (d,d) state. Ifν4 has a magnitude of
Raman scattering cross-section similar to that ofν7, its expected

Figure 2. ps-TR3 spectra of NiOEP in pyridine pumped at 516 nm
and probed at 425 nm. The delay times are specified at the left side of
each spectrum. The Raman spectra of solvent and four-coordinate
ground-state NiOEP have been subtracted. The spectrum at the top
depicts the probe-only spectrum of the ground-state NiOEP (solvent
bands have been subtracted).

Figure 3. Comparison of the ps-TR3 spectrum of NiOEP in pyridine
at 1 ns delay (a) with the probe-only spectrum of NiOEP in piperidine
(b). The spectra of solvent and the four-coordinate ground-state NiOEP
have been subtracted. The probe wavelength is 425 nm.

TABLE 1: Observed Frequencies (cm-1) of NiOEP in
Various Solvents

ν10 ν2 ν3 ν4 ν5 ν7 ref

pyridine B1g 1627 1587 1491 1372 1135 667 this work
B1g(L)2 1586 1370 1135 667 this work
A1g 1657 1603 1521 1383 1137 668 this work

piperidine B1g(L)2 1586 1370 1135 667 this work
THF B1g 1622 1584 1490 1372 9

A1g 1652 1601 1519 1382 9
toluene B1g 1629 1587 1494 1374 13

A1g 1657 1603 1520 1383 13

Figure 4. Anti-Stokes ps-TR3 spectra of NiOEP in pyridine between
-5 and+50 ps of delay time. Solvent- and probe-only spectra have
been subtracted.
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intensity at the thermal equilibrium would be ca. 1/30th of that
of ν7. The disappearance of theν4 anti-Stokes band would thus
be ascribed to vibrational relaxation. This indicates that the
time constant of vibrational relaxation of NiOEP in pyridine is
ca. 10 ps, which is similar to that in toluene.13

It is not known whether a five-coordinate species is formed
during the process of conversion from the four-coordinate state
at 10 ps delay to the six-coordinate state at 1000 ps delay,
although no other species seems to appear in Figure 2. If a
five-coordinate species was present transiently, it is possible
that its RR bands would be less resonance enhanced because
its absorption maximum is at a wavelength far from the
maximum observed for the four- and six-coordinate species.
To circumvent this potential problem, the ps-TR3 spectra were
measured with different probe wavelengths including 410, 415,
and 425 nm at 0, 10, and 100 ps of delay time for the same
pump wavelength. Nonetheless, no new bands were identified.
Still, a small possibility that Raman bands of the putative five-
coordinate species are severely overlapped with those of the
four- or six-coordinate species cannot be ruled out completely.
Therefore, the SVD analysis was carried out for ps-TR3 data to
search for the putative five-coordinate species.

Since a high-quality SVD analysis requires an increased
number of data points, we measured the TR3 spectra pumped
at 550 nm and probed at 415 nm for 99 different delay times
(only 50 spectra are shown in Figure 5). The results of SVD
analysis for these data are illustrated in Figure 6. The
distribution of 10 large values ofwq’s are plotted in panel a,
where open circles denote the plots against the ordinate scale
expanded by 20 times. Since the values are definitely smaller
for wq’s below the sixth, we judged that there were five species
involved in TR3 spectra shown in Figure 5. The fiveuq(t)
vectors corresponding to five largewq are depicted by the lower
five traces in panel b, while upper traces represent the remaining
four uq(t)’s. The zero point for each plot is vertically shifted
to avoid overlapping, but the their ordinate scales are in
common. It is noted that one ofuq(t)’s strongly reflects a
species involving immediate rise and rapid decay (the decay
constant is ca. 10 ps), suggesting the presence of a vibrationally
excited species among the five. The lower five traces in panel

c representvq(ν)’s of the species corresponding to five large
wq’s, while others show those of the remaining four.

The five spectral species involved were identified to be (1)
a four-coordinate ground-state species (A1g), (2) a vibrationally
excited and electronically (d,d) excited four-coordinate species
(B1g*), (3) a thermally equilibrated but electronically (d,d)
excited four-coordinate species (B1g), (4) a thermally equilibrated
but electronically excited six-coordinate species (B1g(L)2), and
(5) solvent molecules affected by transient absorption changes.
The model functions of the five species were constructed on
the basis of Scheme 1. The NiOEP photoexcited to (π,π*) in
pyridine, denoted as Eu, is converted to the B1g* state within a
subpicosecond. Since the formation of the four-coordinate B1g*
species occurs within the present time resolution, we start from
this species. For simplicity, the “B1g*”, “B 1g”, “B 1g(L)2”, and
“A 1g” species are represented as A, B, C, and D, respectively,
in the following rate equations:

where k2 is regarded as a pseudo-first-order rate constant
involving the concentration of coordinating ligands, although
the true rate constant has the dimension of s-1M-1. The
analytical solutions for the differential equations above are as
follows:

Figure 5. Fifty typical ps-TR3 spectra of NiOEP in pyridine used for
SVD analysis. Pump wavelength, 550 nm; probe wavelength, 415 nm.

Figure 6. Results of SVD analysis: (a) 10 largest singular valueswq;
(b) uq(t) vectors (temporal components) for the 10 largestwq values;
(c) vq(ν) vectors (spectral components) for the 10 largestwq values.
The uq(t) and vq(ν) are arranged from the bottom in the order of
magnitude of the correspondingwq. The scales of the ordinate are in
common for the 10 curves, but the origin is vertically shifted for
improved visualization.

d[A]/dt ) -k1[A] (3A)

d[B]/dt ) k1[A] - (k2 + k3)[B] (3B)

d[C]/dt ) k2[B] (3C)

d[D]/dt ) k3[B] (3D)

[A] ) [A] 0e
-k1t (4A)

[B] )
k1[A] 0

(k2 + k3) - k1

(e-k1t - e-(k2+k3)t) (4B)

[C] )
k1k2[A] 0

(k2 + k3) - k1
{1

k1
(1 - e-k1t) -

1
k2 + k3

(1 - e-(k2+k3)t)} (4C)

[D] )
k1k3[A] 0

(k2 + k3) - k1
{1

k1
(1 - e-k1t) -

1
k2 + k3

(1 - e-(k2+k3)t)} (4D)
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Here, [A]0 represents the initial concentration of A ()photo-
excited fraction) and∑Fp ) 1 is kept forp ) 1-4 (Fp is [X]/[A] 0

and X is A-D). The fifth component arises from the intensity
changes of strong solvent bands around 1000 cm-1, and its
model function reflects the transient absorption changes of the
sample solution at wavelengths corresponding to∼1000 cm-1

of Raman shift.
The model functions for populational changes of the five

species are displayed in Figure 7, where the populations of the
B1g* (a), B1g (b), B1g(L)2 (c), and A1g species (d) are plotted
against delay time. The model function of self-absorption
effects is also delineated by Figure 7e. With these functions,
we obtainedrpq which can reproduce the fiveuq(t) curves shown
in Figure 6b. After some adjustments of parameters by trial
and error for satisfactory reproduction ofuq(t), the first-order
or pseudo-first-order rate constants were finally determined to
bek1 ) 1.0× 1011 s-1, k2 ) 5.2× 108 s-1, andk3 ) 1.5× 109

s-1. These values, corresponding to the time constants of 10,
1900, and 670 ps, respectively, were used in the construction
of the model functions shown in Figure 6.

The practical spectra of the five assumed species were
calculated by usingwq, rpq, andvq(ν). The results are depicted
in Figure 8, where peaks marked by an asterisk denote the
solvent bands. First, spectrum d is assigned to the A1g species,
because the peak frequencies and spectral pattern are very close
to the probe-only spectrum shown in Figure 2. Spectrum c is
assigned to the B1g(L)2 species from its similarity to the spectrum

at 1000 ps delay. Spectrum b is assigned to the B1g species,
since its spectrum is close to the transient spectra of NiOEP in
toluene solution observed around 20-50 ps of delay time.
Spectrum a is presumably assignable to the B1g* species,
because the frequencies of all bands are slightly lower than the
corresponding bands of spectrum b, (to be discussed later).
Spectrum e reflects the effective spectrum of solvent molecules
influenced by the temporal changes of absorption intensity of
the solution around the probed wavelength region. Thus, the
observed ps-TR3 spectra could be interpreted successfully with
Scheme 1. This means that the five-coordinate species, if
present, is not populated enough to be detected by the present
Raman experiments.

The lack of evidence for the existence of the five-coordinate
species implies that it may be too unstable to exist under these
conditions. To confirm this property, the steady-state absorption
spectra of NiOEP in the ground electronic state were examined.
It is known that NiOEP in the ground state forms mainly a six-
coordinate complex in piperidine and a four-coordinate complex
in toluene. Spectral changes upon mixing of these two
equiconcentration solutions are shown in Figure 9. It is apparent
that visible absorption spectra change with isosbestic points.
The putative five-coordinate species would be expected to
exhibit an absorption spectrum distinctly different from the
spectra of the four- and six-coordinate species. If such a five-
coordinate species existed, there should be no isosbestic points
in the series of spectra. The results shown in Figure 9 mean
that only two components, the four- and six-coordinate com-
plexes, are in equilibrium within the toluene-piperidine mixed
solutions. Therefore, there is no five-coordinate species in a
stationary state of the ground-state NiOEP, and it is probable
that the same character might be retained by the photoexcited
species.

Discussion
Species Present in the Initial Stage of Photoexcitation.

One may argue that the initial stage of photoexcitation of NiOEP

SCHEME 1: Scheme for Construction of Model
Functions on SVD Analysis

Figure 7. Model functions of temporal profiles of the five species.
a-d reflect the relative population of A through D, respectively,
calculated on the basis of Scheme 1.∑Fp(t) ) 1 is satisfied for anyt.
The ordinate scale of function e is arbitrary, while this reflects the
change of self-absorption effects of NiOEP.

Figure 8. Reconstructed spectra of the five plausible species obtained
with the spectral components of SVD analysis and model functions
shown in Figure 6: (a) the B1g* species; (b) the B1g species; (c) the
B1g(L)2 species; (d) the A1g species; (e) self-absorption effect.
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involves conformational relaxation of the porphyrin macrocycle
in addition to vibrational relaxation. In fact, for NiOEP in
toluene, twoν10 bands were observed at 1616 and 1625 cm-1

in the delay time region between 3 and 10 ps, but the former
and latter became weaker and stronger, respectively, with
increasing delay time.13 This was attributed to a conformational
change of the macrocycle. At the initial stage of photoexcita-
tion, the planar and ruffled forms of the porphyrin coexist in
the ground state, but in the (d,d) excited state with an electron
in the dx2-y2 orbital, the planar form is more stabilized due to
better matching of the ionic radius to the core size of the
macrocycle.11

If a similar phenomenon took place for NiOEP in pyridine,
spectrum a in Figure 8 might be assigned to the conformationally
unrelaxed B1g species rather than to the vibrationally excited
B1g species. The presence of such a nonplanar form may not
be ruled out, but the assignment of spectrum a to the nonplanar
species is less likely for the following reasons: First, the splitting
of theν10 is not observed in the initial stage of ps-TR3 spectra
shown in Figure 4. Second, it is known that even a small
deviation of the macrocycle from planarity causes a considerable
downshift of theν10 frequency.34 Theν10 frequency in spectrum
a is not downshifted. Its frequency is 1626 cm-1, the same
frequency observed in spectrum b, (although a trough is seen
around 1600 cm-1 owing to the presence of a strong solvent
band). Third, theν4 frequency in spectrum a is definitely shifted
from that of spectrum b, while theν4 frequency is insensitive
to nonplanarity.19a

On the other hand, all bands are slightly shifted to lower
frequencies in spectrum a compared with those in spectrum b,
while their spectral patterns are alike. This phenomenon is
observed for vibrationally excited species when vibrational
anharmonicity is present. Furthermore, the decay constant of
the B1g* species is close to the decay constant of the anti-Stokes
Raman bands shown in Figure 4. One may expect that
vibrationally excited species should give rise to asymmetric band
shape broader on the low-frequency side. This would be true
for molecules in a thermal equilibrium, but note that spectrum
a is obtained from SVD analysis for a pure vibrationally excited
species (V g 1).

Kinetics in Photoexcited States. Application of SVD
analysis to a series of ps-TR3 spectra has enabled us to determine
the number of species involved and also the rate constants of
the reactions shown in Scheme 1. Kim et al.4 previously studied
the transient absorption spectra and determined the time constant
for the decay of the B1g species to be 450 ps. This value
involves the reactions for two pathways: B1g f A1g and B1g

f B1g(L)2 with rate constants of 670 and 1900 ps, respectively.

The two kinds of measurements are in qualitative agreement
that the overall decay of the B1g species appears slightly faster
than the rate of a single reaction of B1g f A1g. In the transient
absorption study, however, the absorption band is very broad
and bands of several species are overlapped in many cases. Each
species is more easily identified in the TR3 spectra than in the
absorption spectra. TR3 spectroscopy is thus better suited for
studies of reaction dynamics of metal porphyrin systems.

The time constant for the coordination of pyridine to NiOEP
(1900 ps) is longer than those for other bimolecular reactions
by 1 or 2 orders of magnitudes. For example, the time constants
for geminate recombination of NO and O2 to Fe of myoglobins
are on the order of several picoseconds.35,36 In the photodis-
sociation of M(CO)6 (M ) Cr, Mo, or W), subsequent binding
of a solvent molecule (alcohol) to a photodissociated fragment,
M(CO)5, is noted to take place within several picoseconds.37,38

It has been reported from transient IR studies of reactions
between photofragments and solvents39,40that the time constants
for the formation of HCN and ClCN upon photolysis of ICN in
chloroform are 194 and 140 ps, respectively.39 These results
suggest that bimolecular reactions can occur in subnanosecond
time regime when reacting molecules are present in close
proximity.

Coordination of a single solvent molecule to NiOEP may take
place within this time frame. The acceptance angle for
coordination of pyridine to the Ni(II) ion of NiOEP is limited.
In solution, however, the rotational diffusion for pyridine is fast,
as the reorientational relaxation time of pyridine is reported to
be approximately 5 ps.41 The coordination of a single solvent
molecule to NiOEP may take place in this time frame, yielding
the five coordinate species, B1g(L). Because the B1g(L) species
was not identified in the course of conversion to the B1g(L)2

species, there are two possibilities about the kinetics of the
formation of the B1g(L)2 species via the B1g(L) species: (1)
coordination of a single pyridine molecule induces higher
affinity of the Ni(II) ion for the second pyridine ligand (i.e.
B1g(L) formation is rate-limiting), and (2) most of the B1g(L)
species immediately decomposes into the B1g NiOEP and L,
leaving only a small fraction of the B1g(L) species to form the
B1g(L)2 species with another pyridine molecule locating in the
proximity with proper orientation (i.e. B1g(L)2 formation is rate-
limiting). The rotational motion of pyridine molecules on the
time scale of 10 ps suggests that the latter case is more probable.
The B1g(L)2 formation limiting process might be explained by
the concerted collision of two pyridine molecules with NiOEP,
and its probability would be ca. 103 times less likely than the
coordination of a single pyridine molecule to NiOEP. Therefore,
the formation of the six-coordinate complex from the five-
coordinate species is the rate-determining step, and the observed
value reflects this process.

The question arises as to why the five-coordinate complex is
unstable compared with the six- and four-coordinate complexes.
A qualitative view from a simple MO description suggests a
following scheme: When the dz2 orbital of Ni(II) containing
one electron overlaps with the lone pair orbital of one pyridine,
the mixing results in bonding and antibonding orbitals. The
bonding orbital is doubly occupied, and the antibonding is singly
occupied. On the other hand, when two pyridines interact with
the dz2 orbital, one more bonding orbital doubly occupied would
be formed, while the antibonding orbital is singly occupied. The
amount of stabilization contributed by the additional MO for
the six-coordinate complex depends on the energy level of the
lone pair orbital of pyridine relative to the dz2 orbital of Ni(II).
Whatever the case, coordination of two pyridine ligands is more

Figure 9. Steady-state absorption spectra of NiOEP in mixed solvents
of toluene and piperidine.
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energetically favorable than ligation of a single pyridine. This
assumes that the porphyrin conformations of the six- and five-
coordinate complexes are alike. Actually, however, the six-
coordinate complex is planar, but the five-coordinate complex
is expected to be domed, and accordingly energy levels of MO’s
other than the metal dz2 would also be different between the
two structures. Explanations for the instability of the five-
coordinate complex should take such conformational changes
into account.

In conclusion, the ps-TR3 experiments on NiOEP in pyridine
demonstrate the coordination of pyridine in the metal (d,d)
excited state. SVD analysis of the ps-TR3 data indicates the
presence of four different NiOEP species, as shown in reaction
Scheme 1, and has also allowed us to determine the rate
constants for individual processes. This indicates the concerted
coordination of two pyridine molecules to the axial positions
of the (d,d)-excited NiOEP.
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