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Some singlet metastables do exist in these  discharge^.^^ Without 
the ability to experimentally "filter" discharge metastables, full 
elucidation of the mechanisms of production and conversion of 
singlet or triplet trimethylsilylnitrene in these experiments will 
probably await a thorough theoretical treatment. 

Conclusions 
The trimethylsilylnitrene radical, (CHJ3SiN, has been produced 

by the interaction of (CH3)$iN3 or (CH,),SiNCO with meta- 
stable molecular nitrogen or argon and has been trapped and 
observed directly in nitrogen and argon matrices. Electron spin 
resonance data indicate that trimethylsilylnitrene has a triplet 
ground state, and the zero-field splitting and I4N hyperfine are 
consistent with a high concentration of spin density on the nitrogen 

atom, as in other nonaromatic nitrenes. A number of infrared 
absorptions have been observed and preliminary assignments made. 
There is no strong evidence in either the ESR or IR data for pT-dT 
bonding between the nitrogen and silicon atoms. The metastable 
energy transfer fragmentation method gives a different product 
distribution than direct photolysis or pyrolysis of the same pre- 
cursors, favoring production of triplet molecules. However, singlet 
nitrenes are probably produced as well. The latter molecules may 
be involved in reactions that produce a silylated imine, as seen 
in direct photolysis of the azide, or in  reactions with CO to yield 
the trimethylsilyl isocyanate observed in other experiments. 
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Subpicosecond time-resolved absorption studies have been carried out on several lanthanide porphyrin complexes consisting 
of a Ce( IV) ion sandwiched between two strongly coupled cofacial porphyrin macrocycles. Following excitation, two relaxation 
processes having time constants of - 1.5 and - 10 ps are observed. The 1.5-ps process is attributed to excited-state deactivation 
to the electronic ground state via a low-lying ring-to-metal charge-transfer state. Relaxation of the resultant vibrationally 
excited ground electronic state can account for the complex spectral dynamics observed at longer times. 

Introduction 
Understanding the photophysical behavior of porphyrins and 

other chromophores within van der Waals distance is not only of 
much general interest but also may provide insights into how the 
electronic properties of the dimeric primary electron donor in 
bacterial photosynthetic reaction centers influence the initial stages 
of the charge separation The lanthanide porphyrin 
dimers provide an ideal series of molecules for studying the 
electronic structure and dynamics of strongly interacting por- 
phyrins. These complexes, consisting of a lanthanide ion sand- 
wiched between two porphyrin macrocycles, are distinguished from 
most previously studied dimers by their rigid structure, -3-A 
inter-ring separation, unusual electronic absorption spectrum, and, 
for the oxidized species, a prominent near-infrared absorption 

Recently, time-resolved absorption experiments on the sandwich 
dimers CelV(OEP), and CerV(TTP), using 30-ps flashes showed 
that the photoexcited complexes largely decay in 110 PS.~.' It 
was proposed that this extremely fast nonradiative decay involved 
low-energy exciton and/or charge-transfer states, although the 
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limited time resolution of the experiments did not permit iden- 
tification of the key transient states or their kinetics. In this report, 
we present the results of steady-state and subpicosecond time- 
resolved absorption experiments on CelV(OEP),, Ce'V(TTP)2, and 
a newly synthesized asymmetric dimer, CeIV(OEP)(TTP). These 
studies provide fundamental new information on the electronic 
properties and photophysical behavior of strongly coupled por- 
phyrin dimers. 

Experimental Section 
Ce"(OEP), and CeIV(TTP), were prepared according to the 

procedure of Buchler and c o - ~ o r k e r s . ~ ~  A modification was 
developed to yield the mixed dimer, CetV(OEP)(TTP), as follows. 
A 186.4-mg sample of H2TTP (Porphyrin Products), 148.6 mg 
of H,OEP (Aldrich), and 1 g of Ce111(acac),.3H20 (Strem) were 
refluxed in 50 mL of trichlorobenzene for 20 h. The trichloro- 
benzene was removed by rotary evaporation, and the crude product 
mixture was chromatographed on predried (160 "C overnight) 
activity 1 basic alumina (2.5 cm X 25 cm column) with CH2CI2 
as the eluent. A small yellow/brown band of Ce(TTP), was closely 
followed by a larger dark red band of Ce(OEP)(TTP). The third 
and largest of the dimer bands was the brown/red Ce(OEP),. The 
Ce(OEP)(TTP) fraction was rechromatographed in the same 
fashion. Smaller amounts of highly pure material also were 
obtained from the crude reaction product mixture by chroma- 
tography on predried (1 60 OC for 30 min) alumina G TLC plates 
(20 X 20 cm2: Analtech, spotted in CHzC12 and eluted with 
toluene). 

The room-temperature ' H  N M R  data for Ce(OEP),, Ce(TT- 
P)*, and Ce(OEP)(TTP),  recorded on a Varian XL-300 or 
VXR-500 spectrometer, are summarized in Table I .  The NMR 
spectra of the two symmetric dimers agree with the literature data 
for these c o m p ~ u n d s . ~ ~ - ~  The peak assignments for the new 
compound, Ce(OEP)(TTP), are based on integrated intensity 
ratios, proton decoupling experiments, and chemical shift com- 
parisons with the symmetric complexes. During the course of our 
studies, we learned that Buchler et al. have synthesized the related 
molecule Ce(OEP)(TPP).4 Since our NMR data on Ce- 
(OEP)(TTP) are i n  accord with the NMR results of Buchler et 
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TABLE I: Comparison of 'H NMR Spectra of Ce Porphyrin Sandwich Complexes" 

ethyl tolyl endo exo 
CHI  C H I  C H I  CH2 Hpyr Hmcth 

molecule solvent (t) (SI (4) (9) m' (s) m (SI 0' (s) (s) 6) 0 (SI 

Ce(TTP)2 C 2.67 6.27 7.02 7.90 8.13 9.45 
Ce(OEP)2 b 1.68 3.85 4.20 9.10 

Ce(OEP)(TTP) b 1.53 2.61 3.90 4.24 6.47 d 8.09 8.44 9.20 9.76 

"Resonances are listed in upm relative to T M S  (s = singlet: t = triplet; q = quartet). The spectra were recorded at 295 K. bToluene-d8. CCDCI,. 
Resonance obscured by salient peak. 

- 

al. on Ce(OEP)(TPP), who have also determined the crystal 
structure of the latter complex, we defer to their article4 for a 
detailed structural analysis. Ground-state electronic absorption 
spectra (see Figure 1 A) were recorded on a Perkin-Elmer Lambda 
3B or Model 330 spectrometer. Our room-temperature spectra 
agree with those obtained by Buchler and c o - w ~ r k e r s . ~ ~ , ~ , ~  

Time-resolved absorption measurements were carried out on 
a subpicosecond spectrometer described elsewhere.8 Samples 
having a concentration of about 500 pM in a 2-mm path length 
cuvette were excited with a 350-fs 582-nm pulse (-200 pJ focused 
to -1 .5  mm) and probed a t  various delay settings with a 
broad-band (370-950 nm) pulse. (Under these conditions, typ- 
ically about 25% of the molecules in the excitation region were 
pumped.) Absorption difference spectra were measured in 
overlapping 150-nm wavelength intervals by using a two-dimen- 
sional data acquisition system employing a vidicon detector. These 
spectra were used to construct the broad-band spectra shown in 
Figures 2, 4, and 6. To account for dispersion in the probe pulse, 
which gives a difference of about 3 ps in the pump/probe delay 
between 400 and 500 nm, spectra in the blue region at delay times 
of < I O  ps were generated by concatenating small (10-20 nm) 
regions of spectra acquired a t  the same effective delay time. The 
standard deviation i n  the measured difference absorption is typ- 
ically rt0.005. 

Fluorescence measurements were made on a Spex Fluorolog 
2 spectrofluorometer. Low-temperature experiments utilized an 
Oxford Instruments DN704 cryostat equipped with a 3120 tem- 
perature controller. Spectral grade solvents were used for all 
measurements. 

Results 
Electronic Ground-State Absorption Spectra. The room-tem- 

perature ground-state optical absorption spectra for Ce(OEP),, 
Ce(OEP)(TTP), and Ce(TTP)2 are shown in Figure 1A. All 
three dimers exhibit a blue-shifted Soret band compared to the 
case of m o n ~ m e r i c ~ ~ * ~  lanthanide porphyrins. The Q bands for 
the symmetric dimers, except for being broader, are basically at 
the same positions as found for monomeric complexes having the 
same macrocycle: Ce(OEP)2 has a moderately strong Q(0,O) band 
at 573 nm and a weaker Q( 1,O) band at 530 nm (solid spectrum), 
while for Ce(TTP)*, a very weak Q(0,O) band is barely discernible 
near 590 nm, with the more intense Q( 1,O) band located a t  542 
nm (dashed spectrum). On the other hand, the Q-band region 
of Ce(OEP)(TTP) is the average of neither the Q-band spectra 
of monomeric OEP and TTP lanthanide porphyrins nor the two 
symmetric dimers. The asymmetric dimer shows a broad band 
containing underlying features at 538, 558, and 578 nm (dotted 
spectrum in Figure IA), as revealed in a second-derivative 
spectrum (not shown). These peaks can be seen more clearly in 
the 78 K spectrum shown in Figure 1B. 

All three dimers show additional features not seen in the spectra 
of t h e  monomeric lanthanide porphyrins (Figure 1). These fea- 
tures consist of a moderately intense band between 470 and 490 
nm, a weak broad band between 625 and 665 nm, and a weaker 
absorption tailing past 1000 nm (see also refs 3b and 6). Ce(T- 

(8) Kirmaier, C.; Holten, D.; Bylina, E.; Youvan, D. C. Proc. Nor/. Acad. 
Sci. U.S.A. 1988, 85, 7562-7566. 
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M.; Schumaker, C. D.; Srivastava, T. S.; Yonetani, T. Chem. Pfiys. Lerr. 1976, 
40,457-461. (c) Tsvirko, M. P.; Stelmakh, G. F.; Pyatosin, V. E.; Solovyov, 
K. N.;  Kachura, T. F. Cfiem. Phys. L e u  1980, 73, 80-83. 
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Figure 1. Ground-state absorption spectra: (A) 295 K, Ce(OEP), in 
toluene (solid), Ce(OEP)(TTP) in  toluene (dotted), and Ce(TTP)2 in 
CH2C12 (dashed); (B) 78 K, Ce(OEP)* (solid) and Ce(OEP)(TTP) 
(dotted) in 3-methylpentane. The 78 K spectra are normalized to unity 
at the Soret maxima. Absorbances in the 450-800-nm regions have been 
multiplied by the indicated factors. 
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Figure 2. Absorption difference spectra of Ce(OEP)* in toluene (-400 
wM) at 295 K taken 1 ps (solid) and I O  ps (dashed) after excitation. The 
420-520-nm region of the I-ps spectrum was obtained by concatenating 
spectra in adjacent small wavelength intervals at the same delay time as 
described in the Experimental Section. The 600-900-nm region of the 
spectra was acquired with a more concentrated sample (-2 mM) and 
then multiplied by 2 to give the indicated magnification. The inset shows 
the absorption difference spectrum of an -3 mM sample a t  295 K 
recorded at 0.6-ps (solid), 1.0-ps (dotted), and 3.3-ps (lower solid) delay 
times. 

TP)2, in addition, has a broad absorption centered near 950 nm, 
riding atop the weak tailing absorption (not shown). 

Excited-State Spectra and Kinetics. Figure 2 shows the ab- 
sorption difference spectra between 420 and 900 nm for Ce(OEP), 
in toluene, observed at 1 and 10 ps after excitation with a 350-fs 
582-nm flash. The spectra a t  these two times are representative 
of those observed during the fast and slow phases, respectively, 
of the biphasic excited-state absorption decay found for all three 
complexes. Typical kinetic traces and nonlinear least-squares fits 
to a dual-exponential function are shown in Figure 3. The results 
are summarized in Table 11. 

M o s t  of the decay a t  both 295 and 180 K occurs during the 
fast phase, which for Ce(OEP), was found to have a time constant 
of - 1.5 ps throughout the spectrum. Similar kinetic behavior 
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T i m e  i p s )  
Figure 3. Time evolution of the absorption difference of Ce(OEP)2 in 
toluene at 430 nm recorded at 295 and 180 K (inset). The solid line 
represents a least-squares fit to a dual-exponential function. 
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Figure 4. Absorption difference spectrum at 295 K of Ce(OEP)(TTP) 
in toluene recorded at 1 ps (solid), 5 ps (dashed), 15 ps (dotted), and 90 
ps (solid) after excitation. The blue portion of the I-ps spectrum is a 
concatenated spectrum as described in the legend to Figure 2 and in the 
Experimental Section. Spectra acquired with a more dilute sample at 
0.6 ps (solid), 1.3 ps (dotted), and 2.3 ps (dashed) are shown in the inset. 

TABLE 11: Summary of Soret Region Transient Absorption Decay 
Kinetics' 

molecule solvent temp, K 71, PS 721 PS 

Ce(OEP), toluene 295 1.5 f 0.2 (65%) 6 f 2 
toluene 180 1.2 f 0.5 (75%) 7 f 2 
acetone 295 2.5 f 0.6 (60%) 14 f 3 
CH2C12 295 1 . 5  f 0.5 (50%) 7 f 2 

Ce(OEP)(TTP) toluene 295 1.8 f 0.2 (85%) I O  f 3 
toluene 180 2.0 f 0.3 (80%) I O  f 3 

OKinetics were measured between 420 and 440 nm for Ce(OEP),, 
between 440 and 470 nm for Ce(TTP),, and between 435 and 450 nm 
for Ce(OEP)(TTP). The fast component ( T ~ )  accounts for the per- 
centage of the overall decay (and of the initial amplitude of L4) listed 
in parentheses (fS%). For Ce(OEP)2 in toluene the time constant of 
the slower component (i2) varies from 5 f 1 ps at 440 nm to 8 f 1 ps 
at 420 nm. Such variations were observed for the other entries in the 
table, although systematic trends across the blue region of the transient 
absorption were not always as well pronounced. Therefore, we have 
simply listed the average value and standard deviation of i2 measured 
at 5-nm intervals across the blue region of the spectrum for each com- 
plex. 

Ce(TTP), CH2CI2 295 1.5 f 0.2 (80%) 9 f 3 

was observed for Ce(OEP)(TTP) in toluene a t  295 and 180 K, 
with the fast, dominant phase of the decay having a time constant 
of -2 ps (Figures 4 and 5). Ce(TTP)*, studied only in CH2C12 
because of low solubility, showed biphasic decay kinetics similar 
to the other two dimers (Table 11). 

For each dimer there are several wavelengths where AA appears 
to remain constant during the fast (1.5-2.5 ps) phase of the 
kinetics. These early-time isosbestic points (not a t  AA = 0) are 
most clearly seen to the red of the Soret bleaching, a t  392 nm 
for Ce(OEP), in Figure 6A and a t  403 nm for Ce(OEP)(TTP) 
in the inset to Figure 4. Additional isosbestic points in the series 
of difference spectra a t  very early times flank the bleaching of 
the 480-490-nm ground-state absorption band (Figures 4 and 6B). 
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Figure 5. Time evolution of the absorption difference of Ce(OEP)(TTP) 
in toluene at 440 nm recorded at 295 and 180 K (inset). The solid line 
represents a least-squares fit to a dual-exponential function. 
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Figure 6. Absorption difference spectra of Ce(OEP), in toluene at 295 
K: (A) dilute sample, recorded at 1 ps (solid), 1.6 ps (dotted), and 4 ps 
(dashed); (B) more concentrated sample, recorded at 1.3 ps (solid), 2.6 
ps (dotted), and 4 ps (dashed); (C) same sample as in (B) recorded at 
6.5 ps (solid), 10 ps (dotted), and 20 ps (dashed). 

The 1.5-2.5-ps phase is accompanied by a substantial decay of 
bleachings in the ground-state absorption bands (Figures 4 and 
6 ) .  

Quite distinct from the fast component, the time constant of 
the slower, smaller amplitude phase appears to be wavelength 
dependent. For example, for Ce(OEP)2 in toluene the time 
constant of the slow phase appears to vary systematically from 
5 ps near 440 nm to 8 ps a t  420 nm. Similar trends are seen for 
Ce(TTP), and Ce(OEP)(TTP), though such variations are largely 
within the standard deviation of the fitted lifetime values (Table 
11). Additionally, a time constant of about 1 5  ps is observed for 
the slow component of the transient absorption decay centered 
at 510 nm for Ce(OEP)* and for recovery of the 490- and 540-nm 
band bleachings for Ce(OEP)(TTP) (see Figures 2 and 4). 
Perhaps the most clear and striking indication that the slow phase 
is more complex than the simple conversion of one state to another 
is the observation that, after a few picoseconds, the AA = 0 point 
on the shorter wavelength side of the 480-490-nm band bleaching 
continuously shifts to shorter wavelengths as the transient ab- 
sorption decays (see e.g. Figure 6C).  

The Ce(1V) porphyrin dimers, in contrast to lanthanide por- 
phyrin monomers, are n o n l u m i n e s ~ e n t . ~ ~ ~ ~  The only fluorescence 
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observed from Ce(OEP),, Ce(TTP),, and Ce(OEP)(TTP) in 
toluene was from trace free-base impurities. From these mea- 
surements we place an upper limit of 2 X IO" on the fluorescence 
quantum yield for all three Ce(1V) dimers. The lack of 
fluorescence is in  agreement with earlier ~ ~ r k ~ ~ q ~  on Ce(OEP), 
and Ce(TTP),, but we have now placed a more stringent upper 
limit on the quantum yield of this process. Similarly, no phos- 
phorescence was observed in wavelength scans extending to 900 
nm. 

Discussion 
Electronic Spectra and States. Traditionally, ground-state 

spectra of porphyrin dimers have been discussed in terms of exciton 
coupling between the monomer states." The blue-shifted Soret 
band in the Ce(1V) porphyrin dimers compared to the spectra of 
monomeric complexes can be understood by using this a p p r ~ a c h . ~ ~ , ~  
However, exciton coupling between the macrocycles cannot ac- 
count for the appearance of the two new bands in the 470-490- 
and 620-670-nm regions which are observed in all of these dimers. 
In addition, the absence of a strong "OEP Q(0,O)" band in the 
mixed dimer, which is present in the symmetric OEP dimer, clearly 
shows that the two macrocycles are strongly coupled but in  a 
manner inconsistent with a simple dipole-dipole interaction. 
Standard exciton theory predicts only small effects in the Q-band 
region because of the low oscillator strength of the monomer Q 
transitions. 

The band near 470 nm in the Ce(1V) sandwich dimers is 
probably not a ring - metal C T  transition. If it were, then its 
position should be dependent on the nature of the central lan- 
thanide ion (via differences in the metal redox potentials). Such 
a dependence is not observed.3d Similarly, we do not believe that 
the band in the vicinity of 650 nm is due to a ring - metal C T  
transition. Rather, we believe that the additional "dimer" bands 
most likely represent new (K,K*) absorptions that arise from 
transitions involving delocalized molecular orbitals. These dimer 
MOs are formed by strong coupling between the a,,(a) and a2,(.) 
HOMOS and e,(x*) LUMOs of one of the monomeric subunits 
with those of the other. This strong orbital interaction and splitting 
has been proposeds to explain the near-IR absorption band in the 
spectrum, of oxidized Ce(OEP), and Ce(TPP)2.3vs The large 
splitting between the dimer bands located in the 470-490- and 
620-660-nm regions with their respective Soret and Q counterparts 
(Figure 1)  indicates that the couplings ( monomer,lHlmonomer,) 
are quite large, on the order of IO3  cm-l. At present, we cannot 
identify the orbital parentage of the new dimer transitions since 
orbitals in  addition to the four-orbital set used to explain the 
monomer spectra probably need to be considered in view of the 
substantial K overlap in the sandwich c ~ m p l e x e s . ~ ~ ' ~  Additionally, 
configuration interaction is probably substantial as it is for the 
monomers.1° The metal may also participate in the coupling of 
the monomeric K orbitals, although to a lesser extent as evidenced 
by the insensitivity of the optical properties of the lanthanide 
dimers to the nature of the meta1.3e,5J6 

The ability to observe transitions between states derived from 
strongly interacting orbitals is of particular relevance to the 
bacterial photosynthetic reaction center. (Ring-to-ring charge- 
transfer transitions have often been discussed in this regard for 
the reaction ~ e n t e r ' ~ - ' ~ J ~  and some porphyrin dimers.13J7) Recent 

(IO) Gouterman, M. In The Porphyrins; Dolphin, D., Ed.; Academic Press: 
New York, 1979; Vol. 111, pp 1-165. 
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theoretical work has pointed out the importance of strong orbital 
interactions in determining the electronic properties of the dimeric 
electron donor in the reaction center.', However, it has not been 
possible to observe directly the weak transitions between states 
derived from delocalized molecular orbitals due to the masking 
effect of the strong Qv transitions of the chromophores and the 
resulting strong exciton coupling between them. On the other 
hand, the low oscillator strength and minimal exciton coupling 
of the Q bands of the lanthanide porphyrin dimers have given us 
a better opportunity to observe these weak transitions involving 
states of the dimer ?r system. We will report elsewhere on a 
detailed analysis of the optical spectra of the lanthanide porphyrin 
dimers as well as recent results18a on the related Th(1V) sandwich 
complex,19 where the inclusion of strong interactions between the 
macrocycles is also required to explain the optical properties of 
the molecule. 

Rapid Radiationless Decay of the Photoexcited Dimers. The 
transient spectrum observed for Ce(OEP), at 0.6 ps has a broad 
band centered near 800 nm (Figure 2 and inset), although the 
exact shape and amplitude of the feature are difficult to ascertain 
since the bleaching of the ground-state absorption (Figure 1 )  will 
tail to beyond 750 nm. This near-IR feature suggests that the 
initially observed excited state may be a ring 3 ( ~ , ~ * )  state, since 
the 3 ( 7 r , ~ * )  state in monomeric metallooctaethylporphyrins rou- 
tinely show an absorption peak in this region.20 Although this 
assignment requires ultrafast intersystem crossing from the initially 
prepared singlet manifold of the ring to the triplet manifold, this 
is not unreasonable in view of the heavy central metal ion and 
the fact that instrument limited (e350 fs) formation of the ring 
triplet has been found in Cu(I1) and Ru(I1) porphyrins.20 That 
the initially observed excited state is not the I ( K , K * )  state excited 
directly with the 582-nm flash follows from two observations. 
First, a near-IR feature like that observed in Figure 2 is not 
observed in the spectra of the lowest '(K,K*) state of porphyrin 
monomers, which instead show only a featureless absorption to 
the red of the Q-band bleachings, broken by characteristic stim- 
ulated emission features.20 In addition, the upper limit of 2 X 
10" that our luminescence measurements place on the fluorescence 
quantum yield of the dimers corresponds to a '(*,a*) lifetime of 
1200 fs,,' which is much shorter than the 1.5-2.5-ps lifetime we 
observed for the initial transient state in all three Ce(IV) porphyrin 
dimers that we investigated. However, we must keep in mind, 
as pointed out above in conjunction with our discussion of the 
ground-state absorption spectra, that the (K,K*) excited states 
should be viewed as delocalized states of the strongly couuled dimer 
system, making it difficult to assign spectral features with certainty 

( 1 5 )  Won, Y.;  Friesner, R. A. J .  Phys. Chem. 1988, 92, 2208-2214. 
(16) If the coupling proceeded via the metal, significant conjugative cou- 

pling between the metal and porphyrin ligand should also be observed for the 
corresponding porphyrin monomers in the form of spectral distortions relative 
to those of normal metalloporphyrins. Such distortions, however, are not 
observed. For example, in the related Th"'(TPP), and UiV(TPP), complexes, 
the monomers1' possess an absorption spectrum very similar to that of Zn- 
(TPP)l0 and the sandwich porphyrin dimers" have a spectrum much like that 
of Ce(TTP1,. 

( I ? )  Ohio, 0.; Ishikawa, N.; Matsuzawa, H.; Kaizu, Y . ;  Kobayashi, H.  
J .  Phys. Chem. 1989, 93, 1713-1718. 

(18) (a) Bilsel, 0.; Rodriguez, J. ;  Girolami, G. S.; Milam, S. N.; Suslick, 
K. S.; Holten, D. Manuscript in preparation. (b) In contrast to the Ce(IV) 
dimers studied here, a long-jived 110-40 rs) phosphorescent '(7r,r*) state is 
found in high yield for the Th(1V) dimers, and the emission wavelength places 
this ring tri let about 1.4 eV above the ground state.18* The electrochemical 

communication) suggest that the lowest RMCT state of this complex lies at 
least 1.7 eV above the ground state, placing it above the 3(7r,7r*) and probably 
above the lowest ring singlet state as well. Thus, the RMCT states would seem 
to lie above the ring states in the Th(1V) sandwich complexes and thus cannot 
quench the photoexcited molecules as we propose they do in  the Ce(1V) 
dimers. 

(19) (a) Girolami, G. S.; Milam, S. N.; Suslick, K. S.  Inorg. Chem. 1987, 
26,343-344. (b) Girolami, G. S.; Milam, S. N.; Suslick, K. S. J .  Am. Chem. 
SOC. 1988, 110, 2011-2012. 

(20) Rodriguez, J.; Kirmaier, C.; Holten, D. J .  Am. Chem. Soc. 1989, I I I ,  
6500-6506. 

(21) (a) This assumes a natural radiative lifetime of about 100 ns (a value 
appropriate for OEP and TPP monomersi0) for the Q(0,O) state pumped by 
the 582-nm excitation flash. 

data on Th R (OEP), (Girolami, G. S.; Milam, S. N.; Suslick, K. S. Personal 
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based on the properties of the monomer (T ,T*)  states. One thing 
is clear, though; there is no a priori reason to expect that any of 
the (T ,T*)  states of the dimer will radiationlessly decay directly 
to the ground state as rapidly as the 1.5-2.5-ps time constant that 
we observe for the excited-state decay and ground-state repopu- 
lation in these dimers (see also below). One or more lower energy 
excited states must be involved. 

Yan and Holten proposed that, of all the excited states of the 
dimer, ring-to-metal charge-transfer (RMCT) excited states are 
the most likely to lie a t  low energy and to facilitate rapid deac- 
tivation.6 The electrochemically determined ring oxidation and 
metal reduction  potential^^^*^-^ suggest that the lowest energy 
R M C T  state for the Ce(1V) porphyrin dimers probably lies a t  
I I eV above the ground state.22 This is far lower in energy than 
any of the (r,~*) ring states, even when conservative limits for 
the exchange and Coulomb interactions are taken into account. 
The interpretation that R M C T  states are crucial in the deacti- 
vation of the photoexcited Ce(1V) porphyrin dimers is also sup- 
ported by recent work on the related Th( IV) sandwich complexes.'* 

Although we believe that the RMCT states play a crucial role 
in the ultrafast dynamics of the Ce(lV) sandwich complexes, a 
RMCT state probably is not the initially observed excited state. 
The RMCT states of these compounds are not expected to she" 
the absorption feature observed near 800 nm for Ce(OEP)? (Figure 
2 inset). This prediction is based on the fact that the ring cation 
of Ce(OEP), has no absorption band between 700 and 1000 
and the idea that the spectrum of the RMCT state should be 
roughly similar to that of the cation since the ring is oxidized in 
both species. However, we do not wish to press this analogy too 
strongly, since the simultaneous metal reduction in the RMCT 
state and the concomitant Coulomb effects might result i n  dif- 
ferences in the spectrum of the C T  state compared to the case 
of the cation. 

On the basis of this discussion, we believe that the following 
general scheme is the simplest model consistent with all of our 
observations on the ultrafast decay of the Ce(1V) porphyrin dimers: 

( T , x * )  state - RMCT state - 
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IO ps 
vibrationally excited ground state - ground state 

Since the fast kinetic phase is accompanied by isosbestic behavior 
( e g ,  Figure 4 inset and Figure 6a),  the ratio of T+, and T~ must 
be quite large, i.e., either T~ < 350 fs and rB - 2 ps or T~ - 2 
ps and T~ < 350 fs. I n  other words, i f  the initially observed state 
is a ring (a,n*) state, then the RMCT state that we believe 
facilitates the rapid deactivation must be too short-lived to be 
observed. 

The dominant, 1.5-2.5-ps kinetic phase (Table 11) is accom- 
panied by a substantial decay of the bleachings i n  all the 
ground-state absorption bands (see Figures 4 and 6). In fact, we 
believe that the simplest interpretation of our data is that all the 
molecules return to the ground electronic state on this time scale. 
We believe that the slow component represents vibrational re- 
laxation in the porphyrin dimer. This is reasonable considering 
that about 2 eV of electronic energy present in the initially pre- 
pared (a,~*) state must be converted into vibrational degrees of 
freedom following the ultrafast relaxation to the ground electronic 
state. 

We favor this interpretation of the - IO-ps spectral dynamics 
over the alternatives such as solvent dynamics or parallel deac- 
tivation pathways for several reasons. ( I )  Solvation dynamics is 
unlikely considering that the slow kinetic phase is present in 

Bilsel et al. 

(22) The first reduction of Ce(OEP), occurs at -0.51 V (vs Ag/AgCI) and 
the first oxidation at +0.26 V. The reduction involves an orbital primarily 
metal in  character whereas the oxidation is from an a,,-like ring ?r orbital. 
The first reduction of Ce(TPP), is at -0.16 V and oxidation at +0.79 V .  
Again, the reduction involves an orbital primarily metal in character, whereas 
the oxidation largely involves a ring orbital but is influenced by metal orbital 
participation.s 

(23) Duchouski. J .  K.; Bocian. D. F. Personal communication. 

relatively nonpolar solvents such as toluene (see Figures 2-6). 
Also, although solvent relaxation times have yet to be measured 
for a number of aprotic solvents (e.g., acetone and CH2CI2), 
current theoryz4 and experiments on other aprotic  solvent^^^^^^ 
suggest that the solvation time constants lie somewhere between 
the longitudinal ( T ~  = 0.35 ps for acetone and -0.4 ps for 
CH,C12) and Debye (iD = 3.3 ps for acetone and 1.5 ps for 
CH2CI2) relaxation times?% both of which are significantly shorter 
than those of the slow phase (see Table 11). (2) The slow phase 
is accompanied by a continuous shifting in the A A  = 0 points (see 
e.g. Figures 4 and 6C) and a variation of time constant with 
wavelength in the blue region which is seen most clearly for 
Ce(OEP),. (3) Similar complex spectral and kinetic behavior has 
been found recently in our laboratory during the first 20 ps after 
excitation of four-coordinate26 and six-~oordinate~'  Ni( 11) por- 
phyrins. These dynamics were shown to originate from a none- 
lectronic process such as vibrational relaxation or conformational 
changes. However, it is unlikely that such similar conformationally 
driven spectral dynamics should occur in all these porphyrins. 
Time-resolved measurements on a number of other large molecules 
indicate that up to 20 ps may be required for the flow of excess 
energy into the ~ o l v e n t , * ~ - ~ ~  a time scale consistent with molecular 
dynamics simulations of intermolecular vibrational relaxation in 
heme proteins.30 Additionally, it is likely that for porphyrins 
intramolecular vibrational relaxation may require several pico- 
seconds or more.26 

I t  thus appears likely that vibrational relaxation is largely 
responsible for the complex dynamics in the Ni( 11) porphyrins 
and for the similar IO-ps kinetic phase in the Ce(1V) dimers, 
representing here equilibration of a vibrationally excited ground 
electronic state. 

Conclusions 
We believe that three conclusions of general significance have 

emerged from our steady-state and subpicosecond resolution 
measurements on the Ce(IV) porphyrin sandwich complexes. (1) 
The very strong electronic coupling between the two rings of the 
dimer in these molecules must be taken into account in evaluating 
the ground-state absorption spectra and thus the electronic excited 
states. Simple exciton theory is not sufficient. (2) Electronic 
relaxation from the initially prepared' (n,n*) state to the ground 
electronic state involving an -2-eV energy drop occurs extremely 
rapidly (-2-ps) via a ring-to-metal CT state. The ultrafast rate 
implies excellent electronic and Franck-Condon factors for the 
deactivation process. (3) Ever increasing evidence is emerging 
that vibrational relaxation of photoexcited metalloporphyrins in 
solution occurs on a time scale of several picoseconds and is 
accompanied by a very complex time evolution of the transient 
absorption spectrum. 
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