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The variation of Jahn-Teller (J-1) distortion imposed on various metallo- tetraphenvlporphyring (M1TPPs: M
=Znd, Pdl Pt and RhM) has been investigated by time-resolved resonance Raman spectroscopy. By, and Bz,
modes of the triplet (m.7%) states for the heavv-metal porphyrins exhibit the enhancement of their intensities
compared with those of *Zn!'1PP. while the enhancement ot phenyl interal mode is reduced. These results sug-
gest that the J-1 distortion becomes manitest as the metal size increases, and consequently the porphyrin-to-
phenyvl ring charge transter in the excited triplet state is inhibited.

Introduction

The photophysical propertics of metalloporphvrins and
rclated molecules have been a concern of current investiga-
tion.! Recently. much attention has been drawn (o their
exciled state structures and dynamics. because (he exciled
statcs arc known (o act as primary intcrmedialcs in ¢lectron
transfer.” photodynamic therapy? and solar encrgy conver-
sion processes.* Since the frequencics of the time-resolved
resonance Raman (TR?) bands arc much sensitive (0 (he
changes in bonding. structure. and charge (ransfer processcs
in the excited states. (he TR? spectroscopy has been exien-
sively applicd to the investigation on the exciled state struc-
tural changes of metalloporphyrins™'? and [rec-basc porphy -
ﬁIlS.]‘Q":';

Especiallv. (here have been numcrous investigations (0
charactcrize (he Jahn-Teller (J-T) distortion in the exciled
triplet state (Ty) of meso-subslituted (ctrapheny lporphyrin
(TPP) derivatives. From (he previous TR? studics™ il has
been found (hat the J-T effects of Zn'"TPP arce atiribuled (o
the distortion along (he B,, and B:, coordinates. Because of
the J-T distortion. the molccular svmmetry is reduced. and
the clectronic structure of porphyrin ting undcrgocs a
change. Such structural changes would give rise o an
increasc in (he dihedral angle between phenyl groups and
porphyrin ring. and likcly result in a variation of the porphy-
rin-phenyl clectronic conjugation in (he highly excited triplet
statcs (T,). Furthermore. the J-T distortion in the triplet state
is expected to be affected by the central metal size and the
axial ligation. Thus. we report the TR? spectra of some
heavy-metal porphyvring such as PA"TPP. P"TPP and R T-
PPCI in noncoordinating and coordinating solvents in order
1o address the conscquences of metal size and solvents on
the exciled state J-T distortion. The comparison of these
results with those of Zn"TPP has been made to correlate the
rclationship between the J-T distortion and the porphyrin
ring-to-pheny| charge transfer of these porphyrins,

Experimental Scction

Zn"TPP. Pd"TPP. Pt"TPP. and Rh"TPPCI were purchased
from Porphyrin Products. Inc. (Logan. Utah) and uscd with-
oul [urther purification. The ground-state absorption and
Raman specira of these compounds agree with the published
spectra~+=* All (he solvents used were spectroscopic grade
and (urther purificd by [ractional distillation.

The TR* spectra were obtained with a pump pulse of 532
nm (5 ns Gwhm at 10 Hz and 0.03 mJ/pulsc) by using a
nanosccond Q-switched Nd: YAG lascr®' The pump
pulscs at 563 nm were gencrated from the dye laser system
pumped by the 532 nm outputs of the Nd : YAG laser. The
probe pulscs at 435 and 438 nm (3.5 ns fivhm at 10 Hz. and
0.01 mJ/pulsc) were prepared as the first anti-Stokes shifted
Raman linc of Hz. excited by the 332 and 365 nm. respec-
tively, 416 nm pulsc is the first Stokes line of a H. Raman
shifter pumped from the third harmonic (335 nm) of the
Nd : YAG lascr. The intensitics of pump and probe pulscs
were adjusted by employing neutral density filters. The per-
centage of excited porphyrin molecules was cstimated (o be
around 30-60% as compared with the solvent Raman peaks.
The time delay between pump and probe pulses was con-
trolled with an optical dclay linc. The Raman scaitering sig-
nal was collected by a HR 640 specirograph (Jobin Yvon)
connccted with a delay  gencrator (Stanford  Rescarch
DG335). a pulse generator (Princeton Instruments FGL33).
and a gated intensificd photodiode array detector (Princcion
Instruments [RY700). The sample solutions (ca. | mM)
were flowed through a glass capillary (0.8-mmi.d.) at a rate
sufficicnt to cnsurc that cach pulse encountered a fresh vol-
ume of sample. We carcfully checked the sample decompo-
sition by monitoring the ground statc Raman specira of the
samples. Ground staic absorption spectra were measured on
a Varnan UV-visible spectrophotomneter (Cary 3E). and the
ground statc Raman spectra were recorded by emploving a
continuous wave (cw) Arion lascr. a Raman U1000 double
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nmonochromator (Jobin-Yvon), and a photon counting clec-
tronics (Hamamaitsu). All the Raman modes were assigned
following the mode assignment of Zn"TPP and Ni'TPP,
because Raman spectra for high-frequency porphyrin skele-
tal modes of these metalloporphyring are well known and
quite similar with other heavy-metalloporphyrins.

We oblained the ground stale Raman speetra using the

probe pulses in resonance with Ty-T, absorption bands of

metalloporphyrins investigated here. And we just employed
the pump pulses in resonance with Q-bands to generate
excited triplet state species with an appropriate time delay
between these two pulses. As for the pure triplet state Raman
spectra, we sublracted the ground state Raman spectral
intensitics from the transient Raman spectra with » and 4
modes as reference. The T-T absorption bands of metal-
loporphyrins investigated in the present work exhibit much
broader spectral features (Iwhm is ¢a. 65 nm) than the corre-
sponding ground state Sorel bands.**7 Therelore, the varia-
tions in excitation wavelength do not show any significant
intensity changes when all the transient peaks arc normal-
ized with » and 4 modes. Actually, the TR* spectra of MTPPs
obtained with 435 nm probe pulses are identical to those
measured by the dillerent probe pulses such as 416 and 456
nm. Therclore, in this paper, we report the TR? spectra mea-
sured by the probe pulses in resonance with T,-T, absorption
maximum of MTPPs. The diflerent delay times were also
employed (or cach porphyrin due to the difference in the sin-
glet state lifetimes. The delay time we employed was
believed to be suflicient enough to monitor only the triplet
state species. We also changed the delay times between
pump and probe pulses to see whether there exist any
changes in Raman cnhancement pattern depending upon
delay times. [t was found that there are no substantial
changes in Raman intensities.

Results

Zn''"TPP. Figure | shows the TR? spectra of Zn"'TPP in
THF obtained by 565 nm pump and 458 nm probe pulses,
which are in resonance with Q(0.1) and T-T, absorption
bands. respectively.?® The bottom spectrum was obtained
with an excitation o458 nm probe only. The overall spectral
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Figure 1, Nanosecond TR? spectra of Zn'"I'PP in THI" measured

with 565 nm pump and 458 nm probc pulscs: (A) probe only. {B)
pump and probe (time delay: 17 ns). and (C) differcnee (B-A) with
a proper subtraction lactor,

features of this spectrum are identical to those obtained by
457.9 nm ew Arion lascer linc: ¢ (phenyl) mode at 1600 cm™!,
wand v modes around 1549 em-'. vy mode at 1492 em™!,
vy mode at 1350 em™'. vz» mode at 1270 ¢cm~', v, mode at
1238 emy™! and ¢ (phenyl) mode at L181 em™'. respectively
(Table 1). Since the Sy and T, state lifctimes of Zn"TPP were
repotied (o be aboul 2.7 ns and 1.2 ms. respectively.?’ the
TR? spectrum of Zn'"TPP in the T, state was recorded by the
458 nm probe pulse at 17 ns delay afier pumping at 565 nn.
The characteristic leature in the TR spectra of Zn"TPP was
manifest in the phenyl mode (¢s) ecnhancementat at 1597 ¢m-!
as shown in the difference spectrum (Figure 1C). These
results are consistent with the TR spectra ol “Za"TPP
reported by Wallers ef afl.% and Reed ¢t @l From the previ-
ous reports, the v; and 1y bands around 1549 em ! shilied to
1508 and 1493 em ' the frequency shifis of these two bands

Table 1. Vibrational frequencics and assignment of the Spand T states of Zn"TPP. Pd"TPP. Pt TPP and RhW'TPPCI

. Zn"IpE PdvTPP PCTPP REVTPPCL
assignment symmelry
S, T, S0 T S T 5 T,

®4. (pheny]) me 1600 1597 1600  1600(1598) 1600 1597(1597) 1600 1398 (1398)
E”((CC“CSJ)(CC) ;'I Dse 0 e ss g 1se e st as9)
Vi (CHCp) b 1492 1429 1498 1450 1494 1452(1451) 1496 (1441)
Vi (CoCp) (CNY @y 1350 - 1367 . 371 1368(1371) (364 (1367)
vz (Pyr halfringle,  big - - - I30401304) - 1308(1308) . (1301)
V. (CuCin) by 1270 1262 (1274 (1267) : (1267) (273 (1285)
o (CaC) (CaN) @, 1238 12331238 1233(1232) 1235 1235 1237 1231 (1236)
®. (phenyl) a, 1181 N7 nss 18 187 1186 18l 181

Values shown in parentheses were obtained in piperidine solvent.
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in the triplet state Raman spectrum were different. and con-
sequently observed to be broad in this region.™ The relative
intensity of the v, band was diminished in the TR? spectrum.
indicating no spectral shift for this band between the ground
and triplet states. The t; band at 1492 cm ! and v:- band at
1270 ¢ ! shifted to 1429 and 1262 cm !. Intensities of both
¢ and v bands at 1179 and 1233 cm ! were moderately
enhanced in the triplet state.

PAUTPP. The ground state absorption spectrum of Pd"TPP
in THF denotes (3(0.0) and Q(0.1) bands at 330 and 321 nm,
respectively. as well as B band at 414 min. The T,-T,, absorp-
tion maximum of Pd"TPP was reported to be around -3¢0
nim.”" and the S; and T, state lifetimes to be about 20 ps and
380 ms. respectively.~ Thus. the TR’ spectrum of photoex-
cited PA"TPP was measured by employing 435 nm probe
pulses at 3 ns time delay after an excitation of 332 nm pump-
ing. In the probe only spectrum of PA"TPP in THF (Figure
2(1A). ¢, mode at 1600 cm'. v- and v, modes around
1562 cm ', by mode at 1498 cm ', vy mode at 1367 cm . uy
mode at 1238 cm ? and ¢ mode at 11835 cm ' were observed.
respectively (Table 1). In the difference Raman spectrum
(Figure 2(1)C). the ¢ band at 1600 cm ! was observed to be
enhanced in comparison with that observed in the probe only
spectrum. The u- and ), bands around 1362 cm ' in the
ground state exhibit different frequency downshift each
other and become broad around 1513 cm ' in the T state.
The v band at 1238 cm ' and the ¢ mode at 1185 cm '
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Figure 2. Nanosccond TR spectra of PAYTPP in (1) TIIF and (2)
piperidine measured with 332 nm pump and 433 nm probe pulses.
(A) probe only, (B) pump and probe (time delav: 1 ns), and (C)
difference (B-A ) with a proper subtraction factor,
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show 3-3 cm ! downshift with an increase in its intensity.
Also. the vz mode at 1304 cm ! and vy, mode at 1430 cm !
were observed in contrast to ground state spectrum. The
Raman spectral changes of the ¢.. ¢« and v, modes accom-
panied by the T, state formation are not so significant as
compared with those of “Zn"TPP. On the contrary, when the
triplet state Raman spectrum was recorded for PA"TPP in
piperidine as shown in Figure 2(2). the v, vn and v:-
modes at 1515, 1450 and 1304 cm ' were not so strongly
enhanced as those in THF. On the other hand. the TR? spec-
tra of *Pd"TPP in piperidine show a pronounced increase in
intensities particularly for the ¢ band at 1598 cm ! and the
v mode at 1232 cm' as compared with other B, modes
such as the vy; and viz modes (Figure 2(2)C).

PtUTPP. The ground state absorption spectrum of Pt"TPP
in THF exhibits Q(0.0) and Q(0.1) bands at 5337 and 508 nm
as well as B band at 400 nm. As in the case of Pd"TPP, the
S, state lifetime of P{"TPP is very short (~20 ps) due to the
heavy atom effect. and the T, state lifetime was reported to
be about 54 ms.”* Thus. the transient Raman spectrum
attributable to the T, state was obtained by the probe pulse at
416 nm at 3 ns time delay after 532 nm excitation (Figure 3).
The ground state Raman spectra (Figure 3(1)A) obtained by
the low power probe only excitation exhibit the ¢; mode at
1600 cm ', the vz and vio modes at 1562 cm !, the vy mode
at 1494 cm ', the vy mode at 1371 cm ', the v mode at 1235
cm ' and the ¢ mode at 1187 cm '. respectively (Table 1). In
the excited triplet state Raman spectrum of PI"TPP as shown
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Figure 3. Nanosecond transient resomance Raman spectra of
PUTIPP in (1) TTIF and (2) piperidine measured with single pulse at
416 mm: (A) the low power, (B) the high power. and (C) the
ditference spectrum (B-A) with a proper subtraction tactor.
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in the difference spectrum of Figure 3(1)C. the ¢ band at
1597 ¢ ! is only slightly enhanced and the ¢ band at 1186
cm ! becomes broader relative to the corresponding ground
state Raman band. In addition. the vy, v and vi; bands at
1496, 1452 and 1308 cm ' were observed to be relatively
strong in comparison with the slight enhancement of the ¢
mode in *P"TPP (Figure 3C). In piperidine. the overall
spectral features of *Pt"TPP(pip) are similar to those for
SPt"TPP in THF.

RhUTPPCI. Figure 4 shows the TR? spectra of RhU"'TP-
PCl in THF and piperidine acquired by probe (435 nm)
pulses at 7 ns time delay after pumping at 332 nm. The T,
state lifetime was reported to be around 1135 ms.”® Figure
4(DA shows the Raman spectrum obtained with an excita-
tion of 435 mm probe pulse only. The overall spectral fea-
tures of the probe only spectrum are identical to those
obtained by 457.9 nm cw Ar laser line: ¢ mode at 1600 cm .
Uz and b, modes around 1357 cm ', vy; mode at 1496 cm .
U2 mode at 1364 cm ', v>- mode at 1273 cm '. v, mode at
1237 cm ' and ¢ mode at 1181 cm . respectively.

The TR?* spectra of RW"TPPCI in THF show a pronounced
increase of intensities particularly in the ¢ band at 1598 cm !
and the v mode at 1231 cm ' (see Figure 4(1)C). 1n piperi-
dine. the TR spectra of RW"TPPCI show that the ¢; mode at
1598 cm ! is also enhanced. The By, modes such as the vy
mode at 1441 cm ! and the v~ mode at 1301 cm ' become
more enhanced relative to those of RhWTPPCI in THF (see
Figure 4(2)C).
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Figure 4. Nanosecond TR? spectra of RhMITPPCI n (1) THF and

(2) piperidine measured with 332 nm pump and 4335 nm probe

pulses: (A) probe only, (B) pump and probe (lime delay: 7 ns), and

(C) difference (B-A) wath a proper subtraction factor.
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Discussion

The most prominent aspect in the TR* spectrum of
*Zn"TPP appears to be the enhancement of the Raman bands
in the 1100-1700 cm ! region as compared with those of the
ground state spectrum. This phenomenon was interpreted in
terms of the symumetry lowering caused by J-T distortion.
and the enhancement of some Raman bands can be corre-
lated with the nontotally svmumetric Raman maodes (B, or
B:,).% It has been recognized that the excited singlet state of
metalloporphyrins has (a&,) and (aze,) orbital configura-
tions which are almost degenerate. and a strong configura-
tional interaction takes place. Thus. in the excited singlet
state the configurational interaction minimizes the J-T effect
normally. Conversely, in the T, state this configurational
interaction is prohibited by symmetry.™ and the J-T effect
should be manifest.*" The J-T distortion in D., synunetry is
known to occur along the By, and/or Bz, normal coordinates.
causing the B;, and B:, vibrational modes to be totally sym-
metric in the reduced symmetry. The By, and Bz, modes
include the 10. ;2. >-. and - modes providing distortion coor-
dinates appropriate for the J-T effect.

In the cases of closed-shell heavy-metal metalloporphy-
rins (Pd"TPP and P"TPP), the enhancements of B;, modes
were observed in the excited triplet states. but the ¢; mode
enhancement is not so significant as compared with the By,
modes. The ¢ modes of *Pd"TPP and *Pt"TPP around 1600
cm ! are rather weaker than that of *Zn'"TPP. [t was reported
that the ¢4 mode enhancement in the TR spectra of *H-TPP
and *Zn"TPP are mainly attributable to the charge transfer
coupled to a rotation of the phenvl groups into the porphyrin
ring.”' In other words. the ¢, mode enhancement in the
excited triplet state was suggested to be contributed by the
T)-T,, electromnic transition in B band region involving a por-
phyrin e, * to phenyl 7* orbital excitation. The charge trans-
fer from the porphyrin to the phenyl ring produces a large
displacement along the phenyl ring coordinate. Therefore. a
relatively weak ¢4 mode enhancement of PA"TPP and Pt''-
TPP in the excited triplet state indicates a decrease in the
electronic conjugation between the porphyrin ring and phe-
ny1 groups. Thus. it can be suggested that the structural dis-
tortion by the J-T effects may increase the dihedral angle
between the phenvl groups and porphyrin ring, and conse-
quently inhibit the charge transfer process. These phenom-
ena could account for the observation that the relative
intensities of the ¢, modes of heavy-metal TPPs are reduced
whereas the B, and B., modes related to the J-T distortion
are enhanced in the T, state.

The v~ and vy bands in the ground state of closed-shell
metallo-TPPs were observed at higher frequencies in the
order of Rh <Pd <Pt metal compared with those of Zn!l-
TPP. This indicates that the core sizes are decreased in the
same order. It is noteworthy that the core size of porphyrin
ring does not increase linearly as the metal size increases due
to the out-of-plane geometry of the central metal in the por-
phyvrin ring ?' Nevertheless._ it is important to note that the
downshifts of the v~ and w, modes in the TR spectra com-
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pared to those of ground state are attributable to the porphy-
rin core-size expansion as the metal size increases. Since the
vz and v modes are contributed by methine CpCpand pyvr-
role C,C,, bond stretchings. the downshifts of these modes
in the T, state are consistent with the weakening of the ring &
bonds. This suggests that a significant distortion of porphy-
rin ring take place to result in an expansion of the core size
of PA"TPP and Pt"TPP in the Ti state. In other words, the
distortion of heavv-metal porphyrin macrocycle becomes
manifest as compared with the Dy, symmetry of Zn"TPP.
because of the more effective J-T distortion in the T, state.
The v: mode of heavy-metal porphyrins in the T, state
remains unchanged in its intensity and frequency. although it
is a combination of C,Cjand C.N stretching. The behavior
probably reflects the fact that the antibonding C.N interac-
tion cancels the bonding C.Cp interaction.”

In the case of the TR? spectrum of RW"TPPCI in THF. the
¢ mode is markedly enhanced relative to the other modes.
This is becanse chlorin axial ligand pulls the rhodium metal
out of the porphyrin ring plane slightly making the porphy-
rin ring relatively undistorted. and consequently enhances
the electronic resonance between the pheny1 groups and por-
phyrin ring. In piperidine. other Raman bands. especially By,
and B, modes. of *RN"TPPCl were observed to be
enhanced. because piperidine solvent is ligated to the central
rhodium metal as the sixth ligand so that the metal is located
near the center of porphyrin ring to induce the J-T distortion.
For PA"TPP in piperidine. it is likely that *Pd"TPP partially
makes the five-coordinated complex through ligating with
piperidine in the T, state. However. the transient Raman
band at 1450 cm ' was observed in THF in contrast to the
lack of this mode indicating the contribution of the nonto-
tally sy mmetric vy mode (B),). This finding implies that the
THF solvent is not ligated to the central metal ion in the trip-
let state and Pd metal is located near the center of porphyrin
ring to induce the J-T distortion. Thus the structure of
SPA"TPP(pip) should be similar to that of Rh""TPPCI in
THEF. while the structure of PA"TPP in THF is similar to that
of *RIW'TPPCI({pip) in piperidine. Actually. in the TR? spec-
trum of *Pd"TPP in piperidine. only the ¢, mode was
observed to be largely enhanced (Figure 2(2)C). Therefore,
the relatively strong enhancement of the ¢; mode of
*PdUTPP(pip) in piperidine could be explained by the same
reason for the enhancement of the ¢y mode in ‘RhMTPPCl in
THE. It is noteworthy that the enhancement of the ¢, modes
in the triplet states decreases in the order of Zn!, Pd", and
PtUTPP. This indicates that more ruffling structure of por-
phyrin ring is probably expected as the metal size increases.
and thus the structural changes may reduce the dihedral
angle between the phenyl groups and porphyrin ring. There-
fore. the five-coordinated complexes. PAUTPP(pip) in piperi-
dine or RhYTPPCI in THF. may have the doming structure
due to the out-of-plane geometry of the central metal. In
addition, the TR? spectra between *PtITPP(pip) and *PtTPP
show the identical features. That is probably due to the simi-
larity in structure between four- and five-coordinated spe-
cies. From the previous report=* that even the large metal
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size of platinum does not increase the core size of porphyrin
ring in piperdine and CH:Cl: solvents. one expects severe
distortion and ruffling for Pt'TPP(pip) and Pt!'TPP. Since
this severe already-distortion exists in the ground state. the
difference in distortion betwveen the ground and excited
states is not expected as the axial ligand is coordinated.

A similar structural change was recently investigated in
free-base meso-tetraalky lporphyrins. H-T(alkv1)P** Particu-
larly. the introduction of bulky tertiary-butyl or adamantyl
substituents at the meso positions induced ruffling distor-
tions. Those porphyrins deviate substantially from planarity,
as is likely evidenced by the extremely short S, state life-
time. and the distortion consists primarily of severe ruffling
of the maroclocycle. [t was suggested that the ultrafast radia-
tionless deactivation of the ruffled porphyrins derives largely
from the ability of these already-distorted molecules to eas-
ily undergo additional structural changes in the excited state
compared to the ground state. resulting in an enhanced
Franck-Condon factor for internal conversion. [n conconu-
tant with these observations. the extremely short S; lifetimes
of heavy-metalloporphyrins are likely attributable to the
structural distortion in addition to the heavy-metal effect.

Conclusions

The TR? spectra of closed-shell heavy-metal TPPs (Pd",
Pt'". Rh™) show marked enhancements and large downshifts
of the v: and vy, modes. These effects are interpreted in
terms of the J-T distortion along the B), coordinate. which
involves methine CsCs and pyrrole C.N bond stretchings.
At the same time. the enhancement of the ¢, mode in the T,
state decreases as the metal size increases. This also suggests
that a simultaneous charge transfer from porphyrin to pheny1
rings is inhibited by the large displacements along the phe-
ny]1 ring coordinates by the J-T distortion.

Acknowledgment. This work has been supported by the
Creative Research Initiatives of the Ministry of Science and
Technology of Korea (DK). and through the Center for
Molecular Catalyst by KOSEF (MY).

References

1. Rodrguez, J: Kirmater. C.2 Holten. D. S dm. Chem. Soc.

1989, {11, 6300,

Wasilewski, M. R. In Photoindiuced FElectron Transfer,

Parr 4 Fox. M. A.. Chanon. W., Fds.: Elservier: Amster-

dam, 1988 p 303,

3. () Roberts, I E- Dillon, 1. SPIK L 1987 847 134 ()
Chang, C. K2 Takamura, S.© Musselman, B. 1.2 Kessel, 1.
In Porphvrins: Fxcited States and Dyaamics. ACS Svmp.
Ser 3210 Gouterman, M., Rentzepis. P M. Straub, K. D..
Lds.. Am. Chem. Soc.: Washington. 1986. p 347.

4. (a) Arzawa, M. Tlirane, M.: Suzukl. S. Electrochim. Lcta
1979, 24. 89 (b) [Tarruman, A.: Porter. G.. Wilowska, A J
Chem. Soc., Faraday Trans. 111984, 80, 191,

5. Kumble. R.: TTu. S.: Loppnow, G. R.: Vitols. S. L.: Spiro,
T.G. J Phys. Chem. 199397, 10521

6. Walters, V. A de Paula, I. C.; Babeock, (5. T Terot, (5.

Mo



662

16.

17.
18.

Bull. Korean Chliem. Soc. 1999, Vol. 20, No. 6

E../ Am. Chem. Soc. 1989, 111, 8300.

. Reed, R. A Purrello, R.: Prendergast, K.: Spiro. 1. G. /L

Phys. Chem. 1991, 93, 9720.
Sato, S Kamogawa, K. Aovagi, K. Kitagawa, 1. ./
Phys. Chem. 1992, 96, 10676,

. (a)Jeoung, S. C..Kim, D.. Cho, D. W.: Yoon. M. L Phys.

Chem. 1995, 99, 5826, (b) Jeoung, S. C.: Kim. D.. Cho, D.
W.. Yoon, M. J. Phys. Chem. 1996, 100, 3072.

. Vitols, S, E.: Terashita, S.: Blackwood. Jr. M. E.. Kumble,

R Ozaky, Y. Spiro, T, G J. Phvs. Chem. 1995, 99, 7246.

. dePaula, J. C.: Walters, V. A Jackson. B. A.: Cardozo, K.
J. Phvs. Cliem. 1995, 99, 4373,
. Strahan, GG, 120 Ly, 1.2 Tsuboi. M. Nakamoto, K. .. Phys.

Chem. 1992, 96, 6450

. Kruglik, 8. G.. Apanasevich, 1> A Chirvony, V. S

Kvach, V. V.o Orlovich. V. AL/ Phys. Chem. 1995, 99,
2978.

. (@) Krughk, S. G.. Galievsky, V. A Chirvony, V. 8.2 Apa-

nascvich, P A Ermelenkov. V. Vo2 Orlovich, Vo A Chin-
skyv, L.: Turpin, P-Y. L Phvs. Chem. 1995, 99, 5732, (b)
Mojzes. P Chinsky, L. Turpin, B-Y. J Phvs. Chem.

1993, 97, 4841, (¢) Chmsky. L.. Turpin. P-Y.: Al-Obaidi.

A H.R.. Bell. S. E. I: Hester, R. E..L Phvs. Chenr. 1991,
93, 3734,

. Kumble, R Loppnow, (5. R.. Hu, S.. Mukherjee, A.:

Thompson, M. A Spiro, 1. G. .1 Phys. Chent. 1995, 99,
3809.

Asano-Someda, M.. Sato, S.. Aovagi, K.: Kitagawa, T. ..
Phys. Chem. 1993, 99, 13R00.

Sato. S.: Kitagawa, T. -Appl. Phys. B 1994, 39, 415,

Sato. S, Asano-Someda. M.: Kitagawa, T. Chem. Phvs.

27.

28.
20.

30.
3l

. Rell.

Sae Chae Jeoung et af.

Lewt. 1992, 189, 443,

. Relll S E. 1z Al-Obaidi, AL H. R Hegarty, M.: Hester, R.

E.: MeGarvey, I )L Phys. Chem. 1993, 97, 11599,

S, E. L Al-Obaidi. A, H. R.. Heparty, M.
McGarvey, I L: Hester, R E. /0 Phws. Chem. 1995, 99,
3959.

. Jeoung, S. C.:Kim, D.: Ahn, K.-IL: Cho, D. W Yoon, M.

Chem. Phvs. Lett, 1995, 241, 533,

- de Paula, 1. C.. Walters, V. AL Nutats, C. Lind, J.: Tall,

K./ Phvs. Chem. 1992, 96, 10591,

. Sato. S Aovagi. K. Hava, 1. Kitagawa, 1. ./ Phys.

Chem. 1995, 99 7766.
Gouterman, M. ln The Porphyrins, Yol. {2 Dolphin, 1.,
kd.: Academic Press: New York. 1978: Chapters 1 and 8.

. Seo, J-C.. Chung, Y.-B.: Kiin, 1. Appd. Spectrosc. 1987,

41, 1199

[Tamman, A, J Chem. Soc. Faraday Trams. 1T 1981, 77,
1281,

Darwent, I. R.: Douglas, P Ilarniman, A Porter, G
Richoux, M. Coord. Chem. Rev: 1982, 44, 83,
Kalvanasundaram, K. Chem. Phys. Lede 1984, 104, 357,
Ake, R L. Goulerman, M. Theor. Chim. AActa 1974, 13,
20).

Gouterman, M. dua. N Y Acad. Sei. 1973, 206, 70
Becker. R. S.: Allison, ). B..J. Plys. Chem. 1963, 67, 2662
and references cited therein.

2. (@) Gentemann, S.. Medforth, C. I.: Forsyth, T. I>: Nurco,

1.1z Smith, K. M.z Fajer, I.: Holten, 1D/ Am. Chem. Soc.
1994, //6. 7363, (b) Gentemann, S, Medtorth, C. 1. Ema,
T.. Nelson, N. Y. Snuth, K. M. Fajer. 1.2 Tlolten. D.
Chem. Phvs, Leu, 1995, 245, 441,




