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Photoinduced Solvent Ligation to Nickel(ll) Octaethylporphyrin Probed by Picosecond
Time-Resolved Resonance Raman Spectroscopy
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Pump/probe picosecond time-resolved resonance Raman spectra of nickel(ll) octaethylporphyrin (NiOEP) in
pyridine were observed in the time rangeé to +1000 ps. The spectra demonstrate generation of the
vibrationally and electronically excited (d,d) state;{Bmmediately after the excitation to ther* state of

the macrocycle, subsequent vibrational relaxation, and the formation of six-coordinate excigley @ =
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 B((L), and suggest concerted coordination of two solvent molecules to axial positions of the
(d,d) excited NIOEP. The formation process of thg(B), species is discussed.

Introduction the five- and six-coordinate species remain to be clarified by a

Nickel(ll) octaethylporphyrin (NIOEP) has been extensively more direct method such as vibrational spectroscopy.

studied to elucidate basic physicochemical properties of met- 1 hree molecular structures with various degrees of planarity
alloporphyrins. The electronic configuration of the Ni(ll) atom nave been identified by X-rag/l(;rystallograpmc analyses for two
in the ground state of NIOEP is P(0h)2(d)2(d2)? with A, crystalline forms of NIOEP>% For the planar form of the
symmetry but the lowest excited state of the metal QX?B ground-state NiOEP in noncoordinating solvents, static RR and
obtained by promotion of an electron from the filled th an infrared (IR) spectra hav_e beer_1 thoroughly ana_lyzed on the basis
empty dz—2 orbital, lies considerably below the lowest excited ©f the observations of isotopic frequency shifts and normal-
7 state (E) of the macrocyclé. This metal By state plays coordinate calculations:'® Effects of nonplanar distortions of

a key role in the photophysical behaviors of NIOEP. The the macrocycl€2’and changes of the metal spin stateave
excited-state dynamics of NIOEP have been investigated by /S0 been discussed from static RR spectra. Accordingly, in
picosecond and femtosecond transient absorption spectrésgopy IS Study, we have investigated the transient RR spectra of

and resonance Raman (RR) and resonance coherent anti-Stokd§iOEP in pyridine Wit.h ps-TR_spectroscopy with the I!th
Raman scattering, both in the time-resovédand saturation ~ Sources reported previousfy. Singular value decomposition

regimes'®12 Vibrational relaxation of NiOEP in the (d,d) _(SVD) aqalysig has begn used to ide_ntify a number of spectral
excited state in noncoordinating solvents has also been eprredntermed_|a£?§6|nvplveg7|n photochemical processes of bacterio-
with picosecond time-resolved RR (ps-JRspectroscopy rhodopsir? retinals?” and other molecule§. The series
Theoretical calculations have shown that the lowest excited ©f PS"TF spectra observed were analyzed with the SVD method
(d,d) state of the metal (8 of NIOEP in noncoordinating both in time and frequency domains. The photodynamical

solvents lies at only 3000 cm above the Aq state! Photo- processes of NIOEP in pyridine will be discussed.
excitation of NiOEP to the [state of porphyrin in toluene and

tetrahydrofuran (THF) results in ultrafast radiationless relaxation Experimental and Analysis

to the (d,d) excited state within 350%&om 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 §L) (L = pyridine);! while its ground
electronic state prefers the same four-coordinate structure
observed for the complex in a noncoordinating solvent such asy o system shown in Figure 1a, the second harmonic was

toluene. Recent femtosecond transient absorption eXperimeiseparated from the fundamental by a dichroic mirror (DM). The

suggest that photoassociation/dissociation of solvent moleculesSecond harmonic was used as a probe bulse for pump/probe
to/from NIOEP takes place in various organic solvé&htsut b b PUmpIp

that such coordination changes and the possible coexistence o ime-resolved resonance Raman measurements, and the funda-
9 P ental was focused into heavy water in a 10 cm long cylindrical

cell to generate white light continuum (WLG). Optical para-
* To whom correspondence should be addressed. . e . - .
* The Graduate University for Advanced Studies. metric amplification (OPA) was performed by mixing the white
* Institute for Molecular Science. light continuum with a part of the second harmomica 7 mm

Setup for ps-TR® Measurements. The block diagram of
apparatus for ps-TRmeasurements is illustrated in Figure 1.
' The second harmonic (382115 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 byfabarium borate crystal (BBOL1).
The temporal width of a pulse was ca. 2.5 ps at this stage. In
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Figure 1. Schematic diagram of the ps-TRneasurement 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,°1i80ding prism;

RC, 1 m long Raman shifting cell filled by high-pressurgdés; PB,
Pellin-Broca prism; ND, variable neutral density filter; S, sample; TP,
triple polychromator; D; photodiode array detector.

thick BBO crystal (BBO2). Details of the WLG/OPA system

Uesugi et al.

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 x 25um/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 inmax n matrix, A, in whichm
and n correspond to the numbers of delay time points and
wavenumber points, respectively. In this studys 99 andn
is 900. MatrixA is converted to an x n diagonal matrix\WV,
by means of aim x n orthogonal matrix,U, and ann x n
orthogonal matrixV, through the following equation.

A = UWV 1)

The diagonal elements && are called singular values @

and are arranged in the order of magnitudéandV 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, gitfecolumn vector ot

is represented byq(t), which has a dimensiom and represents

a temporal behavior of thgth mathematical species, and the
gth row vector ofV is represented byq(v), which has a
dimensiom and represents its spectral behavior. Note that the
mathematical species are not equal to actual spediksV,

and the nature of the generated light pulses were describedandW were numerically determined for a given datafaf

previously?2

Model functions on temporal profiles of the population of a

In the other system shown in Figure 1b, the second harmonic given species must be assumed to obtain practical meaning from

was split into two parts by a 10% reflective beam splitter (BS).

this analysis. When there akdarge values inV, the number

The reflected second harmonic (10%) was used as a probe puls@®f spectral species presenkis Accordingly, a temporal profile

of Raman scattering with the remaining portion (90%) used to
excite stimulated Raman scattering of high-pressure (50 Ky/cm
H, gas containechia 1 mlong cell. The first Stokes component

of population is assumed for each of tlkespecies. If a
population ofpth species at delay timeis pp(t), the sum of
pp(t) aboutp should be unity for any and there would bé

of the stimulated Raman scattering was used as a pump pulsesets ofpy(t), that is,p = 1—k. The SVD analysis identifies an

to initiate the photoreaction of NIOEP. The energy of the pump
and probe pulses were adjusted te-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 £010 x 50 mn? quartz
cell. The timing of the illumination by the pump and probe

appropriate set of coefficientyq (p = 1—Kk) which satisfy a
given ug(t).

S P = Ul )
p

When there is no satisfactory set ofg pp(t) should be

pulses was adjusted by the adjustable optical delay stagereconstituted. When a set g is obtained for thejth vector,

consisting of two mirrors, operated by stepping motors. The

the same procedure is applied to the nexwalue. This

point of 0 ps delay between the pump and probe pulses wasprocedure is used to determine iglj values for thek sets § =

determined by the rise of transient absorption due to the
formation of the $ state of rhodamine 6G. The instrument

response function of this system was also determined with the

rise of transient absorption of thg Shodamine 6G.
The solution in the sample cell was continuously stirred by

1-K). The spectrum of thpth species is given by of pqWqVe-
(v), in which wy is the gth diagonal element oV.

Results
Figure 2 shows the ps-PRspectra of NiIOEP in pyridine in

a magnetic stirrer during the measurement to protect the samplethe time range-5 to 1000 ps, which were obtained by pumping
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Figure 3. Comparison of the ps-TRspectrum of NiOEP in pyridine
500 |——t"T N— at 1 ns delay (a) with the probe-only spectrum of NIOEP in piperidine
A \ (b). The spectra of solvent and the four-coordinate ground-state NiIOEP
700 = have been subtracted. The probe wavelength is 425 nm.
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Figure 2. ps-TR spectra of NiOEP in pyridine pumped at 516 nm - -
and probed at 425 nm. The delay times are specified at the left side of pyridine g’lg(l_) 1627 1155557 1491 1%%%2 11113355 626;7 trt]?slswvg?&k
each spectrum. The Raman spectra of solvent and four-coordinate Alg 2 1657 1603 1521 1383 1137 668 this work
ground-state NiOEP have been subtracted. The spectrum at the toppiperidine ég(L) 1586 1370 1135 667 this work
depicts the probe-only spectrum of the ground-state NiOEP (solvent 15 B o=z 1622 1584 1490 1372 9
bands have been Subtracted). ]iz 1652 1601 1519 1382 9
toluene By 1629 1587 1494 1374 13
at 516 nm and probing at 425 nm. The static RR spectrum of Ay 1657 1603 1520 1383 13
ground-state NiOEP (probe-only spectrum) is depicted at the
top. The contributions from pyridine and ground-state NIOEP vy \z
have been subtracted already from the observed SpRctra. -5 ps S
In the 10 ps delay spectrum, bands are seen at 163)7 {587 2

(v2), 1491 {3), 1372 {4), 1135 §5), and 667 ¢7) cm 1. These 0 M
band positions are the same as those observed for the (d,d)- 1 M
excited NiOEP in noncoordinating solvents such as toluene and 2 M
THF 213 (Note: v7 is not included in Figure 2). Therefore, it 3 M
is evident that the metal (d,d)-excited state of NiOER)(Bs 4 M
formed within a few picoseconds. The initial asymmetric band 5 /‘//\’/M/J\v\
shapes are gradually altered to more symmetric, and peak height 7 M“
becomes larger unti+50 ps. 10 M
A new set of Raman bands start to grow at 1588, (1370 15 M
(v4), 1260 (CH twist), 1213 ¢13), and 1135%s) cm* after ca. 20
100 ps of delay time and become noticeably intense around 1000 30 M
ps. Although these band center frequencies between 100 and 40 M
1000 ps are close to the frequencies observed at 10 ps, they are M

distinctly different. In addition, bands also appear at 1646) 600 o0 800

and 1484 ¢3) cmtin this time frame. Therefore, it is apparent Raman Shift / cm™
that population of a new species is increasing in the time raNG€ cigure 4. Anti-Stokes ps-TRspectra of NiOEP in pyridine between
from_100 to 1000 ps. The frequencies Qf the RR bands of this —g and+50 ps of dela[; time.pSoIvent- and probe%nly spectra have
species are closer to those of the,Bpecies rather than those  peen subtracted.
of the Ayg species in the spectrum shown at the top of Figure
2. The stretching frequencies of the porphyrin macrocycle species generated at 1000 ps delay in pyridine is probably a
above 1450 cm! mainly depend on the core si#&.Since the six-coordinate species with two axially coordinated nitrogen
electronic configuration of the metal is responsible for the core ligands. The observed frequencies of the three species of
size, it is possible that the new set of bands arise from the metalNiOEP are summarized in Table 1.
excited B species with different coordination numbers. Figure 4 shows the anti-Stokes ps-ST$pectra of NIOEP in

It is known that NIOEP adopts the six-coordinate structure, pyridine in the delay time region betweerb and+50 ps. The
Big(L)2 (L = piperidine), in piperidine with the absorption v; andv, bands are clearly seen in the spectrum of 1 ps delay,
maximum at 419 nm due to the strong coordination ability of but their intensities become weaker with increasing delay time.
piperidine. Figure 3 compares the psS$pectrum of NiOEP The Boltzman factors at 300 K for 667 and 1372 ¢,) cm™t
in pyridine at 1000 ps delay with the static ground-state RR are 0.041 and 0.0014, respectively. Theintensity at 50 ps
spectrum of NiOEP in piperidine excited at 425 nm. It is delay may reflect the thermal population at the= 1 level in
evident that the two spectra are quite alike in terms of relative the electronically excited (d,d) state. 1if has a magnitude of
intensities and frequencies of bands. This indicates that the Raman scattering cross-section similar to thatofts expected
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y The five spectral species involved were identified to be (1)
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. _ ) _ ) - a four-coordinate ground-state speciesg{/A(2) a vibrationally
Figure 5. Fifty typical ps-TR spectra of NiOEP in pyridine used for  excited and electronically (d,d) excited four-coordinate species
SVD analysis. Pump wavelength, 550 nm; probe wavelength, 415 nm. (Blg*)x (3) a thermally equilibrated but electronically (d,d)

. . I excited four-coordinate species@B (4) a thermally equilibrated
intensity at the thermal equilibrium would be ca. 1/30th of that ¢ electronically excited six-coggrdinate species,(B)2), and

of v7. The disappearance of thganti-Stokes band would thus 5y s yent molecules affected by transient absorption changes.
k_)e ascribed to V|k_)rat|c_ma| relaxatpn. Th|_s Ind|_cates _that t_he The model functions of the five species were constructed on
time constant_of v_|bra_1t|c_)nal relaxat_lon of NIOEP in pyridine is 4,4 pasis of Scheme 1. The NiIOEP photoexcitedza) in

ca. 10 ps, which is similar to that in toluete. pyridine, denoted as,Eis converted to the B* state within a

q Itis nr(])t known whfether a flye-c;oordlﬂatfe speuesd!s formed g picosecond. Since the formation of the four-coordinage B
uring the process of conversion from the four-coordinate state species occurs within the present time resolution, we start from

at 10 ps delay to the six-coordinate state at 1000 ps delay, ;g species. For simplicity, the 4B, “B 15", “B 14(L)2", and

?Ithoughdno other species seems to appear Iln Figure 2. ,Ela“A 14’ Species are represented as A, B, C, and D, respectively,
ive-coordinate species was present transiently, it is possible it following rate equations:

that its RR bands would be less resonance enhanced because

its absorption maximum is at a wavelength far from the d[A/dt = —k,[A] (3A)
maximum observed for the four- and six-coordinate species.
To circumvent this potential problem, the ps-T$pectra were d[B)/dt = k,[A] — (k, + k3)[B] (3B)
measured with different probe wavelengths including 410, 415,
and 425 nm at 0, 10, and 100 ps of delay time for the same d[CJ/dt = ky[B] (3C)
pump wavelength. Nonetheless, no new bands were identified. d[D]/dt = k,[B] (3D)

Still, a small possibility that Raman bands of the putative five-
coordlnat_e Species are sev_erely overlapped with those of theWhere ko is regarded as a pseudo-first-order rate constant
four- or six-coordinate species cannot be ruled out completely.

; . involving the concentration of coordinating ligands, although
Therefore, the SVD gnalyms was garned out'for ps-@igta to the true rate constant has the dimension ofMsl. The
search for the putative five-coordinate species.

. . . . . . analytical solutions for the differential equations above are as
Since a high-quality SVD analysis requires an increased Y q

number of data points, we measured the* BRectra pumped follows:
at 550 nm and probed at 415 nm for 99 different delay times Al = [A] okt (4A)
(only 50 spectra are shown in Figure 5). The results of SVD 0

analysis for these data are illustrated in Figure 6. The kAl
distribution of 10 large values ofy’'s are plotted in panel a, [B] =————
where open circles denote the plots against the ordinate scale (kT ko) — Ky
expanded by 20 times. Since the values are definitely smaller K,k [A] 1
for wy's below the sixth, we judged that there were five species [C] = 172070 {_(1 — e*klt) —
involved in TR spectra shown in Figure 5. The fiue(t) (k; + k) — k| kg

vectors corresponding to five largg are depicted by the lower 1
five traces in panel b, while upper traces represent the remaining k, + kg
four ug(t)’'s. The zero point for each plot is vertically shifted

to avoid overlapping, but the their ordinate scales are in . kiks[Al 1 e
common. It is noted that one afy(t)'s strongly reflects a [B] = (i, + k) — kl{ k_l(l —e") -
species involving immediate rise and rapid decay (the decay 1
constant is ca. 10 ps), suggesting the presence of a vibrationally

excited species among the five. The lower five traces in panel K+ ks

(e—klt _ e—(k2+k3)t) (4B)

(- e<k2*k3>‘)} (40)

1- e‘k2+k3")} (4D)
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SCHEME 1: Scheme for Construction of Model
Functions on SVD Analysis
(7, *)
Ey (d.d)
Big" \“1‘

B1g

\kz

B1g(b2

hv
k3
A1g

Here, [A] represents the initial concentration of Asghoto-
excited fraction) ang pp, = 1 is kept forp = 1—4 (pp is [X]/[A] o

and X is A-D). The fifth component arises from the intensity
changes of strong solvent bands around 1000'crand its
model function reflects the transient absorption changes of the
sample solution at wavelengths corresponding-1®00 cnr?

of Raman shift.
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The model functions for populational changes of the five
species are displayed in Figure 7, where the populations of the
Big* (a), Big (b), Big(L)2 (c), and Agq species (d) are plotted
against delay time. The model function of self-absorption
effects is also delineated by Figure 7e. With these functions,
we obtained pq which can reproduce the fiug(t) curves shown
in Figure 6b. After some adjustments of parameters by trial Figure 8. Reconstructed spectra of the five plausible species obtained
and error for satisfactory reproduction wf(t), the first-order with the spectral components of SVD analysis and model functions
or pseudo-first-order rate constants were finally determined to Shown in Figure 6: (a) the & species; (b) the B species; (c) the
bek; =1.0x 101s L ky=5.2x 18 sL, andks = 1.5 x 1(° B14(L)2 species; (d) the 4 species; (e) self-absorption effect.

s 1. These values, corresponding to the time constants of 10,at 1000 ps delay. Spectrum b is assigned to thgsPecies,
1900, and 670 ps, respectively, were used in the constructionsince its spectrum is close to the transient spectra of NiOEP in
of the model functions shown in Figure 6. toluene solution observed around-280 ps of delay time.

The practical spectra of the five assumed species were Spectrum a is presumably assignable to thg* Bspecies,
calculated by usingvg, rpg, @andvg(v). The results are depicted  because the frequencies of all bands are slightly lower than the
in Figure 8, where peaks marked by an asterisk denote thecorresponding bands of spectrum b, (to be discussed later).
solvent bands. First, spectrum d is assigned to thespecies, Spectrum e reflects the effective spectrum of solvent molecules
because the peak frequencies and spectral pattern are very clos@fluenced by the temporal changes of absorption intensity of
to the probe-only spectrum shown in Figure 2. Spectrum c is the solution around the probed wavelength region. Thus, the
assigned to the (L) species from its similarity to the spectrum  observed ps-TRspectra 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. Itis 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 toluengiperidine 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.

(e)
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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}y(t) = 1 is satisfied for any.

The ordinate scale of function e is arbitrary, while this reflects the
change of self-absorption effects of NIOEP.

Discussion
Species Present in the Initial Stage of Photoexcitation.
One may argue that the initial stage of photoexcitation of NIOEP
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Figure 9. Steady-state absorption spectra of NIOEP in mixed solvents
of toluene and piperidine.

involves conformational relaxation of the porphyrin macrocycle
in addition to vibrational relaxation. In fact, for NIOEP in
toluene, twovyo bands were observed at 1616 and 1625%tm
in the delay time region between 3 and 10 ps, but the former

and latter became weaker and stronger, respectively, with

increasing delay tim& 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 de—y2 orbital, the planar form is more stabilized due to
better matching of the ionic radius to the core size of the
macrocyclet!

If a similar phenomenon took place for NiOEP in pyridine,

spectrum a in Figure 8 might be assigned to the conformationally - ) . ;
species rather than to the vibrationally excited € five coordinate species; ). Because the B(L) species
{was not identified in the course of conversion to thg(B).

unrelaxed By
B1g species. The presence of such a nonplanar form may no

be ruled out, but the assignment of spectrum a to the nonplanar®

species is less likely for the following reasons: First, the splitting
of the vy is not observed in the initial stage of ps-T&pectra
shown in Figure 4. Second, it is known that even a small

Uesugi et al.

The two kinds of measurements are in qualitative agreement
that the overall decay of theiBspecies appears slightly faster
than the rate of a single reaction ofB~ A14. 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 ¥&ectra than in the
absorption spectra. TRspectroscopy 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 @ Fe of myoglobins
are on the order of several picosecoft¥ In the photodis-
sociation of M(COg (M = Cr, Mo, or W), subsequent binding
of a solvent molecule (alcohol) to a photodissociated fragment,
M(CO)s, is noted to take place within several picosecotids.

It has been reported from transient IR studies of reactions
between photofragments and solvéh8that the time constants

for the formation of HCN and CICN upon photolysis of ICN in
chloroform are 194 and 140 ps, respectivilyThese 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(ll) 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 p&. The coordination of a single solvent
molecule to NiOEP may take place in this time frame, yielding

pecies, there are two possibilities about the kinetics of the
formation of the By(L). species via the B(L) species: (1)
coordination of a single pyridine molecule induces higher
affinity of the Ni(ll) ion for the second pyridine ligand (i.e.

deviation of the macrocycle from planarity causes a considerableBid(L) formation is rate-limiting), and (2) most of the,&L)

downshift of thevyo frequency?* Thewv;ofrequency in spectrum
a is not downshifted. Its frequency is 1626 ¢mthe same

species immediately decomposes into thg BIOEP and L,
leaving only a small fraction of the gL) species to form the

frequency observed in spectrum b, (although a trough is seenBid(L)2 species with another pyridine molecule locating in the

around 1600 cm! owing to the presence of a strong solvent
band). Third, the/, frequency in spectrum a is definitely shifted
from that of spectrum b, while the, frequency is insensitive
to nonplanarity:%2

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

proximity with proper orientation (i.e. §(L)» 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 Byg(L). formation limiting process might be explained by
the concerted collision of two pyridine molecules with NiOEP,
and its probability would be ca. $@imes less likely than the
coordination of a single pyridine molecule to NIOEP. Therefore,
the formation of the six-coordinate complex from the five-

anharmonicity is present. Furthermore, the decay constant ofcoordinate specifes is the rate-determining step, and the observed
the Byg* species is close to the decay constant of the anti-Stokes Value reflects this process.

Raman bands shown in Figure 4. One may expect that

The question arises as to why the five-coordinate complex is

vibrationally excited species should give rise to asymmetric band unstable compared with the six- and four-coordinate complexes.
shape broader on the low-frequency side. This would be true A qualitative view from a simple MO description suggests a

for molecules in a thermal equilibrium, but note that spectrum
a is obtained from SVD analysis for a pure vibrationally excited
species 4 > 1).

Kinetics in Photoexcited States. Application of SVD
analysis to a series of ps-¥Bpectra has enabled us to determine

following scheme: When thedorbital of Ni(ll) 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 number of species involved and also the rate constants ofthe dz orbital, one more bonding orbital doubly occupied would

the reactions shown in Scheme 1. Kim et pteviously studied

be formed, while the antibonding orbital is singly occupied. The

the transient absorption spectra and determined the time constanéamount of stabilization contributed by the additional MO for

for the decay of the B, species to be 450 ps. This value
involves the reactions for two pathways:1gB~ Aig and By
— Big(L)2 with rate constants of 670 and 1900 ps, respectively.

the six-coordinate complex depends on the energy level of the
lone pair orbital of pyridine relative to thezdrbital of Ni(ll).
Whatever the case, coordination of two pyridine ligands is more
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energetically favorable than ligation of a single pyridine. This Society for Optical Engineering: Bellingham, WA, 1994; Vol. 2370, p 196.
assumes that the porphyrin conformations of the six- and five-  (13) Kruglk, S. G.; Mizutani, ¥.; Kitagawa, TChem. Phys. LetL997
coordinate complexes are alike. Actually, however, the six- -

(14) Eom, H. S.; Jeoung, S. C.; Kim, D.; Ha, J.-H.; Kim, Y.RPhys.

coordinate complex is planar, but the five-coordinate complex chem 1997 101A 3661.

is expected to be domed, and accordingly energy levels of MO’s

other than the metal dwould also be different between the
two structures. Explanations for the instability of the five-

(15) Cullen, D. L.; Meyer, E. F., Jd. Am. Chem. Sod974 96, 2095.

(16) Brennan, T. D.; Scheidt, W. R.; Shelnutt, J.JAAm. Chem. Soc.
1988 110, 3919.

(17) (a) Kitagawa, T.; Abe, M.; Ogoshi, H. Chem. Phys1978 69,

coordinate complex should take such conformational changesasi16. (b) Abe, M.; Kitagawa, T.; Kyogoku, YJ. Chem. Phys1978 69,

into account.
In conclusion, the ps-TRexperiments on NiOEP in pyridine

demonstrate the coordination of pyridine in the metal (d,d)

excited state. SVD analysis of the ps-T&ata indicates the

4526.

(18) Li, X.-Y.; Czernuszewicz, R. S.; Kincaid, J. R.; Stein, P.; Spiro,
T. G.J. Phys. Chem199Q 94, 47.

(19) (a) Alden, R. G.; Crawford, B. A.; Doolen, R.; Ondrias, M. R.;
Shelnutt, J. AJ. Am. Chem. S0d989 111, 2070. (b) Jentzen, W.; Unger,

presence of four different NIOEP Speciesl as shown in reaction E.; Karvounis, G.; Shelnutt, J. A.; Dreybrodt, W.; Schweitzer-Stenner, R.

Scheme 1, and has also allowed us to determine the rate™

J. Phys. Chem1996 100, 14184.
(20) Czernuszewicz, R. S.; Li, X.-Y.; Spiro, T. G. Am. Chem. Soc.

constants for individual processes. This indicates the concerted;ogg 111, 7024.

coordination of two pyridine molecules to the axial positions

of the (d,d)-excited NiIOEP.
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