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The excited-state relaxation dynamics and pathways of oxovanadyl(lV) tetraphenylporphy¥i FBY have
been investigated by nanosecond time-resolved and steady-state emission, transient absorption, and tral
resonance Raman spectroscopies. At room temperature, the emission spectrum shows a single broad featt
band centered near 790 nm in noncoordinating solvents such as toluene and benzene and at 814 n
tetrahydrofuran (THF), whereas at 77 K the emission bands in the same solvents exhibit blue-shifts to
and 784 nm, respectively. Furthermore, the emission decay time in benzene increases from 40 to 60 ns
a decrease in temperature from 323 to 268 K. In contrast, the decay time in THF is ca. 10 ns, which
almost independent of temperature. The energy separation between the tripdoubléT état)] and the
tripquartet oneqT (;z,7*)) under the proposed relaxation scheme of photoexciteltf TRP has been estimated

to be ca. 500 crtt in benzene and toluene. The transient absorption spectra at room temperature denot
broad featureless absorption centered at around 480 nm with a ground-state bleaching at 555 nm. All
spectroscopic results including the transient Raman spectra led us to conclude that the electronic natul
the lowest excited state should be the tripquartet staigr(z*)) at ambient temperature. The decay times
for both photoinduced absorption and bleaching are similar and also in good accordance with the emiss
decay times as long as temperature and solvent are the same. The time-resolved emission spectre
wavelength dependent decay kinetics at 77 K reveal that the observed emission spectra apparently orig
from three different emitting species. These observations are discussed in terms of postulating a quenc
state (Q), which is thermally accessible from the tripdoublet stater(z*)) of OV'VTPP at room temperature.

Introduction have not been studied in great detail even though the previous

The photophysical properties of metalloporphyrins have been systematic resonance Raman studies have been done to elucidal

v 2 i I
extensively investigated because these molecules have signifi-€ nature of the OV bond? The unpaired electron in the
cance in biological functions such as oxidatieeduction dyy orbital for oxovanadyl porphyrins results in a splitting of

processes. Especially, oxometalloporphyrins have attractedthe porphyrin ring triplet state arising from a strong interaction
much attention as a model system for active sites of heme between ther electronic system of the porphyrin ring and the
proteins such as peroxidase and cytochréngs,! which are unpaired electron in the metalydorbital. The resultant
known to be porphyrin cation radicals containing ferryl bonds, tripmultiplet GT/*T(sz,7*)) states probably play significant roles
FeY—0. Thus, oxovanadyl(lV) porphyrins, which also contain in the relaxation dynamics of photoexcited oxovanadyl(IV)
a stable W—0 bond, may provide a convenient model system porphyrins, since the spin states of the lowest excited and ground
for further understanding of the electronic nature of reactive porphyrin ring states are doublég{ vs2S,). Furthermore, the

ferryl porphyrins? unpaired electron can also invoke several charge-transfer
Oxovanadyl(IV) porphyrins are paramagneticcdmplexe$ transitions such as ring-to-metat(fing) — d(metal)), metal-

and consequently can be expected to exhibit peculiar photo-to-ring (d(metal) — z(ring)), metal-to-metal (d(metal)~

physical behaviors similar to those dfebpper(ll) porphyrins. d(metal)), and their mixture®.The previous studies on copper-

However, the photophysical properties of oxovanadyl porphyrins (I1) porphyring proposed that the charge transfer and/or (d,d)
states act as a quenching state in the deactivation process o
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T E-mail address: dongho@krissol kriss.re.kr. p otoex_cne copper(ll) porp y_”ns' OYVeV?r' the eta'_e
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It has been previously reportetthat no fluorescence is
detected for oxovanadyl(IV) porphyrins, but phosphorescence
is observed from the#T/*T(z,7*) electronic manifolds at low
temperatures. Particularly, the luminescence from oxovanadyl-
(IV) etioporphyrin (OVVEtio), S-substituted porphyrin, was
reported to exhibit a main peak at 709 nm with weaker bands
at 712, 725, and 755 nm. Their relative intensities vary with
temperature. Gouterman et¥#lassigned the main peak as the
luminescence from th&l (z,7*) state and the weaker ones as a
superposition of the luminescence from gz, 7*) state and
its vibronic bands. The low-temperature luminescence of
OVVTPP consists of one broad peak centered at 758 nm, which
is attributed to the tripquartetT{(,7*)) state, and its spectral
feature as well as emission quantum yield is independent of
temperature in the range #80 K> However, the lifetime
measurements exhibit a peculiar dependence on temperature and L
probe wavelength. Nevertheless, these complex behaviors of
photoexcited oxovanadyl porphyrins have not been fully un-
derstood in the previous theoretical and experimental studies.
To have a deeper understanding of the coupling of unpaired
metal electrons with the porphyrin ringelectronic system, it
is necessary to investigate the photophysics of oxovanadyl
porphyrins not only in solid form at low temperatures but also
in solution at relatively high temperatures. During the prepara-
tion of this paper, the room-temperature emission and absorption
studies were reported However, the interpretation of this work
is contradictory to the results of our current investigation. In _ . | .
the present work, the steady-state a_nd time-re_solved Iumines-agﬂfb;hzggugﬂdsﬁecSfﬁ_r'FU \(/13?130\;/[’\:)'0;sfﬁgtﬁﬁcgrgxza'%ple
cence spectra have been recorded in both solid form at 77 Kgmperatures.
and solution at various temperatures in the range-Z33 K.

Furthermore, the transient absorption and time-resolved reso-yhich the output was monitored by using a 500 MHz digital
nance Raman spectra for OWPP were measured in solution oscilloscope and then transferred to a microcomputer for further
to correlate with the luminescence spectral data. data processing. We have checked the validity of our experi-
mental setup by measuring the emission temporal profile;ef H
TPP of which the time constant is well established to be in the
range 16-12 ns® The obtained temporal profiles were ma-
nipulated with a global deconvolution method with an instrument
response function (IRF) of the laser pulse.

The transient Raman spectra were obtained by using the 532
and 457 nm pulses with a pulse width of ca. 8 ns. The probe
pulse at 457 nm was generated by the Raman shifting of
the second harmonic from a Q-switched Nd:YAG laser. The
Raman spectra were collected with a HR 640 spectrograph
(Jobin-Yvon), a gated intensified photodiode array detector
(Princeton Instruments IRY700), and a pulse generator (Prin-
ceton Instruments FG108).
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Experimental Section

Chemicals. OVVTPP was purchased from Porphyrin Prod-
ucts, Inc. (Utha). The emission spectra of the raw samples
consist of a strong emission band originating from free-base
tetraphenylporphyrin (\TPP) at 650 and 720 nm and a much
weaker luminescence around 790 nm at room temperature. To
remove the fluorescing impurities, especiallyTH#P, the raw
OVVTPP was rigorously purified by extensive column chro-
matography on silica gel by using n-hexane/ethyl ether (7:3 v/v)
mixture as an eluent. This type of procedure was found to be
efficient for removing the emissive impurities. Purification two
times by column chromatography was enough to reduce the
emission from HTPP to negligible levels compared with the

emission of OWTPP. All the solutions studied in this work Results

were prepared after freezpump—thaw cycles, keeping the
porphyrin concentration lower than 1OM to prevent dimer-
ization or aggregatioh. The temperature was controlled within

Absorption Spectra. Figure 1 shows the absorption spectra
of OVVTPP in the Soret band region at room temperature and
77 K. Since OWTPP is insoluble in pure methylcyclohexane

+0.5 Kin a brass block. The emission spectra and their kinetics (MCH), we used a mixture of MCH/other solvents (10:1 v/v)
at 77 K were obtained from a homemade liquid nitrogen Dewar. in order to obtain a transparent glassy medium at 77 K. At
Spectroscopic Measurements.The absorption and steady- room temperature, the Soret band in MCH/benzene or MCH/
state emission spectra were recorded on a-i¢ spectropho- toluene is almost identical with that in MCH/THF centered near
tometer (Cary 3E) and a SLM-AMICO 4800 spectrofluorometer, 427 nm. At 77 K, however, the Soret band in MCH/THF is
respectively. Time-resolved emission and transient absorptionlargely red-shifted to 441 nm while the Soret band in MCH/
spectra were recorded by using a conventional flash photolysisbenzene or MCH/toluene is slightly shifted to 433 nm. It has
setup based on a Q-switched Nd:YAG laser, a CW Xe arc lamp been reported that the Soret band of copper(ll) tetraphenylpor-
as a probe light source and a boxcar averager. The excitationphyrin (CU'TPP) in MCH exhibits a slight red-shift from 412
source at 435 nm was obtained with a Raman shifter filled with nm at 295 K to 417 nm at 77 K& Meanwhile, the strong basic
H, by using the second harmonic (532 nm) of Nd:YAG laser. solvents such as pyridine and piperidine are known to be ligated
The temporal behaviors of the absorption and emission signalsto the central metal ion at room temperature, and consequently,
were detected with a Hamamatsu R958 photomultiplier tube of the Soret band of OVTPP has been reported to be largely red-



Oxovanadyl(lV) Tetraphenylporphyrin J. Phys. Chem. A, Vol. 102, No. 2, 199817

(a) at room temperature

12000

10000

Emission decay curvs in benzens at 203 K.
The sald curve i

10000 [

g

o

e
1

2000 |-

Absorbance

8000 -

8000 |-

6000 |-

2000 -

b0 200 300 400 500
Time (ns)

4000 |-

Emission Intensity (a.u.)

o
o
1

©)at77 K

2000

N
o
1
745
784

Emission Intensity (a.u.)

o' 100 200 300 400 500

. T . — Time (ns)
700 750 800 850

°
o
1

Figure 3. Temporal decay profiles of the emission intensity for
Wavelength (nm) OVVTPP in benzene at temperatures between 268 and 323 K. Inset

Figure 2. NIR absorption at room temperature (a) and luminescence displays the typical fitting result with the instrument response function.

(b and c) spectra of OVTPP in MCH/benzene (dotted lines) and in ) o o ) )
MCH/THF (10:1 v/v) (solid lines) at room temperature (b) and 77 K Spectral feature with a variation in the excitation energies either

(c). at the Soret or at the Q-band as long as the solvent is the same

The luminescence excitation spectra in the two different solvents
shifted to 440 nnf2 These observations imply that OA\TPP are the same, indicating that the different luminescence spectra
strongly interacts with THF at 77 K compared with other originate from the same molecular species under investigation
noncoordinating solvents such as benzene or toluene. (not shown).

We have tried to find evidence of an absorption band, if any,  Figure 2c shows the CW emission spectra of '\OWPP in
other than normal Q-bands especially in the region of-600 the two different solvents at 77 K. Although the emission
800 nm at 77 K attributable to théSy(m,w*) —2T(m,m*) spectrum in MCH/benzene exhibits a maximum around 745 nm,
transition® since the2S—2T transition is a spin-allowed  which is slightly blue-shifted from the reported value of 758
transition and thus the extinction coefficient is expected to be nm in a PMMA matrix? the emission maximum in MCH/THF
relatively high compared with other spin-forbidden transitions is observed at 784 nm. The solvent-dependent shifts in the
such agS—*T transition. However, we have failed to find any emission bands are in good accordance with the shifts in the
evidence of its presence at porphyrin concentrations less thanabsorption spectra (see Figure 1). These observations led us
10* M. This is probably due to a very small extinction to suggest that the THF solvent ligates to 'OWPP at low
coefficient of the?’S—2T transition. Harima et d#lhave recently temperatures and then alters the energy levels of the emitting
reported the ST absorption for 6.7x 10~ M solution in states. Nevertheless, the observed large Stokes shifts in variou:
CHCI; at room temperature, of which the peak and molar solvents indicate that the emitting state cannot be simply
extinction coefficient were estimated to be at 733 nm and 5 assigned to the lowest excited singlet sta®& ({r,7*)).

M~1 cm™1, respectively. The similar near-infrared (NIR) Kinetics of OVVTPP and Their Temperature Depend-
absorption band was already reported in copper(ll) porphyrins ences. At temperatures between 268 and 323 K in benzene,
and was assigned to be the spin-allovgg2T(r,7*) transi- toluene, and THF, no apparent change was observed in the

tion. We also observed a similar absorption band in highly emission spectral feature of QM PP except the emission
concentrated porphyrin solutions in noncoordinating solvents intensity® However, its decay kinetics in benzene and toluene
such as benzene and toluene as well as THF (see Figure 2). strongly depends on temperature (Figure 3). All the temporal
Temperature Dependence of Steady-State Emission Spec- profiles were found to be well fitted to a single-exponential
tra. The emission spectra of OXTPP in benzene and THF at  decay. On the other hand, in THF the decay time of ca. 10 ns
room temperature are displayed in Figure 2b. Since the is almost independent of temperature. The temperature de-
emission intensity in THF at room temperature is too weak to pendent decay times in benzene and toluene are listed in Table
be detected with a CW light source, we employed the second 1 along with that in THF. Assuming that the inherent radiative
harmonic of pulsed Nd:YAG laser as an excitation source. The lifetime of the emitting state is quite long compared with
emission bands for OVTPP at room temperature are centered nonradiative relaxation processes, the Arrhenius plots of the data
at 790 and 814 nm in benzene and THF, respectively. We also(Figure 4) give a good linearity for all the solvents employed
observed that the emission band of OWPP in toluene is in this work. The activation energies are estimated to be 480
similar to that in benzene. There is no change in the overall &= 20 and 520+ 20 cnT!in benzene and toluene, respectively.
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TABLE 1: Luminescence Decay Times of OWTPP in
Three Different Solvents at Various Temperatures .
lifetimes (ns) §
0.1 ; //
temp (K) benzene toluene THF ] i

268 63.5 75.2 10.6 1 % :

273 63.2 69.8 10.5 1 3 )

278 58.4 68.2 10.5 1 X == —=

283 55.7 62.0 10.3 = )

287 53.1 59.4 10.4 8 d

293 50.1 57.1 10.1 >

303 46.8 53.7 10.2 g i

313 44.9 50.3 9.8 o

323 40.5 45.0 10.3 £

s
19.0 8 0.01 .
£
L
18.5 in THF
M'_H + 720nm ©,=6.6 us (40 %) 1,=24.5 us (60 B
1 *740nm ©=8.2 ps (76 %) t,=25.8 us (24 %) s
1 + 760nm ©,=6.6 us (68 %),=21.5s (32%) ° ,
o 780 nm ©,=6.2 us (60 %) t,=20.5 s (40 %)

18.0 o 800NM 1,=5.2 s (57 %) 1,=26.3 ps (43 %)
L 1E3 +—r—+—7———7T—7
c 0 10 20 30 40 50

Time (us)

17.5
Figure 5. Temporal decay profiles of the emission intensity for
OVVTPP at various probe wavelengths following 532 nm excitation
at 77 K. The amplitudes of the fast component at various probe
in benzene wavelengths are displayed in the inset

AE, =480 cm”

17.0 S
TABLE 2: Probe Wavelength Dependence of the Emission
Decay Times of Photoexcited OV TPP in MCH/Toluene
(10:1 viv) at 77 K

in toluene fast component slow component

16.5

AE,=520cm’ probe wavelengths lifetime  amplitude lifetime  amplitude
(nm) (us) (%) (us) (%)
—
00028 00030 00032 00034 00036 00038  0.0040 720 6.6 40 24.5 60
y 740 8.2 76 25.8 24
1T (K) 760 6.6 68 21.5 32
; ; P P— 780 6.2 60 20.5 40
Figure 4. Arrehenius plot of the emission decay kinetics for 800 59 57 %63 43

OVVTPP in pure benzend@®j, toluene ©), and THF @) at temper-
atres betweeen ?68 and 323 K. o ) TABLE 3: Fitting Parameters of the Time-Resolved

It has to be pointed out that the emission decay time constantsEmission Spectra of OWTPP in MCH/Toluene (10:1 v/v) at
are almost independent of the probe wavelengths in the 77 K upon 532 nm Excitation
temperature range 26823 K. In contrast, at 77 K the decay peak 1 peak 2 peak 3
proﬂles are dependent on the probe wavelengths (Figure 5). W|th,[emp time delay position fwhm position fwhm position fwhm
an increase of the probe wavelength from 720 to 760 nm, the (k) At(us) (cm™®) (cm?) (cmY) (cmd) (cmd) (cm )
overall emission decay time gradually decreases. With a further 77 05.15 13556 364 13292 530 12709 931

increase of the probe wavelength up to 800 nm, however, the 77, 54 13591 362 13322 526 12625 1006
decay profiles exhibit a slight increase in the decay times. These 77 20-21 13654 330 13366 471 12720 957
results are partly consistent with the wavelength dependence293 0.3-0.12 12715 947
of the emission lifetimes reported by Gouterman €tal.

All the decay profiles were well reproduced with fast® observed at shorter and longer wavelengths have lifetimes of

us) and slow components (2@0 us). The fitting parameters 24 and 3Qus, respectively. By using three Gaussian line shape
are listed in Table 2 for each probe wavelength. Even though functions and the fitting parameters listed in Table 3, we
it is difficult to gain an insight into the electronic nature of the reconstructed the time-resolved emission spectra (Figure 6) in
emitting state from its decay time only, the variation of the which the emission bands at 77 K exhibit a blue-shift with an
relative amplitudes in the two decay components with a changeincrease of the time delay. From this simulation, the shifts in
in the probe wavelengths (inset in Figure 5) suggests that theemission maxima with an increase of time delay can be
emission spectra of OVTPP at 77 K is the superposition of at  explained by the contribution of the moderately fast decaying
least three different emission bands. Although it is difficult to component centered at 13 300 tincompared with the other
precisely estimate the decay time constant for each emitting emission bands at 13 600 and 12 700-ém

state because of the spectral congestion, the fast component has It is also interesting to note that the peak position and width
a lifetime of 5-6 us, and the other two slow components of the emission band located at 12 700érare almost identical
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12000 13000 140_(1)0 15000 Figure 7. (a) Transient absorption spectrum of ®VPP in benzene
Wavenumber (cm”) following photoexcitation at 435 nm at 278 K. (b) Temporal decay
Figure 6. (a—c) Time-resolved emission spectra of ®VPP in MCH/ profiles of the photoinduced absorption at 480 nm and the ground-

toluene (10:1 v/v) at various time delays following excitation at 532 State bleaching at 548 nm.
nm at 77 K. (d) The emission spectra at room temperature for the same
sample is displayed for comparison. absorption measurements is also in good agreement with the

emission decay time measured in the same solvent at the sam«
with those observed at room temperature as shown in Figure 6.temperature.
These observations led us to conclude that the emitting state at Meanwhile, the transient absorption decay kinetics of
the lowest energy at 77 K is assignable to that at room OVVTPP strongly depend on temperature and solvent. These
temperature under the assumption that the energy of the statelependencies in the excited-state kinetics induced by the
is not altered significantly with a change in the environment variation in temperature and solvent are the same as those frorm
from liquid to solid. Furthermore, the band at 12 700 ¢éris the emission decay kinetics. These observations also led us tc
also tentatively assignable to the lowest excited state formedconclude that the emissive state of ®VPP at room temper-
during the deactivation process of photoexcited\¥P. This ature, which is the lowest excited state, is also responsible for
tentative assignment is also supported by the transient absorptiorphotoinduced absorption.

measurement (see below). If this is the case, the difference in T4 optain Raman spectra of the emissive transient species,
energy between the lowest excited state (12 700%@nd the e probe pulses at 457 nm were employed to be in resonance
higher one at 13 300 cr s surprisingly close to the activation  \yith the photoinduced absorption shown in Figure 7a. Figure
energy estimated in noncoordinating solvents such as benzeng shows the transient Raman spectra of \OWP in THF
and toluene. measured by using 532 nm pump and 457 nm probe pulses with
Nanosecond Transient Absorption and Time-Resolved a time delay of 10 ns. The peak positions of the porphyrin
Resonance Raman Studies.Transient absorption spectra skeletal modes such as, v4, v1 and the phenyl internal mode
measured immediately after photoexcitation of 'OMPP with ¢4 for the ground-state Raman spectra are in good accordance
8 ns, 435 nm flash are shown in Figure 7a. The broad spectralwith the reported valuek. No change was observed in the
feature of the photoinduced absorption band extended to 500Raman spectral feature under the probe-pulse-only configuration
nm accompanied by the bleaching of the Q-band did not changein the interval before and after exposure to the pump pulse at
with either time delay or temperatures between 268 and 323 K. 532 nm (parts a and c¢ of Figure 8). Upon photoexcitation at
Furthermore, no prominent difference in the spectral feature was532 nm, however, the relative intensity of tlkg mode is
observed with changes in the excitation wavelength from 435 remarkably enhanced as shown in Figure 8d. It has been well
to 532 nm. Figure 7b shows the temporal profiles of both the established that this enhancement accompanied by an appearanc
photoinduced absorption signal at 480 nm and the ground-stateof a weak broad band near 1500 this characteristic of the
bleaching signal at 548 nm in benzene at 278 K. ltis interesting triplet state resonance Raman spectra of normal metallo- and/
to see that the two decay profiles exhibit the same decay time or free-base porphyrind. It was also apparent that the almost
within experimental error as long as temperature and solventidentical spectral feature of the transient Raman spectrum was
are the same. The estimated decay time from the transientobserved in benzene and toluene solvents, although it is difficult
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Figure 9. Proposed energy-level diagram for VPP in noncoor-
inating solvents such as benzene and toluene at room temperature
etween 268 and 323 K. The locations of the electronic states in this
figure are estimated from our measurements (see text).
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Figure 8. Time-resolved transient RR spectra of OVPP in THF by d
using 532 nm pump and 457 nm probe pulses measured at 10 ns timeb
delay. The porphyrin concentration and the laser power were kept
constant at less than 10M and 1 mJ/pulse, respectively. The probe-
only spectrum before (a) and after (c) the illumination by the pump
pulse are displayed to check that no photodegradation has occurredtripmultiplet states, the tripquartetT{x,z*)) lies in energy
below the tripdoublet (7, 7*)) by Hund’s rule. Thus, it is
to obtain the spectra with a good signal-to-noise ratio becauserelevant to suppose that the electronic nature of the state
of the spectral complexity from the strong Raman bands of the responsible for the observations in this work at temperatures

solvents. between 268 and 323 K is the tripquartet stalés,7*)). This
_ _ assumption was, in part, supported by an energy difference larger
Discussion than 1500 cm?! between the NIR absorption band, which was

We have observed that the relaxation kinetics of photoexcited &ttributed to théS(zz,7*) —*T(w,7*) transition, and the room-
OVVTPP strongly depend on temperature and solvent from temperature emission maximum. Furthermore, the investiga-
time-resolved emission and photoinduced absorption measurelions of the Iumlnescgnce s.pectral features and thel.r re}axa’uon
ments. To explain our results observed at temperatures betweerdYnamics at 77 K will again support the above criteria (see
268 and 323 K, we propose a state energy diagram as shown irP€/0W)-

Figure 9 with the aid of an energy-level diagram that is generally ~ The relatively weak luminescence of 8WPP compared with
accepted in the photophysics for copper(ll) porphyfit. It other normal metalloporphyrins such as'ZRP o = 0.04

is to be noted that copper(ll) porphyrin is also paramagnetic at 298 K,¢pnos= 0.012 at 77 K)? implies that the tripquartet
and its electronic configuration i€.d So it would be reasonable  state cannot be populated directly from the lowest excited singlet
to suppose that the photophysical properties of photoexcited State £Si(,77*)). It would be more probable that the tripquartet
OVIVTPP show some resemblances to those dfTBP. Like state is thermally equilibrated with the tripdoublet state as
CU'TPP, the odd electron in the central metal of 'WOWPP indicated by the blue-shifted emission at 77 K (Figure 2c). If
results in the splitting of the lowest excited triplet state of the the tripquartet {T(sz,7*)) state is in thermal equilibrium with
porphyrin ring. This interaction results in the tripdoublet the tripdoublet {T(x,7*)) one, the strong temperature depen-
(T (r,7*)) and tripquartet{T (z,7*)) states as depicted in Figure ~ dence of the decay time constant for the tripquartet state can
0. also be understood by the relaxation scheme. Furthermore, the

The transient Raman and absorption spectral features as welextremely weak room-temperature luminescence led us to
as the large Stokes shifts in the emission spectra at temperature§uppose that a nonradiative relaxation process, which is also
between 268 and 323 K reveal that instead of the singdoubletthermally accessible from the equilibrated tripmultiplet states,
state £S(r,7*)), one of the tripmultiplet §T/4T (7r,7*)) states is plays an important role in the overall deactivation process of
responsible for the observed luminescence. Considering the spirPhotoexcited OV TPP (see Figure 9). This proposed relaxation
states of the tripmultiplet states, most of photoexcited route can be explained by a quenching state (Q), which will be
OVVTPP species mainly relaxes to the tripdoubfdi(f,*)). discussed below.

The fact that no fluorescence was detected under any experi- If the above considerations have some validity to describe
mental condition in this work strongly suggests that the fast the relaxation process of photoexcited OWPP, the following
relaxation from2S;(w,7*) to 2T(w,7*) should be a major scenario at temperatures between 268 and 323 K can be
deactivation route for photoexcited ®\PP. Among the proposed as shown in Figure 9. The initially populated
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2S,(m,r*) state decays rapidly to thg (r,7*) and then relaxes

J. Phys. Chem. A, Vol. 102, No. 2, 199821

the lowest excited tripquartet state, then the activation energy

mainly to the ground state nonradiatively via a proposed Q state corresponds to the energy gaf\Hpg) between theT(x, %)

with a minor contribution of the deactivation to the moderately and “T(z,7*) states. Considering both the activation energy
long-lived T (r,7*) state. The resultant kinetic scheme is so and the peak positions of the three emission bands shown in
complex that several assumptions are necessary to derive furtheFigure 6, it is possible to tentatively assign the two emission
information such as temperature dependence. First, the trip-bands centered at 13 300 and 13 600 tas the transitions of

multiplet states {T/*T(w,7*)) are assumed to be rapidly
equilibrated thermally just after photoexcitation to #8g(rr,7*)
state. Second, the relaxation processes fron¥Tlie,7*) to

2T (7r,r*) —2Sg(or,r*) and Q—2Sy(7r,*), respectively, which are
mostly quenched at the higher temperatures.
It is noteworthy that the estimated activation energy values

the ground state through either a proposed Q state or aas well as the energy of the emitting state of ffiér,7*) are
nonradiative transition are fast compared to the intersystem dependent on the solvent nature. Accompanied by the change

crossing to théT(zz,7*) state. Finally, radiative or nonradiative
deactivation to the ground state from th€(w,7*) state is

in solvents from a noncoordinating solvent such as benzene or
toluene to a weakly coordinating one like THF, the energy of

independent of temperature and slow compared with the thermalthe emitting state at ambient temperature decreases from 12 70(

activation to the?T(;,r*), which will eventually relax to the

to 12 000 cm! along with a decrease in the activation energy.

ground state. These assumptions are partly supported by theMeanwhile, the absorption band due ®(sr,7*) —2T1(77, %)

failure to observe any luminescence from either38g,7*)

at room temperature remains almost intact with a change in

or the2T(sr,r*) state at temperatures between 268 and 323 K. solvents from toluene to THF as shown in Figure 2, while the
We obtained a linear Arrhenius plot as shown in Figure 4 at emission band maximum in THF is observed to be at longer
temperatures between 263 and 323 K. The good linearity againwavelength than that in toluene or benzene. These solvent
led us to accept our proposed relaxation scheme of photoexciteddependences could be explained, in part, by the supposition tha
OVVTPP. photoexcited OV TPP has a strong interaction with the oxygen-
Prior to further discussion of the data at 77 K, it is appropriate containing solvent THF to result in the lowering of the energies
to review briefly the previous investigations of this complicated Of the tripmultiplet states and by a proposed quenching state
system. Gouterman et &lalready reported that the spectral (Q) as well as by their differences in energy. Furthermore, the
feature and relative emission quantum yield of the photolumi- '0W-temperature absorption (Figure 1) and emission spectra
nescence of OYTPP in poly(methyl methacrylate) (PMMA) (Figure 2) clearly demonstrate that THF ligates to"ONPP to

matrix do not change at temperatures between 10 and 80 K.'eésult in a six-coordinate vanadyl(IV) porphy#. If this is
Meanwhile, the photoluminescence studies on paramagneticthe case, the energy difference between the tripmultiplet states

metalloporphyrins such as £TPF and CICH TPP4 revealed (1) Vs *T(,7%)) is strongly affected by the solvent nature,
that the longer is the probe wavelength, the slower become theWhich in turn affects the decay time constant of the lowest
luminescence lifetimes. These probe wavelength dependence§Xcited state of photoexcited OV PP. _

of the lifetimes have been well illustrated by theoretical ~ Finally, itis necessary to discuss the electronic nature of the
consideration by Gouterman et’h which the transition from ~ Proposed Q state of OYTPP. The similarities can be found
the2T(,7*) to the 2So(,7*) lies higher in energy and is faster I the previous stgdles related to copper(ll) p_orphyrlns that have
than that from theT(z,7*) to the 2So(,7*). However, the an odd electr_on in the centr_al metal_ d orb_ltal_hke OWPP.
lifetime of 16 s for photoexcited OY TPP has been reported Man_y theoretical and experimental _|nvest|gat|ons have been
to be reduced to 18s with an increase in the probe wavelength carried out to elucidate the glectronlc nature of a prpposed Q
from 726 to 745 nn§@ In addition to this peculiar phenomena, State for copper(il) porphyring. In concordance with the
Gouterman et d.mentioned the abnormally fast lifetimes of ~9€nerally accepted proposition in the case of copper(ll) por-

photoexcited OWTPP compared with other diamagnetic met- PNyrins, the proposed Q state for 8YPP might be one of
alloporphyrins at low temperatures. the possible charge transfer (CT) states such as ring-to-metal

. L — o (7z(ring)—d(metal)), metal-to-ring (d(metatyz(ring)), and metal-
ba\rﬁ\gtgfig(:7%%5;?1?;2?:ig]lfr;gngﬂoruetfpneﬁ;?ﬁtgggze?\gﬁgf: to-metal (d(metab-d(metal)), or their_mixtures. A!I the al_)ove _
are consistent with the pre\}ious orfesOur observations proposed CT states have qloublet spin states. T_h|s consideratior
however, led us to assign the emission band at 790 nm 'as suggests 'ghat the quenching st.ate cannot be directly populatec
radiative’transition“T(n 77 —2So(ar*). As aresult, the probe afror_n _the tr|pqu_artet state. At t_hls moment, however, we cannot

P A - ’ i definitely confirm the electronic nature of the proposed Q state
wavelength qlependence of the I|fet_|m(_es is now normal, since of OVIVTPP, since no previous study on this aspect has been
the decay times for the two emission bands centered atreported yet to our knowledge. We are now in the process of
wavelengths shgrtgr than 760 nm are faster than that of Iongerdoing experiments to obtain further information on the electronic
V\{aveler]gth emission at YQQ nm. Even tho'ug.h the above nature of the proposed Q state.
discussion can roughly explain the overall emission spectra at
low temperatures, it is not possible to distinguish clearly which
one of the other two emission bands at shorter wavelengths
corresponds to the transitiof (;r,7%) —2Sy(r,w*). If photo- The experimental observations described in this work show
excited OWTPP follows the proposed relaxation scheme in that the relaxation dynamics of photoexcited ¥OkPP are rather
Figure 9 even at 77 K, there are two possible radiative transitions complicated because of the presence of unpaired electron in
other than the previously mentionel (;z,7*) —2So(rr,m*) the dy orbital of the central metal. By measurement of the
transition: one may béT (w,7*) —2Sy(r,7*) and the other luminescence decay profiles, transient absorption, and ground-
Q—2Sy(wr,n*). Even though we do not have any conclusive state bleaching signals at temperatures between 268 and 32:
information on the electronic nature of the proposed Q state, K, the lifetime of the lowest excited state of O\TPP was
the activation energy estimated in this work in noncoordinating determined. The emission spectral feature and its decay time
solvent is useful for helping with the assignment as follows. If exhibit a strong temperature and solvent dependence. These
the proposed Q state is not thermally populated directly from observations can be reasonably explained by proposing an

Conclusion
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energy-level diagram with a quenching state, which is prereg-  (7) Akins, D. L.; Zhu, H.-R.; Guo, CJ. Phys. Cheml996 100, 5420.

uisite for explaining the nonluminescent properties from the (8) (a) Kalyanasundaram, K.; Neumann-Spallart, MPhys. Chem

25, (z,7*) and 2T () states at room temperature. On the basis 1982 86, 5163. (b) Genetemann, S.; Medforth, C. J.; Forsyth, T. P.; Nurco,
fthe t t d dent lifeti timated th . J.; Smith, K. M.; Fajer, J.; Holten, O1. Am. Chem. Sod 994 116

O_ € lemperaiure-depen : ent reimes, W? estimate € energy; g3, (c) Jeoung, S. C.; Kim, D.; Ahn, K.-H.; Cho, D. W.; Yoon, ®hem.

difference between the tripdoublet and tripquartet states to bepnys. Lett1995 241 533. (d) Genetemann, S.; Nelson, N. Y.; Jaquinod,

ca. 500 cmt in noncoordinating solvents. We also found that L.; Nurco, D. J.; Leung, S. H.; Medforth, C. J.; Smith, K. M.; Fajer, J.;

the temperature dependent lifetimes of the emission bands

originating from the tripmultiplets at 77 K are consistent with

the activation energies. When the solvent is changed to a

weakly coordinating one, THF, the decay time of the lowest-
excited state of OV TPP was reduced to 10 ns, which was also
found to be almost independent of temperature.
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