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lished papers are not accepted. Both reviews and reports of 
research are acceptable, because symposia may embrace both 
types of presentation. 
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P R E F A C E 

PORPHYRINS H A V E T H R E E M A J O R R O L E S in nature: electron transfer, 
oxygen transfer, and photosynthesis. In photosynthesis a principal scientific 
question has concerned the kinetics of chlorophyll excited states after 
absorbing light. Great progress has been made in understanding this 
problem, and a symposium volume on this subject has recently appeared7. 
Understanding photosynthesis is based on studies of the excited states of 
simple porphyrins. In the last decade a major new experimental technique, 
picosecond laser spectroscopy, has had considerable application to porphy
rins 2 and has provided information about excited-state decay processes. 
Picosecond laser spectroscopy has also helped explain the kinetics of ligand 
binding to porphyrins. Ligand binding is also involved in the biological 
activity of porphyrins. A brief review of picosecond pump-probe studies of 
metalloporphyrins has recently appeared-*, but its scope was very limited. 

When molecules absorb a photon and produce an electronic excited 
state, the energy can be dissipated in several ways: luminescence, radiation-
less decay to the ground state, and photochemistry. Luminescence domi
nated the older literature because it was easy to observe. A good review of 
luminescence is in Volume 3 of David Dolphin's seven-volume series The 
Porphyrins4. Picosecond laser spectroscopy allowed for exploration of the 
radiationless decay pathways, particularly the initial steps that compete with 
luminescence and lead to photochemistry. Two principal forms of radiation-
less decay lead to long-term metastables: ligand ejection and electron 
transfer. 

These topics have been studied extensively since the publication of The 
Porphyrins eight years ago. In assembling the International Conference on 
Excited States and Dynamics of Porphyrins (Little Rock, Arkansas, 
November 16-19, 1985), we hoped to collect a wide range of scientists 
engaged in studies on porphyrin excited states to review the developments 
during the last decade in porphyrin photodynamics. This book, developed 
from that conference, is concerned with only a limited aspect of porphyrin 
research, Excited States and Photodynamics. Chapters fall into five 
categories: theoretical studies on excited states, spectroscopic studies on 
excited states, picosecond laser kinetic studies, resonance Raman studies, 
and photochemical studies. In particular, the book examines the nature of 
metalloporphyrin excited states, solvent perturbations, decay of the S : 

(second excited singlet) state, intersystem crossing rates, ligand ejection, 
electron transfer, and related areas. 

i x 
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In short, this volume contains a variety of chapters concerned with the 
fate of porphyrin molecules that have absorbed a photon. Most of the 
chapters examine changes that occur after this process. In some cases the 
change is ligand loss, in other cases nuclear motion, and yet other cases 
electron transfer. These processes also occur in biological systems and have 
important practical application. Because this book collects works from 
various groups, we hope that it will find a useful place in many research 
libraries and laboratories and that it will fill a gap in the current review 
literature. 

We gratefully acknowledge the financial support for the conference 
provided by the following Arkansas organizations and individuals: Arkansas 
Electric Power Company; Arkansas Louisiana Gas Company; BEI Elec
tronics, Inc.; First Commercial National Bank; General Dynamics Corpo
ration; John L. McClellan Memorial Veterans' Administration Medical 
Center; Union National Bank; University of Arkansas for Medical Sciences; 
Whit Stevens; and Winthrop Rockefeller Foundation. Support for publica
tion of this book was provided in part by the Citadel Research Foundation, 
Little Rock, Arkansas. 
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1Michel-Beyerle, M. E. Antennas and Reaction Centers of Photosynthetic Bacteria; Springer: 
Berlin, 1985. 

2Straub, K. D.; Rentzepis, P. M.; Huppert, D. J. Photochem. 1981, 17, 419-425. 
3Holten, D.; Gouterman, M. In Optical Properties and Structures of Tetrapyrroles; Blauer, G.; 
Sund, H., Eds.; Walter de Gryter: Berlin, 1985; p. 63. 

4Gouterman, M. In The Porphyrins; Dolphin D., Ed.; Academic: New York, 1978; Vol. 3, p. 1. 
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1 

Quantum Mechanical Studies of the Photodissociation 
of Nitrosoheme Complexes 

Lek Chantranupong, Gilda H. Loew, and Ahmad Waleh 

Molecular Theory Laboratory, The Rockefeller University, Palo Alto, CA 94304 

Initial steps in the photodissociation of nitrosyl 
ferrous and ferric heme complexes have been investigated 
by calculation of the ground and excited states and 
electronic spectra as a function of iron-ligand bond 
lengthening. The method used is an all valence semi 
empirical INDO-SCF-CI procedure with transition metal 
parameterization and the ability to calculate configura
tion interaction for closed shell systems and, more 
recently, radical species. The results of these studies 
allow identification of a common photodissociating state 
involving dπ -> d*z2 excitations for both systems, the 
same state found in previous studies of carbonyl and oxy 
ferrous heme complexes. This result is consistent with 
the observation of nearly equal initial photodissocia
tion product for all four systems at a picosecond time 
scale. The low quantum yield at long time (~ 400 μs) 
observed for the ferrous nitrosyl complex is attributed 
to the population of charge transfer states with a 
minimum which allow trapping of the NO radical near the 
iron. Such states can be involved in both rapid 
geminate recombination or energy decay to the liganded 
state. The high quantum yield of the ferric nitrosyl 
complex is attributed to eventual photodissociation of 
ferric heme and NO radical on a triplet surface which 
does not allow population of the low energy charge 
transfer states also found to be present for these 
system. By contrast, the high quantum yield of the 
isoelectronic ferrous carbonyl heme complex is asso
ciated with the absence of such charge transfer states. 

Photodissociation and recombination studies of diatomic molecules, 
O2, CO, and NO from different heme proteins (1-11) and liganded model 
heme complexes (5, 9, 12-14) have been very valuable in understanding 
the dynamics of ligand binding and energy relaxation mechanisms. 
Much of the interest i n these studies stems particularly from the 
need for a better understanding of the physiological function of 

0097-6156/ 86/ 0321 -0002506.00/ 0 
© 1986 Amer i can Chemica l Society 
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1. CHANTRANUPONG ET AL. Photodissociation of Nitrosoheme Complexes 3 

hemoglobin which involves reversible binding of O2 at i t s heme active 
s i t e . Although photodissociation Itself is a nonbiological process, 
i t involves a series of biologically significant events which occur 
over different time scales, beginning with the metal-ligand bond 
breakage, leading to changes in the electronic and tertiary struc
tures, and eventually to quaternary conformational changes in the 
protein. 

It is known that some of the early transient effects related to 
ligand photodissociation in heme proteins evolve in the pico- or 
subpicosecond range (14-27). Since i t is unlikely that any spin, or 
tertiary-structure changes would take place at such fast rates, these 
ultrafast events should be closely related to the primary heme-ligand 
bond breaking process initiated by the activation of the complex to a 
dissociative state by photon energy. It, therefore, follows that the 
observed subpicosecond photodissociation properties for various 
ligands must be strongly dominated by the energy profile of the 
excited electronic states of their respective complexes during this 
process. Such a profile w i l l determine the i n i t i a l dissociative 
yield of the ligand which, in turn, w i l l influence the subsequent 
events of photodissociation ranging from the evolution of the inter
mediate species to electronic and conformational changes accompanying 
the ligand dissociation and/or recombination beyond the picosecond 
range (28-39). 

The primary requirement for the i n i t i a t i o n of the ligand bond 
breaking process is the existence of photodlssociative states in an 
appropriate energy range such that they can be populated by either 
direct excitation into such states or through relaxation from states 
populated by higher energy excitations. The dissociative yield, 
however, w i l l also depend on the existence or absence of competing 
mechanisms that may result in the overall deactivation of these 
dissociative states. In particular, low-lying excited states with 
paths for energy relaxation from higher-energy states and/or for 
energy decay to the ligand-bound ground state can effectively 
depopulate the photodlssociative states and thus reduce ligand 
dissociation yield. It is in the context of these ultrafast 
processes that theoretical investigation of the ground and excited 
state of complexes of various ligands with heme proteins can s i g n i f i 
cantly contribute to our understanding of their dissociation and 
recombination behaviors. 

We have previously reported the results of semiempirlcal INDO-
SCF-CI (40-43) studies of the energy profiles of the excited states 
of closed-shell (S - 0) CO (44) and 0 2 (45) ferrous heme complexes as 
a function of iron-ligand distance. In these studies, the criterion 
of "decreasing excited state energy as a function of iron-ligand 
distance and no barrier to dissociation" was used to identify the 
photoactive states in both complexes. These results were interpreted 
in terms of a two-channel photodissociation mechanism in oxyheme and 
a βingle-channel mechanism in carbonylheme complex. It was shown 
that although the excited states corresponding to dn d22 were 
photodlssociative in both carbonyl and oxyheme, photodissociation of 
oxyheme also proceeded through charge-transfer states below the Q-
band, which could also provide a competitive decay channel to the 
ground state. Consideration of the energies and lifetimes of various 
dissociative and decay channels then provided consistent explanations 
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4 PORPHYRINS: E X C I T E D STATES A N D DYNAMICS 

for the differences in the observed picosecond photodissociation 
properties of the two ligands. 

The INDO program used in the closed-shell oxy- and carbonylheme 
studies has recently been modified to include a Restricted Hartree-
Fock (RHF) and a generalized configuration interaction (CI) treatment 
for calculation of the excited states of open-shell systems with 
unpaired electrons (46). This new capability allows us to calculate 
the excited state profiles and examine the photodissociation proper
ties of heme complexes with a variety of ligands and metals in 
different spin and oxidation states. Such studies are particularly 
significant as changes in both ligand and metal can alter the heme 
electronic structure and thus the photophysics of the primary events 
of ligand photodissociation. Hoffman and Gibson (5_) have shown a 
good correlation between quantum yield of photodissociation and 
formal electronic configurations for a number of metals and ligands, 
which lead them to an overall stereo-electronic classification of 
these complexes. In particular, they have observed that the Iso-
electronic systems, [Fe(II)+C0], [Mn(II)+N0], and [Fe(III)+NO] a l l 
display ligand dissociation under photolysis with high quantum yield. 
The flash photolysis of NO and kinetics of it s recombination in 
different ferriheme proteins have also been studied in detail (6-8). 

In contrast to ferriheme complexes, ferrous nitrosylhemoglobin 
(HbNO) shows a negligibly small quantum yield in microsecond flash 
photolysis studies (4). However, recent picosecond experiments (24, 
27) on HbNO show that NO ligand, similar to CO and 0 2, is efficiently 
photolyzed in this time range, although i t s behavior after photo-
dissociation is strikingly different. In particular, the i n i t i a l 
photoproducts of HbNO have a lifetime of 17 ps and the starting 
material is recovered within 400 ps. This has been interpreted in 
terms of fast geminate recombination of NO (27). 

In this paper, we present the results of the calculations of the 
excited-state energies and characters for nitrosyl ferrous and ferri c 
heme complexes as a function of iron-nitrosyl distance. The calcu
lated energy profiles are then used to identify the photoactive 
states for each complex. Similar calculations are also underway to 
characterize the photoactive states of Mn(II)N0 complexes (47). 

Method 

The calculations were carried out by using a seraiemplrical INDO 
(intermediate neglect of differential overlap) program (40-43) which 
allows for the treatment of transition metal complexes and inclusion 
of extensive configuration interactions. The geometry of both 
nitrosyl f e r r i c and ferrous heme complexes were obtained from an X-
ray crystal structure of 6-coordinate FeTPP(NMeIm)N0 (48) with end-on 
NO ligand. This geometry was held constant except for variations of 
the Fe-NO distance along the axis normal to the plane of porphyrin. 
While an X-ray structure has been reported for a 5-coordinate ferric 
heme NO complex (49), with a linear NO geometry, the bent geometry of 
the 6-coordinate ferrous complex should more closely resemble that in 
the intact protein. 

The ground- and excited-state electron distribution and 
energies, in each case, were calculated at five different iron-
nitrosyl distances corresponding to successive displacement of NO in 
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1. C H A N T R A N U P O N G ET A L . Photodissociation of Nitrosoheme Complexes 5 

0.2-Â steps from an i n i t i a l bonding distance of 1.743 Â. Excited 
states of the closed-shell f e r r i c complex were calculated by 
performing single excitation CI calculations using a toal of 207 
configurations as described previously (44, 45). For the open-shell 
ferrous complex, the Self Consistent Field (SCF) calculations were 
performed by using a generalized open-shell operator (46), and the CI 
calculations were obtained from a Rumer diagram technique (50-54). 
At each iron-ligand distance, the energies of doublet excited states 
were calculated by using a total of 200 configurations corresponding 
to single excitations spanning an active space of 10 highest doubly 
occupied, 1 singly occupied, and 9 virtual molecular orbitals of the 
reference ground state. 

Results 

The nitrosyl ferric heme complex presented a computational problem at 
large Fe-NO distances due to the overall closed-shell nature of the 
liganded complex and the radical nature of the dissociated heme and 
ligand. The "frozen" (S = 0) spin state imposed on this complex 
resulted in SCF convergence on a Fe(II)-N0 + ground state at Fe-NO • 
2.143 Â and larger. However, at smaller Fe-NO distances, the correct 
Fe(III) oxidation state of the complex corresponding to a spin paired 
biradical singlet was obtained. These results indicated that the 
identification of the photoactive states of the ferric complex should 
be determined from the energy profile calculations at Fe-NO distances 
not too far from the equilibrium bonding distance. No such 
computational problems were encountered in the nitrosyl ferrous heme 
calculations, since a doublet spin state of the complex is consistent 
with the radical nature of the NO ligand at a l l Fe-NO distances. 

Table I shows the atomic orbital composition and energies of the 
ground-state molecular orbitals of the nitrosyl f e r r i c heme complex 
at three Fe-NO distances of 1.743 (bonding), 1.943, and 2.143 A. 
Table II shows the same results for the nitrosyl ferrous heme complex 
at Fe-NO = 1.743 and 2.143 A. The singly occupied orbital (79) has 
primarily NO % and σ character with both à% and dz2 contributions. 
Although this orbital is deeply buried, as can be seen from i t s 
energy, i t is shown between the doubly occupied and virtual orbitals 
for convenience. For comparison, the ground-state molecular orbitals 
of carbonyl-(44) and oxyheme (45) complexes are shown in Table III. 

Comparison of the molecular orbital energies of the ligand-bound 
ferri c and ferrous complexes in Tables I and II shows that, aside 
from a general energy shjft of about 0.12 au, the relative energies 
of the porphyrin π and π orbitals are l i t t l e affected by the change 
in the oxidation state of iron. However, both iron and NO ligand 
orbitals are significantly affected by this change. The energies of 
the iron d% and da orbital are, respectively, 0.14 and 0.18 au lower 
in the ferric than In ferrous complex. In the ferric complex, the 
two NO π orbitals are the lowest empty orjjitals and have nearly 
equal energies below those of porphyrin eg orbitals. In the ferrous 
complex, however, these orbitals are s p l i t with the singly occupied 
orbital becoming deeply ^buried and the virtual orbital energy 
increasing above the e π orbitals. 

The main effect or lengthening the Fe-NO distance in nitrosyl 
fer r i c heme is an increase in the d^ contribution to virtual orbitals 
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6 PORPHYRINS: EXCITED STATES A N D DYNAMICS 

Table I. Ground State Orbital Description of Nitrosyl Ferric 
Heme at Fe-NO Distances of 1.743 A, 1.943 A, and 2.143 A. 

Fe(III)-NO - 1.743 A 
Orb. Energy 
No. (au) Character 
92 -0.0017 (54% Imida, 18% Pora, 10% Fe a)* 
91 -0.0097 (100% a l u ) * 
90 -0.0229 (98% e g ) * 
89 -0.0235 (96% e g ) * 
88 -0.0404 (85% Imid*, 14% Imida)* 
87 -0.0522 (99% b l u ) * 
86 -0.0787 (85% Imidii, 15% Imida)* 
85 -0.0878 (100% b 2 u ) * 
84 -0.1026 (53% dx2_y2, 13% dz2, 16% Pora, 1% N0a)* 
83 -0.1029 (50% dz2,15% d x2_ y2, 9% Pora,8% Ν0σ,3% ΝΟπ)* 
82 -0.1527 (97% e g ) * 
81 -0.1533 (97% e g ) * 
80 -0.1719 (87% ΝΟπ, 9% d ^ * 
79 -0.2111 (32% ΝΟπ, 37% d ^ 14% NOa, 

10% ΡοΓπ, 3% d z
2 ) * 

78 -0.3444 100% a l u 

77 -0.3599 84% a 2 u , 5% ΝΟπ, 4% d,̂  
76 -0.4310 57% e g, 15% Ιπιΐάπ, 6% ΝΟπ, 

8% d%9 2% d z
2 , 2% ΝΟσ 

75 -0.4322 60% Ιιηΐάπ, 20% ΡοΓπ, 9% Imida, 2% dπ 
74 -0.4347 74% e g, 13% d ^ 6% Ιιηΐάπ 
73 -0.44.70 94% b l u 

72 -0.4484 93% a 2 u 

71 -0.4619 96% e g 

70 -0.4628 98% e g 

69 -0.4891 33% d%9 22% Pom, 12% ΝΟπ, 8% Ν0α, 
7% d x y , 1% d z

2 

68 -0.5010 30% Ιϋ^Λίπ, 27% d x y , 23% d%9 3% ΝΟπ 
67 -0.5030 57% d v . 14% d , 9% lm±dn9 3% ΝΟπ xy* π' 
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1. CHANTRANUPONG ET AL. Photodissociation of Nitrosoheme Complexes 7 

Table I. Continued 
Fe(III)-NO - 1.943 A 

Orb. Energy 
No. (au) Character 
92 -0.0002 (75% Pora, 7% Imida, 6% Fea)* 
91 -0.0095 (100% a l u ) * 
90 -0.0218 (97% e g ) * 
89 -0.0224 (97% e g ) * 
88 -0.0355 (85% Imidic, 14% Imida)* 
87 -0.0490 (94% b l u , 2% (^2^2)* 
86 -0.0640 (69% d x2_ y2, 15% Pora)* 
85 -0.0716 (72% dz2, 6% NOa, 6% Imida, 2% ΝΟπ)* 
84 -0.0732 (82% Irnidu, 15% Imida, 2% d z2)* 
83 -0.0880 (100% b ^ ) * 
82 -0.1471 (55% ΝΟπ, 40% e g ) * 
81 -0.1498 (93% e g ) * 
80 -0.1518 (54% e g, 39% ΝΟπ, 3% d%)* 

79 -0.2215 (35% Pom, 28% ΝΟπ, 15% NOa, 
17% d^, 2% d z

2 ) * 
78 -0.3454 100% a l u 

77 -0.3624 61% a 2 u , 18% ΝΟπ, 7% ΝΟα, 8% d% 

76 -0.4177 54% e , 28 Xd%9 9% ΝΟπ, 4% ΝΟα, 
2% d} 

75 -0.4233 69% e e, 29% d^ 
g' π 

74 -0.4274 81% lm±d%$ 9% Imida 
73 -0.4431 95% b l u 

72 -0.4457 92% a 2 u 

71 -0.4602 93% e &, 2% d Y V , 1% dn 
8 x y 

70 -0.4611 96% e g, 1% d ^ 
69 -0.4624 89% d x y 

68 -0.4753 38% e g, 37% d^, 7% Ιιηΐάπ, 5% ΝΟπ 
67 -0.4810 55% d ^ 21% e g, 13% Ιπ^π, 3% ΝΟπ 

Continued on next page 
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8 PORPHYRINS: E X C I T E D STATES A N D DYNAMICS 

Table I. Continued 

Fe(III)-NO = 2.143 A 
Orb. 
No. 

Energy 
(au) Character 

92 -0.0005 (79% Pora, 4% Fea)* 
91 -0.0116 (100% a l u ) * 

90 -0.0226 (96% 
ν * 

89 -0.0233 (95% 
ν 

88 -0.0312 (84% Ιπ^π, 14% Imida) 
87 -0.0373 (67% d 2 2 , 11% Pora) 

χ y 86 -0.0489 (55% b l u, 30% dz2, 2% d x2_ y2) 
85 -0.0494 (48% dz2, 29% b l u , 2% d x2_ y2) 
84 -0.0684 (85% Ιπ^π, 15% Imida) 
83 -0.0880 (100% b 2 u ) * 
82 -0.1232 (97% ΝΟπ)* 
81 -0.1465 (97% 
80 -0.1471 (97% ν * 
79 -0.2215 (53% ΡοΓπ, 24% ΝΟπ, 14% ΝΟα, 

6% d^)* 
78 -0.3446 68% a l u , 18% ΝΟπ, 9% ΝΟα, 2% d^ 
77 -0.3614 76% a 2 u , 13% ΝΟπ, 5% ΝΟα 

76 -0.4078 41% e g, 49% ά%9 2% ΝΟπ, 1% dz2 

75 -0.4120 48% 
v 4 4 % d * ' 

74 -0.4234 82% Ιπ^π, 13% Imida 
73 -0.4349 96% dxy 
72 -0.4437 96% b l u 
71 -0.4464 92% a2u 
70 -0.4591 93% V 3 % d * 
69 -0.4601 96% e8 

68 -0.4666 48% e g, 12% Imidii 
67 -0.4686 56% e , 37% d , 15 NOic g» π> 
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1. C H A N T R A N U P O N G ET A L . Photodissociation of Nitrosoheme Complexes 9 

Table II. Ground State Orbital Description of Nitrosyl 
Ferrous Heme at Fe-NO Distances of 1.743 Â and 2.143 Â 

Fe(II)-NO = 1.743 Γ 
Orb. 
No. 

Energy 
(au) Character 

92 
91 
90 
89 
88 
87 
86 
85 
84 
83 
82 
81 
80 

79 
78 
77 
76 
75 
74 
73 
72 
71 
70 
69 
68 
67 

0.1013 
0.0999 
0.0913 
0.0906 
0.0735 
0.0711 
0.0672 
0.0656 
0.0291 
0.0226 
-0.0114 
-0.0373 
-0.0380 

(94% Imida) 
(99% a l u ) * 
(96% e g ) * 
(95% e g ) * 
(43% d x2_ y2, 24% b l u, 9% dz2, 7% Pora) 
(58% dz2, 5% d x2_ y2, 5% N0a, 5% Imida) 
(62% b l u, 23% d x2_ y2)* 
(82% Irnidit, 14% Imida)* 
(84% Irnidu, 15% Imida)* 
(100% b 2 u ) * 
(84% ΝΟπ, 12% d%)* 

(97% e g ) * 
(97% e g ) * 

94% a 

-0.3285 62% ΝΟπ, 26% ΝΟα, 8% d,,, 3% d^2 
-0.2281 100% a l u 

-0.2390 
-0.2925 
-0.3012 
-0.3250 
-0.3253 
-0.3311 
-0.3320 
-0.3489 
-0.3498 
-0.3517 
-0.3599 

2u 
43% e g, 48% dn9 6% ΝΟπ 
54% e . 40% d w g» π 
41% d x y , 21% b l u, 29% Ιπιΐάπ 
55% d x y , 21% Imidπ, 15% b l u 

70% b l u, 21% Ιπ^π 
83% a 2 u , 9% Imidπ 
90% e g, 3% d% 

97% e g 

52% e g, 27% d1l, 7% Ιπ^π, 6% ΝΟπ 
40% e g, 47% ά π, 6% ΝΟπ 

Continued on next page 
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Table II. Continued 

Fe(II)-NO - 2.143 A 
Orb. Energy 
No. (au) Character 
92 0.1057 (95% Imida)* 
91 0.1020 (100% a l u ) * 
90 0.0938 (96% e g ) * 

89 0.0931 (93% e g ) * 
88 0.0878 (68% d x2. y2, 12% Pora)* 
87 0.0749 (78% d22, 7% Imida)* 

86 0.0718 (88% b l u , 3% Irnidn, 2% d x2_ y2)* 
85 0.0704 (80% Imid^ 13% Imida)* 
84 0.0340 (84% ImidTi, 15% Imida)* 
83 0.0247 (100% b ^ ) * 

82 -0.0346 (97% e g ) * 
81 -0.0353 (97% e g ) * 

80 -0.0451 (89% ΝΟπ, 5% ΝΟα, 2% d%)* 

79 -0.3725 69% ΝΟπ, 26% ΝΟα 

78 -0.2257 100% a l u 

77 -0.2375 94% a 2 u 

76 -0.2883 51% dn9 38% e g 

75 -0.2912 54% dn9 41% e g 

74 -0.3087 96% d x y 

73 -0.3208 58% Im±dii9 29% b ^ , 9% Imida 
72 -0.3278 72% b l u, 22% Imidπ 
71 -0.3309 93% a 2 u 

70 -0.3465 83% e g, 7% dn 

69 -0.3475 98% e g 

68 -0.3482 63% e g, 26% dn9 6% Imidπ 
67 -0.3518 55% e g, 41% d% 
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Table III. Ground State Orbital Description of 
Ligand-bound Carbonyl and Oxyheme Complexes 

Carbonylheme (Fe-CO » 1.77 A) 
Orb. 
No. Character 
92 (90% Imida, 3% d 22)* 
91 (100% a l u ) * 
90 (59% dx2_y2, 37% Pora)* 
89 (93% e g, 3% COn, 2% d 22)* 
88 (88% e g, 5% d22, 3% COTC)* 

87 (43% d22, 21% Imida, 14% Pont, 7% COa)* 
86 (65% COTI, 21% Imidu, 7% d^)* 

85 (55% COit, 37% b l u , 5% d%)* 

84 (65% b l u, 30% COit, 3% d ^ * 
83 (79% Imidu, 15% COit, 1% d%)* 

82 (100% b 2 u ) * 
81 (99% Imidit, 1% CO*)* 
80 (98% e g, 2% d^)* 
79 (98% e g, 2% d ^ * 

78 100% a l u 

77 97% a 2 u 

76 62% d^, 31% e g, 4% COn 

75 62% d%y 33% e g, 4% CO* 
74 96% d v v 

73 70% Imidit, 30% b l u 

72 93% a 2 u , 3% COn 

71 78% b l u, 22% Irnidu 
70 98% e g 

69 99% e g 

68 68% e g, 17% d%, 15% Imidic, 4% COii 
67 70% e , 23% d%, 6% 00π 

Continued on next page 
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Table III. Continued 

Oxyheme (Fe-0 2
 s 1-75 Â) 

Orb. 
No. Character 

92 (99% a l u ) * 
91 (85% Imida, 12% Porn)* 
90 (99% e g ) * 
89 (88% ee,10% Imida)* 
88 * 

(100% b l u>* * 
87 (55% dz2, 13% Pora, 13% Imida, 7% 0 2a, 4% d^.^) 
86 (58% d x2_ y2, 34% Pora, 4% dz2, 1% 0 2a)* 
85 (98% Imidic, 1% d z2)* 
84 (100% b 2 u ) * 
83 (99% Imidic)* 
82 (82% e g, 12% d%9 5% 0 2π)* 
81 (99% e g, 1% dj* 

80 (43% 0 2π, 36% d%, 18% e g ) * 

79 100% a l u 

78 99% a 2 u 

77 47% 0 2π, 32% ά π, 21% e g 

76 43% e g, 34% d^, 12% 0 2tc, 7% 0 2σ 
75 36% Porn, 32% 02ic, 27% 0 2σ, 1% ά% 

74 82% b l u, 18% Imidic 
73 87% a 2 u , 5% 02ic, 3% 0 2σ, 1% d x y 

72 69% Imidic, 28% Poric, 1% 02ic, 1% 0 2σ, 1% d% 

71 90% e g, 3% 0 2π, 3% dn 

70 98% e g 

69 79% e g, 7% d%9 6% 02ic, 3% d ^ - ^ 
68 87% d x y , 6% Pora, 1% 02ic 
67 48% d%9 27% e g, 15% Imidic, 7% 0 2a, 3% 02ic 
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1. C H A N T R A N U P O N G ET A L . Photodissociation of Nitrosoheme Complexes 13 

83 and 84 resulting In an appreciable net increase in thejr energies 
as well as changes in their relative positions. The NO π orbitals 
are also affected by the iron-ligand bond lengthening, which results 
in their stronger mixing with the porphyrin e π and a 2 u π 
orbitals. 

The effect of bond lengthening in the ferrous complex on the 
iron da orbitals is primarily an increased localization with smaller 
changes in their orbital energies and no change in their order. The 
NO π orbitals, on the other hand, are appreciably lowered in energy 
accompanied by a decrease in the da and d^ contributions to these 
orbitals. 

Simplified, scaled, diagramatic representations of the excited 
state energies of nitrosyl f e r r i c and ferrous heme complexes at 
successively increasing Fe-NO distances are shown in Figures 1 and 2, 
respectively. The excited states of the ferric complex are shown 
only for Fe-NO distances up to 2.143 Â because of the necessity of 
relaxing the "frozen" spin approximation beyond this distance. Each 
excited state calculated at each Fe-NO distance is represented by a 
horizontal line. However, only the Soret and Q-band, and the states 
that show large variations in energy with iron-ligand distance or 
correspon* to important charge-transfer states are identified by 
character. The percentages shown to the righj of some of the excited 
states specify the contribution of the d% •> dz2 type transitions to 
these states. The atomic orbital notations used to specify important 
transitions in Figures 1 and 2 represent only the main character and 
not the entire composition of the ralecular orbitals involved. The 
remaining orbital characters can be obtained by examining Tables I 
and II which contain a complete description of the same orbitals. 

Examination of Figures 1 and 2 stjows that only the states 
corresponding to d% ·* dz2 and d > dz2 transitions display a 
dissociative profile according to the criterion of "decreasing energy 
with increasing iron-ligand distancg and no barrier to dissociation." 
Since the contributions from d^ + dz2 transition are distributed in 
excited states over the entire energy range between the Q and the 
Soret band in both ferrous and ferr i c complexes, the collective 
behavior of a l l of these states are indicated by vertical bars and 
solid arrows. In common with oxy and carbonyl ferrous heme 
complexes, as shown in previous studies (44, 45), neither the Soret 
or the Q band show any dissociative behavior. 

An important aspect of the results is the significantly diffe
rent behavior obtained for the charge-transfer states in nitrosyl 
ferrous and ferric complexes. For the nitrosyl f e r r i c heme, a number 
of such states primarily a^ u, a 2 u NO π , (NO π, d^) calculated at 
energies below the Q-band are similar to those calculated for oxy 
ferrous heme (45). However, while these states display dissociate 
profiles in case of 0 2, no such pattern can be recognized for the NO 
ligand. The behavior of the a l u , a 2 u NO π, NO % charge-transfer 
states in the nitrsyl ferrous heme complex is very different. The 
energies of these states (Figure 2) are higher, in the range between 
the Q and Soret band. More interestingly, these state display a 
minimum corresponding to a 0.4 Â increase in the Fe-NO distance. The 
minimum persists when the NO ligand is rotated 45 degrees about the 
Fe-N axis and the CI calculations are repeated. We have determined 
that this behavior is not due to convergence errors. It is also 
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14 PORPHYRINS: EXCITED STATES A N D DYNAMICS 

.-1 

30,000 H 

Fe(III)N0 

25 r 000-T400 

20,000-4-500 

15,000H 

ιο,οοοΗ 

5,000' 
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d -*• d*2 xy ζ 
(66%) 
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π* π (Q) 
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(38%) 

(37%) 

a l u ^ ( Ν Ο π ' V 

1.743 A 1.943 A 2.143 A 

Figure 1. Simplified, scaled, diagramatic representation of the 
excited-state energies of nitrosyl f e r r i c heme complex at iron-
nitrogen distances of 1.743, 1.943 and 2.143 A showing correla
tion between similar photodissociating states. The π π 
transition of the Soret and Q bands are also identified. 
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Figure 2. Simplified, scaled, diagramatic representation of the 
excited-state energies of nitrosyl ferrous heme complex at iron-
nitrogen distances of 1.743, 1,943, 2.143 and 2.343 A showing 
correlation between similar photodissociating states. The 
π π transition of the Soret and Q bands are also identified. 
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16 PORPHYRINS: EXCITED STATES A N D DYNAMICS 

unlikely that i t arises as an artifact of the parametrization schemes 
in the INDO methods, since similar charge-transfer states previously 
obtained for oxyheme (45) do not display such a minimum in the energy 
profile. 

Discussion 

The major conclusion of the present study, as can be seen in Figures 
1 and 2, is that the primary photodissociating states, in both 
nitrosyl ferrous and fe r r i c heme complexes correspond to the d,̂  d22 
excitations. The calculated energies also indicate that this 
dissociative channel can be activated independent of the excitation 
frequency in the range of Q to Soret band energies. This is the same 
type of excitation previously identified as the photoactive state 
involved in CO and 0 2 photodissociation from ferrous heme complexes. 

It is known that photodissociation of NO from f e r r i c heme 
proteins occurs in high quantum yield (4-8). Recent picosecond 
experiments (24, 27) also indicate that photodissociation of ferrous 
nitrosylhemoglobin is initiated with high yield resulting in 
transient photoproducts with a 17 ps lifetime. In fact, Cornelius 
and Hochstrasser (24) have shown that complexes of CO, 0 2, and NO 
with ferrous hemoglobin a l l are photolized efficiently i n the 
picosecond timescale. They have further shown that, while the 
i n i t i a l photodissociations are very similar for the three ligands, 
their behaviors after photodissociation are not. The similarities in 
the photodissociation of CO, 0 2, and NO are consistent with our 
finding of a common photodissociating state for a l l three systems. 
Our results can also provide insight into their photodissociation 
differences. 

We have previouly suggested (44) that photodissociation of CO 
occurs via a single d% ·* dz2 dissociative channnel with no mechanism 
for radiative deactivation of the photoactive state, accounting for 
the high quantum yield independent of frequency of excitation, 
leading to long-lived photoproducts. By contrast, we have proposed a 
two-channel photodissociation mechanism for oxyheme (45), one ̂  d% 

d z2 type and the other involving charge-transfer a l u , a 2 u ·* Οπ type 
transitions below the Q-band. The two channel mechanism together 
with the assumption of a competitive decay path from these charge 
transfer states to the ground state account for the lowering of the 
overall quantum yield and i t s observed excitation frequency 
dependence in oxyheme. 

The present results suggest that photod^ssociation of NO from 
ferrous heme also occurs via a single dn -* dz2 channel similar to 
that for CO. However, immediately following photodissociation, a 
cross over to charge-transfer states (Figure 2), which displays a 
minimum in their energy profile, can result in transient trapping of 
the radical NO ligand near an equilibrium Fe-NO bond distance. Such 
a cross over should be efficient because both states are of the same 
spin multiplicity (S=l/2). Population of such excited states could 
lead to either geminate recombination or deactivation, via energy 
decay, both of which could result in small overall quantum yield of 
NO photolysis. This mechanism together with those suggested for CO 
and 0 2 photodissociation (44, 45) account for the efficient 
picosecond photolysis of the three ligands from ferrous heme 
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1. C H A N T R A N U P O N G ET A L . Photodissociation of Nitrosoheme Complexes 17 

complexes, and also provide an explanation for their different 
behavior following dissociation. 

Our results indicate that NO photodigsocation from f e r r i c heme 
complexes also occurs via a single à% + dz2 type dissociative 
channel. Although this i n i t i a l process seems similar to that 
suggested for ferrous carbonylheme (A4), the excited-state profile of 
nitrosyl f e r r i c heme is more complicated. Particularly significant 
is the presence^ of low-energy, charge-transfer, excited states 
involving NO π orbitals below the Q band which are absent in the 
carbonylheme complex. While as mentioned above, such charge transfer 
states in oxyheme complex could provide an energy decay or recombina
tion path to the ligand-bound ground state, the high quantum yield 
observed for NO photolysis from ferr i c heme proteins (4-6) suggest 
that the charge-transfer states in ferric NO complex do not play a 
role in either geminate recombination or decay to the liganded state. 
We, therefore, suggest that NO photodissoc^ation from the singlet 
nitrosyl ferric heme complex, via a dn + dz2 channel, requires 
eventual relaxation to a t r i p l e t d + d 2 channel. The radical 
nature of both the dissociated NO Iigan§ and the f e r r i c heme system 
w i l l prevent cross over to a singlet charge transfer state and 
recombination or decay to the singlet liganded state, since these 
processes would require a spin change. This argument is consistent 
with the spin-paired biradical nature of the ground state found for 
the liganded complex. It is also consistent with the observation of 
the Fe(III) oxidation state of HRP and myoglobin following NO 
photolysis (6-8). 

In summary, the results obtained in this study and in previous 
studies indicate a common photodlssociative channel for carbonyl, 
nitrosyl, nitrosyl, and oxy ferrous heme and nitrosyl f e r r i c heme 
complexes. The low apparent quantum yield of the nitrosyl ferrous 
system at long times (>400 ps) is attributed to geminate 
recombination or energy decay from relatively high-energy (near Q) 
charge-transfer states allowing NO to be trapped in a minimum near 
the iron. The high quantum yield of the nitrosyl fe r r i c heme is 
attributed to i n i t i a l dissociation on a radical pathway which does 
not allow cross over to low-energy charge-transfer states observed 
for this system. Such charge-transfer states are absent in the 
ferrous carbonyl system. Thus the high quantum yield observed for 
these two "isoelectronic" systems is the result of a common 
photodissociating state but different properties of the liganded and 
the dissociated states of each system. 
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2 
Quantum Mechanical Studies of Charge-Transfer States 
in Porphyrin Heterodimers 

James D. Petke1 and Gerald M. Maggiora1,2 

1Departments of Chemistry and Biochemistry, University of Kansas, Lawrence, KS 66045 

Ab initio quantum mechanical configuration interaction 
calculations have been carried out on a series of magnesium 
porphine-porphine (MgP-P) heterodimers to explore the 
relationship of geometry and environment to the location of 
charge-transfer (CT) states. In vacuum the calculations 
show the existence of two singlet MgP -> Ρ CT states which 
lie above the manifold of singlet Q states, the lowest-energy 
singlet excited states in the visible region of the spectrum. 
In the presence of polar solvents or chloride ion, the 
calculations show a dramatic lowering of the CT states, one 
of which under certain conditions becomes the lowest 
singlet excited state. The role of these CT states in photo
induced electron transfer processes and their role, in 
conjunction with the corresponding triplet states, in other 
photodynamical processes is discussed. Potential design 
criteria for the development of biomimetic solar energy 
conversion devices are also discussed. 

Porphyrins are probably one of the most well studied classes of organic 
compounds (1). In. addition, they play a number of important roles in 
biological systems and have been the basis for considerable biomimetic 
chemistry. Due to their striking similarities to chlorophylls, porphyrins 
have been used as models for photosynthetic systems. Harriman (2) has 
reviewed the application of porphyrin model systems in both natural and 
biomimetic photosynthetic energy conversion, and Gerischer and Katz (3) 
have edited a now somewhat dated but nonetheless very useful work on 
the general subject of light-induced charge separation in biology and 
chemistry. Netzel (4) and Boxer (5) have also considered the application of 
actual photosynthetic pigments or their closely related analogs to the 

2 C u r r e n t address: The Upjohn C o m p a n y , Kalamazoo , M I 49001 

0097-6156/86/0321-0020508.50/ 0 
© 1986 Amer ican Chemica l Society 
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2. P E T K E A N D M A G G I O R A Charge-Transfer States in Porphyrin Heterodimers 21 

modeling of these same processes. Recently, Creed and Caldwell (6) have 
reviewed the general area of photo-induced electron transfer (ET), 
including material relevant to biologic and biomimetic photosynthetic 
energy conversion systems. 

Two key features of photosynthetic systems is their ability to absorb, 
transport, and trap electronic excitation energy derived from solar 
photons, and their ability to use this trapped energy as a means for 
separating charge irreversibly. Due to a long standing interest in 
photosynthetic energy conversion, we have carried out a number of 
theoretical investigations of multimeric porphyrin systems designed to 
mimic key features of these two important processes. In addition, we have 
explored the use of these theoretical methods for the development of 
design criteria for the construction of biomimetic solar energy conversion 
systems. Specifically, we have investigated the effect of geometry and 
microenvironment on the formation of low-lying charge-transfer (CT) 
states in magnesium porphine-porphine (MgP-P) dimers using ab initio 
quantum mechanical methods (7, 8), and we have investigated the 
limitations of the point-dipole approximation in exciton theory 
calculations of multimeric bacteriochlorin systems (9). In the present 
work we will focus on C T states in porphyrin heterodimer systems, and we 
will discuss a number of features of these systems not described in our 
earlier works (7, 8). Theoretical work on exciton states and energy 
transport will be discussed in forthcoming work (9). 

C T States a n d P h o t o - i n d u c e d E T Processes 

Electron transfer plays an essential role in many chemical and biological 
processes (10,11). Most processes involve thermal E T , although a number, 
such as photosynthetic energy conversion, involve photo-induced E T . 
Photo-induced E T s are generally characterized by the formation of an 
initial C T state. Functionally, such highly polar "charge-separated" states 
act as strong electron donors in an appropriate molecular environment. 
Thus, photo-induced C T states are likely to play critically important roles 
in the early stages of the photosynthetic energy conversion process. For 
example, in purple photosynthetic bacteria E T is thought to proceed from 
a donor "special-pair" dimer of bacteriochlorophyll molecules to an 
acceptor bacteriochlorophyll with subsequent transfer of an electron to a 
nearby bacteriopheophytin molecule all within 10-U sec, and with a 
quantum yield approaching unity. The resultant radical-pair is 
sufficiently stable against charge recombination to permit charge 
separation over larger distances through additional E T steps (12, 13). In 
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22 PORPHYRINS: EXCITED STATES A N D DYNAMICS 

addition, Jortner (14) has considered the dynamics of the primary light-
induced charge separation in bacterial photosynthesis, and has proposed 
that E T occurs in competition with vibrational relaxation, from a non-
equilibrium nuclear configuration of the donor, initially excited above the 
crossing point of the potential surfaces of the neutral complex and radical-
pair. Warshel (15) has also examined a number of interesting features of 
this system using a blend of quantum and classical methods to simulate 
photo-induced E T , and Friesner and Wertheimer (16) have taken a density 
matrix approach to model the process. 

U n t i l a recent x-ray diffraction study (17) provided direct evidence of 
the arrangement of the pigment species in the reaction center of the 
photosynthetic bacterium Rhodopseudomonas Viridis , a considerable 
amount of all evidence pertaining to the internal molecular architecture of 
plant or bacterial reaction centers was inferred from the results of in vitro 
spectroscopic experiments and from work on model systems (5, 18, 19). 
Aside from their use as indirect probes of the structure and function of 
plant and bacterial reaction centers, model studies have also provided 
insights into the development of potential biomimetic solar energy 
conversion systems. In this regard, the work of Netzel and co-workers (20-
22) is particularly noteworthy, and in addition, is quite relevant to the 
material discussed at this conference. 

Specifically Netzel et al. (20-22), in studies of "face-to-face", covalently-
linked MgP-P dimers, found evidence for the formation within 6 psecs of a 
low-lying, relatively long-lived intramolecular C T state of the type 
M g P + - P ~ in polarizable or highly polar solvents and in solvents where 
chloride ion coordinates with the magnesium ion of the MgP-macrocycle. 
These workers also observed the formation of benzoquinone anion radicals 
as stable photoproducts of the C T formation process when the experiments 
were carried out in the presence of benzoquinone (21). This approach 
provides a more direct test for the formation of an intramolecular C T 
state, and the results are in sharp contrast to those typically observed 
when porphyrin !(π,π*) states are quenched in the presence of 
benzoquinone (23). 

While Netzel et al . (20-22) have investigated the effect of solvent on the 
formation of low-lying C T states, they have not extensively investigated 
the important question of the role of geometry in the formation of these 
states. In their latest study (22) they did investigate a MgP-P dimer with 
a face-to-face geometry that was slightly translated from a fully 
superimposed geometry. The results obtained were quite similar to those 
they obtained in the usual face-to-face geometry, although the decay 
kinetics did differ in the two cases. 
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2. Ρ ET Κ Ε A N D M A G G I O R A Charge-Transfer Slates in Porphyrin Heterodimers 23 

With the recent x-ray diffraction study of R. Viridis reaction centers 
(17) it has become clear that non-face-to-face geometries may be important 
in determining, or at least in not adversely affecting, the photodynamics of 
MgP-P dimers and related biomimetic systems. However, the difficulty of 
synthesizing a wide enough variety of structurally well-characterized 
systems has in the past and will in the future continue to hamper 
experimental efforts to elucidate this potentially important design feature 
of biomimetic solar energy conversion systems. It is precisely in this latter 
area that theoretical calculations are likely to play an important and an 
expanded role. The results to be discussed in what follows address this 
point as well as others that relate to the effects that "environmental 
tuning," taken in its broadest possible sense, can have on the formation of 
low-lying and relatively long-lived C T states. 

Theoret ical Methodology 

Our approach is based on ab initio quantum mechanics, specifically self-
consistent field molecular orbital and configuration interaction ( S C F - M O -
CI) calculations (24,25). We have employed this technique to elucidate the 
electronic structural features of MgP-P dimers in a variety of 
intermolecular geometries and in the presence of "environmental factors" 
such as chloride ions and polar solvents (7, 8). As in many of our past 
studies we employed a simple molecular fragment basis set of floating 
spherical gaussian orbitals (FSGO) (26), which has proven to provide a 
satisfactory qualitative interpretation of the electronic structure of the 
ground and low-lying excited states of large, highly conjugated 
macrocyclic systems (27-29). One effect of the use of an F S G O basis is, 
however, that calculated transition energies are generally too large in 
comparison with experimental values. To obtain better estimates of 
transition energies, AEest, we have developed a scaling procedure based on 
the equation 

AEest = 0.610AEcalc . 441.0 c m * , (1) 

which has proved to be quite useful in earlier studies of π -> π* transitions 
of MgP and Ρ monomers (28) and of a considerable number of related 
systems (29). 

In heterodimer systems, such as those described in the current work, 
orbitals obtained from supermolecule S C F calculations often bear a close 
resemblance to monomeric orbitals when the monomeric species are 
separated by distances greater than or equal to the Van der Waals 
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24 PORPHYRINS: EXCITED STATES A N D DYNAMICS 

separation. When the monomers are forced to be closer than this distance, 
as for example in many cyclophanes, orbital mixing is quite strong, and 
the monomeric identity of the orbitals is somewhat obscured. This was in 
fact observed in the case of the face-to-face dimer with an interplanar 
spacing of 3.35 Â, described in an earlier work (8). 

Even in situations where the inter-monomer separation is greater than 
the V a n der Waals separation, orbital mixing can occur which partially 
obscures the monomeric parentage of particular orbitals. This usually 
takes place when orbitals from each monomer are approximately 
degenerate. While CI calculations could, in principle, be carried out with 
such "scrambled" orbitals, interpretation of the resulting wavefunctions 
in terms of monomeric contributions becomes virtually impossible. 
Fortunately, this type of purely accidental degeneracy can be removed by 
a unitary transformation which "unscrambles" the orbitals. We have 
developed a method which is analogous to the usual "two-by-two" rotation 
methods (30) for this purpose. Molecular orbitals resulting from such 
transformations are quite monomer-like, and have been very useful in 
producing easily interprétable wavefunctions, since the configurations 
appearing in the CI wavefunctions have been generated from excitations 
which clearly maintain their monomeric character. The overall procedure 
used to obtain the heterodimer CI wavefunctions is summarized in 
Scheme I. 

In the present work the CI procedure (25) employed includes single, 
double, and higher excited configurations, and can treat in a natural way, 
using the localized monomer basis orbitals, intra- as well as inter-
molecular excitations. States which arise from such "monomer-based 
excitations" can then be interpreted in terms of their locally-excited, 
excitonic, C T , or "mixed" character. Details as to the nature of the dimer 
states have been discussed in our earlier works (7, 8). 

Molecular D i m e r Geometries Investigated 

A considerable variety of molecular complexes have been examined 
during the course of our investigations, including the following: (1) face-
to-face dimers at several interplanar spacings, (2) face-to-face dimers in 
which the MgP macrocycle has been rotated by 45° about an axis passing 
through the magnesium atom and perpendicular to the macrocyclic plane, 
again at several interplanar spacings, (3) a "slipped" face-to-face geometry 
in which the MgP macrocycle is translated relative to the Ρ macrocycle, (4) 
a "T-shaped" dimer, (5) an "L-shaped" dimer, (6) a fully planar dimer in 
which both macrocyclic rings lie in the same plane, and (7) a dimer related 
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2. PETKE A N D MAGGIORA Charge-Transfer States in Porphyrin Heterodimers 25 

Supermolecule Hartree-Fock 
S C F Calculations 

1 
Orbital Transformations 

(generation of "monomer-like" orbitals) 

1 
Generation of Excited Configurations 

1 
CI Calculations 

(matrix element evaluation 
and diagonalization) 

1 
Porphyrin Dimer Excited States 

Scheme I 

to the fully planar one in which one macrocycle is rotated 90 degrees with 
respect to the other. A number of the complexes are illustrated in Figure 
1. In studies involving coordination of the dimers by chloride ion, a M g - C l 
bond length equal to the covalent radius of the magnesium atom and the 
ionic radius of the chloride ion was used, with the chloride ion positioned 
along a vertical axis perpendicular to the MgP-macrocyclic plane and 
passing through the magnesium atom. 

Both the face-to-face dimers and the T- and L-shaped dimers have 
relevance to biomimetic systems, especially in light of the work on the 
x-ray structure of the R. Viridis reaction center (17). As will be discussed 
in the following, the results obtained for the face-to-face dimer with an 
interplanar spacing of 5.35 Â is prototypical of the results obtained for 
almost all the dimers investigated, and thus it provides a reasonable basis 
for illustrating a number of important features that arise from the 
calculations. However, it should be noted that the lack of "covalent l inks" 
in our model dimers precludes the possibility of "through-bond" effects. 
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Whether the omission of such effects would significantly alter the 
conclusions arrived at as a consequence of our calculations is difficult to 
say, but we expect that major through-bond effects in photo-induced E T 
would only become important as the distance between the two porphyrin 
macrocycles becomes very large. Hoffman and co-workers (31) have 
discussed several aspects of through-bond effects, and Beratan and 
Hopfield (32) have approximated them in a recent study of E T in a rigid 
system. 

Identical structures were used in both the ground and excited state 
calculations, in keeping with the Franck-Condon (FC) approximation (33). 
Franck-Condon excited states are generally not in equilibrium with 
respect to their own molecular structure and that of their 
microenvironments. Thus, structural relaxations could occur that would 
significantly affect the state ordering and photodynamical properties in 
these systems (vide infra). Such structural relaxations are not expected to 
be of major consequence with respect to porphyrin (π,π*) states, but may 
be significant for C T states. The latter states can be thought of 
approximately as being made up of a π-cation and π-anion radical pair. 
Based on a variety of experimental data Netzel et al . (21, 22) have argued 
that significant structural relaxations of the individual radical ion 
structures or of the solvent shell surrounding the radical-pair dimers do 
not occur. McHale and Simons (34) have, however, expressed an 
alternative view in which they showed that inclusion of molecular 
structural changes was necessary to account for the low-lying charge-
resonance transition observed in anthracene-dimer anions. While x-ray 
structures of radical cation and anion porphyrins are scarce, those that are 
available (see e.g. 35) provide evidence suggesting that significant loss of 
planarity of the macrocycle does occur. In addition, opposing charges on 
the two macrocycles, Le. M g P + and P~, will give rise to an attractive 
interaction between the macrocycles which will tend to draw them closer 
together. Finally, even though the dimer system occupies a large volume 
such that, as argued by Netzel et al. (21, 22), small volume changes should 
not lead to significant solvent restructuring, it must be borne in mind that 
very large changes in electron distribution take place upon C T state 
formation. Thus, it is likely that such large changes in charge distribution 
would have an effect on the structure of polar/polarizable solvents in 
regions close to the solute. 

Due to the complexity of MgP-P dimer systems, ab initio quantum 
mechanical studies designed to ascertain the importance of geometric 
relaxations must be delayed for future investigations. In this regard 
Warshel (36, cf. 15) has applied a variety of semi-empirical and semi-
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28 PORPHYRINS: EXCITED STATES A N D DYNAMICS 

classical methodologies in order to simulate the effect of solvent 
reorganization on E T processes. 

Results of Theoret ical Studies: A n Overview 

Detailed presentations of the results of our calculations have been given 
elsewhere (7, 8). In the latter study, special emphasis was given to the 
relationship of geometry on the location of C T states. Figure 2 
summarizes this relationship for the lowest C T state, l C T i , of MgP-P 
dimers both in the presence and in the absence of chloride ion. It is seen 
from the figure that in both cases a substantial variation in C T state 
energy with dimer geometry occurs. Interestingly, as will be 
demonstrated shortly, the separation of the macrocycles and not their 
relative orientations appears to be a dominant factor in determining C T 
state energy. Thus, in order to provide a basis for a deeper analysis of the 
electronic characteristics of low-lying singlet and triplet C T states, the 
face-to-face dimer separated by 5.35 Â will be considered in greater detail. 
While there are distinct variations due to geometric differences, as noted 
above, the 5.35 Â dimer is prototypical of most all of the dimers 
invetigated in our work. Although several features of this system were 
treated in detail in our earlier works (7, 8), additional discussion is 
warranted. 

M o l e c u l a r Orbitals . The orbital energies obtained from S C F - M O 
calculations on the 5.35 Â dimer are displayed in Figure 3 for isolated 
monomers and MgP-P dimers, both isolated and in the presence of added 
chloride ion. As discussed earlier, the MgP-P dimer orbitals are 
essentially "monomer-like" or can be transformed into monomer-like 
orbitals without loss of generality. From the figure it is clear that only 
relatively small perturbations to the orbital energies occur upon dimer 
formation, while in the case of added chloride ion dramatic shifts of the 
orbital energies are observed due to the presence of the negative charge. 
In addition, it should be noted that the calculated orbital-energy shifts for 
a given monomeric component are such that the relative orbital energies 
remain approximately unchanged in both cases. Thus, it is not surprising 
that significant shifts in singlet and triplet (ïï,ïï*)-state energies are 
unlikely to occur, a conclusion that is also supported by the relatively 
weak intermolecular interaction expected for M g P - P dimers. A s will be 
described in detail in a subsequent section, the effect of the addition of 
chloride ion is primarily that expected from a purely electrostatic field 
effect. Moreover, the fact that the energies of the MgP-orbitals are 
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Figure 3. Orbital energies of the four highest occupied and four lowest 
unoccupied molecular orbitals in isolated monomers (MgP, PO) and in 
face-to-face MgP-P and Cl " -MgP-P dimers with iterring separations of 
5.35Â. 
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2. P E T K E A N D M A G G I O R A Charge-Transfer States in Porphyrin Heterodimers 31 

significantly more perturbed than the energies of the P-orbitals is easily 
explicable in terms of the considerably larger distance of separation of the 
P-macrocycle from the chloride ion compared to that of the MgP-
macrocycle. 

Isolated M g P - P Dimers . The spectroscopic consequences of dimer 
formation are depicted in Figure 4. As shown in the figure, the four 
lowest-lying states of MgP-P dimers are essentially identical to the 
corresponding monomeric ΐ(π,π*) states of M g P and Ρ (28, 37), except for 
small spectral shifts due to electrostatic field effects from the other 
monomer. 

The C T states, the two lowest of which are best described as MgP Ρ 
charge transfers, all lie considerably above these states, and certainly 
could not in this case be responsible for any of the photodynamic processes 
observed by Netzel et al. (20-22). However, the extremely high energy of 
these states in vacuo is not entirely unexpected in light of the dramatic 
effect that solvent has been shown to exert on the formation of such highly 
polar states (38, 39). Spectroscopically the C T states have essentially zero 
oscillator strength with respect to excitation from the ground state, and 
thus the possibility of radiative emission back to the ground state is 
practically nil . The lack of oscillator strength observed in these dimers is 
however, not a general feature shared by C T states in many other systems. 

The C T states were characterized by several means including their 
large dipole moments and Mulliken population analysis (40) of their 
electron distributions. As reported earlier (7, 8) the dipole moments 
obtained in our calculations are all in the 25-50 D range, and are well 
approximated as classical dipoles in which a single positive charge is 
located at the center of the MgP-macrocycle and a single negative charge 
at the center of the corresponding P-macrocycle. A summary of quantum 
mechanically and classically calculated dipole moments for I C T i is 
presented in Table I . As is clear from the table, separation of the two 
macrocyclic rings plays a dominant role in determining the magnitude of 
the dipole moments. In addition, Mull iken population analysis of all 
species examined in the present work showed that the C T states are well 
represented as the transfer of an electron from one macrocycle to the 
other, thus providing additional theoretical evidence to support the 
"classical" view of these states. 

Due to the small magnitudes of the relevant exchange integrals (24) 
3CT states are nearly isoenergetic with their corresponding 1CT states. 
As the exchange integrals are effectively unchanged by modifications in 
microenvironment, it follows that singlet-triplet splittings for (π,π*) and 
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S 6 (NLGP-P) 
S 5(MGP-M>) 

Tn (MGP-P) 
T 1 0 ( M G P - P ) 

-

T 9 (P) 

S 4(P)X 

S 3(MGP)X 
S 2 ( M G P ) / 

Si (P), 

/ T | ( P ) 

T 7 (MGP) 
X T 6 ( M G P ) 

/ T B ( P ) 

T 4 (P) 

/ T 3 ( M G P ) 
^ - T 2 ( M G P ) 

M , ( P ) 

Figure 4. Estimated transition energies of low-lying excited singlet and 
triplet states in the 5.35Â MgP-P dimer. S1-S4 and T1-T9 correspond to 
localized (π,π*) states on the indicated monomers. S5 and T10 correspond 
to the lowest-lying singlet and triplet charge transfer states, ! C T i and 
3 C T i , respectively. 
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Table I . Summary of Quantum Mechanically and 
Classically Calculated Dipole Moments of ! C T i . 

Dimer 
Speciesâ R(Â)b pQM(D)s μ α (D)d 

Face-to-Face 4.35 24.1 20.9 

5.35 29.2 25.7 

6.35 33.9 30.5 

Face-to-Face 6.20 31.2 29.8 

"slipped" 

T-shaped 8.88 41.7 42.6 

L-shaped 9.79 49.1 47.9 

Fully Planar 12.67 60.4 60.8 

â See Figure 1 for a description of the geometries, 
b Measured as "center-to-center" distance, 
c Quantum mechanically calculated dipole moment. 
i Classically calculated dipole moment: pCl = e 2 R, where e is 

the unit of electronic charge. 

C T states will also remain essentially unchanged, even under large 
variations in microenvironment. Thus, as will be discussed shortly, 
solvent and other types of microenvironmental stabilizations can exert 
significant differential stabilization on both singlet and triplet C T states 
relative to the much less polar singlet and triplet (π,π*) states. 

A qualitative understanding of the energetic features of M g P - P C T 
states can be gained from the following discussion, which although 
directed towards MgP Ρ 1CT states applies to all low-lying M g P - P 
singlet and triplet C T states. The energy of 1CT relative to the ground 
state, S 0 , is given by 
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34 PORPHYRINS: E X C I T E D STATES A N D DYNAMICS 

A E i C T = E i C T - E S o 

= < I C T I HI 1CT> - < S 0 I H I S 0 > (2) 

where H is the usual non-relativistic Hamiltonian (24). Based on the 
results of our CI calculations for all of the geometries investigated, it is 
seen that the ground state and low-lying C T states are dominated by 
single configurations (8). In particular for S 0 and 1CT 

I S 0 > ~~ISCF> (3) 

and 

| l C T > ~ | l ( % g P - T T * p ) > (4) 

where ïïMgP represents an occupied orbital in MgP and π* ρ represents an 
unoccupied (or virtual) orbital in Ρ (see Figure 3). Upon substitution into 
Equation 2 

ΔΕ 1 C T - £ V p - C ' ir M g p- JiTMgpfir*p + 2 K TT M g P ,TT*p (5) 

where 8' π * ρ and Z\MgP are orbital energies of the π* ρ and 7rM g P orbitals in 
the dimer, and J-nMgF π*Ρ and K ^ p π * ρ are the usual coulomb and 
exchange integrals (24), respectively. 

More explicitly, the orbital energies are given by 

and 
ε ' π * ρ ^ ε π * ρ + < π * ρ ΐ ν Μ β Ρ Ι π * ρ > (6) 

C ' * M g P 2 5 C * M g P + < ï ï M g p ' V P 1 7 T M g P > ( ? ) 

where ε π * ρ and Β^^ρ are the corresponding orbital energies of the 
isolated monomers, and < π * ρ Ι V M g P I π * ρ > and < % g P l V p I TT M g P > 
represent the perturbations of a given orbital on one macrocycle due to the 
effective potential field of the other. Substituting Equations 6 and 7 into 
Equation 5, and noting that the two intermolecular orbital perturbation 
terms are nearly equal in the present case (see ej£. Figure 3) and that the 
exchange term can be safely neglected (7, 8), yields the following 
approximate expression 

ΔΕίςτ ~ ε π * ρ - ε π Μ ? ρ - JïïMgP,TT*p (8) 
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2. P E T K E A N D M A G G I O R A Charge-Transfer States in Porphyrin Heterodimers 35 

From the fact that K Ï Ï M g p 7 T * p ~ 0, it follows that AE3çx, the energy of 
the corresponding 3CT state (relative to S 0) is effectively equal to ΔΕίοτ-

Alternatively, the singlet-triplet splitting for C T i is, to a very good 
approximation, equal to zero. As was shown in our earlier work (7, 8), the 
coulomb integral can be approximated by the simple electrostatic 
relationship e2/R, where R is the separation of the two macrocycles 
measured from their centers and e is the unit of electronic charge. Thus, 
Equation 8 now can be further simplified to 

Δ Ε ΐ ο τ ~ ε π * ρ - ε π Μ β Ρ - β 2 / κ (9) 

This equation represents a useful relation for the CT-state transition 
energy, and emphasizes the fact that aside from the obvious and well-
characterized importance of donor-acceptor orbital energies, 
intermolecular separation, not ring orientation, is a major factor in 
determining ΔΕίοτ and ΔΕ3ςτ in isolated MgP-P dimers. For ! C T i , 
" ^ M g P approximates the vertical ionization potential, I, and - ε π * ρ 

approximates the electron affinity, A , by Koopmans 1 Theorem (41). 
Substituting these two terms into Equation 8 yields an expression which 
is highly reminiscent of the empirical expression Δ Ε 0 Τ = I - A - W (39), 
where W is related to the dissociation energy of the C T state. This formula 
has been quite useful in correlating the energy of C T states with the above 
independently determined physical quantities (39). 

Solvent Effects. As noted earlier, Netzel et al. (20-22) observed striking 
effects on the photodynamics of electronically excited MgP-P dimers 
depending on the solvent used. For example, in their earlier work (20) 
they showed that the photodynamics in CH2CI2 were consistent with the 
formation of a long-lived singlet C T state which decayed by two pathways, 
while in T H F only a single short-lived (π, π*) state was observed. 

Applying a simple dielectric continuum cavity model (42) as a means of 
estimating solvent stabilization, it is possible to show that polar solvents, 
such as CH2CI2 and T H F , can sufficiently stabilize M g P -» Ρ C T states to 
bring them within the same "energetic region" as the lowest ΐ(π,π*) state 
(7, 8). For example, for solvents with dielectric constants of —9 and for C T 
states with dipole moments —25 to 30D, the dielectric continuum cavity 
model gives rise to a differential stabilization of —6,000-6,500 cm-l for C T 
relative to (π,π*) states. Thus, based upon the simple cavity model one 
would expect similar photodynamical behavior in both solvents, in direct 
contradiction to experimental observations. As both CH2CI2 and T H F 
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possess nearly identical dipole moments [1.60 D (CH2CI2), 1.75 D (THF)] 
and static dielectric constants [9.08 (CH2CI2), 7.58 (THF)] , it would 
appear that other molecular and/or collective properties of the solvent 
molecules must be playing a role in determining the differing 
photodynamic behaviors observed in the two solvents. 

Several possible explanations suggest themselves. One possibility is 
that specific interactions between the ether oxygen of T H F and the 
magnesium atom of the MgP moiety would alter the electronic structure of 
the dimer such as to increase A E i C T , that is, favorable Ο · M g interactions 
would destabilize l C T i relative to the lowest ^π,ττ*) state. As will be seen 
in the next section such an interaction is more likely to stabilize ! C T i 
rather than to destabilize it. Thus, one would expect that MgP-P dimers in 
T H F should possess similar photodynamical properties to those cases in 
which I C T i lies below ΐ(π,π*) as is suggested by the work of Netzel et al . 
(20-22). Another possibility may be found in the different electronic 
polarizabilities of the two molecules: CH2CI2, with its large, highly 
polarizable chlorine atoms having a larger electronic polarizabiiity than 
T H F . While this may certainly contribute to the observations of Netzel et 
al. (20), it may not be sufficient to explain the data completely. In fact, 
recent experimental work by Kosower et al . (43) suggests that the rate of 
intramolecular excited-state E T , Le. C T state formation, depends on the 
detailed motions of solvent molecules, and thus is significantly influenced 
by solvent response properties. Warshel (36) has shown, using semi-
classical computer simulations of an idealized molecular system, that the 
quantum yield for C T state formation is related to the dielectric relaxation 
properties of the solvent. A number of other workers have also addressed 
this question recently using a variety of theoretical approaches (44-46). 

Due to the extreme rapidity with which excited C T states may be 
formed and due to the large changes in charge distribution brought about 
by their formation, it is certainly not entirely unexpected that high-
frequency response properties of the solvent would play a role in CT-state 
formation as well as in photodynamic processes subsequent to their 
formation. Moreover, as solvent dynamics is influenced by a number of 
molecular properties such as charge, volume, shape, and hydrogen 
bonding propensity, a more detailed evaluation of the nature of the 
solvents employed in the study of photo-induced C T states, especially 
solvent response properties, must be carried out if we are to understand 
the solvent dependent data fully. 

Another feature of particular importance in the study of large, 
spatially-extended molecular systems such as those examined here, is the 
use of the dipole approximation in assessing solute-solvent interactions. 
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2. PETKE A N D MAGGIORA Charge-Transfer States in Porphyrin Heterodimers 37 

In such systems the dipole approximation is woefully inadequate. That 
this is the case can be seen qualitatively if one recalls that the dipole 
moment of a molecule is generally represented as an infinitesimal point 
dipole located generally at the center-of-mass of the molecule. Since the 
dipole moment effectively represents an average over the whole spatially 
extended molecular charge distribution, namely the second moment of the 
charge distribution, " local" details of the charge distribution are "washed 
out". Note that a system with a zero or nearly zero dipole moment by 
symmetry may still possess regions of significant negative or positive 
charge, which in a large molecule can exert strong local effects. In small 
molecules or at great distances from very large molecules the effect of such 
local charge density variations is insignificant, but in spatially extensive, 
highly polar systems such as M g P + - P ~ dimers, a more detailed view of 
local charge distributions is essential for the development of any theory 
designed to assess the influence of solute-solvent interactions on the 
photodynamical properties of MgP-P dimer excited states. In this regard, 
the solvent response and the reorganized, quasi-equilibrium solvent 
structure which results upon CT-state formation are both likely to play 
significant roles. 

In principle it is possible to gain some assessment of the role of solvent 
dynamics on the excited-state radiationless processes which lead to C T 
state formation through the use of solvent isotope experiments. For 
example, deuteration of non-exchangeable hydrogens appears to be a 
particularly good way of changing the total mass and mass distribution, 
and thus of influencing the dynamical response properties of the solvent 
without significantly affecting other of its properties such as its hydrogen 
bonding properties, its shape, or its electronic polarizability. Such an 
approach should thus provide important evidence on the detailed nature of 
the solvent effects, and will in addition provide information that will be 
useful in the development of efficient biomimetic solar energy conversion 
systems. 

E x t e r n a l Electric Fie ld Effects. As discussed in the previous section, 
the solvent microenvironment has a profound effect on the 
photodynamical properties of MgP-P dimers, especially with regard to the 
formation of low-lying C T states. The focus of the previous discussion was 
on dynamical rather than on reaction-field factors, but the latter can also 
bring about significant differential stabilization of the energies and 
corresponding potential energy surfaces of highly polar C T states relative 
to (π,π*) states, which are considerably less polar (see ej[. 47). In addition 
to solvent reaction-field effects, analogous effects can also be obtained 
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from electric fields generated by other means. For example, molecular 
Stark effects generated by applied electric fields have been employed in 
numerous branches of spectroscopy. Electrochromic and related effects 
generated as a consequence of transmembrane potentials have been 
attracting the attention of researchers in a number of biological fields, not 
the least of which has been photosynthesis (3, 48, 49). Electrochromic 
effects due to the proximity of chromophoric groups to charged groups 
within the protein have also been attracting attention, particularly with 
regard to the bathochromic shift observed in the visual pigments (50), but 
lately also with regard to photosynthetic systems (51; cf. 52). 

The shifts observed in both of the latter cases, Le. those shifts brought 
about by electric fields produced by "localized charges," are generally 
considerably larger than shifts due to electric fields generated solely as a 
consequence of transmembrane potentials. That such is likely to be the 
case is easily seen if one considers the magnitudes of electric fields 
generated in various ways. Electric fields generated in the laboratory (e.g. 
for Stark effect studies) of 60,000 V/cm are quite large, and are in the 
lower end of the range typically found in membranes which is 50,000 to 
500,000 V/cm (53). Based on electrochromic effects it has been suggested 
by Reich [see pp. 361-387 of (3)] that electric fields in photosynthetic 
membranes may attain magnitudes on the order of 107 V/cm, although 
such large values exist only transiently. In addition, it should be noted 
that the electric fields are not totally due to differential charge across the 
membrane, but undoubtedly also involve electric fields due to charges 
located on various membrane bound species. Although such fields are 
large, their ability to produce significant spectral shifts is still quite 
limited. For example, the energy of an excited state possessing a dipole 
moment of 25 D, which it should be noted is in the lower part of the range 
of those calculated for the C T states examined in the present work, will 
only be stabilized by 420 cm-l per 100,000 V/cm of electric field strength. 
Thus, the types of spectral shifts observed in, for example, the rhodopsin 
system, which are on the order of 2,800 c m 1 (50), cannot easily be 
explained as arising from electric fields generated in this way. 

The observed shifts become considerably more explicable, however, if 
one considers the electric field at a distance of about 10 Â from a full 
negative or positive charge, which is on the order of 1.4 X 107 V/cm. Using 
the above value of an electrochromic shift of 420 c m 1 for each 100,000 
V/cm of electric field strength, it follows that the single charge could 
produce a shift of ~~ 6,000 cm-l. Thus, if one wants to produce significant 
alterations in the ordering of electronic states through the use "external" 
electric fields, it is likely that localized charge perturbations will be 
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necessary as fields developed from transmembrane potentials or from 
applied external fields will not likely be of sufficient magnitude to produce 
profound changes to the ordering of electronic states. It must be realized, 
however, that "bare" charges do not exist in biomoiecular systems, and 
that the presence of counter-charges and the response of the environment 
to the presence of charges tend to attenuate the strength of the electric 
field produced (54). Moreover, distributed partial charges rather than full, 
isolated charges are generally found in biomoiecular systems. Finally, it 
must be borne in mind that electric field effects on the kinetics of 
thermally mediated ET,and possibly some photo-induced processes as 
well, may be significant even for much smaller electric field strengths 
than those necessary for the production of large spectroscopic shifts (3, 48, 
49). 

Internal Electric Fie id Effects: C l ' - M g P - P Dimers . Experimentally 
Netzel and co-workers (20-22,) addressed the question of the effect of 
electric fields by studying MgP-P dimers in the presence of added chloride 
ion. Assuming that the chloride ion binds to the magnesium atom of the 
MgP moiety, we have shown through quantum mechanical CI calculations 
that substantial shifts in C T state energies can be obtained (7, 8). This is 
illustrated in Figure 5 for the face-to-face dimer with 5.35 Â 
intermacrocycle separation, which clearly shows that the addition of 
chloride ion can stabilize the first two C T states, ! C T i and !CT2, such that 
they lie near the lowest excited Κ π,π*) state. In this case the large 
differential stabilization effect of the C T states compared to the (π,π*) 
states is entirely explicable in terms of the large dipole moments of the 
former in comparison to the relatively small dipole moments of the latter 
states. 

It is possible, however, to analyze the situation in greater detail, and 
thus to obtain additional insights that may be useful in the design of new 
dimeric and oligomeric porphyrin systems with specified photodynamic 
properties. Specifically, as discussed in earlier publications (7, 8), the 
differential effect of chloride ion coordination on l C T i and βιίπ,π*) can 
also be analyzed in terms of a suitably modified version of Equation 5. A n 
examination of the four orbitals which form the basis of Gouterman's 
"four-orbital model" (37), and which are the key orbital contributors to the 
C T states and the four lowest (π,π*) states., shows that very little change 
has occurred to the charge distributions of these orbitals upon dimer 
formation and upon coordination by chloride ion. The most significant 
changes are their destabilization by chloride ion coordination as shown in 
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23 

22 

21 

20 

~ 19 

18 

17h 

16 

15 

14 

13 

Sg(MGP + P)-

S 8 ( M G P - P ) . 
S 7 ( M G P - P ) -

S 6 (P)X-

S 5 ( M G P - P ) X 

S 4 ( M G P ) X N 

S 3 ( M G P + P ) Y -

S 2 ( M G P - P ) / 

S! ( M G P - p / 

Ti3(P) 

- T 1 2 ( M G P - P ) 
- T u (MGP-P) 

/ T 1 0 ( M G P - P ) 
-Tg(P) 
- T 8 ( M G P - P ) 

/ T 7 ( P ) 
- T 6 ( P ) 
- T 5 ( M G P ) 
" T 4 ( M G P ) 
V T 3 ( P ) 
/ T 2 ( M G P ) 
- L (MGP) 

Figure 5. Estimated transition energies of low-lying excited singlet and 
triplet states of the 5.35 Cl " -MgP-P dimer. S i and S3 correspond to 
mixtures of localized (π,π*) states; S2 and S5 correspond to ICTi and 1 CT2 , 
respectively; T1-T7 and T9 correspond to localized 3(π,π*) states; and Ts 

and T10 correspond to 3CTi- and 3 C T 2 , respectively. 
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Figure 3 [see also the earlier discussion in the " M o l e c u l a r O r b i t a l " 
subsection]. 

The orbital energies of π* ρ and ïïMgP, the key orbitals which contribute 
to the low-lying MgP - P C T states, can be approximated by (çf. Equations 
6 and 7) 

ε α ; · ρ ~ ε π * ρ + < π * ρ ι v M g P + v c l . i π * ρ > uo) 

and 

e C l W > ^ M g P + <TT M g P I V P + V C 1 . 1 π Μ 8 Ρ > (11) 

where V C 1 . is the effective potential due to the chloride ion, and V M G P and 
V P are the effective potentials due to the MgP- and P-macrocycles, 
respectively. Substituting Equations 10 and 11 into Equation 5, where 
ε ' π * ρ and Z\MgP have been replaced by ε<21 „* p and Zcl!<Mgp , respectively, 
and noting that the intermolecular exchange integral Κ π Μ ? Ρ , π * Ρ is again 
nearly zero, and that Jci π\ιδρ,π*ρ remains essentially unchanged, since the 
"chloride-ion-perturbed" orbitals have nearly identical charge 
distributions as their unperturbed counterparts, yields 

A E C I Y c t « ε π * ρ - ε π Μ β Ρ - Jir M g P f iT*p f 

+ < 1 T * p I V M g P + ν 0 Γ Ι π * ρ > - < π Μ β Ρ ΐ ν ρ + V c r l ï ï M g P > (12) 

As was discussed earlier, the two intermolecular orbital perturbation 
terms, 
< π * ρ I V M G P I π * ρ > and < i r M g P I V P I i r M g P >, are nearly equal, so that 
taking account of Equation 8, Equation 1 2 becomes 

AEC17 C T « Δ Ε 1 Ο Τ + A V C 1 - (13) 

where 

A V C 1 - = < π * ρ Ι V c r I ir* p > - < π Μ 8 Ρ IV C I -1 π Μ κ Ρ > (14) 

< 0 

since the perturbing chloride ion is located closer to the MgP-macrocycle 
than to the P-macrocycle. Thus, AEClï C T is less than Δ Ε ι € Τ . 
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Employing the same type of analysis, it follows that the positioning of a 
positive charge closer to the P-macrocycle will differentially stabilize the 
orbitals on the P-macrocycle relative to those on the MgP-macrocycle. 
Specifically, π* ρ will be lowered relative to π Μ & ρ , and thus the transition 
energy of the M g P - * P C T states will again be lowered. Richardson et al. 
(55) have synthesized an interesting "capped" porphyrin which is made up 
of a heterocyclic crown doubly-covalently linked to a free base porphyrin. 
The heterocyclic crown binds a variety of cationic species. By covalently 
linking such a capped porphyrin to a MgP moiety, one can obtain a system 
for investigating cationic perturbations experimentally. If both negative 
and positive charges are appropriately positioned such that they act 
primarily to shift the orbital energies without significantly distorting the 
charge distributions, the energy lowering will be even greater. 

In distinction to C T states, in localized Κπ,π*) states, the chloride ion 
uniformly destabilizes the orbitals of a given macrocycle, and thus orbital 
energy differences are largely unaltered and the transition energies of 
these states remain essentially unchanged. Note, however, that in an 
actual experimental situation [see e.g. Netzel et al.(20, 21)] the effect of 
chloride ion is most likely diminished from that observed in the present 
work due to the presence of solvent and counter-ions. Nevertheless, using 
properly positioned charges it is possible to isolate both I C T i and 3CTi 
effectively from all other singlet and triplet (π,π*) states, which are now 
higher lying. Such a system could possess very favorable photodynamic 
properties with regard to singlet-triplet intersystem crossing, although 
the rate of radiationless relaxation to the ground state may be increased 
somewhat over that observed in the C l " - M g P - P case. Some of the possible 
consequences of this will be discussed in the following section. 

T h e P h o t o d y n a m i c Role of Tr ip le t States. A detailed picture of the 
photodynamics of MgP-P dimers requires an understanding of the role of 
triplet states in the process, as they provide a potential decay channel for 
the lowest excited singlet state. In fact, the picosecond spectroscopic 
results of Netzel et al. (20-22) clearly show that in CH2CI2 intersystem 
crossing (ISC) from I C T i to the triplet manifold plays a significant role in 
depopulating I C T i . In addition, inhibiting ISC would in most cases 
enhance the lifetime of ! C T i , and thus would likely enhance the potential 
of I C T i for E T to some suitable acceptor, certainly a desirable design 
feature of an efficient biomimetic solar energy conversion system. 

Spin-orbit coupling (SOC) plays an important role in determining the 
likelihood of ISC. If SOC is small, then so is the quantum yield for ISC: 
the lack of S O C thus can inhibit ISC significantly. If, on the other hand 
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SOC is relatively large, the overall ISC process is no longer inhibited by 
the need for spin-state changes since spin is no longer a good quantum 
number; and other factors become rate limiting. Spin-orbit coupling 
depends essentially on the ratio of the square of the S O C matrix element 
to difference in energy of the states being coupled (the so-called "energy 
denominator"). Theoretical work by L i m , et al. (56) has shown that within 
the "one-center" approximation the appropriate S O C matrix elements 
satisfy 

< l C T l H S o c l 3 C T > = 0 (15) 

and 

< 1 C T I H S O C I 3 ( * , * * ) > * 0 (16) 

where H s o c is the SOC Hamiltonian (57). Thus, when i C T i is the lowest 
excited singlet state, there must exist 3(π,π*) states in the neighborhood of 
3CTi for efficient ISC to occur. Examination of Figure 4 shows that this is 
indeed the case if one includes the differential stabilization of C T 
compared to (π,π*) states brought about by polar solvents. In such a case 
i C T i will be nearly isoenergetic to a number of 3(π,π*) states, and thus 
ISC should not be inhibited significantly. Such a situation was observed 
by Netzel et al . (20 -22) in CH2CI2 and several other polar solvents, and in 
CH2CI2/C6H6I, which is known to enhance S O C through the external 
heavy atom effect (57) of the iodine atom. 

That C T states are significantly stabilized relative to (π,π*) states in 
the presence of chloride ion is shown in Figure 5. Additional stabilization 
due to solvent further lowers the C T states, especially C T i , such that 3CTi 
now lies below and is effectively isolated from all 3(π,π*) states. From 
Lim's SOC "selection rule" (56) given in Equations 1 5 and 16, it follows 
that ISC should be substantially inhibited, and thus its rate should no 
longer be competitive with internal conversion (IC) to the ground state. 
Again, as in the previous case, the theoretical work provides a consistent 
interpretation of the experimental observations of Netzel, et al . (21) , 
where it was shown that in the presence of chloride ion only a single decay 
channel from I C T i was observed, and no evidence of triplet formation was 
obtained. Carrying out the experiment in the presence of chloride ion and 
CeHel may provide an experimental test of this interpretation, as ISC 
would be expected to remain largely inhibited even in the presence of 
added C6H 6 I . 

It must be borne in mind, however, that vibronic coupling effects (33) 
among C T and (π,π*) states may substantially alter the picture portrayed 
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by a given state energy diagram (se e^g. Figures 4 and 5). In addition, 
geometry relaxation effects also may significantly modify state energy 
orderings. Both these effects are not accounted for in our present work, 
and thus conclusions drawn there from must be considered tentative. 

Biomimetic Solar Energy Conversion Systems: Design Issues 

The development of practical solar energy conversion devices based on 
principles derived from the study of biological systems has engendered 
considerable research in the general area of "artificial photosynthesis" 
(58, 59). A n d although significant strides are being made in the design 
and testing of a number of promising biomimetic systems, some of which 
were discussed above, the problem of how to optimize the "design process" 
still remains largely unresolved. Molecular quantum mechanical 
methodologies, both quantitative and qualitative, can certainly play an 
important role in the design process. 

Three key issues must be addressed in the development of effective 
biomimetic solar energy conversion systems. First, the molecular system 
should possess a large optical absorption cross-section in the desired 
spectral region. Second, the system should possess appropriate 
characteristics to insure formation of a sufficiently long-lived, low-lying 
state which can initiate the primary E T efficiently. A n d third, the system 
should be able to effect the E T process irreversibility, that is electron-hole 
recombination should be substantially inhibited. 

The first issue can be addressed in two ways: a primary E T species 
which has a large optical absorption cross-section can be chosen or arrays 
of molecules with large optical absorption cross-sections can be used as 
"antennas" that will efficiently collect and transport the electronic 
excitation energy to the primary E T species, in direct analogy to 
photosynthetic systems. While in the latter case it should be possible to 
develop systems with more efficient solar photon collection, the number of 
primary E T species will have to be reduced due to the spatial limitations, 
which will also reduce the potential electric current that can be produced 
by the system. Thus, questions related to the detailed molecular 
architecture of biomimetic solar energy conversion devices will have to 
address this issue, and it is quite likely that a number of compromises will 
have to be made before optimal design characteristics are obtained. 

The second issue can be addressed both experimentally and 
theoretically, some aspects of which have already been discussed. For 
example, we have described, based on the results of quantum mechanical 
calculations described above, ways of obtaining low-lying C T states of 
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MgP-P heterodimer systems through the manipulation of 
microenvironmental factors (7,8), and we have related these results to the 
picosecond spectroscopic experiments of Netzel et al . (20-22). Thus it can 
be inferred from the above discussion and from the foregoing studies, that 
the energies of C T states may be manipulated by the presence of external 
point charges, that the effect of a single point charge positioned properly 
may be large, and that the effect may be modulated simply by changing 
the magnitude and/or position of the charge. The work of Netzel et al . (20) 
on the effects of chloride ion on the photodynamics of MgP-P dimers 
described earlier also provides support for this view. 

Other possibilities exist for manipulating the location of electronic 
excited states. One such possibility is through the substitution of 
appropriate "electron-donating" and "electron-withdrawing" functional 
groups on the porphyrin macrocycles. Although we have not as yet 
employed this approach in our work, such an approach has been the basis 
for the design of numerous C T complexes, which have been extensively 
studied over the last two decades (38, 39). In the case of porphyrins and 
related macrocyclic systems, however, caution should be exercised in the 
application of the "substituent approach." This is due to the fact that 
ideally substituents designed to lower C T state energies should not lower 
the energies of (π,ττ*) states as well. As discussed above, such differential 
stabilizations were achieved through changes in the microenvironment, 
but similar differential stabilizations have not been demonstrated, 
experimentally or theoretically, for substituent effects. A s will be 
discussed below, substituent groups may also affect properties other than 
the location of C T states. 

State energies depend to a large degree on the energies of the MOs 
involved in an electronic transition. Thus, by taking proper account of the 
nodal structure of the relevant M O s it should be possible to determine, at 
least qualitatively, where substituents should be placed to achieve 
optimal differential stabilization effects. More detailed CI calculations 
can then be carried out to determine whether the expected effects are 
likely in fact to occur. In addition, the results of numerous experimental 
studies of substituted porphyrins (37, 60) will also provide a useful guide 
for the design of porphyrin dimers with the desirable properties. 

However, it should be noted that the greater flexibility potentially 
obtainable in ion mediated systems with respect to modulation of the 
energies of their C T states, is not obtainable with substituted systems. In 
the former case, changes in ion concentration of the solution containing 
the ion-modulated system directly affect ion binding, and thus the 
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electrostatic environment of the system. In the latter case, however, 
substituent effects generally cannot be altered (cf. 52,61,62). 

The third issue is most difficult to address theoretically since 
computational methods for treating radiationless and E T processes in 
large molecular systems are relatively primitive at this time [see the " C T 
States and Photo- induced E T Processes " section for further 
discussion]. Several interesting experimental approaches have, however, 
provided a number of useful insights into possible ways of reducing 
recombination, and thus enhancing the irreversibility of the photo
induced E T process. 

A key factor in this regard is the lifetime of the low-lying C T state, 
which presumes of course that we have been able to obtain a low-lying 
state through appropriate molecular and environmental manipulations. 
Lowering 3CTi such that it lies sufficiently below the lowest 3(π,π*) state 
to reduce vibronic coupling of 3CTi with low-lying 3 ( π > ι τ * ) states 
essentially to zero, will substantially inhibit ISC. Thus, i f the rate of IC to 
the ground state remains largely unaffected, a situation that is likely to 
obtain unless ! C T i approaches the ground state too closely, the lifetime of 
ICTi should increase due to the inhibition of the ISC decay channel. 

Internal conversion from I C T i to the ground state can also be inhibited 
by the proper molecular design. For example, it may be possible to reduce 
the efficiency of promoting and/or accepting modes in the radiationless 
relaxation process. In this regard, L i m et al. (63) have studied an 
interesting trimeric system made up of two identical donors (D) and a 
single acceptor (A) with the following structure: D D A . L i m found that 
derealization of the positive charge over both donors, i.e. [DD] , tended to 
inhibit charge recombination and to reduce the role of key accepting 
nodes in the radiationless process. Interestingly, this result may have 
relevance in photosynthetic systems where chlorophyll and 
Dacteriochlorophyll "special pairs" are thought to play a role in the initial 
Dhoto-induced E T events (4,5,17, 19). 

Another, interesting approach to the irreversibility problem was 
;arried out recently by Wasielewski, et al. (58). In their work they 
jynthesized a novel porphyrin species in which donor and acceptor 
noieties were covalently attached in a well defined geometric relationship 
ο the porphyrin ring. In their system the porhyrin acted as the primary 
lonor, which transferred an electron to the acceptor within a few 
>icoseconds. Charge recombination was inhibited by the subsequent 
ransfer of an electron from the secondary donor. The resulting charge-
eparated species was stable for up to milliseconds. A n analogous 
approach was carried out somewhat earlier by Moore and his associates 
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(59). These workers employed a more elaborate system than Wasielewski 
et al. , which included the presence of a membrane to assist in maintaining 
the initial photo-induced charge separation. Although the complexity of 
the system did generate a number of technical problems, it probably comes 
closer to an actual, viable prototype of a workable biomimetic system. 

Thus, it appears that several systems have been developed which hold 
promise as prototypes of biomimetic solar energy conversion devices. A n d 
in conjunction with the advances being made in experimental and 
theoretical methods for investigating molecular excited-state processes, 
prospects for the development of practical biomimetic devices are now 
substantially better than they were only a decade ago. 
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3 
Consequences of Electron Transfer in Chlorophylls, 
Chlorins, and Porphyrins 
Structural and Theoretical Considerations 

J. Fajer1, K. M. Barkigia1, Κ. M. Smithy2, and D. A. Goff2 

1Department of Applied Science, Brookhaven National Laboratory, Upton, NY 11973 
2Department of Chemistry, University of California, Davis, CA 95616 

Crystallographic results are presented for a 
chlorin, a bacteriopheophorbide d, a nickel 
isobacteriochlorin derived from chlorophyll a, and 
for the cation radical of a magnesium porphyrin. 
These data form part of an increasing body of evidence 
that demonstrates the significant conformational 
flexibility of the porphyrin skeleton in the solid and 
in solution. Since a wide spectrum of photosynthetic 
and enzymatic reactions proceed via π radicals of 
porphyrin derivatives, the consequences of the macrocyles' 
flexibility are considered for distances and orientations 
between donors and acceptors, interactions with ligands, 
nearby charges or polar groups, electronic profiles and 
the gaps between the a1u and a2u highest occupied 
orbitals. 

The primary events that follow photoexcitation of b a c t e r i a l r e a c t i o n 
centers (R.C.) involve the picosecond transfer of an e l e c t r o n from a 
b a c t e r i o c h l o r o p h y l l (BChl) s p e c i a l p a i r to one or more acceptors, 
also comprised of b a c t e r i o c h l o r o p h y l l d e r i v a t i v e s (BChl and a de-
metallated BChl, bacteriopheophytin, BPheo.)(1,2,3) Recent x-ray 
data f o r Rhodopseudomonas V i r i d i s R.C.'s (which contain BChl b) show 
the donor and acceptor chromophores to be held i n close proximity 
(~4A edge-to-edge) by surrounding protein residues.(4) Some of these 
are i n p o s i t i o n to l i g a t e the ce n t r a l magnesium of the BChls 
( h i s t i d i n e s ) or to p e r i p h e r a l l y hydrogen bond the 9-keto group of one 
of the BPheos (glutamic a c i d ) ( j O . 

We examine here possible s t r u c t u r a l e f f e c t s that may r e s u l t from 
or accompany the generation of the primary photoproducts, and spec
ulate about the consequences of concomitant changes i n distances,con
formations, r e l a t i v e o r i e n t a t i o n s and charges on the e l e c t r o n i c 
p r o f i l e s of and i n t e r a c t i o n s between the BChls, BPheos and t h e i r 
r a d i c a l s . Because the primary events i n green plant photosynthesis 
a l s o involve a s e r i e s of c h l o r o p h y l l donors and acceptors (6) 9 s i m i 
l a r trends should therefore p r e v a i l for c h l o r o p h y l l r a d i c a l s as w e l l . 
Furthermore, r a d i c a l s of porphyrins and hydroporphyrins (saturated 
porphyrins such as c h l o r i n s and i s o b a c t e r i o c h l o r i n s ) have been 

0097-6156/ 86/ 0321 -0051 $06.00/ 0 
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detected or proposed as transients in several enzymatic reactions 
(7,8); an examination of the structure of porphyrin π radicals is 
thus also relevant to biocatalytic reactions. 

We present f i r s t crystallographic results for porphyrins, chlor
ine and isobacteriochlorins that illustrate the wide range of 
structural variations that can be assumed by the porphyrin skeleton. 

A nickel isobacteriochlorin which combines structural features 
related to chlorophylls (photosynthesis), isobacteriochlorins (ni
trite and sulfite reductases), as well as the nickel-containing F430 
corphin (methanogenic bacteria) was recently synthesized (9) by the 
Raney nickel reduction of nickel (II) methylmesopyropheophorbide £ 
(Figure 1). An x-ray analysis of a single crystal of the compound 
reveals a considerable buckling of the macrocycle, which is i l l u s 
trated in Figure 2. These striking distortions of the skeleton are 
features often observed not only in nickel hydroporphyrins (10,11) 
but in metal-free derivatives as well (12). Examples of these are 
provided by the synthetic chlorin, 5, 20-dimethyl, 2, 3- dihydro, 
21,3*,7,8,12,13,17,18 octaethylporphyrin (dimethyl octaethylchlorin, 
Me2H2ÛEC), and by the bacteriopheophytin â (methyl 4,5-diethylbacte-
riopheophorbide ji , BPheo d) derived from the antenna chlorophylls of 
green photosynthetic bacteria (13). Figure 3 illustrates the 
"propeller" shape of the dimethyl chlorin. Note the large displace
ments of the 3 carbons of the saturated ring and the up (+0.47A) and 
down (-0.57A) t i l t s of the methyl groups that flank that ring. The 
f l e x i b i l i t y of the chlorophyll skeleton is further demonstrated in 
Figure 4 which displays the deviations from planarity observed for 
BPheo d. The molecules crystallize as cofacial dimers (Fig. 5) 
formed by hydrogen bonding between the oxygens of the 9-keto groups 
of rings V and the protons of the hydroxy groups on rings I that 
distinguish these chlorophylls from those found in green plants and 
algae (13). Homologues of this compound can be crystallized in 
different aggregation modes and different conformations(14). 

The examples cited above represent part of an increasing body of 
structural information on chlorophylls, chlorins, bacteriochlorins 
and isobacteriochlorins (10-14 and references therein) that points to 
the remarkable f l e x i b i l i t y of these molecules. This a b i l i t y of the 
macrocycle to adjust is not limited to hydroporphyrins but is also 
observed in porphyrins: 5,10,15,20-tetra-n-propylporphinato lead 
(II) assumes a "roof" shape by folding along an axis defined by two 
opposite methine carbons with the two planes of the "roof" inclined 
at 22° to one another (15). In contrast, t r i c l i n i c 5,10,15, 20-
tetraphenylporphinato cobalt (II) is distinctly saddle shaped with 
the β carbons of adjacent pyrrole rings lying +0.66 and -0.66A above 
and below the plane of the four nitrogens (16). 

The f l e x i b i l i t y of these macrocycles becomes even more s i g n i f i 
cant when the effects of oxidation and reduction following electron 
transfer are taken into account. 

Recent structural studies of single crystals of meso tetraaryl 
porphyrin cation radicals reveal that their Zn(II), Cu(II), Fe(III)Cl 
and Mg(II) complexes are a l l saddle shaped (17-20). Since the unoxi-
dized species are either planar or slightly domed, oxidation to the 
radicals results in a major conformational change. An example of 
this effect is shown in Fig. 6 which presents the displacements of 
the atoms that comprise the skeleton of the cation radical of Mg 
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Figure 3. Deviations (AxlO2) from the plane of the four nitrogens 
of the dimethyl chlorin 5, 20-dimethyl, 2, 3 trans dihydro, 2', 3 f, 
7, 8,12,13,17,18 octaethyl porphyrin. (Space group C2/c, Z=8.) 

-II -15 

Figure 4. Deviations (AxlO2) from the plane of the four nitrogens 
of methyl 4, 5-diethylbacteriopheophorbide d . (Space group PI, Z=2). 
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Figure 1. Structure of the i s o b a c t e r i o c h l o r i n obtained by the 
Raney n i c k e l reduction of n i c k e l (II) methyl 
mesopyropheophorbide a. 

a 

26 
b 

Figure 2. a) Deviations (AxlO 2) from the l e a s t squares plane 
defined by the four nitrogens of the n i c k e l i s o b a c t e r i o c h l o r i n . 
b) An edge-on-view of the molecule that i l l u s t r a t e s the 
puckering of the macrocycle. Substituents have been removed f o r 
c l a r i t y . (Space group: 14^, Z=16). 
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0 ^ 

Figure 5. Dimer of the bacteriopheophorbide d. The arrows 
point to the hydrogen bonds between the protons of the 2-(l-
hydroxyethyl) groups and the oxygens of the 9-keto groups. 

-42(-54) 

-I0(-I9) 

-4K-57) 

7(-22) 

-3( -8) 

27(29) 

32(34) 

26(5) 

24(3) 

2H8) 

-43 (-52) 

-IO(-22) 

45(-57) 

Figure 6. Deviations (AxlO 2) from the least squares plane of 
the macrocycle and, in parenthesis, from the plane of the four 
nitrogens of the cation radical of magnesium tetraphenyl 
porphyrin (Space group P2^/c, Z=4) 
(Reproduced from Ref. 20. Copyright 1983 American Chemical Society.) 
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tetraphenylporphin (perchlorato 5,10,15,20-tetraphenylporphlnato 
magnesium (II)) (20). 

The question then arises as to whether these deformations of 
the porphyrin radicals are simply due to packing forces or whether 
they are found in solution as well. Electron spin resonance (ESR) 
and double resonance (ENDOR) results for the cation radical of 
BPheo £ (21) strongly suggest that the saturated rings of the 
chromophore can twist, in accord with the x-ray data for methy1-
bacteriopheophorbides a and ά (13,21). ESR data for cation 
radicals of Co(II) nitrosyl chlorine (8) also provide evidence of 
conformational changes, again, in good agreement with crystallo-
graphic steric effects observed in similar compounds (12 and the 
chlorin results presented above). 

If significant variations in conformations can be induced by 
oxidations, crystals forces, and steric effects in solution, simi
lar effects may presumably also be caused by protein environments. 
What might be the consequences of conformational changes i f they 
accompany or follow electron transfer reactions in vivo? In gener
a l , they might alter interactions with ligands and other protein 
residues in the immediate vicinity of the porphyrin, i.e. interac
tions with charged, polar or aromatic groups. In the cases of 
porphyrin and chlorin cation radicals, in which the highest occu
pied orbitale (HOMO) are nearly degenerate (a^ u and a2 u for 
symmetry)(2), the gap between the two HOMOs could be significantly 
altered i f the radical puckers and the metal-to-ligand distance 
increases (for an a2 u porphyrin cation, iterative extended Huckel 
calculations (23) suggest that the gap can vary from 0.2 to 0.5 
eV). In heme radicals, such as the compound I transients found in 
catalases and peroxidases, the magnetic coupling between the para
magnetic metal (S=l) and the porphyrin radical (S=l/2) may also 
depend on the structure of the intermediate. An intriguing in 
vitro sample of such an effect is observed in high spin Fe(III) 
tetraarylporphyrin π cations: a planar radical exhibits a magnetic 
susceptibility of six unpaired electrons whereas in a saddle-shaped 
complex, S=4, i.e. the metal (S«5/2) and the radical are ferro and 
antiferromagnetically coupled, respectively (18,19). 

Perhaps the most important effect of conformational variations 
in electron transfer reactions would be to alter the distances and 
the relative orientations of donors and acceptors. In photosyn-
thetic RC's, where the primary donors and acceptors l i e within 4-5A 
of each other (4), small structural displacements (^0.5A) may sig
nificantly affect rates of back reactions, i f they occur rapidly 
(24). (Conformational movements on a picosecond time scale are not 
inconsistent with resonance Raman data on photo-dissociated heme-CO 
complexes (25^)). On a longer time scale, protein rearrangements 
triggered by and propagating from the chromophores may also help 
subsequent reactions such as the transport of protons that is 
initiated by the primary photochemical event in the R.C. (26). 

The close proximity of the photosynthetic donors and acceptors 
may also account for some of the optical changes observed on short 
time scales (10~ 1 2 to ΙΟ" 1 3 sees) following the primary elec
tron transfer (1-3). In bacterial R.C.'s, this event generates 
a BChl cation (the special pair) and a BPheo anion (27). According 
to the x-ray structure of the R. v i r i d i s R.C. (4), these two 
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radicals are positioned on opposite sides of a BChl b molecule 
within van der Waals contacts. Theoretical INDO calculations 
suggest that point charges placed within 3-4A of BChls would induce 
significant optical shifts (14,28). Interestingly, positive charges 
placed near rings I and IV or negative charges situated near rings 
II and III are predicted to cause red shifts whereas reversing the 
charges should result in blue shifts (29). The primary charge 
separation in a R.C. should therefore induce a significant electro
chromic effect on the optical spectrum of the BChl that "bridges" 
the primary donor and the BPheo. Shifts of more than a thousand 
wave numbers are predicted for oppositely placed positive and 
negative point charges (29). Since the charges in the cation BChl 
special pair and anion BPheo are delocalized (30), the net effect 
w i l l be smaller (at a given distance, the shift is proportional to 
the charge). Experimentally, spectral changes in the bridging BChls 
have indeed been observed on subpicosecond or picosecond time scales 
and they have been variously attributed to the formation of a BChl 
anion, to a charge transfer state or to electrochromic effects, as 
suggested here (1-3). Again, these effects would be susceptible to 
additional modulation i f changes in distances or orientations 
between the chromophores follow electron transfer. 

In summary, experimental results clearly indicate that 
porphyrin derivatives are flexible and can undergo rearrangement 
following electron transfer. If similar conformational changes 
occur in vivo as the porphyrins f u l f i l l their biological electron 
transport roles, the changes may help regulate relative orientations 
and distances between donors and acceptors as well as their inter
actions with the protein environment with resulting effects on 
orbital occupancies, and on spectral and magnetic properties. 

A cknowledgments 
We thank the authors of references 3, 5, 16, 23 and 29 for 

communicating their results prior to publication. 
This work was supported by the Division of Chemical Sciences, 

U.S. Department of Energy (Contract DE-AC02-76CH00016) at Brookhaven 
National Laboratory and by the National Science Foundation (Grant 
No. CHE81-20891) at the University of California. 

Literature Cited 
1. "Antennas and Reaction Centers of Photosynthetic Bacteria. 

Structure, Interactions and Dynamics"; Michel-Beyerle, Μ. Ε., 
Ed.; Springer-Verlag, Berlin, 1985. 

2. Kirmaier, C.; Holten, D.; Parson, W. W. Biochim. Biophys. Acta, 
1985, 819, 49-61. 

3. Martin, J. L.; Breton, J.; Hoff, A. J.; Migus, Α.; Antonetti, A. 
Proc. Nat'l. Acad. Sci. U.S.A., 1986, 83, 957-961. 

4. Deisenhofer, J.; Epp, O.; Miki, K.; Huber, R.; Michel, H. 
J. Mol. Biol., 1984, 180, 385-398. 

5. Deisenhofer, J.; Epp, O.; Miki, K.; Huber, R.; Michel, H. 
Nature, 1985, 318, 618-624. 

6. Fajer, J.; Fujita, I.; Davis, M. S.; Forman, Α.; Hanson, L. K.; 
Smith, Κ. M. Adv. Chem. Ser., 1982, 201, 489-513. 

7. Hanson, L. K.; Chang, C. K.; Davis, M. S.; Fajer, J. J. Am. 
Chem. Soc., 1981, 103, 663-670. 

 P
ub

lic
at

io
n 

D
at

e:
 O

ct
ob

er
 1

5,
 1

98
6 

| d
oi

: 1
0.

10
21

/b
k-

19
86

-0
32

1.
ch

00
3

In Porphyrins; Gouterman, M., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1986. 



58 PORPHYRINS: E X C I T E D STATES A N D DYNAMICS 

8. Fujita, E.; Chang, C. K.; Fajer, J. J. Am. Chem. Soc., 1985, 
107, 7665-7669. 

9. Smith, K. M.; Goff, D. A. J. Am. Chem. Soc., 1985, 107, 
4954-4964. 

10. Kratky, C.; Waditschatka, R.; Angst, C.; Johansen, J. E.; 
Plaquevent, J. C.; Schreiber, J.; Eschenmoser, A. Helv. Chim. 
Acta, 1985, 68, 1312-1337. 

11. Suh, M. P.; Swepston, P. N.; Ibers, J. A. J. Am. Chem. Soc., 
1984, 106, 5164-5171. 

12. Barkigia, Κ. M.; Fajer, J.; Chang, C. K.; Williams, G. J. B. 
J. Am. Chem.Soc., 1982, 104, 315-317. 

13. Smith, Κ. M.; Goff, D. Α.; Fajer, J.; Barkigia, K. M. J. Am. 
Chem. Soc., 1982, 104, 3747-3749. 

14. Fajer, J.; Barkigia, Κ. M.; Fujita, E.; Goff, D. A.; Hanson, 
L. K.; Head, J. D.; Horning, T.; Smith, K. M.; Zerner, M. C. 
In reference 1, 324-338. 

15. Barkigia, Κ. M.; Fajer, J.; Adler, A. D.; Williams, G. J. B. 
Inorg. Chem., 1980, 19, 2057-2061. 

16. Hanson, L. K.; Kabuto, C.; Silverton, J. V.; Kon, H. Private 
communication. 

17. Spaulding, L. D.; Eller, P. G.; Bertrand, J. Α.; Felton, R. H. 
J. Am. Chem. Soc., 1974, 96, 982-987. 

18. Scholz, W. F.; Reed, C. Α.: Lee, Y. J.; Scheldt, W. R.; Lang, 
J. J. Am. Chem. Soc., 1982. 104, 6791-6793. 

19. Buisson, G.; Deronzier, Α.; Duee, Ε.; Gans, P.; Marchon, J. C.; 
Regnard, J. R. J. Am. Chem. Soc., 1982, 104, 6793-6796. 

20. Barkigia, Κ. M.; Spaulding, L. D.; Fajer, J. Inorg. Chem., 
1983, 22, 349-351. 

21. Horning, T. L.; Fujita, E.; Fajer, J. J. Am. Chem. Soc., 1986, 
108, 323-325. 

22. Barkigia, Κ. M.; Fajer, J.; Smith, Κ. M.; Williams, G. J. B. 
J. Am. Chem. Soc., 1981, 103, 5890-5893. 

23. Hanson, L. K. Private communication. 
24. Marcus, R. Α.; Sutin, N. Biochim. Biophys. Acta., 1985, 811, 

265-322. 
25. Findsen, E. W.; Scott, T. W.; Chance, M. R.; Friedman, J. M.: 

Ondrias, M. R. J. Am. Chem. Chem., 1985, 107, 3355-3357. 
26. Dutton, P. L.; Prince, R. C. In "The Photosynthetic Bacteria"; 

Clayton, R. C.; Sistrom, W. R., Eds.; Plenum Press, NY 1978; 
p. 525. 

27. Fajer, J.; Brune, D. C.; Davis, M. S.; Forman, A.;. Spaulding, 
L. D. Proc. Nat'l. Acad. Sci. U.S.A., 1975, 72, 4956-4960. 

28. Eccles, J.; Honig, B. Proc. Nat'l Acad. Sci. U.S.A., 1983, 80, 
4959-4963. 

29. Hanson, L. K.; Thompson, M.; Zerner, M. C.: Fajer, J. 
Unpublished results. 

30. Davis, M. S.; Forman, Α.; Hanson, L. K.; Thornber, J. P.; 
Fajer, J. J. Phys. Chem., 1979, 83, 3325-3332. 

RECEIVED April 3, 1986 

 P
ub

lic
at

io
n 

D
at

e:
 O

ct
ob

er
 1

5,
 1

98
6 

| d
oi

: 1
0.

10
21

/b
k-

19
86

-0
32

1.
ch

00
3

In Porphyrins; Gouterman, M., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1986. 



4 
Spin-Orbit and Spin-Polarization Effects 
in Metalloporphyrins 

David A. Case1 

Department of Chemistry, University of California, Davis, CA 95616 

Some general features of spin-orbit and spin
-polarization effects in paramagnetic metalloporphy
rins are outlined. Spin-orbit effects are modelled 
through a four-component relativistic molecular 
orbital formalism. Results for copper porphine show 
significant effects of unquenched orbital angular 
momentum on the Zeeman and hyperfine tensors at both 
the copper and nitrogen sites. Spin-unrestricted 
calculations on high-spin iron complexes that are 
models for the active site in deoxyhemoglobin illus
trate the effects of exchange-correlation (polari
zation) forces. These split the spin-up and spin
-down iron d-orbitals by 3-4 eV. I discuss how this 
splitting affects orbital populations and the identi
fication of charge-transfer transitions in the near
-infrared region. 

The use of molecular o r b i t a l theory to i n t e r p r e t the e l e c t r o n i c 
s t r u c t u r e and spec t r a of metalloporphyrins has a long and g e n e r a l l y 
s u c c e s s f u l history.(1) The e a r l y work was based on Huckel and 
extended Huckel models, w h i l e more r e c e n t l y c a l c u l a t i o n s employing 
other semiempirical or ab i n i t i o techniques have become feasible.(2) 
For open-shell systems, two l i m i t a t i o n s of the extended Huckel model 
become important even f o r q u a l i t a t i v e d i s c u s s i o n s . F i r s t , s p i n 
d i s t r i b u t i o n s are a l t e r e d i n important ways by exchange p o l a r i z a t i o n 
f o r c e s , which favor c o n f i g u r a t i o n s i n which e l e c t r o n s of the same 
s p i n are i n the same reg i o n of space. Second, s p i n - o r b i t coupling 
mixes spin-up and spin-down character and allows f o r non-vanishing 
expectation values of o r b i t a l angular momentum. This has important 
e f f e c t s on magnetic resonance parameters, phosphorescence i n t e n s i 
t i e s , and so on. In t h i s paper, I discuss one way i n which these 
e f f e c t s can be included i n molecular o r b i t a l c a l c u l a t i o n s , using 
copper porphine and the high s p i n form of i r o n porphine as examples. 

7 C u r r e n t address: Research Institute of Scripps C l in i c , Department of Molecular Biology, 
University of Cal i fornia at San Diego, L a J o l l a , C A 92037 

0097-6156/ 86/ 0321 -0059S06.00/ 0 
© 1986 Amer i can Chemica l Society 
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60 PORPHYRINS: EXCITED STATES A N D DYNAMICS 

Details of the Calculations 

The Χα multiple scattering method generates approximate single-
determinant wavefunctions, in which the non-local exchange inter
action of the Hartree-Fock method has been replaced by a local term, 
as in the Thomas-Fermi-Dirac model. The orbitals are solutions of 
the one-electron differential equation (in atomic units) 

Here ψ i s an orbital of an electron with Ms = l/2(t), ε is i t s one-
electron energy, V c is the classical Coulomb potential (including 
electron self-interaction terms), and ν ^ α represents the effects of 
electron exchange. In Slater's model, this is related to ρΐ, the 
local density of electrons of the same spin 

1/3 
ν χ α(Φ) = -3α(3ρ+/4π) (2) 

Here a is an adjustable parameter, usually determined by comparing 
Hartree-Fock and Χα atomic calculations. In the spin-unrestricted 
version, the spin-up and spin-down orbitals are distinct, so that in 
general the resulting wavefunction is not a spin eigenfunction. 
These approximations, and additional ones involving the muffin tin 
potential, have been described in recent reviews. (3-4) In particu
lar, the work reported here i s entirely analogous to our earlier 
calculations on porphyrins,(5-10) where we discuss the method of 
calculation in some detail. 

The r e l a t i v i s t i c (DSW) version incorporates the same approxi
mations but starts from the Dirac rather than the Schroedinger wave 
equation,(11) 

where α and β are Dirac matrics, Ii» is the 4x4 unit matrix, ψ is 
now a four-component spinor, and the average of the spin-up and 
spin-down charge densities i s used in calculating the exchange 
potential. The top two components of ψ correspond to spin-up and 
spin-down character, so that the molecular orbitals in general w i l l 
be spin mixtures. Each orbital, however, as well as the overall 
wavefunction, transforms according to the molecular double point 
group. 

Two new results are reported in this paper. In the next sec
tion, r e l a t i v i s t i c calculations on copper porphine are presented, 
that incorporate parameters identical to those we have used 
earlier(5) for nonrelativistic calculations. (This calculation 
assumes a planar porphyrin and uses a Cu-N bond distance of 1.98 Â ) . 
These are the f i r s t f u l l y r e l a t i v i s t i c molecular orbital calcula
tions to be reported for a metalloporphyrin, or indeed for any 
molecule of this size. The following section gives details of 
calculations on a high-spin form of iron porphine, using a geometry 
and parameters reported earlier.(7) This is not the ground state 
for this molecule, but has some features relevant to the high-spin, 
five coordinate structures found in the deoxy forms of hemoglobin 
and myoglobin. 

[-(1/2) V2+ V c + ν χ α(+)]ψ.(+) = ε.(+)ψ.(+) (1) 

[ca«p + 6mc2 + (V + V v )Ιι»]ψ = Νψ 
~ ~ c χα 

(3) 
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4. C A S E Spin-Orbit and Spin-Polarization Effects in Metalloporphyrins 61 

Spin-Orbit Effects in Copper Porphine 

In many respects the results of a r e l a t i v i s t i c molecular orbital 
calculation on copper porphine are similar to the corresponding non-
r e l a t i v i s t i c results. (5,_8) The porphyrin levels are virtually 
unaffected by spin-orbit mixing (e.g. the ratio of spin-down to spin-
up character is always less than Π Γ 5 ) , and the energy level 
spacings are unchanged, although a l l of the levels are higher in 
energy by 0.5 eV than in the corresponding non-relativistic calcula
tion. The "crystal f i e l d " orbitals having significant copper 3d 
character are more affected, and the r e l a t i v i s t i c results are given 
in Table I. The orbitals are expressed in a coordinate system in 
which the methine carbons are on the χ and y_ axes. As required by 
r e l a t i v i s t i c symmetry, the orbitals are complex (i.e. are expanded 
in complex shperical harmonics Y£ m) and are mixtures of spin-up and 
spin-down character. 

In both r e l a t i v i s t i c and non-relativistic calculations there are 
four relatively low-lying f i l l e d orbitals, formed from the dx 2-y 2, 
dxz, dyz, and dz 2 atomic orbitals. Their energies range from -11.80 
to -11.64 eV in the non-relativistic calculation, and from -11.09 to 
-10.69 eV in the present results. The f i f t h crystal f i e l d orbital 
is partially occupied and has about 60% dxy character (this orbital 
points toward the nitrogen atoms in our coordinate system); i t s 
energy rises from -8.95 to -8.09 eV upon incorporation of r e l a t i v i s 
t i c effects. As a result of these changes, the copper d-levels are 
about 0.5 eV higher in energy relative to the prophyrin π levels 
than was the case in the non-relativistic calculation reported 
earlier. 

Table I also contains an analysis of the orbital character of 
these five energy levels. These were determined from the four-
component spinors by neglecting the two lower, "small," components, 
and by assuming that the radial functions depend only upon i.e. 
that the radial functions for pi / 2 and P 3 / 2 , or for and ds/2> 
are the same. The orbitals may then be written in "Pauli" form as 
products of (complex) spherical harmonics and spin functions. 
Populations are equal to the squares of the absolute magnitudes of 
the coefficients listed in Table I. [For a l l but 17e3g, an addi
tional orbital (not shown) i s occupied which has the same energy 
but the opposite spin pattern (i.e. α and 3 are interchanged).] 
It may be seen that there is significant spin mixing in the lower 
four crystal f i e l d orbitals, e.g. that the 13e3g orbital has 41% 
spin-up (a) character on copper (mostly in dx 2-y 2 = (Y22 + Y 2 - 2 ) / * ^ 2 ) , 
45% dT[ character which is spin-down (3), and smaller contributions 
of both spins from the porphyrin. Unlike [Pt(CN)w]2~ that we looked 
at earlier,(12) there is no nearly pure dz 2 ( Y 2 0 ) orbital, although 
most of this character is in the 1 3 e 2 g orbital. 

The partially occupied 17e3g orbital is of greatest interest in 
the interpretation of magnetic resonance parameters. As Table I 
shows, this orbital is s p l i t off from the other copper _3d levels, 
and is almost pure α spin, with only 0.14% population in the spin-
down dTT atomic orbital. As written, the orbital i s nearly pure 
imaginary: for example, the coefficients of Y 2 2 and Y 2 - 2 are nearly 
equal and opposite, and (Y22 - Y2-2)/1^2 = dxy. This could be made 
into a real orbital by multiplication by i , and i t should be 
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62 PORPHYRINS: E X C I T E D STATES A N D DYNAMICS 

Table I. C r y s t a l f i e l d o r b i t a l s f o r Cu Por 

s t a t e energy, eV P a u l i decomposition 3 

13 e3g -11.09 Cu: -.460 Y2-2CX + .672 Y 2 - i 3 - .444 Y22CI 
N: -.010 (1+i) Υι_ια+ .018(l+i) Y i 0 3 

+.028(l-i) Y x l a 
Ca: (.033 + .071i) Yio3 
C3: (.045 + .055i) Yio3 
Cm: .070i Y 1 0 3 

12 e2g -11.03 Cu: .117 Y 0 0 a - .347 Y 2 0 a + .816 Y 2 i 3 
N: - . 0 1 6 ( l - i ) Υι-ια + .016(l+i) Y n a 

- . 0 2 9 ( l - i ) Yio3 
Ca: (-.045 + .093i) Yio$ 
C(3: (-.058 + .071i) Yio3 
Cm: .090i Yio3 

14 e3g -10.80 Cu: -.526 Y2-2CX - .590 Y 2 - i 3 - .519 Υ 2 2 » 
N: - . 0 1 8 ( l + i ) Y ! - i a + . 0 2 3 ( l - i ) Y n a 
Ca: (-.025 - .057i) Yio3 
C3: (-.038 - .047i) Yio3 
Cm: -.058i Yio3 

13 6 2 g -10.69 Cu: .281 Y 0 0ot - .865 Y 2 0 a - .343 Y 2 i 3 
N: - . 0 3 4 ( l - i ) Y i - i a + .034(l+i) Y n a 
Ca: (.013 - .032i) Yio3 
C3: (.022 - ,028i) Yio3 
Cm: -.034i Y 1 0 3 

17 -8.12 Cu: -.543 Y 2 - 2 a + .587 Y 2 2 a - .037 Y 2 - i 3 
N: -.130i Y 0 0 a + .116(l+i) Y i _ i a 

+ . 1 1 5 1 ( l - i ) Y n a 
Ca: .041i Y 0 0 a - (.047 + .012i) Y i - i a 

-(.047 - . O l l i ) Y n a 
C3: -.021 Y 0 0 a + (.016 + .030i) Y ^ a 

+(.016 - .030i) Y n a 

C o e f f i c i e n t s m u l t i p l y a normalized r a d i a l f u n c t i o n s (not shown), 
complex s p h e r i c a l harmonics Y^ m, and s p i n f u n c t i o n s as i n d i c a t e d . 
Values f o r the l i g a n d are f o r a s i n g l e atom. C o e f f i c i e n t s smaller 
than 0.01 are not shown. 
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4. C A S E Spin-Orbit and Spin-Polarization Effects in Metalloporphyrins 63 

r e a l i z e d that our choice of phase f a c t o r i s an a r b i t r a r y one w i t h i n 
each i r r e d u c i b l e r e p r e s e n t a t i o n . Hence the 17e 3g o r b i t a l can be 
considered to be "almost" at the n o n - r e l a t i v i s t i c l i m i t i n which a l l 
of the o r b i t a l s may be taken to be r e a l . 

The small d e v i a t i o n s from the n o n - r e l a t i v i s t i c symmetry, how
ever, are q u i t e important f o r understanding the magnetic behavior of 
CuPor. I t i s of i n t e r e s t to note, f o r example, that the c o e f f i c i e n t 
of the drr o r b i t a l (0.037) i s almost e x a c t l y equal to the value of 
0.035 that one would o b t a i n from f i r s t - o r d e r p e r t u r b a t i o n theory,(13) 
λ/Δ, where λ i s the s p i n - o r b i t coupling constant f o r Cu(ca. -830 
cnT ) and Δ i s c r y s t a l f i e l d s p l i t t i n g between the dxy and drr o r b i 
t a l s (from Table 1, 2.9 eV or 23,500 cm" 1). As a r e s u l t there are 
few s u r p r i s e s i n p r o p e r t i e s depending on the e l e c t r o n d i s t r i b u t i o n 
around c o p p e r — t h e r e s u l t s presented below are i n good accord w i t h 
values p r e d i c t e d from conventional c r y s t a l f i e l d theory (modified 
to i n c l u d e e f f e c t s of covalency). On the other hand, the nature of 
the s p i n - o r b i t mixing i n the v i c i n i t y of the l i g a n d atoms i s much 
harder to understand s i n c e a l a r g e number of e x c i t e d s t a t e s can mix 
i n t o the ground s t a t e v i a s p i n - o r b i t c o u p l i n g , and i t i s a most 
d i f f i c u l t task to account f o r a l l of them. In f a c t , i t i s o f t e n 
assumed that s p i n - o r b i t e f f e c t s at f i r s t - r o w atoms may be ignored. 
Our recent DSW r e s u l t s f o r f l u o r i n e s bound to Xe and Np cast doubt 
upon t h i s assumption,(14-16) and the n i t r o g e n r e s u l t s presented here 
a l s o suggest that s p i n - o r b i t e f f e c t s may be s i g n i f i c a n t f o r f i r s t -
row atoms bound to heavier elements. 

Copper porphyrin i s one of the b e s t - c h a r a c t e r i z e d of the 
m e t a l l o p o r p h y r i n s , and i t s e l e c t r o n s p i n resonance (ESR) spectrum 
has been known f o r a quarter of a century.(17) More r e c e n t l y , 
e l e c t r o n nuclear double resonance (ENDOR) i n v e s t i g a t i o n s have pro
vided the complete hyp e r f i n e tensors f o r the metal, the nitrogens 
and the p y r r o l e protons.(18) We have used t h i s d e t a i l e d knowledge 
earlier(_5,j3) to assess the q u a l i t y of scattered-wave c a l c u l a t i o n s . 
In those c a l c u l a t i o n s , the c o n t r i b u t i o n s from e l e c t r o n i c o r b i t a l 
motion (induced by s p i n - o r b i t mixing) were estimated from c r y s t a l 
f i e l d theory ( f o r the copper atom) or were neglected ( f o r the n i t r o 
gen and hydrogen atoms). Here I discu s s f o r the f i r s t time d i r e c t 
c a l c u l a t i o n s of these c o n t r i b u t i o n s to the copper and n i t r o g e n hyper
f i n e tensors, as w e l l as to the molecular ^ - t e n s o r . 

The theory of i n c l u d i n g magnetic p e r t u r b a t i o n s has been 
discussed earlier.(11,14-16) In D i r a c theory, e x t e r n a l f i e l d s appear 
through the operator 

H f = e α·Α (4) 

where Of i s again a vector of D i r a c matrices and A i s the vector 
p o t e n t i a l of the e x t e r n a l f i e l d . In the case of a constant e x t e r n a l 
f i e l d Β (the Zeeman e f f e c t ) , A = (Β χ r ) / 2 . For the h y p e r f i n e term, 
A = (μ~χ r ) / r 3 where μ i s the nuclear magnetic moment. M a t r i x 
elements of these operators are evaluated i n the b a s i s spanning the 
two rows of the e3g r e p r e s e n t a t i o n of the highest occupied o r b i t a l . 
The angular i n t e g r a l s r e q u i r e d may be performed a n a l y t i c a l l y , and the 
r a d i a l i n t e g r a l s are done nu m e r i c a l l y . The r e s u l t i n g energies are 
then f i t to the s p i n Hamiltonian 

 P
ub

lic
at

io
n 

D
at

e:
 O

ct
ob

er
 1

5,
 1

98
6 

| d
oi

: 1
0.

10
21

/b
k-

19
86

-0
32

1.
ch

00
4

In Porphyrins; Gouterman, M., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1986. 



64 PORPHYRINS: E X C I T E D STATES A N D DYNAMICS 

Hspin = S-g-B + S·Α η·I n (5) 

where S = 1/2, I n is the nuclear spin operator, and η = Cu or N. 
Table II gives calculated results for copper porphine and 

experimental values for copper tetraphenylporphine. Results at the 
non-relativistic limit (c = °°) were obtained from the same program 
by setting the speed of light to a very large number (10 1 5 a.u.). 
As we have discussed elsewhere,(14-16) numerical errors in computing 
the matrix elements of the Zeeman operator are significant, so that 
in the non-relativistic limit one does not obtain a g-tensor equal 
to 2. In other work, we have found i t to be a useful approximation 
to assume that these numerical errors cancel in the non-relativistic 
and r e l a t i v i s t i c calculations, so that the computed difference may 
yield a good estimate of Ag Ξ g - 2.0023. Results using this approx
imation are given in part A of Table II, and show approximate, 
although not quantitative, agreement with experiment. For square-
planar copper complexes, equally good agreement is generally possible 
using ligand f i e l d theory, so that the present results provide l i t t l e 
new insight. We expect, however, that i f this level of agreement 
with experiment carries over to more complicated cases (e.g. with 
lower symmetry or more than one metal atom,) the DSW model may pro
vide useful qualitative models for molecular Zeeman effects, parti
cularly for cases with heavy atoms and large spin-orbit mixings. 

Hyperfine tensors are given in parts Β and C of Table II. 
Although only the total hyperfine interaction is determined directly 
from the procedure outlined above, we have found i t useful to decom
pose the total into parts in the following approximate fashion: a 
Fermi term'is defined as the contribution from s-orbitals (which is 
equivalent to the usual Fermi operator as c -> °°) ; a spin-dipolar 
contribution is estimated as in non-relativistic theory from the 
computed expectation value of 3(S * r ) ( I e r ) / r 5 ; and the remainder i s 
ascribed to the "spin-orbit" contribution, i.e. to that arising from 
unquenched orbital angular momentum. 

On the basis of their ENDOR results and crystal f i e l d theory, 
Brown and Hoffman(18) have made empirical estimates of these three 
factors for the copper hyperfine interaction; these are shown in 
Table II. The spin dipolar contributions may be estimated from a 2, 
the population of the unpaired electron in the Cu dxy orbital: 

A d i p = -(4/7)Pa 2 ; A^P = (2/7)Pa2 (6) 

where Ρ = ge3e8N^N<r_3>> a n c* t* i e expectation value is over the 3d. 
copper orbital. Both our earlier results(15) and the empirical 
analysis of Brown and Hoffman suggest that for the copper porphyrin, 
this value is about 10% larger than the free ion value.(19) The 
proper value to use for a 2 depends upon how overlap is treated, but 
for the present qualitative purposes i t is sufficient to set i t 
equal to 0.62, the fraction of unpaired spin on the metal estimated 
from both Χα and crystal f i e l d calculations.(5,18) 

The spin-orbit effect contributes both to the deviation of the 
molecular j*-tensor from the spin-only value, and to the metal hyper
fine interaction. We can use experimental values of the former to 
estimate the latter: 
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4. CASE Spin-Orbit and Spin-Polarization Effects in Metalloporphyrins 65 

Table II. Magnetic Resonance Parameters for CuPor 

c = 0 0 c d i f f . exp. 

A. Zeeman interaction 
g II 1.761 1.915 0.155 0.188a 

II 1.799 1.858 0.059 0.043 
e l 

B. 6 3Cu hyperfine interaction (MHz) D 

A d iP II -499 -492 -453c 

A d i p 249 246 227 
Aso 0 290 263d 

II 

Aso 
1 

0 86 47 

C. ll*N hyperfine interactions (MHz)b 

A (Fermi) 52.2 52.8 
Adip xx -3.7 -3.9 

yy 7.4 7.6 
zz -3.7 -3.8 

A s o xx -0.2 -3.7 
yy -0.1 1.1 
zz -0.2 -1.6 

A t o t xx 48.2 45.2 42.8e 

yy 59.5 61.5 54.2 
zz 48.2 47.5 44.1 

^ a l u e of g (observed) -2.0023, from Reference 9. 
^See text for method of calculation. 
cEmpirical estimate from Equation (6) using Ρ = 1280 MHz and α = 
0.62. 

dEmpirical estimate using Equation (7), Ρ = 1280 MHz and the observed 
g-tensor. 

eSource: Reproduced from Ref. 10· Copyright 1985 American Chemical 
Society. 
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66 PORPHYRINS: E X C I T E D STATES A N D D Y N A M I C S 

ASO = -Ρ[(3/7)( 8 θ- δ 1)+( 8 θ- δ | |)]; k$£ = -P[ (6/7) ( g e - g A ) ] (7) 

Table I I compares these e m p i r i c a l estimates w i t h those obtained from 
the DSW c a l c u l a t i o n . R e l a t i v i s t i c c o n t r i b u t i o n s have l i t t l e e f f e c t 
on the s p i n - d i p o l a r i n t e r a c t i o n s , and both c a l c u l a t i o n s are i n 
reasonably good agreement w i t h the e m p i r i c a l estimates. The s p i n -
o r b i t c o n t r i b u t i o n s are a l s o i n moderately good agreement w i t h the 
e m p i r i c a l estimates, showing that e l e c t r o n currents about the _z-
a x i s are considerably more important than those about axes i n the 
plane of the l i g a n d . Indeed, i n view of the approximations that 
enter i n t o Equation 7, (_5,8) , one might have as much confidence i n 
the DSW r e s u l t as i n the e m p i r i c a l estimate given i n the f i n a l 
column. 

Since core p o l a r i z a t i o n e f f e c t s are not included i n the 
present DSW c a l c u l a t i o n s , no Fermi c o n t r i b u t i o n to the metal hyper
f i n e i n t e r a c t i o n a r i s e s from the present wavefunction, although i t s 
c o n t r i b u t i o n to the experimental tensor i s s i g n i f i c a n t . We have 
discussed such core p o l a r i z a t i o n e f f e c t s elsewhere.(5,8) 

For the n i t r o g e n hyperfine tensors, there i s no s a t i s f a c t o r y 
e m p i r i c a l scheme f o r estimating the v a r i o u s c o n t r i b u t i o n s , so that 
Table I I compares the t o t a l observed tensor to the DSW r e s u l t . The 
tensors are given i n t h e i r p r i n c i p a l a x i s system, w i t h ẑ  perpendi
c u l a r to the plane of the heme and y_ along the Cu-N bond. The small 
values (0.1 - 0.2 MHz) found f o r A s0 i n the n o n r e l a t i v i s t i c l i m i t 
are not a consequence of o r b i t a l motion (which must vanish i n t h i s 
l i m i t ) but are the r e s u l t of i n a c c u r a c i e s i n the decomposition of 
the t o t a l tensor i n t o i t s components, as described above. 

Although a l l of the c a l c u l a t e d values are i n moderately good 
agreement w i t h experiment, of p a r t i c u l a r i n t e r e s t here i s the 
d e v i a t i o n of t h i s i n t e r a c t i o n from being a x i a l about the Cu-N bond, 
i . e . that Αχχ φ Αζζ· In a s p i n - r e s t r i c t e d , n o n r e l a t i v i s t i c theory, 
t h i s tensor w i l l be n e a r l y a x i a l — s e e , f o r example the c = 0 0 r e s u l t s 
of Table I I . Each of the two mechanisms considered i n t h i s p a p e r — 
s p i n p o l a r i z a t i o n and s p i n - o r b i t c o u p l i n g — m i g h t c o n t r i b u t e to 
d e v i a t i o n s from a x i a l i t y . Indeed, n o n - r e l a t i v i s t i c c a l c u l a t i o n s 
i n c l u d i n g s p i n - p o l a r i z a t i o n e f f e c t s ( 8 ) i l l u s t r a t e d one p o s s i b l e 
mechanism: exchange e f f e c t s can a l t e r the s p i n populations on the 
nitrogens such that the p o p u l a t i o n i n the out-of-plane ρττ o r b i t a l 
i s greater than that f o r the in-plane ρπ o r b i t a l by about 0.01. The 
s p i n - d i p o l a r i n t e r a c t i o n w i l l then y i e l d values of Azz - Αχχ of 
about 1.3 MHz, i n agreement w i t h experiment.(18) Furthermore, 
examination of the nature of the molecular o r b i t a l s suggests that 
the s p i n - o r b i t i n t e r a c t i o n should be unable to induce ρπ popula
t i o n s that are t h i s l a r g e , (8,JL8) l e a d i n g to the n o t i o n that s p i n -
o r b i t e f f e c t s may be unimportant f o r a q u a l i t a t i v e understanding of 
the n i t r o g e n hyperfine tensors i n metalloporphyrins. 

The r e s u l t s i n Table I I suggest that t h i s c o n c l u s i o n may be 
i n c o r r e c t : o r b i t a l motion of the e l e c t r o n s can c o n t r i b u t e to the 
h y p e r f i n e tensor amounts comparable to the s p i n - d i p o l a r i n t e r a c t i o n . 
This does not a r i s e from s i g n i f i c a n t changes i n s p i n p o p u l a t i o n s — 
the in-plane and out-of-plane ρπ populations i n the p a r t i a l l y 
occupied o r b i t a l are 1 χ 10~ 6 and 4 χ 10 - 1*, r e s p e c t i v e l y . As a 
r e s u l t , the values f o r 

A d i p 
are n e a r l y the same as i n the non

r e l a t i v i s t i c c a l c u l a t i o n . Rather, a new mechanism i s at work, i n 
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4. C A S E Spin-Orbit and Spin-Polarization Effects in Metalloporphyrins 67 

which the magnetic f i e l d a s s o c i a t e d w i t h o r b i t a l motion i n t e r a c t s 
w i t h the magnetic d i p o l e moment of the n i t r o g e n nucleus. Since t h i s 
i n t e r a c t i o n i s n e i t h e r i s o t r o p i c nor t r a c e l e s s , i t can g r e a t l y com
p l i c a t e the a n a l y s i s of the observed r e s u l t s . In p a r t i c u l a r , the 
a s s o c i a t i o n of the i s o t r o p i c and a n i s o t r o p i c p o r t i o n s of the observed 
tensor w i t h Fermi and s p i n - d i p o l a r mechanisms i s no longer a p p r o p r i 
ate, and i t i s c l e a r l y r i s k y to attempt to d e r i v e bonding informa
t i o n from such an a n a l y s i s . 

U n f o r t u n a t e l y , the present r e s u l t s are a l s o l i m i t e d . In a d d i 
t i o n to e r r o r s a r i s i n g from the exchange p o t e n t i a l and from the 
m u f f i n t i n approximations, we have no means at present to i n c l u d e 
both exchange p o l a r i z a t i o n and s p i n - o r b i t e f f e c t s i n t o these c a l c u 
l a t i o n s , although each i s c l e a r l y of p o t e n t i a l importance i f accuracy 
greater than 5 Mhz or so i s to be achieved. A l l of the c a l c u l a t i o n s 
and e m p i r i c a l analyses agree that 7 - 9% of the unpaired s p i n i n 
CuPor r e s i d e s on each n i t r o g e n atom; more d e t a i l e d conclusions w i l l 
probably have to await the development of r e l i a b l e computational 
schemes that can incorporate a l l of the small e f f e c t s that c o n t r i b u t e 
to l i g a n d h y p e r f i n e i n t e r a c t i o n s . 

Exchange P o l a r i z a t i o n i n I r o n Porphine 

Figure 1 shows the one-electron energies of i r o n ( I I ) porphine i n 
both s p i n - r e s t r i c t e d and s p i n - u n r e s t r i c t e d ( d i f f e r e n t o r b i t a l s f o r 
d i f f e r e n t spins) form. The geometry used has a planar porphine w i t h 
an Fe-N distance of 2.01 Â and no a x i a l l i g a n d s . This c a l c u l a t i o n 
assumes a h i g h - s p i n q u i n t e t s t a t e w i t h the c o n f i g u r a t i o n ( d x y ) 2 

( d x z ) 1 ( d y z ) 1 ( d z ) 1 ( d x 2 - y 2 ) \ g i v i n g 5 B 2 g symmetry. The d i f f e r e n c e s 
between the l e f t - and right-hand-sides of t h i s diagram are s t r i k i n g 
and important i n i n t e r p r e t i n g the p r o p e r t i e s of t h i s and other h i g h -
s p i n i r o n complexes. Since the s p i n d e n s i t y i s predominantly 
loc a t e d on the i r o n atom, exchange forces s p l i t the i r o n d. l e v e l s 
by about 3.5 eV, r e f l e c t i n g the favorable exchange i n t e r a c t i o n s 
among the m a j o r i t y s p i n (a) e l e c t r o n s compared to those of s p i n 3. 
(There i s l i t t l e s p i n d e n s i t y on the l i g a n d , so that the α and 3 
energies are n e a r l y the same; i n the f i g u r e , only one l i n e i s used 
to represent both energies.) The α o r b i t a l s (except f o r d x 2 - y 2 ) 
are low i n energy and are always occupied i n the ground and low-
l y i n g e x c i t e d s t a t e s . The other 3 s p i n cl o r b i t a l s are near the Fermi 
l e v e l , and are important i n determining spectra and r e a c t i v i t i e s . 
I t i s these o r b i t a l s , r a t h e r than the average of α and 3 o r b i t a l s 
seen i n s p i n - r e s t r i c t e d t h e o r i e s , whose characters and energies are 
important f o r q u a l i t a t i v e c o n s i d e r a t i o n s . 

As an example, consider the e x c i t e d s t a t e created by a promotion 
from the i r o n dxy o r b i t a l i n t o one of the unoccupied o r b i t a l s on the 
porphyrin l i g a n d . In a s p i n - r e s t r i c t e d theory (such as extended 
Huckel theory or the l e f t - h a n d s i d e of Figure 1) the e x c i t a t i o n 
energy i s not approximated by the corresponding d i f f e r e n c e o r b i t a l 
energies; rather one must c o r r e c t t h i s w i t h an exchange term. I f a 
3 s p i n e l e c t r o n i s promoted, the exchange c o r r e c t i o n i s about -1.2 
eV,(20-22)i.e., the favorable exchange i n t e r a c t i o n s i n the r e s u l t i n g 
h i g h - s p i n F e ( I I I ) species make the e x c i t a t i o n energy smaller than the 
one-electron energy d i f f e r e n c e . On the other hand, i f an α e l e c t r o n 
i s promoted, the c o r r e c t i o n i s +1.8 eV, a r e f l e c t i o n of the l o s s of 
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68 PORPHYRINS: E X C I T E D STATES A N D DYNAMICS 

exchange correlation in the resulting f e r r i c state. The right hand 
side of Figure 1, however, clearly shows that the promotion of an α 
dxy electron is more costly than promotion of a 3 one by about the 
3 eV difference in the two "correction" factors cited above—to a 
large extent the exchange corrections are already included in the 
one-electron energies. 

Table III shows the populations for the "crystal f i e l d " orbi
tals, i.e. for those occupied orbitals with greater than 10% popula
tion on the iron atom. The comparison in this table i s between the 
populations for the 5 B 2 g state (upper line in the table) and a 3A 2g 
state (lower line) with occupation (dxy) 2(dz 2) 2(άπ) 2, which is 
likely to be a major component of the ground state. (9) The triplet-* 
quintet change thus corresponds to the orbital promotion dz 2 3 + 
dx 2-y 2q. The results i l l u s t r a t e the ways in which spin-exchange 
affects the electronic structure of this complex. The energies of 
the 3-spin orbitals are nearly unchanged but the strongly localized 
α orbitals (6b2g0t, 8aigot and 7biga) are lower in energy in the 
quintet state by about 1.5 eV due to more favorable exchange inter
actions in the high-spin state. The situation i s more complex for 
the eg orbitals, which can mix strongly with prophyrin π orbitals of 
the same symmetry. In the quintet state, the άπα orbitals are 
stabilized by this interaction, and are the lowest of a l l the d-
like levels, appearing mainly in the 2ega level, with about 9% 
character in the 4e ga orbital. In the tr i p l e t , both 2e g and 4e g 

have significant dTT population, a feature that makes i t d i f f i c u l t 
to apply crystal f i e l d theory to this complex.(9) 

We have discussed the optical absorption spectrum of tri p l e t 
FePor in our earlier paper.(9) Similar results for the quintet 
state, particularly for charge transfer transitions, are of interest 
as possible explanations for absorption bands seen the near-infrared 
region of deoxy heme proteins.(20-22) Both metal-to-ligand and 
ligand-to-metal transitions need to be considered. A typical ligand-
to-metal promotion would be from the highest occupied porphyrin 
a2uM orbital into 4e g 3 , which is 76% d r r ; a characteristic metal-
to-ligand transition is from dxy3 to the lowest unoccupied porphyrin 
eg(7T) orbital. Since the energies of both the porphyrin orbitals 
and the metal spin-3 orbitals are nearly the same in the tr i p l e t and 
quintet states, the excitation energies should also be about the 
same. For the tr i p l e t state, we have shown that Χα calculations 
predict both metal-to-ligand and ligand-to-metal transitions to l i e 
in the 1.5 to 2.0 eV range,(9) and the same general conclusions 
should hold for high-spin states. We shall report elsewhere(23) 
results for five-coordinate high spin complexes that support this 
conclusion. The calculations of charge transfer excitation energies, 
however, are sufficiently uncertain to make i t hazardous to attempt 
detailed assignments of observed optical spectra. 

Unlike the situation for charge transfer energies, d-d. 
excitations are expected to be quite sensitive to spin state (trip
let vs. quintet) and the presence of axial ligands. Calculations of 
d-d transitions for high-spin five-coordinate iron porphyrins w i l l 
be presented elsewhere. 
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FePor 5 B 2Q 

- 7 

dxV N 

d x z ' d y z ' J 
dxy** n 

' ' V x Qiu 
°2l 
dx2-y2a J 

°2u 
-eg 

-b1u 

d z 2 a 

- d x y a 

"dxz e , dyz a 

Restricted Unrestricted 

Figure 1. Orbital energies for iron porphine. 

Table III. Crystal Field Orbitals for FePor3 

Orbital Energy, eV Populations 

6b 2 g e - 7.18 
- 7.31 

.973 

.970 
Fe 
Fe 

dxy 
dxy 

7 b l g « - 7.82 
- 6.31 

.665 

.744 
Fe 
Fe 

dx 2-y 2 + .049 Ν go + .018 Ns 
dx z-y z + .036 Ν ρσ + 0.16 Ns 

4eg a - 8.86 
- 8.45 

.088 

.382 
Fe 
Fe 

dTT + .090 Ν + .061 C3 
drr + .062 Ν + .037 C3 

3eg Β - 9.24 
- 9.28 

.112 

.110 
Fe 
Fe 

dTT + .066 Ν + .078 C3 
dTT + .049 Ν + .083 C3 

8 a i g a 
-10.67 
- 9.15 

.105 

.107 
Fe 
Fe 

s + .845 Fe dz 2 

s + .871 Fe dz 2 

6b 2 gcx -10.89 
- 9.26 

.950 

.965 
Fe 
Fe 

dxy 
dxy 

2eg a -11.07 
- 9.93 

.804 

.557 
Fe 
Fe 

dTT + .009 Ca + .011 C3 + .009Cm 
dTT + .033 Ν + .021 C3 + .020 Cm 

Populations per atom. A l l orbitals shown are occupied. For each 
orbital, the upper line gives results for the 5 B 2 g state, and the 
lower line for the 3A 2g state. 
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Conclusions 
In t h i s paper I have t r i e d to o u t l i n e some of the q u a l i t a t i v e 
features of s p i n - o r b i t mixing and exchange p o l a r i z a t i o n e f f e c t s i n 
metalloporphyrins. Although the computational models in v o l v e d are 
crude ones, the general features found here are expected to p e r s i s t 
i n more accurate c a l c u l a t i o n s . One improvement that would c l e a r l y 
be d e s i r e a b l e i s to be able to inco r p o r a t e both e f f e c t s i n a s i n g l e 
model. I t i s not easy to see how spin-exchange e f f e c t s can be 
incorporated i n t o the D i r a c model, s i n c e the o r b i t a l s and s t a t e s 
are s p i n mixtures. In p r i n c i p l e , both e f f e c t s can be included 
through p e r t u r b a t i o n theory or by c o n f i g u r a t i o n i n t e r a c t i o n , ( 2 4 , 2 5 ) 
but i t remains to be seen i f simple p h y s i c a l p i c t u r e s can be 
derived from these c a l c u l a t i o n s . Other approximate methods of 
i n c l u d i n g both e f f e c t s have been tried,(26,27) and i t i s to be 
hoped that u s e f u l models along these l i n e s can be developed i n the 
next few years. 

There i s a l s o a great need f o r c a l c u l a t i o n s of greater i n t r i n 
s i c r e l i a b i l i t y than those reported here. In both of the s p e c i f i c 
instances discussed above (hyperfine tensors i n CuPor and o p t i c a l 
e x c i t a t i o n energies i n FePor) the general features of the Χα 
r e s u l t s should be r e l i a b l e but the e r r o r s are s u f f i c i e n t l y l a r g e 
that d e t a i l e d i n t e r p r e t a t i o n s of the experiments are of dubious 
v a l i d i t y . Ab i n i t i o c a l c u l a t i o n s have great p o t e n t i a l , but s u f f e r 
from the l a r g e number of b a s i s f u n c t i o n s r e q u i r e d , and from the 
f a c t that the Hartree-Fock model i s not a very good one f o r open-
s h e l l t r a n s i t i o n metal c o m p l e x e s — f o r example, i t overestimates by 
a l a r g e amount the s t a b i l i t y of h i g h - s p i n complexes r e l a t i v e to 
intermediate or low-spin c o n f i g u r a t i o n s . U n t i l methods of i n c l u d i n g 
and understanding c o r r e l a t i o n e f f e c t s i n these systems are d e v e l 
oped, the connection between theory and experiment w i l l continue 
to be e x c i t i n g and i l l u m i n a t i n g , but not d e f i n i t i v e . 

This work was supported i n part by a grant from the N a t i o n a l 
Science Foundation. 
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5 
The Role of NH-Tautomerism in the Formation 
of Excited States 
Porphyrins with Nonsymmetrical Substitution 

Georgii P. Gurinovich, Edward I. Zenkevich, and Alexander M. Shulga 

The Institute of Physics, BSSR Academy of Sciences, Minsk, 220602, USSR 

It has been shown that for porphyrins with isocycles 
(synthetic and natural compounds), bisporphyrins linked 
covalently via isocycles and for 2,3,12,13-tetraalkyl
porphyrins additional bands due to the existence of 
the second tautomer are discovered in absorption and 
fluorescence spectra of isotropic solutions over a 
wide temperature range (77 to 500 K). The spacing 
between the So - S1 transitions of tautomers is as 
great as 380 cm-1, while for So-S2 transitions 
it is 800 cm-1. The difference has been discovered 
in the types of visible absorption spectra caused by 
the inversion of Qx(0,0) and Qy(0,0) band 
intensities when the NH-proton migration takes place: 
while the situation Ix(0,0) < Iy(0,0) is observed 
for one tautomer, Ι x (0,0) > Iy(0,0) is character
istic for the second one and vice versa. NMR1H 
spectra show that in the basic (short-wave) tautomer 
of cyclopentanporphyrins NH-protons are located at the 
opposite pyrrole rings which are not bonded with the 
isocycle whereas for 2,3,12,13-tetraalkylporphyrins 
they are fixed at rings having alkyl groups. The 
investigation of dichroism of photo-induced changes in 
the intensities of tautomer transitions So-S1 under 
solution excitation by linearly polarized light 
permits us to conclude that the system of molecular 
oscillators X and Y mainly remains fixed at the same 
pyrrole rings as the H-H axis rotates through 90°. 
The experimental results and MO (CNDO/2) calculations 
explain the inversion of the Qx(0,0) and Qy(0,0) 
intensities of electronic transitions with NH-protons 
jumping as a consequence of the inversion of LUMO's 
C1 and C2 and, therefore, of the change in the 
configuration interaction of the Q and Β states. 

0097-6156/86/0321 -0074506.00/0 
© 1986 American Chemical Society 
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5. GURINOV1CH ETAL Ν H- Tautomerism in the Formation of Excited States 75 

In t roduc t i on 

I t i s we l l known tha t i n f ree-base porphyr ins two inner hydrogens, 
wh ich , i n t h e i r s t ab l e con format ion , are bound to oppos i te 
n i t r ogens , may jump from one p a i r of n i t rogens to another . Accord
ing to NMR*H spectroscopy data ( 1 - 4 ) , these hydrogens migrate 
r e l a t i v e l y q u i c k l y a t room temperature, but a t 77 Κ the above 
tautomerism ceases when the porphyr in molecule i s i n the ground 
e l e c t r o n i c s t a t e (5). The m ig ra t i on of the cen te r protons may 
s t i l l be induced even a t l i q u i d hel ium temperature by pho toexc i t a -
t i o n of the porphyr in mo lecu le . Such photot rans format ion between 
two tautomers a t low temperatures has been observed i n two types of 
exper iments: i ) photo- induced r e v e r s i b l e convers ion of admixture 
cen te rs i n t o one another f o r po rphy r i n - f r ee bases i nco rpo ra ted i n a 
η-octane S h p o l ' s k i i mat r i x ( 6 , 7 ) ; i i ) v a r i a t i o n s i n the emiss ion 
i n t e n s i t y and f luorescence d epo l a r i z a t i o n of g l a ssy s o l u t i o n s of 
porphyr ins a t 77 Κ dur ing e x c i t a t i o n by cons tant p o l a r i z e d 
monochromatic l i g h t (5). 

In symmetrical porphyr ins NH-tautomers do not d i s t i n g u i s h i n 
s t r u c t u r e and have i d e n t i c a l e l e c t r o n i c s p e c t r a . Cor respond ing ly , 
i n most cases the spec t ra l separa t ion between the i n d i v i d u a l 
tautomers (Δ E) does not exceed £ 100 cnr* and i s due to 
c r y s t a l l i n e mat r i x e f f e c t ( 6 , 7 ) . There fo re , NH-tautomerism can be 
e f f e c t i v e l y detected a t 77 Κ and 4.2 Κ i n the S h p o l ' s k i i mat r ix 
on ly a t s e l e c t i v e monochromatic e x c i t a t i o n ( 5 - 7 ) . In c h l o r i n s , the 
spec t r a l separa t ion between the two tautomers i s l a r g e : ΔΕ ~ 
800-1500 cm-1 (8 -11) . But the second tautomer which can be 
produced by pho toexc i t a t i on can be s t ab l e on l y a t 4.2 Κ due to the 
f a s t reverse photochemical r e l a x a t i o n (10 ) . 

I t has been shown f o r the f i r s t time by us r e c en t l y t ha t f o r a 
whole c l a s s of i s o c y c l e - c o n t a i n i n g porphyr ins spec t r a l c h a r a c t e r i s 
t i c s of i n d i v i d u a l NH-tautomers g r e a t l y d i f f e r because of non
symmetrical s u b s t i t u t i o n caused by the i s o c y c l i c r i n g (12-14) . 
Comparison of the f l uo rescence and absorp t i on spec t ra of two t au 
tomers f o r one compound has revea led the spec t r a l separa t i on between 
t h e i r S 0 - S i t r a n s i t i o n s to be as great as 380 c m " 1 , wh i l e 
t h a t f o r S 0 -S2 t r a n s i t i o n s can amount to ~ 800 c n r 1 . There
f o r e , i n d i v i d u a l tautomers of these compounds may be e a s i l y i n v e s t i 
gated us ing normal e l e c t r o n i c spec t ra i n a wide temperature range 
(77 - 500 K ) . Moreover, when four methyl or e thy l groups are 
at tached to the opposed py r r o l e r i n g s of porphyr in molecules 
s i m i l a r p e c u l a r i t i e s o f e l e c t r o n i c spec t ra o f two tautomer ic forms 
are observed i n i s o t r o p i c s o l u t i o n s a t d i f f e r e n t temperatures (77 -
400 K) (15-17) . I t should be emphasized t ha t the v i s i b l e 
absorp t ion spec t ra of tautomers show no t i c eab l e i n v e r s i o n of 
Qx(0,0) and Qy(0,0) band i n t e n s i t i e s i n every compound i n going 
from one tautomer to another . 

Up to now the f o u r - o r b i t a l model-based theory o f porphyr in ab
so rp t i on e l e c t r o n i c spec t ra (18) has not taken i n t o account the 
i n f l u ence of NH-tautomerism in non-symmetrical porphyr ins on the 
p o s i t i o n s and i n t e n s i t i e s of e l e c t r o n i c t r a n s i t i o n s i n the v i s i b l e 
r e g i o n . The t h e o r e t i c a l c ons i de ra t i on of t h i s problem i nvo l ves 
s o l v i n g the fundamental quest ion of the abso lu te o r i e n t a t i o n of 
e l e c t r o n i c t r a n s i t i o n o s c i l l a t o r s f o r each tautomer. F i r s t o f a l l , 
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76 PORPHYRINS: EXCITED STATES A N D DYNAMICS 

the correspondence between the d i r e c t i o n o f the long-wave Q(0,0) 
t r a n s i t i o n o s c i l l a t o r and t ha t of the H-H a x i s connect ing 
NH-protons must be found i n i n d i v i d u a l tautomer ic forms. 

In t h i s paper, we present the d e t a i l e d spec t r a l i n fo rmat ion 
obta ined f o r i n d i v i d u a l NH-tautomers and s t r a i gh t f o rwa rd e x p e r i 
mental arguments which permit us to r e l a t e the r ea l p o s i t i o n of the 
H-H ax i s to the mo lecu lar o s c i l l a t o r axes determined by subs t i t uen t s 
o f d i f f e r e n t types ( i s o c y c l e o r a l k y l groups) i n two NH-tautomers. 
Then we used t h i s s t r u c t u r a l i n fo rmat i on as a ba s i s f o r ana l y z i ng 
the i n ve r s i on of e l e c t r o n i c Q x (0 ,0 ) and Qy(0,0) band 
i n t e n s i t i e s us ing the f o u r - o r b i t a l model. 

Exper imental Sec t i on 

Syn the s i s , p u r i f i c a t i o n and i d e n t i f i c a t i o n of cyc lopentanporphyr ins 
and t h e i r chemical dimers c o va l e n t l y l i n k e d v i a i s o c y c l e s have been 
descr ibed i n prev ious papers (17 ,19-23) . The porphyr ins w i th the 
cyclopentanone r i n g have been prepared by f a m i l i a r methods (24-26) . 
Our exper imental r e s u l t s were obta ined when i n v e s t i g a t i n g the 
f o l l ow i ng compounds: 3 1, 5 1 - c y c l o - 3 1 - m e t h y l - 2 , 7 , 8 , 1 2 , 1 3 , 1 7 , -
18-heptaethyl-22H,24H-porphine ( 1 ) ; S ^ i - c y c l o - S i - e x o m e t h y l -
en-2,7,18,12,13,17,18-heptaethy l -22H,24H-porph ine ( 2 ) ; S 1 ^ 1 -
cy c l o -3 1 -me thy l -5 1 -oxy -2 ,7 ,8 ,12 ,13 ,17 ,18 -hep tae thy l -22H ,24H-
porphine ( 3 ) ; p h y l l o e r y t h r i n methyl e s t e r ( 4 ) ; deoxophy l l oe ry th in 
methyl e s t e r ( 5 ) ; 10 -e thoxy -phy l l o e r y t h r i n methyl e s t e r ( 6 ) ; pheopor-
phyr in -ac d imethyl e s t e r ( 7 ) ; 2-v iny lpheoporphyr in-a5 dimethyl e s t e r 
( 8 ) ; 4 -v iny lp ro topheophy t in a ( 9 ) ; 3 1 , 5 1 - c y c l o - 5 1 - e t h y l - 1 0 , 1 5 , 2 0 - t r i -
propyl-22H,24H-porphine (10) ; 3 j 5 1 - c y c l o d ime r (11) which c on s i s t s o f 
two molecu les 1 and 2; 2 ,3 ,12,13- te t raethy l -21H,23H-porph ine (12); 
3 I 5 1 - c y c l o - 3 1 -me thy l - 2 , 12 , 13 - t r i e t h y l - 22H ,24H -po r ph i n e (13); 2 ,3 ,12 ,13-
tetraethyl-7-bromo-21H,23H-porpPi ine (14) and 2 ,3 ,12 ,13- te t ramethy l -21H, 
23H-porphine (15 ) . S t r u c t u r a l formulas are shown i n F igure 1. 
Compounds 1 ,2 ,3 ,5 ,10 ,11 ,12 ,13 ,14 were d i s s o l v ed i n EPIP ( d i e t hy l e t he r , 
petroleum e the r , i sopropanol 5:5:2)whereas compounds 4 , 6 , 7 , 8 , 9 , 15 
were d i s s o l v ed i n THF-DE ( t e t r ahyd ro fu rane , d i e t h y l e ther 1:1). These 
so l ven t mixtures can be f rozen as g l a s sy samples a t 77 K. The absorp
t i o n spec t ra were recorded on a standard spectrophotometer SF-10 o r 
Beckman-5270. The measurements o f f l uo rescence e x c i t a t i o n and emiss ion 
spec t ra were made w i th the a i d o f a spec t ro f luo rometer SLM-4800 w i th 
automat ic c o r r e c t i o n o f s pe c t r a l response. F luorescence l i f e t i m e s 
were measured w i th the a i d o f a pu lse f luorometer PRA-3000. Magnet
i c c i r c u l a r d i ch ro i sm (MCD) measurements were c a r r i e d out i n a 8 kG 
magnetic f i e l d us ing a JASC0 J-20 c i r c u l a r d ichrometer . T r i p l e t 
s t a t e format ion was observed f o r i n v e s t i g a t ed compounds at the ex
per imenta l se t up, whose d e t a i l e d d e s c r i p t i o n can be found i n our 
paper (27) . The o p t i c a l experiments were c a r r i e d out w i th a porphyr in 
concen t ra t i on o f 4 . 1 0 - 6 - 4 . 1 0 - 5 m o l . I " 1 . In NMR i n v e s t i g a t i o n s 
(Bruker WM-360) we used h igher concent ra t i ons ( 5 .10 " 3 m o l . l " 1 ) and 
d r i e d so l ven t s (CDC1 3 , CS 2 and t o l u e n e - d 8 ) . 
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GURINOVICH E T A L . Ν H- Tautomerism in the Formation of Excited States 

(4) R 4 lR s- H,Rt-CH4 (4) R = H 
(2) R<A= =CM2iR5=M (6) R = 0 C 2 H 5 

(3) R<=H,R2=CH*, 

(8) R<= CW=CH2,R2= C 2W S | 

(7) R = C 0 O C M 3 (9) R«,R 2= CW = CH2>Ri=H 
R 3 = 0H 

H S r M « H H E t 

2 H H 
Et Et 

(40) R^C aM 7 >R 2=C 2H 5 (41) 

COOMe 
( 4 3 ) ( 5 ) (42) R < = c a H 5 , R 2 = h 

(44) R<=C 2H 5 l R2= Br 
(45) R 4 « C H f t , R 2=H 

F igu re 1. S t ru c tu re s of i n v e s t i g a t ed porphyr ins w i th 
non-symmetrical s u b s t i t u t i o n . 
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Resu l t s and D i s cuss i on 

When ana l y z i ng i n d e t a i l the spec t roscop i c observa t i ons of the i n 
ve s t i g a t ed compounds and symmetrical porphyr ins some spec t ra l 
p e c u l a r i t i e s should be emphasized, which are c h a r a c t e r i s t i c on ly of 
porphyr ins w i th non-symmetrical s u b s t i t u t i o n . F i gu res 2-9 g ive 
some exper imental r e s u l t s obta ined f o r porphyr ins w i th d i f f e r e n t 
s ide and i s o c y c l e s u b s t i t u e n t s . 

E l e c t r o n i c Spec t r a . In most cases , a long w i th the f ou r bands i n 
the v i s i b l e reg ion of the absorpt ion s p e c t r a , which are normal f o r 
porphyr in f ree bases (28 ,29 ) , an add i t i o na l r ea l band or shoulder 
can be observed on the long-wave s ide of the main 0-0 absorpt ion 
band a t 293 K. The r e l a t i v e i n t e n s i t y o f t h i s new band becomes 
g rea te r on heat ing the s o l u t i o n s up to 500 K. In c o n t r a s t , the 
i n t e n s i t y of the add i t i o na l band decreases as the s o l u t i o n s are 
coo led down to 77 Κ but t h i s band becomes sharper and narrower 
( F i g . 2 , 5 ) . 

The f l uo rescence spec t ra e x h i b i t f ea tu res common to a l l 
compounds; bes ides the two bands o f the main product there i s a new 
system of bands which corresponds to the a d d i t i o n a l absorb ing 
cen te r ( F i g . 3 , 5 ) . The r e l a t i v e i n t e n s i t y of these new bands i s 
s t r ong l y dependent on the e x c i t i n g l i g h t wavelength. I t should be 
noted tha t the f l uo rescence l i f e t i m e s of the 0-0 bands f o r the two 
luminescent c en t e r s , measured a t 77 Κ, are r a t he r c l o s e ( f o r 
example, i n s o l u t i o n o f compound 2 τ ι = 21.9 ns a t λι = 622 nm 
and τ 2 = 20.3 ns at λ 2 = 637 nm). At room temperature the 
spec t r a l pa t t e rn i s not so c l e a r due to the temperature broadening 
and s h i f t of the f l uo rescence bands. Neve r the l e s s , i n some cases 
add i t i o na l bands can be observed even a t 293 Κ ( F i g . 3b) . The 
a n a l y s i s of f l uo rescence e x c i t a t i o n spec t ra recorded a t d i f f e r e n t 
emiss ion wavelengths shows tha t the system of f l uo rescence bands 
may be ass igned on ly to two f l u o r e s cen t cen te rs ( F i g . 4 , 5 ) , and 
permits us to conclude t ha t i n a l l the cases the two absorp t ion 
centers are n on i n t e r a c t i n g . C l e a r l y , a t 77 Κ the ex i s t ence of two 
cente rs which have t h e i r own f luo rescence and absorp t i on spec t ra 
can be revea led f o r a l l i n v e s t i g a t ed porphyr ins (Table 1 ) . The 
spec t r a l separa t i on between the S 0 - S i t r a n s i t i o n s o f these 
cen te rs i s d i f f e r e n t as can be seen from Table 1. There fo re , i t i s 
d i f f i c u l t to f i n d the second center a t 293 Κ f o r some compounds, 
but f o r compounds 2 and 10, f o r example, t h i s center can e a s i l y be 
detected even a t h igher temperatures (413 Κ and 500 K) ( F i g . 2b and 
3b ) . 

I t should be noted tha t the ex i s tence o f d i f f e r e n t centers i s 
a l s o found i n c ova l en t l y - 1 i n ked dimer 11 . Moreover, the a n a l y s i s 
of a l l data obta ined f o r dimers po in t s c l e a r l y towards the 
e f f i c i e n t t r a n s f e r of the e x c i t e d s i n g l e t s t a t e energy from two 
centers of compound 1 to two acceptor cen te rs o f compound 2 i n 
dimers (14 ,30) . Increase i n the porphyr in concen t ra t i on by 300-700 
t imes (say, f o r compounds 1 and 2) does not cause add i t i o na l 
changes i n e l e c t r o n i c spec t ra as aga in s t d i l u t e d s o l u t i o n s . I f the 
r e s u l t s obta ined from temperature exper iments ( F i g . 2b) and measure
ments of f l uo rescence l i f e t i m e s i n d i f f e r e n t bands are taken i n t o 
account, one may conclude t ha t the a dd i t i o n a l cen te rs observed i n 

 P
ub

lic
at

io
n 

D
at

e:
 O

ct
ob

er
 1

5,
 1

98
6 

| d
oi

: 1
0.

10
21

/b
k-

19
86

-0
32

1.
ch

00
5

In Porphyrins; Gouterman, M., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1986. 



5. GURINOVICH E T A L . Ν H- Tautomerism in the Formation of Excited States 

I I I I I I I I I I I ι ι Χ. ι I 
400 500 600 λ.ηητι 

F igu re 2. Absorp t ion spec t ra o f compounds 2(a) and 10(b) i n EPIP 
and 6(c) i n THF-OE. 1 - 500 Κ ( i n methyl naphtha lene) , 2 - 293 Κ, 
- 77 Κ. . (Reproduced w i th permiss ion from Ref. 12. Copyr ight 
1984 Nor th-Ho l land Phys ics Pub l i s h i ng Company.,) 

I e m i s s i o n ( r e i . un i t s ) 

F i gu re 3. F luorescence emiss ion spect ra of compounds 2(a) and 
10(b) i n EPIP and 6(c) i n THF-ÛE a t 293 Κ (1) and 77 Κ ( 2 ) . 
A x e x c i * t = 4 n m » A x m p n i t = 2 n m - E x c i t a t i o n wavelengths are 
shown i n b ra cke t s . (Reproduced w i th permiss ion from Ref. 12. 
Copyr igh t 1984 Nor th-Ho l land Phys i cs Pub l i s h i ng Company.) 
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5. GURINOVICH ET A L . Ν H- Tautomerism in the Formation of Excited States 83 

so l u t i on s of the i n v e s t i g a t ed compounds are not due to porphyr in 
molecule aggregat ion . 

Photoinduced r e v e r s i b l e convers ion of the c en t e r s . Because o f the 
i n t r i n s i c asymmetry caused by s ide s u b s t i t u e n t s , the tautomers i n 
the i n ve s t i g a t ed compounds are chemica l l y i n equ i v a l en t and can 
absorb a t r a the r d i f f e r e n t f requenc ies (see Table 1 ) . There fo re , 
i t i s po s s i b l e to r e a l i z e t rans fo rmat ion between the two tautomers, 
which can be ach ieved by i r r a d i a t i n g e i t h e r of them i n the reg ion 
of the p r i o r i t y ab so rp t i on . As can be seen from F i g . 6, the 
f l uo rescence i n t e n s i t y o f the f i r s t tautomer decreases i n time upon 
e x c i t a t i o n i n t o i t s absorpt ion band by constant ( po l a r i z ed or 
nonpo lar i zed) l i g h t . A t the same time the band of the f i r s t 
tautomer i n the f l uo rescence e x c i t a t i o n spec t ra decreases wh i l e 
t ha t of the o ther i n c r ea se s . The reverse t rans fo rmat ion can be 
r e a l i z e d by e x c i t i n g the s o l u t i o n i n t o the absorp t i on band of the 
second tautomer. I t i s e s s e n t i a l tha t we cou ld observe i n such 
experiments not on ly a decrease i n the f l uo rescence i n t e n s i t y o f 
the f i r s t tautomer, but an inc rease i n the f luo rescence i n t e n s i t y 
of the o the r , too ( F i g . 6a , curve 3 ) . Consequent ly, t h i s 
photoprocess i s e x a c t l y photot rans format ion and not photo-
d e s t r u c t i o n . The r a t e of t rans fo rmat ion under the same e x c i t a t i o n 
c ond i t i on s i s g rea te r by 2-8 t imes f o r long-wave tautomers than f o r 
short-wave ones, which i s due to the ex i s t ence o f a po t en t i a l 
b a r r i e r a t photoinduced NH-proton jumping a t 77 K. As can be seen 
from Table 1, f l uo rescence l i f e t i m e s t s and t r i p l e t s t a t e 
l i f e t i m e s τ τ are almost equal f o r both tautomers of every 
compound. There fo re , the comparison of photot rans format ion ra tes 
and l i f e t i m e data e v i d en t l y shows that the e f f i c i e n c y of NH-photo-
convers ion process i n e x c i t e d s ta tes i s very low aga ins t the other 
d ea c t i v a t i o n processes of these s t a t e s . 

We have a l s o i n v e s t i g a t ed the e f f e c t o f deuterium s u b s t i t u t i o n 
o f the inner protons i n the molecule cen te r (12 ,13) . For example, 
the add i t i on of deuteroethanol to THF-DE s o l u t i o n of compound 2 
causes a s i g n i f i c a n t d i f f e r en ce between the k i n e t i c curves and, 
consequent ly , the quantum e f f i c i e n c y of photoprocesses as compared 
w i th a s i m i l a r case where normal ethanol i s added ( F i g . 6 a ) . Th i s 
f a c t can r e a d i l y be assoc i a t ed w i th the i n h i b i t i o n o f ND-tautomerism 
as aga in s t NH-tautomerism due to the i nc rease i n the mass of the 
jumping p a r t i c l e s . An add i t i o na l evidence o f the NH-tautomerism 
process i s the observa t i on of on ly one absorb ing and luminesc ing 
form i n s o l u t i o n s of the Zn-complex of compound 2 and i t s 
d ip ro tonated d e r i v a t i v e and the absence of any photot rans format ion 
processes under s i m i l a r c o n d i t i o n s . Moreover, we have not observed 
any photoinduced t rans fo rmat ions of the two tautomers of compound 2 
i n r i g i d f i lm s of p o l y v i n y l b u t y r a l a t 293 K. Th is l a t t e r r e s u l t 
i s due to the quick thermal m ig ra t i on of i nne r p ro tons , which 
i n h i b i t s the pho tose l e c t i on of i n d i v i d u a l tautomers. 

F i n a l l y , the r e l a t i v e i n t e n s i t i e s of S0-Si t r a n s i t i o n s of 
d i f f e r e n t tautomers of the same compound show s i g n i f i c a n t 
dependence on the s o l u t i o n temperature. Th is temperature e f f e c t i s 
caused by changing e q u i l i b r i u m tautomer concen t ra t i ons due to the 
ex i s tence o f a po t en t i a l b a r r i e r f o r proton m ig ra t i on i n the ground 
s t a t e . Because of l a rge energy separa t ion ΔΕ between S 0 - S i 
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84 PORPHYRINS: E X C I T E D STATES A N D DYNAMICS 

t r a n s i t i o n s of NH-tautomers f o r compounds 2 and 10 (see Table 1) i t 
i s p o s s i b l e to c a l c u l a t e the entha lpy of NH-tautomer ism a c t i v a t i o n 
U H N H ) from temperature dependence o f normal abso rp t i on s p e c t r a . 
For example, the exper imental va lue Δ Η ^ i s equal to 510 cm* 1 

f o r compound 10 ( F i g . 7 ) . I t has been found t ha t i n a l l cases a t 
77 Κ the predominat ing component i n s o l u t i o n (~90 percent) was as a 
r u l e a tautomer w i th shortwavelength S Q - S ^ t r a n s i t i o n (tautomer 

The NH-tautomer s t r u c t u r e . The s o l u t i o n o f the quest ion o f 
i n t e r n a l protons l o c a t i o n i n each tautomer o f the i n v e s t i g a t e d 
porphyr ins w i th non-symmetrical s u b s t i t u t i o n w i l l r e s u l t i n 
ob ta i n i ng d e f i n i t e c o r r e l a t i o n s between tautomer spec t ra and t h e i r 
s t r u c t u r e s . Here we present such i n fo rmat i on f o r compound 10. 
Th i s compound has no a l k y l s ubs t i t uen t s a t p y r r o l e r i n g s and 
t h e r e f o r e , one i s ab le to measure the cons tant o f s p i n - s p i n 
i n t e r a c t i o n o f p y r r o l e r i n g protons w i th NH-protons us ing N i w H 
method (J = 1 . 8 Hz ) . Based on the complete assignment of s i g n a l s 
i n NMrUH spectrum of compound 10 and us ing double resonance and 
Overhauser nuc lea r e f f e c t i t has been found t ha t i n tautomer 1 NH-
protons are l o ca t ed a t the opposed p y r r o l e r i n g s which are not 
bonded wi th i s o c y c l e ( 23 ) . The exper imental data obta ined enable 
us to conclude t ha t t h i s i s t rue f o r most i s o c y c l e c on ta i n i ng 
po rphy r i n s . In the case o f compound 12, us ing low temperature 
N iWH spec t ra i t has been found t ha t i n the shortwavelength 
tautomer 1 NH-protons are f i x e d a t the opposed p y r r o l e r i n g s having 
a l k y l s u b s t i t u e n t s . But a t the same time f o r compound 13, which 
has add i t i o na l i s o c y c l e r i n g NH-protons i n tautomer 1 are f i x e d a t 
the unsubs t i t u ted p y r r o l e r i n g s . Then, accord ing to the s e l e c t i v e 
e x c i t a t i o n spectroscopy data a t 4.2 Κ (17) NH-protons i n the sho r t 
wave tautomer 1 o f compount 15 are f i xecTbn r i n g s w i th methyl 
groups, t ha t i s c o n s i s t e n t w i th Gouterman cons i de r a t i on s (31 ,18 ) . 
Thus, we have now d i r e c t i n fo rmat ion as to which types o f abso rp t i on 
spec t ra of i n d i v i d u a l tautomers correspond to r ea l d i s t r i b u t i o n o f 
NH-protons i n these forms. 

Abso lu te o r i e n t a t i o n o f longwave absorp t ion o s c i l l a t o r s i n 
NH-tautomers. I t has been known (28,18) t ha t i n f ree-base 
porphyr ins due to D 2h symmetry the e l e c t r i c t r a n s i t i o n d i po l e s i n 
the X and Y d i r e c t i o n s are not equ i va l en t and Q x and Qy 
absorp t i on e l e c t r o n i c bands are modeled by mutua l l y pe rpend i cu la r 
l i n e a r o s c i l l a t o r s X and Y pass ing through p y r r o l e r i n g s . Moreover, 
f o r both symmetrical (28,32) and non-symmetrical (18,33) porphyr ins 
the o s c i l l a t o r o f longwave absorp t i on Q x band i s be l i gved to be 
o r i en t ed a long the H-H a x i s , and to r o t a t e through 90 f o l l ow i ng 
the m ig ra t i on of i nne r p ro tons . The c y c l i c polyene model (34) a l s o 
p r e d i c t s band p o l a r i z a t i o n s r e l a t i v e to the H-H a x i s . The on ly 
exper imental work a v a i l a b l e to us (32) presents ev idence f o r 
correspondence o f the longwave absorp t i on o s c i l l a t o r X to the H-H 
ax i s f o r the case of the symmetrical c r y s t a l t e t rapheny lpo rph ine . 
Neve r the l ess , up to now there has been no s t r a i gh t f o rwa rd 
independent i n fo rmat ion con f i rm ing the same s i t u a t i o n f o r 
porphyr ins w i th non-symmetrical s u b s t i t u t i o n . Bes ides , the 
t h e o r e t i c a l c ons i de ra t i on o f t h i s problem f o r porphyr ins w i th 
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5. GUR1NOVICH E T A L . NH-Tautomerism in the Formation of Excited States 85 

F i gu re 6. Changes o f f l uo rescence i n t e n s i t y and f l uo rescence 
e x c i t a t i o n spec t ra of compounds 2 i n EPIP (a) and 6 i n THF-DE (b) 
w i th i r r a d i a t i o n t ime a t 77 Κ. A x e x c i - t = 4 nm, A x m 0 n i t = 4 nm. 
(a) 1 ,1 ' - x e x = 621 nm, x m o n = 690 nm; 2 ,2 ' - x e x = 636 nm; 
xmon = 690 nm ( Γ and 2' - deuterated compound 2 i n THF-DE); 3 -
x e x = 622 nm, Xm0« = 707 nm; 4 - p o l y v i n y l b u t y r a l f i l m as a 
s o l v en t , Τ = 293 K, x e x = 627 nm; x m 0 n = 697 nm. 
(b) 1 - x e x = 623 nm, xmon = 692 nm; 2 - xex = 637 nm, xmon 
= 692 nm. 
E x c i t a t i o n spec t r a : i n i t i a l ; a f t e r i r r a d i a t i o n 
i n t o the absorp t ion band o f the tautomer 1; a f t e r 
i r r a d i a t i o n i n t o the absorp t ion band o f the ( longwavelength) 
tautomer 2. x m i s the mon i to r ing wavelength. 
(Reproduced w i th permiss ion from Ref. 12. Copyr ight 1984 Nor th-
Ho l l and Phys i cs Pub l i s h i ng Company.) 

F igure 7. Temperature dependence of the Q(0,0) longwave bands 
o p t i c a l d en s i t i e s o f compound 10 NH-tautomers 1 and 2 (T = 77 - 500 
K) and schematic diagrams of energ ies of the two lowest s i n g l e t 
( S 0 , S i ) s t a t e s of tautomers a t 77 Κ accord ing to exper imenta l 
da t a . 
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86 PORPHYRINS: E X C I T E D STATES A N D DYNAMICS 

externa l s ub s t i t u en t s (namely, 2 ,3 ,12 ,13- te t ramethy lpo rphyr in (18)) 
d i d not take i n t o account the ex i s t ence o f two s p e c t r a l l y d i f f e r e n t 
NH-tautomers which have been i n i t i a l l y d i s covered by us f o r such 
compounds (see Table 1 ) . 

In order to s pe c i f y the behaviour o f a system o f molecu lar 
o s c i l l a t o r s X and Y i n non-symmetrical porphyr ins as NH-protons 
move through 90°, i . e . , when t r a n s i t i o n from tautomer 1 to tautomer 
2 takes p l a ce , we expe r imenta l l y i n v e s t i g a t e d the d i ch ro i sm d = 
(D - D )/(D + D ) o f photoinduced changes i n 
abso rp t i on spec t ra of compound 10 a t 77 Κ caused by p o l a r i z e d l i g h t 
i r r a d i a t i o n o f g l assy s o l u t i o n s . I t i s common knowledge t ha t a t 77 
Κ the above tautomerism may be induced on ly by s e l e c t i v e i r r a d i a t i o n 
of s o l u t i o n s i n t o absorp t ion bands of one o f the NH-tautomers 
( 5 , 12 ) . As i t can be seen from Table 1, the s i g n i f i c a n t d i f f e r e n c e 
between S 0 - S i t r a n s i t i o n s o f two tautomers o f compound 10 
permi ts us to sepa ra te l y i n v e s t i g a t e changes i n t h e i r longwave Q 
bands a f t e r i r r a d i a t i o n . In our exper iments , we always s t a r t ed 
from the i n i t i a l s i t u a t i o n when tautometer 2 concen t ra t i on was 
extremely low r e l a t i v e to t h a t o f tautomer 1 (see spectrum A, F i g . 
8 ) . Then the s o l u t i o n being i r r a d i a t e d ( f o r about 30 min) by 
l i n e a r l y p o l a r i z e d l i g h t i n t o the abso rp t i on Q x band o f tautomer 
1 (638 nm, o p t i c a l dens i t y D )̂ we cou ld measure the r i s i n g Q band 
o f tautomer 2 (654 nm, o p t i c a l dens i t y Do) (see spec t ra Β and C, 
F i g . 8 ) . 

When absorp t i on spec t ra were recorded us ing a photometr ic beam 
p o l a r i z e d e i t h e r p a r a l l e l ( || ) or pe rpend i cu la r ( 1 ) to the „ 
e x c i t e d beam nthe f o l l ow i ng bas i c d i f f e r en c e s were observed: < 
D i whereas D2 > D2, i . e . , the d i ch ro i sm of longwavelength Q 
bands o f two tautomers i s oppos i te i n s i gn (d^ = . 9 percent , d2 
= +6 pe r c en t ) . Th is remarkable r e s u l t , as seen from F i g . 8 seems 
to have on ly one exp l ana t i on : the o s c i l l a t o r o f longwave 
abso rp t i on band of tautomer 2, which appears a f t e r p o l a r i z e d 
i r r a d i a t i o n i n the Q band o f tautomer 1, must be p a r a l l e l to the 
e x c i t i n g l i g h t vec to r E, and, co r r e spond ing l y , to the o s c i l l a t o r of 
the longwavelength Q x band o f tautomer 1. Hence, ugder c en t r a l 
proton d isp lacement the H-H a x i s r o t a t e s through 90 whereas the 
longwavelength t r a n s i t i o n o s c i l l a t o r X remains presumably f i x e d a t 
the same py r r o l e r i ng s f o r both tautomers. As f a r as f o r each 
tautomer o f the same compound the e l e c t r o n i c dens i t y d i s t r i b u t i o n 
i s not i d e n t i c a l ; t h e r e f o r e , i t i s not exc luded t ha t the mutual 
d isp lacement o f o s c i l l a t o r s X and Y may be s l i g h t l y d i f f e r e n t i n 
them. But as a whole the system of o s c i l l a t o r s X and Y does not 
r o t a t e through 90° i n going from tautomer 1 to tautomer 2 i n the 
compounds cons i de red . Such s i t u a t i o n i s c on s i s t en t w i th MCD da ta . 
As seen from F i g . 9 there are two we l l d i s t i n g u i s h e d bands i n the 
red reg ion o f absorp t ion spec t ra f o r compounds 6 and 10 even a t 293 
K. These bands belong to Q(0,0) t r a n s i t i o n s o f i n d i v i d u a l NH-
tautomers. But a t the same time there i s no s ign i n v e r s i o n o f MCD 
bands i n t h i s r eg i on ; we observe on ly one band whose maximum i s 
s i t u a t e d approx imate ly between tautomer abso rp t i on maxima. Th i s 
r e s u l t shows tha t longwave t r a n s i t i o n o s c i l l a t o r s i n both tautomers 
a re presumably f i x e d a t the same p o s i t i o n aga i n s t the mo lecu lar 
s t r u c t u r e o f each compound. F i n a l l y , the changing o f s i gn pa t te rn 
i n MCD spec t ra of compound 6 i n comparison w i th t ha t of compound 10 
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88 PORPHYRINS: E X C I T E D STATES A N D DYNAMICS 

F igure 9. Absorpt ion and magnetic c i r c u l a r d i ch ro i sm spec t ra o f 
compounds 6(a) and 10(b) i n THF-DE a t 293 K. Op t i c a l path i s 2mm. 
(Reproduced w i th permiss ion from Ref. 15. Copyr ight 1985 Nor th-
Ho l land Phys i cs Pub l i s h i ng Company.) 
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5. GURINOVICH ET A L . Ν H- Tautomerism in the Formation of Excited States 

may be exp la ined as a r e s u l t o f the changing of the r e l a t i v e 
magnitudes of the o r b i t a l energy d i f f e r en c e s between the two 
h ighes t occupied (ΔΗΟΜΟ) and the two lowest unoccupied (ALUMO) 
molecu la r o r b i t a l s (35 ,36) . Experiments and t h e o r e t i c a l MO 
c a l c u l a t i o n s i n t h i s f i e l d are performed i n our l a b o r a t o r y . 

I n t e r p r e t a t i o n of NH-tautomer v i s i b l e abso rp t i on s pe c t r a . The data 
summarized in Table 1 reveal t ha t each o f the NH-tautomers e x h i b i t s 
four v i s i b l e bands which are gene ra l l y c h a r a c t e r i s t i c o f f ree-base 
po rphyr ins . But the observed i n t e n s i t y pa t t e rn d r ama t i c a l l y 
changes when pass ing from one tautomer to another f o r each 
compound; wh i l e the s i t u a t i o n I (Q x ) < I (Qy) i s observed f o r 
one tautomer the spec t r a l p i c t u r e I (Q x ) > 1 (Qy) occurs f o r 
the second one and v i c e v e r s a . 

In the f o u r - o r b i t a l model ( 18 ) , l o w - l y i n g ΤΓ-ΊΓ* s t a t e s o f f r e e -
base porphyr ins (symmetry D2fo) are cons idered as r e s u l t i n g from 
s i n g l e e l e c t r on e x c i t a t i o n from a p a i r o f nondegenerate h ighes t 
occupied mo lecu lar o r b i t a l s ( b i , b2) to a p a i r o f nondegenerate 
lowest unoccupied mo lecu la r o r b i t a l s (c\9 e g ) . In the case o f 
symmetry D2h» mutua l l y pe rpend i cu la r e l e c t r i c t r a n s i t i o n d i po l e s 
X and Y are not equ i va l en t and, t h e r e f o r e , i n the v i s i b l e 
absorp t i on spec t ra o f f ree-base porphyr ins two d i f f e r e n t e l e c t r o n i c 
bands Q x (0 ,0 ) and Q y (0 ,0 ) are observed (Table 1 and F i g . 10 ) . 
The quest ion o f r e l a t i v e i n t e n s i t i e s o f Q x and Qy t r a n s i t i o n s 
which i s a matter o f focus i n the present p a r t o t the paper has 
been so lved by Gouterman (31) us ing pe r t u rba t i on theo ry . I f i t i s 
assumed tha t s t a t e s o f d i f f e r e n t p o l a r i z a t i o n (Q x and Qy) are 
not mixed, the Q s ta t e s of an a r b i t r a r y f ree-base porphyr in are 
cons t ruc ted as f o l l ows : 

Qx = Qx + λχΒχ, xx = [e(C2) - e ( b l ) ] - [ e ( C l ) - ε (b2)] / 2 Δ 

Qy = Qy + XyBy, Xy = [ e ( C l ) - e ( b l ) ] - [e(C2) - e(b2)] / 2 Δ 

where Δ i s an i n i t i a l energy gap between Bo and Qo bands, 
e(b-i) and e(C j ) are o r b i t a l ene rg i e s . The i n t e n s i t i e s of Q x 

and Qy s ta tes are p ropor t i ona l to ;?x and Xy. Hence, the 
amounts o f abso rp t i on i n t e n s i t y gained i n the i n i t i a l l y fo rb idden 
Q x and Q̂  t r a n s i t i o n s of a r b i t r a r y f ree-base porphyr iun by 
borrowing from appropr i a te B£ and B$ Sore t s t a t e s (by the so-
c a l l e d c on f i g u r a t i o n i n t e r a c t i o n ) are r e l a t e d to d i f f e r en ce s i n 
o r b i t a l energ ies o f s t a t e s c reated by x- or y - p o l a r i z e d s i n g l e t 
e l e c t r o n e x c i t a t i o n . That i s , f o r each p o l a r i z a t i o n , as the 
e q u a l i t y of the t r a n s i t i o n energ ies breaks down (or c on f i g u r a t i o n 
i n t e r a c t i o n becomes weaker) , the correspond ing v i s i b l e band becomes 
a l l owed . 

In order to cons ide r the i n ve r s i o n o f Q x (0 ,0 ) and Qy(0,0) 
e l e c t r o n i c t r a n s i t i o n i n t e n s i t i e s i n NH-tautomers o f non-symmetrical 
f ree-base porphyr ins we c a l c u l a t e d the ground-state o r b i t a l 
energ ies of the i n v e s t i g a t e d molecules by a CND0/2 method us ing the 
symmetrized c r y s t a l geometry o f porphyr in molecu le (37 ,38 ) . On the 
bas i s of the above exper imental r e s u l t s we must i n t roduce a mot ion
l e s s system of molecu lar X and Y axes, i d e n t i c a l l y f i x e d i n both 
tautomers. Then us ing t h e o r e t i c a l MO c a l c u l a t i o n s and the a n a l y s i s 
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of t h e i r symmetry p r ope r t i e s the o rde r i ng o f o r b i t a l s b\t 

c i and w a s determined. F i gu re 10 i l l u s t r a t e s t h a t , s i m i l a r l y 
t o the case o f symmetrical porphyr ins (18.), the o rde r i ng o f c j 
and eg o r b i t a l s changes as NH-protons d i s p l a c e . I t i s e s s en t i a l 
t h a t i n symmetrical porphyr ins the X a x i s would always keep the H-H 
a x i s d i r e c t i o n (18 ,33 ) . There fo re , as the H-H a x i s r o t a t e s through 
90° (going from one tautomer to another) the o r b i t a l combinat ions 
(b-jCj) determin ing X- and Y - po l a r i z ed e x c i t a t i o n s must be 
changed. For example, t h i s change f o r X - po l a r i z e d e x c i t a t i o n s must 
be presented as f o l l o w s : ( b ^ ) » ^ c ^ ) > (b]Ci) (b2C2). 
As a r e s u l t , the c on f i g u r a t i o n i n t e r a c t i o n energ ies o f X- and 
Y -po l a r i z ed e x c i t a t i o n do not change i n going from one tautomer to 
another and consequent ly , t h e i r abso rp t i on spec t ra are i n d i s 
t i n gu i s hab l e from one another . However, f o r non-symmetrical 
porphyr ins due to f i x e d X and Y axes the o r b i t a l combinat ions 
(bn-Cj) corresponding to X- and Y - po l a r i z ed e x c i t a t i o n s remain 
unchanged under the NH-proton m i g r a t i o n . Then, as seen from F i g . 
10, the d i f f e r en ce s i n o r b i t a l energ ies o f ttie s t a t e s reached by X 
and Y e x c i t a t i o n r e a l l y d i f f e r f o r each p o l a r i z a t i o n when tautomer 
1 > tautomer 2 t r a n s i t i o n o c cu r s . Such v a r i a t i o n of the 
c on f i g u r a t i o n i n t e r a c t i o n energ ies f o r each p o l a r i z a t i o n must 
r e s u l t i n p r i n c i p a l changes i n r e l a t i v e i n t e n s i t i e s o f Q x (0 ,0 ) 
and Qy(0,0) absorp t i on bands i n two tautomers o f the same 
mo lecu le . A c t u a l l y such a s i t u a t i o n i s expe r imen ta l l y observed f o r 
compounds 12 and 15 ( F i g . 5 and Table 1 ) : e t i o - t y p e spectrum o f 
tautomer 1 t ransforms i n t o deoxophyl lotype spectrum o f tautomer 2. 
And our r e s u l t s , i n f a c t , are i n agreement w i th t h e o r e t i c a l 
c ons i de ra t i ons o f Gouterman on p a r a l l e l i s m o f H-H and methyl axes 
(18 ) , but t ha t i s the case on ly f o r tautomer 1. Moreover, the 
lowest Q band o f the compound 15 absorp t i on spectrum (18) a c t u a l l y 
belongs to tautomer 2, as i s seen from Table 1. Bes ides , a t 293°C 
compounds 12 and 15 show j u s t an e t i o t ype spectrum i n c on t r a s t to a 
rhodotype spectrum, used i n paper (18 ) . Our exper imental data 
(NMR, mass-spectrometry and absorp t ion spec t ra) permit us to 
con f i rm tha t a rhodo spectrum belongs to compound 14 which i s the 
accompanying product dur ing the syn thes i s o f compounds 12 and 15. 
Tab le 1 shows t ha t the B r - d e r i v a t i v e has a l s o two tautomers w i th 
d i f f e r e n t s pe c t r a . 

These types o f arguments have been used by us f o r exp lana t i on 
o f c h a r a c t e r i s t i c p e c u l i a r i t i e s i n spec t ra o f compound 10 NH-
tautomers ( F i g . 10) and were app l i e d to understand the p r i n c i p a l 
changes i n the NH-tautomer v i s i b l e abso rp t i on of i n v e s t i g a t e d 
porphyr ins w i th non-symmetrical s u b s t i t u t i o n . I t may be concluded 
t ha t d i f f i c u l t i e s i n the t h e o r e t i c a l t reatment o f spec t r a l 
p e c u l i a r i t i e s o f porphyr ins w i th ττ-acceptor s ub s t i t u en t s (33) are 
caused by the absence of d e t a i l e d absorp t i on and f l uo rescence 
e x c i t a t i o n spec t ra o f i n d i v i d u a l tautomers o f these compounds. 

Conc lus ions 

We be l i e ve t ha t d e t a i l e d a n a l y s i s o f ab so rp t i on , f l uo rescence and 
f luorescence e x c i t a t i o n spec t ra permits us to i n v e s t i g a t e the main 
spec t roscop i c f ea tu res o f i n d i v i d u a l NH-tautomers i n porphyr ins 
w i th non-symmetrical s u b s t i t u t i o n . Then, ob ta ined in fo rmat ion 
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together w i th NMR*H data and s e l e c t i v e e x c i t a t i o n spectroscopy 
r e s u l t s a t 4.2 Κ prov ide the p o s s i b i l i t y to e s t a b l i s h which types 
of absorp t ion spect ra o f i n d i v i d ua l tautomers correspond to rea l 
d i s t r i b u t i o n of NH-protons i n every compound. MO c a l c u l a t i o n s 
based on the f o u r - o r b i t a l model and c a r r i e d out w i th account o f the 
abso lu te o r i e n t a t i o n of longwave band o s c i l l a t o r s i n NH-tautomers 
e xp l a i n the unexpected types of t rans fo rmat ion of v i s i b l e 
absorp t i on spect ra under NH-proton m i g r a t i o n . 
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6 
Optical Detection of the Lanthanoid Ion Contraction 
by Internal Charge-Transfer Absorption of Rare Earth 
Bisporphyrinate Double-deckers 
J. W. Buchler, K. Elsässer, M . Kihn-Botulinski, B. Scharbert, and S. Tansil 

Institut für Anorganische Chemie, Technische Hochschule Darmstadt, D-6100 Darmstadt, 
Federal Republic of Germany 

The optical spectra of a series of lanthanoid bis-(octa
ethylporphyrinates), Ln(OEP)2 (Ln = La...Nd, Sm...Lu) 
are reported. All compounds have a doubledecker struc
ture. Apart from the CeIV derivative, all the other 
representatives contain LnIII ions and a defect elec
tron on one of the porphyrin rings and have the compo
sition Ln3+(OEP)2-(OEP˙)-. These "odd" species all have 
near infrared (NIR) internal charge transfer absorption 
bands between 1480 (La) and 1135 nm (Lu). The wavenumber 
of this band is inversely proportional to the radius of 
the rare-earth ion for the coordination number 8. The 
neutral Ce(OEP)2 can be oxidized to a radical cation 
which also has a NIR band at 1270 nm. 

A complete s e r i e s of lanthanoid b i s o c t a e t h y l p o r p h y r i n a t e s Ln(0EP) 2 

(Ln = La...Lu, with the exception of Pm) has been synthesized, 
together with a s e r i e s of b i s l a n t h a n o i d t r i s p o r p h y r i n a t e s Ln^OEP)^ 
(Ln = La...Gd) (2,3,4). (Abbreviations used: (OEP) 2", (TPP) 2", 
(TTP) 2", ( P c ) 2 ~ and ( P ) 2 " are the dianions of 2,3,7,8,12,13,17,18-
oc t a e t h y l p o r p h y r i n , 5,10,15,20- tet r a p h e n y l p o r p h y r i n , 
5 , 1 0 , 1 5 , 2 0 - t e t r a ( p - t o l y l ) p o r p h y r i n , phthalocyanine, and a general 
porphyrin, r e s p e c t i v e l y . L, Ln, M are general l i g a n d s , lanthanoids, 
metals.) 

The complexes Ln ?(0EP)~ a l l contain Ln*"'"* i o n s . Apart from the 
IV 

diamagnetic Ce complex Ce(0EP) 2 (2^3), the complexes Ln(0EP) 2 are 

NOTE: This is number 42 in the series Metal Complexes with Tetrapyrrole Ligands. 
0097-6156/ 86/ 0321 -0094S06.00/ 0 
© 1986 American Chemical Society 
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6. B U C H L E R E T A L . Optical Detection of the Lanthanoid Ion Contraction 95 

described as Ln"1"1"1" complexes of a dinegative porphyrinate and a 
mononegative porphyrin r a d i c a l with a hole i n the X - e l e c t r o n system 
( 2 ) . The c r y s t a l and molecular s t r u c t u r e s of Ce(OEP) 2 and C e 2 ( O E P ) 3 > 

the parent species of the two s e r i e s , have been determined and prove 
the doubledecker and t r i p l e d e c k e r shapes of the two s e r i e s , 
r e s p e c t i v e l y ( 3 ) . E s s e n t i a l s t r u c t u r a l parameters i n the 
doubledecker Ce(OEP) 2 (A) or i n the t r i p l e d e c k e r Ce 2(OEP) 3 (B) are 
shown i n Figure 1, which gives the p r e v i o u s l y used bar graphs (5,6) 
to represent the c o n f i g u r a t i o n . Above the bars, the dist a n c e s of the 
mean planes of the 20 C and 4 Ν core atoms of the i n d i v i d u a l 
porphyrinato l i g a n d s are quoted, at the r i g h t of the bars the mean 
Ce-N bond lengths are l i s t e d . The mean value of these bond lengths 
i s 247.5 pm i n Â  and 263 pm i n jS, the longer distance i n the l a t t e r 
corresponding to the f a c t that Β i s a Ce*** complex and j \ a Ce*^ 
complex. The Ce-N distances i n Β d i f f e r f o r the two e x t e r n a l r i n g s 
on one hand and f o r the i n t e r n a l one on the other; the i n t e r n a l r i n g 
has to hold two cerium ions and the r e f o r e i s connected through 
somewhat longer bonds. 

O p t i c a l Absorption Spectra and E l e c t r o n i c S t r u c t u r e 
The o p t i c a l spectra of a l l the doubledeckers are l i s t e d i n Table I . 
On f i r s t glance, Ce(0EP) 2 has a "normal" spectrum ( 7 ) . However, the 
spectrum shows e x t r a bands and the r e f o r e should be c a l l e d "hyper". A 
small band appears at 467 nm (maybe a ligand-to-metal charge 
t r a n s f e r band), and broad fe a t u r e s extend f a r i n t o the near i n f r a r e d 
(NIR). The l a t t e r a bsorption may be due to e x c i t o n i n t e r a c t i o n s . 
Contrary to the known ra r e e a r t h monoporphyrins ( 7 ) , i t has been 
shown f o r the c l o s e l y r e l a t e d cerium(IV) 
b i s ( t e t r a - p - t o l y l p o r p h y r i n a t e ) , Ce(TTP) 2 (8) that the doubledeckers 
do not emit, and t h e i r e x c i t a t i o n i s d i s s i p a t e d very r a p i d l y ( 9 ) . 

The other doubledeckers c o n t a i n i n g the metals La, P r , Nd, Sm -
Lu have rather s i m i l a r s p e ctra that have l e s s w e l l d i s t i n c t bands i n 
the v i s i b l e r e g i o n . The e x t i n c t i o n at 573 nm i s much l e s s than i n 
Peaks occur at about 540 and 670 nm. The l a t t e r absorption i s 
t y p i c a l f o r Κ-cation r a d i c a l s (10). Indeed, the composition 
Ln(0EP) 2 can only be accomodated wit h the normal t r i v a l e n t s t a t e of 
nearly a l l of the lanthanoid ions i f one assumes that the 
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I I 
—»| 354 |«-

I I/I 

I I I 
374 

0 262.9 

Ce(0EP)g 

43.8U Λ Y ^ 1 24.5υ 

Ce2(0EP)3.2C6H3Cl3 

A Β 

Figure 1. Synopsis of the s t r u c t u r a l features of CeCOEP^ (A) 
and Ce2(0EP)3 (B). E s s e n t i a l distances are given i n pm. Below the 
bar graphs of the doubledecker A and the t r i p l e d e c k e r B, the 
r e l a t i v e o r i e n t a t i o n s of the porphyrin r i n g s i n A and Β are 
shown. 
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T a b l e I. E l e c t r o n i c A b s o r p t i o n S p e c t r a o f 
L a n t h a n o i d B i s ( o c t a e t h y l p o r p h y r i n a t e s ) , 
L n ( O E P ) 2 , i n cyc lohexane (A) 

^max i n n m ' l o 9 e i n b r a c k e t s , H e w l e t t -
Packard spec t rophotometer HP 84 51 A] 

Complex NIR band UV/VIS bands 

L a ( Ο Ε Ρ ) 2 1480 (2. .75) 576 540 494 394 
(3.70) (3.85) (3.75) (5.15) 

C e ( Ο Ε Ρ ) 2 — 661 573 530 467 378 
(3.16) (4.24) (3.77) (3.92) (5.08) 

P r ( Ο Ε Ρ ) 2 1400 (3. 50) 670 576 540 490 391 
(3.21) (3.64) (3.80) (3.72) (5.18) 

Nd(OEP) 2 1360 (3. 28) 668 577 542 488 390 
(3.08) (3.48) (3.97) (3.53) (4.81) 

Sm(OEP) 2 1300 (3. 20) 674 578 544 489 390 
(3.21) (3.78) (3.86) (3.79) (5.11) 

Eu(OEP) 2 1280 (3. 89) 676 543 376 
(3.36) (3.87) (5.04) 

Gd(OEP) 2 1250 (3. 74) 674 542 380 
(3.26) (3.71) (4.88) 

Tb(OEP) ? 1237 (3. 49) 680 580 544 492 378 
(3.30) (3.70) (3.81) (3.80) (5.00) 

Dy (OEP) ? 1205 (3. 46) 679 582 546 494 386 
(3.27) (3.77) (3.84) (3.82) (5.09) 

Ho(OEP) 2 1182 (3. 65) 684 582 546 494 376 
(3.24) (3.83) (3.91) (3.89) (5.10) 

Er(OEP) 2 1175 (3. 68) 679 582 544 494 374 
(3.24) (3.67) (3.79) (3.78) (5.06) 

Tm(OEP) 2 1152 (3. 24) 672 584 546 494 388 
(3.31) (3.78) (3.76) (3.77) (5.08) 

Yb(OEP) ? 1144 (3. 83) 672 530 498 370 
Cm (3.21) (3.76) (3.75) (4.98) 

Lu(OEP) 1135 (3. 85) 674 534 490 370 
(3.36) (3.77) (3.76) (5.02) 
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porphyrinato l i g a n d s occur i n d i f f e r e n t o x i d a t i o n s t a t e s , i . e. a 
normal (OEP) d i a n i o n and a porphyrin r a d i c a l monoanion, (OEP") 

+3 -2 _ 
( 2 ) . The composition may then be described as Ln (OEP) (OEP*) . 
This i s e a s i l y seen from the paramagnetism of Lu(OEP) 2 which has the 
magnetic moment of a r a d i c a l , i . e. 1.7 Β. M. i n the s o l i d s t a t e 
( 4 ) . As l u t e t i u m ions other than diamagnetic f * ^ Lu*** are not 
known, only a porphyrin r a d i c a l s t a t e i s l e f t to e x p l a i n the 
p r o p e r t i e s . A s i m i l a r r a d i c a l s t a t e has been found f o r another 
doubledecker molecule, l u t e t i u m b i s ( p h t h a l o c y a n i n a t e ) , L u ( P c ) ? , 

3+ -2 -
which i s hence to be described as Lu (Pc) (Pc*) (11»12). A l l the 
Ln doubledeckers furthermore show c h a r a c t e r i s t i c IR bands at 
about 1550 cm * i n the IR spectra (2,4), bands that have been shown 
to be t y p i c a l f o r metalloporphyrins with e l e c t r o n - d e f i c i e n t 
porphyrin l i g a n d s (13). 

Apart from Ce(0EP) 2, a l l the other doubledeckers Ln(0EP) 2 each 
have an e x t r a band of a molar e x t i n c t i o n c o e f f i c i e n t of about 10^ i n 
the near IR between 1200 and 1500 nm (see Table I and Figure 2 ) . 
This band i s t y p i c a l f o r those bisporphyrins that are 
e l e c t r o n - d e f i c i e n t i n one of the porphyrin r i n g s . I t i s absent i n 
Ce(TTP) 2, PrH(TTP) 2, NdH(TTP) 2 > and the anions obtained by 
deprotonation of the l a t t e r two species (8,^14) as w e l l as i n a l l the 
t r i p l e d e c k e r s . We t e n t a t i v e l y e x p l a i n i t as an i n t e r n a l charge 
t r a n s f e r band: aromatic donor molecules form coplanar e l e c t r o n donor 
acceptor (EDA) complexes with aromatic acceptors; these EDA 
complexes have t y p i c a l a d d i t i o n a l bands at longer wavelengths than 
the i n d i v i d u a l separated components (15). The geometry f i x e d by the 
sandwiched lanthanoid b u i l d s up a very e f f i c i e n t EDA complex from 

2-
the donor, (OEP) , and the acceptor, (OEP*) , to which system then 
belongs the NIR absorption with the rather high e x t i n c t i o n 
c o e f f i c i e n t . (A f a c t o r decreasing the overlap w i t h i n the EDA complex 
i s c e r t a i n l y the staggered c o n f i g u r a t i o n of the porphyrin l i g a n d as 
taken from Figure 1 (3).) The NIR band i s t h e r e f o r e c a l l e d an 
" i n t e r n a l charge t r a n s f e r " (CTI) band. 

The CTI band has nothing to do with the varying f - e l e c t r o n 
c o n f i g u r a t i o n of the r a r e earth i o n s . I f t h i s would be the case, the 
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energy of t h i s band should vary c h a r a c t e r i s t i c a l l y l i k e the 
f - e l e c t r o n spectra or the magnetic moments of the r a r e e a r t h i o n s . 
On the c o n t r a r y , a q u i t e systematic behavior w i t h the lanthanoid i o n 
c o n t r a c t i o n i s observed. A p l o t of the energy of CTI band versus the 
i o n i c r a d i u s at c o o r d i n a t i o n number 8 of the Ln ions (16) 
i n d i c a t e s a l i n e a r decrease of t h i s energy as the i o n i c r a d i u s 
i n c r e a s e s . This i s seen i n Figure 3, and i l l u s t r a t e s a bare s i z e 
e f f e c t of the energy v a r i a t i o n . The phenomenon i s c a l l e d " o p t i c a l 
d e t e c t i o n of the lanthanoid i o n c o n t r a c t i o n by i n t e r n a l charge 
t r a n s f e r a b s o r p t i o n " . 

2— -
The complexes (P) -Ln-(P*) could be regarded as " i n v e r s e " 

mixed-valence complexes (,17). The normal mixed-valence complexes, 
e.g. M -L-M , c o n s i s t of two metals i n d i f f e r e n t o x i d a t i o n s t a t e s 
connected by a c e r t a i n b r i d g i n g l i g a n d . In the inverse s i t u a t i o n , 

2- 1-
e.g. L -M-L , two l i g a n d s i n d i f f e r e n t o x i d a t i o n s t a t e s are held 
together by a b r i d g i n g metal. Mixed-valence complexes have 
c h a r a c t e r i s t i c long-wave absorption bands i n the v i s i b l e s p e c t r a . I t 
i s tempting to c l a s s i f y our systems according to Hush's theory of 
mixed-valence complexes. They would belong to C l a s s I I ( o p t i c a l 
s p e c tra of c o n s t i t u e n t ions with minor m o d i f i c a t i o n s and a d d i t i o n a l 
NIR bands). However, the observed distance dependence of the NIR 
bands i s opposite to what would be expected by Hush's theory. The 
NIR bands show a solvent dependence; a hypsochromic s h i f t i s 
observed as the p o l a r i t y of the solvent i n c r e a s e s . This means that 
the complex cannot have a t o t a l l y symmetrical e l e c t r o n d i s t r i b u t i o n , 
and hence, the e l e c t r o n i c "hole" cannot be completely d e l o c a l i z e d i n 
the molecule. P o s s i b l y the hole i s l o c a l i z e d on the NIR timescale on 
one of the r i n g s , and NIR e x c i t a t i o n moves the hole somewhat more 
towards the other r i n g , but not completely onto i t . Then the c e n t r a l 
metal i o n would r e p e l the moving charge the more the smaller the 
metal-porphyrin distances become, i n accord w i t h the observed 
s i t u a t i o n . 

Another explanation f o r the e f f e c t of the lanthanoid i o n 
c o n t r a c t i o n on the energy of the NIR-CTI band may be found i n the 
extent of doming of the porphinato l i g a n d s i n the L n ( P ) 2 s t r u c t u r e s . 
A comparison of the i n c l i n a t i o n angles of the p y r r o l e u n i t s i n A_ and 
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0.6 

0.4 

0.2 

0.01 

= Gd(OEP) 2 

= Sm(OEP) 2 

= Nd(OEP) 2 

1250 

600 800 1000 1200 1400 1600 1800 [nm] 

Figure 2. Near i n f r a r e d spectra of Nd(0EP) 2 (' ' ) , Sm(0EP) 2 

( ), and Gd(0EP) 2 (- -) i n cyclohexane (see Table I ) . 

9000 

CTI 

8000 

7000 

Ln(OEP)2 

—ι 1 1 1 1 1— 
96 100 104 108 112 116 120 

[pm] 

Figure 3. P l o t of the wavenumber (cm of the NIR bands of 
Ln(0EP) 9 (Ln = Lu La) as a f u n c t i o n of the i o n i c r adius (pm) 

I I I 
of the Ln ions at the c o o r d i n a t i o n number 8 ("Optical 
d e t e c t i o n of the lanthanoid i o n c o n t r a c t i o n " by the CTI bands). 
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B_ (see Figure 1) with respect to the mean plane of the four 
porphinato n i t r o g e n atoms leads to the con c l u s i o n that these angles 
increase with decreasing i o n i c r a dius of the lanthanoid i o n and 
i n c r e a s i n g strength of the Ln-(P) bonds (3,4). In a given s e r i e s of 
L n ( P ) 2 complexes, the most pronounced doming of the porphinato core 
should occur i n the L u ( P ) 2 system which, on the other hand, w i l l 
have the smallest Ln-N bond d i s t a n c e s . A stronger outwards doming of 
the porphinato l i g a n d s i n a L n ( P ) 2 doubledecker could then reduce 
the i n t e r - r i n g charge t r a n s f e r i n t e r a c t i o n s despite a decrease i n 
the di s t a n c e of the mean planes of the porphinato core atoms and 
hence cause a hypsochromic s h i f t to the CTI bands. This idea has to 
be t e s t e d by f u r t h e r c r y s t a l l o g r a p h i c s t u d i e s i n the L n ( P ) 2 s e r i e s . 

Analogies of Rare Earth Porphyrin Doubledeckers with the S p e c i a l 
P a i r of B a c t e r i o c h l o r o p h y l l s i n B a c t e r i a l Photosynthesis 

The photosynthetic apparatus of purple b a c t e r i a , e. g. of 
Rhodopseumonas v i r i d i s , contains the s o - c a l l e d " s p e c i a l p a i r " of 
b a c t e r i o c h l o r o p h y l l - b molecules, (BChl-b)2» which c o n s i s t s of 
contiguous t e t r a p y r r o l e d i s k s overlapping at the r i n g s I of the 
b a c t e r i o c h l o r o p h y l l b moieties which l i e about 300 pm apart from 
each other (18). The p h o t o i o n i z a t i o n of the s p e c i a l p a i r according 
Equation 1 i s thought to be the o r i g i n of the charge separation 
d r i v i n g the e l e c t r o n flow i n b a c t e r i a l photosynthesis (18, 19). 

( B C h l - b ) 2 + hv y ( B C h l - b ) 2
+ + e" (1) 

A s i m i l a r NIR band occurs at about 1300 nm i n the o x i d i z e d form of 
the s p e c i a l p a i r , ( B C h l - b ) 2

+ , which can be generated e i t h e r by 
i l l u m i n a t i o n or chemical o x i d a t i o n (19). 

The s i m i l a r i t i e s i n NIR absorption between the s e r i e s of 
lanthanoid doubledeckers and the o x i d i z e d s p e c i a l p a i r s suggested 
experiments which might produce o x i d i z e d c a t i o n i c species from the 
n e u t r a l C e ( P ) 2 sandwiches. Thus i t would be p o s s i b l e to prove the 
idea that these NIR bands were t y p i c a l f o r whatever kin d of o x i d i z e d 

IV 
p a i r of porphyrin r i n g s . Indeed, o x i d a t i o n of the Ce sandwiches 
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according Equation 2 produces Λ-cation r a d i c a l s a l t s l i k e 
C e ( 0 E P ) 2

+ S b C l 6 " (1,20), which a l s o show a NIR-CTI band, as does 
P r ( T T P ) 2 , the o x i d a t i o n product of PrH(TTP) 2. In f a c t , these species 
may have more than one NIR band; the spectra of the n e u t r a l 
sandwiches a l s o show shoulders at the low energy t a i l s of the main 
NIR band (see Figure 2 ) . Examples and o p t i c a l s p e ctra are shown i n 
Table I I , The species have been c h a r a c t e r i z e d by elemental analyses, 
c o n d u c t i v i t y measurements, c y c l i c voltammetry, IR-, and NMR s p e c t r a , 

C e ( P ) 2 > C e ( P ) 2
+ + e" (2) 

The NIR absorptions between 1100 and 1500 nm t h e r e f o r e are a common 
property of two c l o s e l y a s s o c i a t e d porphyrin or hydroporphyrin r i n g s 
one of which i s o x i d i z e d to a r a d i c a l . E s p e c i a l l y noteworthy i s the 
p a r a l l e l i s m between the redox p a i r s defined i n Equations 1 and 2 
which i s p r e s e n t l y f u r t h e r i n v e s t i g a t e d i n our l a b o r a t o r i e s ( 1^). 

Table I I . E l e c t r o n i c Absorption Spectra of A) Cerium 
Bis p o r p h y r i n a t e S a l t s ( 1 ) , B) Praseodymium 
B i s ( t e t r a - p - t o l y l p o r p h y r i n a t e ) Sandwich Species (14) 

i n nm, l o g £ i n brackets, Hewlett-Packard 
spectrophotometer 8451 A; NIR: Z e i s s photometer 
DMR 21) 

Compound NIR band UV/VIS bands 

A) S a l t 
C e ( 0 E P ) 2

+ S b C l 6 " 1270(3.50) a 515(3.87), 354(4.94) 
C e ( T P P ) 2

+ S b C l 6 " 1350(3.93) 662(3.53), 384(5.04) 
C e ( T T P ) 2

+ P F 6 ~ 1350(3.42) 542(4.08), 396(5.27) 

B) Complex 
PrH(TTP) 2 (8) 556(4.03), 510(3.94), 413(5.60) 
P r ( T T P ) 2 (20) 1140(3.57) b 672(3.69), 412(4.95) 

a) Other bands: 1762(3.14), 808(4.50).-
b) Other band: 1450(3.36).-
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T h e S2 Emission of M e t a l l o p o r p h y r i n s 

Hiroshi Kobayashi and Youkoh Kaizu 

Department of Chemistry, Tokyo Institute of Technology, O-okayama, Meguro-ku, Tokyo 
152, Japan 

Upper excited-state emission was observed for a variety 
of diamagnetic metal porphyrins. Characteristic Q and 
Β (Soret) bands are assigned as the S1 and S2 excited 
states, which are described as a 50-50 admixture of two 
common 1(π,π*) excited configurations. Almost parallel 
surfaces of the S1 and S2 excited states retard S2-->S1 

relaxation and a greater transition moment granted to 
the S2->S0 transition yields emission from the Soret 
excited singlet. 

Paramagnetic rare-earth porphyrins, TPPErOH (TPP: 
5,10,15,20-tetraphenylporphin) and TPPEr(dpm) (dpm: 
2,2,6,6-tetramethyl-3,5-heptanedionate), emit not only 
S1 but also S2 fluorescence even i f a sequence of the 
sublevels of (f,f*) excited states are present below 
the S2 state. Upon irradiation in the ultraviolet band 
around 300 nm, TPPEr(dpm) emits both from porphyrin S2 

and coordinated β-diketone T1 excited states. 
Exciton coupling in μ-οxο dimer [TPPNb]2O3 shifts 

the Soret band to the blue in comparison with monomeric 
TPPNbO(CH3COO). S2 fluorescence was observed for 
TPPNbO(CH3COO) while it was not detected for [TPPNb]2O3. 
In the dimer, the exciton coupling results in a fast 
relaxation to the S1 manifold. 

Diacids emit S2 fluorescence, while free bases do 
only weakly. However, S2 emission of a covalently
-linked free-base dimer is detected with a benzene 
solution containing a low concentration of CF3COOH, in 
which PH2~PH2, PH2~PH42+ and PH42+~PH42+ (PH2: free 
base; PH42+: diacid) coexist. The excitation spectrum 

of the S2 emission shows peaks not only in the Soret 

0097-6156/86/0321-0105S06.00/ 0 
© 1986 American Chemical Society 
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106 PORPHYRINS: EXCITED STATES AND DYNAMICS 

band of ~PH42+ but also in that of ~ΡΗ2. An intra
molecular energy transfer from the higher S2 state of 
~PH2 in PH2~PH42+ to the lower S2 state of ~PH42+ 
yields S2 emission of the ~PH42+. 

Emission from the upper electronic excited states of polyatomic 
molecules, in violation of Kasha's rule which allows emission only 
from the lowest excited states (1), have been observed in a 
reasonable variety of molecules (2-11). With notable exceptions of 
azulene and thioketone, however, such emission i s usually very weak, 
because the rates of nonradiative decay processes greatly exceed the 
rates of radiative processes when excited states other than the 
lowest excited states are involved. 

Azulene displays the fluorescence originating from the second 
excited singlet ^ " ^ S Q ) w n i c n i s very much stronger than that from 
the f i r s t (S-J+SQ) (12). Quantum yields of the emission of gaseous 
azulene are about 0.2 for S 2+S Q and 8><106 for S ^ S Q (13), while in 
solution, the yield of S 2 emission is around 0.03 (14). This 
"anomalous11 behavior of azulene has been attributed, at least in 
part, to a large S 2 ~ S i separation (the S^ and S 2 are at 14300 and 
28800 cm \ respectively), which reduces the rate of s

2 ~ * S i relaxa
tion, in accordance with the energy gap law (15). 

In metalloporphyrins, there i s a relatively large energy 
separation between the Ŝ  and S 2 excited states. Characteristic Q 
and Β (Soret) bands of metalloporphyrins in the visible and near-
ultraviolet region are assigned as the S^ and S 2 excited states. 
These excited states are described as a 50-50 admixture of two common 
1(π,π*) excited configurations 1 ( a

l u
e

g ) a n d 1^ a2u eg^ i n a c c i d e n t a l 

degeneracy and the energy surfaces of the S^ and S 2 excited states 
are parallel. This retards S 2 ^ S i intramolecular electronic relaxa
tion. In addition, as suggested by the high intensity of the Β 
(Soret) band, the radiative process from S 2 excited state to the 
ground state is highly accelerated. For these reasons, diamagnetic 
metalloporphyrins, in which no tr i p l e t excited states are present 
between the S^ and S 2 excited states, are anticipated to fluoresce 
from the S 2 excited state. 

S 2^S Q(S 2) fluorescence was f i r s t observed by Bajema et al.(16) 
for zinc tetrabenzoporphyrin (TBPZn) in octane containing 0.5 % 

-3 
pyridine. The yield was determined to be 1.6*10 and the lifetime 
was estimated to be about 2.4 ps from the quantum yield (16) , which 
is in good agreement with the recent value obtained by Even et al. 
(17). Even et a l . have applied the method of supersonic expansion to 
the study of interstate coupling and electronic relaxation in the 
porphyrin S 2 state (17-19). From line broadening of the Β band in 
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7. KOBAYASHI A N D KAIZU The S2 Emission of Metalloporphyrins 107 

fluorescence excitation spectra, they determined the lifetimes of S 2 

state of free-base porphyrins as well as metalloporphyrins. 
Martarno et a l . found fluorescence for diamagnetic Y(IŒ), 

Lu(HE) and Th(IV) complexes of tetraphenylporphin (TPP) and deter-
-3 -3 -4 mined their yields as l x10 , l x10 and 4X10 , respectively (20). 

Kurabayashi et a l . also observed S 2 fluorescence for TPPA1C1, TPPZn 
and TPPCd in CH3CN and evaluated the rates of radiative (k f(S 2)) and 
nonradiative (k d(S 2)) processes of the S 2 state as Table I (21). 

Table I. Fluorescence Properties of Some Metal Complexes of TPP 
in Acetonitrile at 296 Κ 

k (s )χ ΐο" 9 

Is 

k , ( s 9 ) x i o 1 2 

/s 
AE(S9-S ) 

/cm 

TPPA1C1 1.4x1ο"1 6.7x1ο"4 1.4 2.2 7100 
TPPZn 3.3X10"2 3.7X10"4 1.5 4.1 6900 
TPPCd l.OxlO" 3 l . l x l O " 4 1.1 9.6 6700 
ΤΒΡΖιί- 0.35 1.6X10"3 0.67 0.42 7400 

— <t>f (S^) and <f>f (S 2) stand for the quantum yields of S^ and S 2 

fluorescence. 
- Ref. 16 

Tsvirko et a l . studied the S 2 emissions with a series of rare-earth 
(Sm(DT) , Eu(IŒ), Gd(HI), Tb(HT), Yb(HT) and Lu(IE)) complexes of 
tetratolylporphin (TTP) and the quenchings of TTPEu and TTPYb were 
attributed to the participations of a "ligand-to-metal" charge-
transfer state lower than the S 9 state and low-lying 4f levels, 
respectively (22,23). 

A further striking finding by Stelmakh and Tsvirko i s the S 2 

fluorescence following excitation to the S^ state by a low-energy 
photon. They also proposed possible excitation mechanisms to explain 
their results (24-26). Pumping can be achieved by two different ways 
of unimolecular successive two-photon absorption; 

hv- hv 2 

S n ^S-(Q state) ^>S~*S0(B state) (1) 
υ 1 η ζ 

hv hv9 

S n ^S-(Q state)—>T- >̂T —»S 0(B state). (2) 
U i i η Δ 

Another pumping path i s also possible by T-T annihilation mechanism; 
hv 

S Q ^S 1(Q state)—>T , Τ + Τ — • S Q + S 2(B state). (3) 
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108 PORPHYRINS: E X C I T E D STATES A N D DYNAMICS 

emission of TBPCd i s observed upon e x c i t a t i o n of a mixture of 
TBPCd and TPPPd i n p y r i d i n e by the 514.5 nm argon ion l a s e r l i n e . 
The l i n e can e x c i t e TPPPd but not TBPCd. The pumping i s performed by 
T-T a n n i h i l a t i o n mechanism as f o l l o w s (26); 

hv 

S Q (TPPPd) S 1 (TPPPd) - ^ Τ χ (TPPPd) 

Ί±(TPPPd) + SQ(TBPCd) * S Q(TPPPd) + Τχ(TBPCd) 

Τχ(TBPCd) + Τ(TBPCd) >SQ(TBPCd) + S 2(TBPCd). 

The o p t i c a l - o p t i c a l double resonance technique was a p p l i e d to 
determine which mechanism i s predominant i n the pumping of TPPZn (27, 
28). Because of the l a r g e d i f f e r e n c e i n the l i f e t i m e s of S ^ and T^ 
s t a t e s , TPPZn was e x c i t e d by two-color l a s e r pulses w i t h v a r i e d time 
i n t e r v a l s . The f i r s t l a s e r pulse was f i x e d at 540 nm corresponding 
to S Q + S ^ e x c i t a t i o n of TPPZn and the second was f i x e d at 640 nm which 
corresponds to the S . . + S and Τ..-ΚΓ e x c i t a t i o n s . The i n t e n s i t y of S „ 1 η 1 η 2 
emission was measured w i t h a v a r i e t y of time delay between the two 
pulses. The S ^ emission i s appreciably diminished f o r such a long 
delay as 20 ns, during which S ^ V T ^ intersystem c r o s s i n g i s almost 
completed. This i n d i c a t e s that the pumping i s achieved by the 
mechanism (1) (28). However, i t should be noted that a high-density 
e x c i t a t i o n to the S ^ e x c i t e d s t a t e of TPPZn i n nonpolar solvent 
y i e l d s a delayed fluorescence which i s a s c r i b e d to the T-T 
a n n i h i l a t i o n mechanism (3) (29). 

In t h i s paper, we w i l l present our recent observations on the 
upper e x c i t e d - s t a t e emission of a v a r i e t y of metalloporphyrins. 

S^ Emission of Diamagnetic Metalloporphyrins 

Α1(ΉΕ), Ga(IŒ) as w e l l as In(HE) porphyrin are t y p i c a l porphyrins 
incorporated w i t h a t e r v a l e n t metal i o n : C h a r a c t e r i s t i c Q and Β bands 
i n the v i s i b l e and n e a r - u l t r a v i o l e t r e g i o n , r e s p e c t i v e l y , a r i s e from 
the (π,π*) e x c i t a t i o n s i n the porphyrin r i n g w i t h only minor p e r t u r 
b a t i o n from the o u t e r s h e l l e l e c t r o n s of the c e n t r a l metal i o n . The 
Q band i s of forbidden c h a r a c t e r , however, the Q band can borrow the 
i n t e n s i t y by v i b r o n i c couplings from the allowed Β band (30). The 
i n t e n s i t y of the Q(1,0) band i s much l e s s s e n s i t i v e to the p e r i p h e r a l 
s u b s t i t u e n t s , the a x i a l l i g a n d s and the c e n t r a l metal i o n s , w h i l e 
that of the Q(0,0) band without e x c i t a t i o n i n the s k e l e t a l v i b r a t i o n a l 
modes i s r a t h e r s e n s i t i v e to va r i o u s s u b s t i t u e n t s . 

The Q and Β bands are assigned as the e x c i t a t i o n s to the S^ and 
S s t a t e s . Since these e x c i t e d s t a t e s are described as a 50-50 

1 1 admixture of two common e x c i t e d c o n f i g u r a t i o n s ( a 0 e ) and (a- e ), 6 2u g l u g 
the energy surfaces of the lowest e x c i t e d s i n g l e t s t a t e s are almost 
p a r a l l e l . This r e t a r d s S 0 ^ S - i n t r a m o l e c u l a r e l e c t r o n i c r e l a x a t i o n 
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7. KOBAYASHI A N D KAIZU The S2 Emission of Metalloporphyrins 109 

and thus the strong (Soret) o s c i l l a t o r can emit. There are no 
t r i p l e t e x c i t e d s t a t e s between the S^ and e x c i t e d s t a t e s (31). 

TPPA1C1, TPPGaCl, TPPInCl as w e l l as other diamagnetic metal 
complexes and d i a c i d s of TPP and i t s analogues emit S^ f l u o r e s c e n c e , 
w h i l e the free-bases TPPH 2, 0EPH 2 (OEP: 2,3,7,8,12,13,17,18-octa-
ethylporphin) as w e l l as OEP metal complexes do not emit (32). 
Figure 1 shows S^ and S 2 fluorescence bands of TPPGaCl i n ethanol. 

E x c i t a t i o n s p e c t r a of the S 2 fluorescence are i n good agreement 
with absorption spectr a . This i m p l i e s that the fluorescence i s not 
o r i g i n a t i n g from some i m p u r i t i e s . Since the e x c i t a t i o n s p e c t r a of 
S^ fluorescence of the complexes which emit S 2 fluorescence are 
almost i d e n t i c a l to r e s p e c t i v e absorption s p e c t r a up to the range of 
250 nm, the i n t e r n a l conversion S 2~*S^ must be f a s t e r than the i n t e r -
system c r o s s i n g S 2~*T n and the i n t e r n a l conversion S 2 ^ S Q . 

S 2 fluorescence of any OEP metal complexes except OEPPb can not 
be detected by the s e n s i t i v i t y used i n the present work f o r which a 

-4 
quantum y i e l d 0.03x10 i s the detectable l i m i t . A prominent r o l e 
as accepting modes was assigned to the s t r e t c h i n g modes of p e r i p h e r a l 
e t h y l groups i n OEP complexes (21). However, the quenching of S 2 

emission i n OEP complexes i s to be a t t r i b u t e d to a f a s t r e l a x a t i o n to 
the S^ s t a t e . 

TPPZn and PZn emit S 2 emission w h i l e OEPZn does not. The y i e l d 
of S 2 emission decreases i n a sequence 

T(p-C 2H 50)PPZn~TPPZn>PZn~TFPPZn>0EPZn 

(T(p-C 2H 50)PP: tetra(p-ethoxyphenyl)porphin; TFPP: t e t r a ( p e n t a f l u o r o -
phenyl)porphin). This i s reverse to the o r d e r i n g found f o r the 
i n t e n s i t y r a t i o Q(0,0)/Q(1,0). In OEPZn, the Q(0,0) band i s granted 
i n t e n s i t y from the Β band more than that of TPPZn. As s t a t e d 
e a r l i e r , the surfaces of the S and S s t a t e s are p a r a l l e l when the 

1 1 ζ 
component (π,π*) e x c i t e d c o n f i g u r a t i o n s are i n a c c i d e n t a l degeneracy. 
The p a r a l l e l e x c i t e d - s t a t e s u r f a c e s , however, s h i f t from the ground 
s t a t e surface. In f a c t , the Franck-Condon overlap i s so small that 
only weak Q(0,0) band i s observed i n TPPZn and PZn. In OEPZn, on the 
other hand, the e l e c t r o n - d o n a t i n g p e r i p h e r a l s u b s t i t u e n t s , which 
p a r t l y l i f t the a c c i d e n t a l degeneracy, y i e l d some d i f f e r e n c e i n s h i f t 
between the S^ and S 2 s u r f a c e s . This r e s u l t s i n an increase i n 
Franck-Condon ov e r l a p , which enhances the i n t e n s i t y of Q(0,0) band, 
and a l s o prompts the S 2~»S^ i n t e r n a l conversion. The y i e l d s of S 2 

emission of Zn porphyrins are not n e c e s s a r i l y explained by the energy 
gap between the S^ and S 2 s t a t e s . 

In P b ( I I ) porphyrins, the Q and Β bands are s h i f t e d to the red 
3 -1 

and an intense new band appears i n 28x10 cm (33). In the v i c i n i t y 
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110 PORPHYRINS: E X C I T E D STATES A N D DYNAMICS 

of the Β state, a "metal-to-porphyrin" charge-transfer excited state 
is present. Configuration interaction increases the intensity of 
Q(0,0) in TPPPb but decreases in OEPPb. The detectable S 2 fluores
cence of OEPPb i s attributable to a partial recovery of the parallel 
surfaces of and states (32). 

The yields of S 2 fluorescence obtained in the present work are 
summarized in Table II. 

Table II. Quantum Yields of S ? Fluorescence 

Solvent <f> f(s2)xio4 
a. AE(S 2-S 1)/10 3 cm"1 

TPPA1C1 benzene 3.1 6.86 
TPPGaCl benzene 3.4 6.69 
TPPInCl benzene 4.0 6.81 
TPPA1C1 ethanol 6.1 7.11 
TPPGaCl ethanol 5.1 7.00 
TPPInCl ethanol 5.2 7.06 
TPPZn benzene 3.9 6.69 
T(p-C2H50)PPZn benzene 4.0 6.61 
TFPPZn benzene 0.51 6.57 
PZn benzene 0.80 7.23 
OEPZn benzene <0.04 7.21 
TPPPb benzene 0.47 6.24 
OEPPb benzene 0.04 

2+ 
TPPH4 

benzene 0.65 7.51 
P H 4 2 + benzene 0.62 7.90 

— The yields were evaluated with reference to the yield of TTPZn in 
benzene (((^(S^ = 0.033 ref. 34). 

The Free-Base and Diacid Porphyrins 

S 2 emissions of the porphyrin free-bases are too weak to be detected 
unless intense laser excitations are used. As indicated by enhanced 
Qy band in the free-bases, a strong coupling of Q̂  and Β states give 
rise to a crossing of the S^ and S 2 surfaces which i s responsible 
for the fast deactivation of S 2 state. It should be noted that laser 
excitation yields a rather broad S 2 emission band for the free-bases 
in comparison with sharp S 2 emission of metalloporphyrins (28). 
A large Stokes shift and the broadness of S 2 emission as shown in 
Figure 2 indicate that a dynamic Jahn-Teller distortion happens in 
the Β state of the free-base to greater extent than that of metallo
porphyrins . 
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7. KOBAYASHI A N D KAIZU The S2 Emission of Metalloporphyrins 111 

Figure 1. Absorption ( ••) and fluorescence ( -) spectra of 
TPPGaCl in ethanol. 

Figure 2. Absorption ( ) and fluorescence ( ) spectra of 
TPPH2 in EPA at room temperature. 
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2+ 2+ 
In c o n t r a s t w i t h the free-bases, d i a c i d s TPPH^, and PH^ (P: 

porphin) emit r a t h e r intense S 9 fluorescence. The quantum y i e l d of 
2+ 2+ PH^ i s as high as that of PZn, w h i l e the y i e l d of TPPH^ i s about 

1/5 of TPPZn. 

Paramagnetic Metalloporphyrins 

The lowest e x c i t e d s t a t e s of paramagnetic metal complexes are 
described by c o n f i g u r a t i o n i n t e r a c t i o n s of the porphyrin (π,π*) 
e x c i t e d s i n g l e t and t r i p l e t s t a t e s and the "porphyrin-to-metal" or 
"metal-to-porphyrin" charge-transfer e x c i t e d s t a t e s (35,36). Thus 
T^ (phosphorescence) emission of paramagnetic metal complexes decays 
i n a very short p e r i o d (37,38). When the charge-transfer e x c i t e d 
s t a t e s are s u f f i c i e n t l y low, the S-T absorption bands are observed 
to the red of Q band i n s t e a d of the T^ emission (39). N i ( I I ) 
porphyrins, even i n diamagnetic ground s t a t e , show n e i t h e r nor T^ 
emission (40,41). On the other hand, P d ( I I ) and P t ( I I ) porphyrins 
w i t h i s o e l e c t r o n i c o u t e r s h e l l s emit intense phosphorescence even at 
room temperature. The quenching of luminescence i n N i ( I I ) porphyrins 
was a t t r i b u t e d to a ^(d,d*) e x c i t e d s t a t e at lower energy than the 
S 1 s t a t e (42). The l o w - l y i n g 1 , 3 ( d , d * ) e x c i t e d s t a t e s of P d ( I I ) and 
P t ( I I ) porphyrins are l i f t e d i n between the Ŝ ĵ  and S 2 s t a t e s . T h i s , 
however, r e s u l t s i n quenching of the emission of these porphyrins. 

Paramagnetic Er(HE) porphyrins TPPErOH and TPPEr(dpm) (dpm: 
2,2,6,6-tetramethyl-3,5-heptanedionate) show not only S- but a l s o S ? 

4 4 4 
emission, even i f there are a sequence of the f s u b l e v e l s I , F, S, 
2 
H below the S 2 s t a t e (43). OEPErOH emits only S 1 emission l i k e many 

other OEP metal complexes. In CH^OH/C^OH (7:3) g l a s s y medium at 
77 K, TPPEr(dpm) i s present i n two d i f f e r e n t conformations I and I I . 
A s p e c t r a l s p l i t t i n g i s observed upon f r e e z i n g but the change i s 
r e v e r s i b l e . At room temperature, a spectrum c l o s e to that of 
TPPErOH i s r e v i v e d . TPPErOH i t s e l f does not show any s p e c t r a l change 
upon f r e e z i n g of the medium. 

The metal i o n i n conformer I I of TPPEr(dpm) i s s h i f t e d out of 
the porphyrin plane, as suggested by an increase i n the Q(0,0) 
i n t e n s i t y and a comparable red s h i f t of the Q and Β bands, w h i l e that 
of conformer I i s i n the plane as TPPErOH i n methanol/ethanol. 
However, the conformation change might be due to a change of c o o r d i 
n a t i o n number by solvent c o o r d i n a t i o n r a t h e r than the s h i f t of the 
c e n t r a l metal i o n . E x c i t a t i o n spectra of the S 2 emission of 
TPPEr(dpm) i n d i c a t e that only conformer I w i t h a weak Q(0,0) band 
e x h i b i t s S 2 emission, w h i l e conformer I I w i t h intense Q(0,0) band 
does not emit. 

TPPEr(dpm) emits not only porphyrin S 2 emission but a l s o 
coordinated 3-diketonate T^ emission, when i t i s e x c i t e d i n an 
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7. KOBAYASHI A N D KAIZU The S2 Emission of Metalloporphyrins 113 

absorption band of coordinated dpm o r i g i n around 300 nm (43). A f a s t 
r e l a x a t i o n w i t h i n 3-diketonate a c c e l e r a t e d by the paramagnetic 
c e n t r a l metal i o n y i e l d s a high population i n the lowest dpm s t a t e 
which i s s l i g h t l y higher than porphyrin s t a t e . This r e s u l t s i n 
dpm phosphorescence. The r a t e of i n t e r - l i g a n d energy t r a n s f e r i s not 
as f a s t as intersystem c r o s s i n g w i t h i n the (3-diketonate. Emission 
spectrum (I) i n Figure 3 i s a t t r i b u t a b l e to a s u p e r p o s i t i o n of 
porphyrin fluorescence, 3-diketonate phosphorescence and intense 
Soret r e a b s o r p t i o n . The f i g u r e a l s o shows phosphorescence of 
Er(dpm)^ (b) which i s to be c l o s e to that of the dpm moiety of 
TPPEr(dpm) and a l s o intense Soret r e a b s o r p t i o n ( a ) . The porphyrin 
emission can be excluded by use of a r o t a t i n g s e c t o r . The spectrum 
( I I ) shows phosphorescence of the 3-diketonate moiety superposed by 
intense Soret r e a b s o r p t i o n . 

Porphyrin Dimers 

Soret band of μ-οχο dimer [TPPNb^O^ s h i f t s to the blue i n comparison 
w i t h TPPNbO(CH3COO) and e x h i b i t s a long t a i l i n g to the red of the 
Soret band. E x c i t o n coupling i n the " f a c e - t o - f a c e " s t a c k i n g r e s u l t s 
i n an allowed s t a t e at higher energy than the monomer s t a t e and a 
forbidden s t a t e at lower energy (30,44). The μ-οχο dimer emits both 
S^ fluorescence and phosphorescence. A r a t h e r intense f l u o r e s 
cence was observed f o r TPPNbO(CH^COO), w h i l e the fluorescence could 
not be detected f o r [TPPNb^O^ (32). E x c i t o n couplings are p o s s i b l e 
not only between the component s t a t e s but a l s o between the compo
nent S^ and S^ s t a t e s and r e s u l t i n a f a s t r e l a x a t i o n to the S^ 
manifold. 

In the present work, we used a c o n f o r m a t i o n a l l y f l e x i b l e 
c o v a l e n t l y - l i n k e d porphyrin dimer (5,5-[l,3-Propanediyl b i s ( o x y - 2 , l -
phenylene)]bis[10,15,20-tris(4-methylphenyl)-21H,2 3H-porphin](ο,ο1-
C 3 ( T T P H 2 ) 2 ) . The dimer i s mainly i n two d i f f e r e n t conformations. 
The red component of the dimer Soret band i s a s c r i b e d to a t w i s t e d 
conformer "A" and the blue component to a stacked conformer "Β". 
Computer c a l c u l a t i o n s can p r e d i c t two conformations A and Β w i t h 
d i h e d r a l angles of the porphyrin moieties of 80° and 56°,respectively. 

S 2 emission was detected f o r o,o l-C 3(TPPZn) 2 and o,o f-C 3(TPP-
A1C1) 2 and t h e i r corresponding monomers. E x c i t a t i o n spectra of the 
monomer S 2 emissions are i n good agreement w i t h r e s p e c t i v e absorption 
spectra even i n the u l t r a v i o l e t r e g i o n . S 2 emission of the free-base 
dimers l i k e many other free-bases was too weak to be detected. 

E x c i t a t i o n s p ectra of the dimer S 2 emissions correspond w e l l to 
the red components of Soret bands of the dimers and a l s o to the Soret 
bands of the r e s p e c t i v e monomers. This i n d i c a t e s that S 2 emission 
comes only from the dimer i n t w i s t e d conformation. The quantum y i e l d 
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of emission of the dimer i s much less than that of the correspond
ing monomer, while those of the and emissions of the dimer 
coincide with those of the monomer. The dimer in a conformation like 
"A" emits since S2*~»S^ internal conversion i s retarded, while strong 
exciton coupling prompts the internal conversion in the dimer of 
conformation "B". 

The fluorescence excitation polarization of the monomer is 
almost 1/7 regardless of the excitation wavelength. A value of 1/7 
is typical when both the absorption and the emission oscillators are 
degenerate and polarized in the same plane. Since the dimer i s 
regarded as a weakly coupled, three-dimensional, double-oscillator, 
energy transfer between the dimer partners w i l l randomize the excita
tion between the two porphyrin planes oriented in a t i l t angle. In 
fact, the observed polarization of the dimer is less than 1/7. 

Free-base porphyrins are easily protonated in acidic media. The 
diacid, a doubly protonated species, emits fluorescence, while the 
free-base does not. The second-derivative spectra indicate that 
o,o f-C 3(TTPH^) 2 is in two different conformations as ο,ο'-C^-
(ΤΤΡΗ 2) 2 regardless of the positive charges accumlated on the two 
porphyrin moieties. The quantum yield and the lifetime of S-

/ J 2 j J" 
emission of ο,ο'-Ο^ΤΤΡΗ^, >2 conform with those of TTPH^ , while 
the yield of S 2 emission is reduced in the dimer. 

Absorption spectrum of the free-base monomer varies with 
increasing [H +], exhibiting isosbestic points. The spectrum of the 
free-base dimer, on the other hand, varies with increasing [IT*"] 
showing a shift of the isosbestic point. A two-step equilibrium must 
be considered for protonation of the free-base dimer: 

PH_ - PH0 + 2H+ PH0 - PH. 2 + 

2 2 2 4 
PHQ ~ PH.2+ + 2H+ ^ PH. 2 + ~ PH, 2 + 

2 4 4 4 · 
2+ 

The excitation spectra of S 0 emission of TTPH. and o,o -
4+ 2 4 

C 3(TTPH^) 2 are in good agreement with the Soret band of the monomer 
and the red component of Soret band of the dimer, respectively. 
Figure 4 shows the excitation spectra of S 2 emission of the free-base 
monomer and dimer in benzene containing a low concentration of 
CF-COOH. The free-base dimer shows S 9 emission, which is close to 

2+ 2+ that of TTPH, , in a dilute acidic solution, where PH ~PH?, PH ~PH, 
2+ 2+ 

and PH^ ~PH^ coexist. The excitation spectrum of the dimer shows 
peaks not only in the Soret band of the diacid but also in the Soret 
band of the free base, whereas that of the monomer coincides with 

2+ 
absorption spectrum of TTPH. but not with the spectrum of the 

2+ 
TTPH^ and TTPH mixture. This indicates that part of the S 2 
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Figure 3. Emission spectra of TPPEr(dpm) observed upon i r r a d i 
ation in the ^(π,π*) band of coordinated dpm around 300 nm. In 
(II), the porphyrin S2 component emission was cut by a chopper 
interposed in the detection beam. 
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Figure 4. Excitation spectra of S2 emission ( ) and absorp
tion spectra ( ) in the Soret region of 1.4xlO~'M 0 , 0 F -
C3(TTPH2)2 (I) and 3.2xl0 _ 7M TTPH2 (II) in benzene containing 
1.0xlO" 5M CF3COOH. 

 P
ub

lic
at

io
n 

D
at

e:
 O

ct
ob

er
 1

5,
 1

98
6 

| d
oi

: 1
0.

10
21

/b
k-

19
86

-0
32

1.
ch

00
7

In Porphyrins; Gouterman, M., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1986. 



116 PORPHYRINS: E X C I T E D STATES A N D DYNAMICS 

emission of the diacid moiety in PH2~PH^ arises from intramolecular 
energy transfer from the higher S« state of the free-base moiety in 

2+ 

PH2~PH^ to the lower S 2 state of the diacid counterpart (45). 
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8 
Metalloporphyrin Dimeric S 2 Emission Resulting 
from Triplet-Triplet Annihilation 

G. F. Stelmakh and M. P. Tsvirko 

A. N. Sevchenko Research Institute of Applied Physical Problems, Minsk, 220106, USSR 

S2 emission resulting from triplet-triplet 
annihilation is reported. It differs from prompt 
S2 emission in being red shifted by 80 to 500 
cm - 1. It also appears slightly narrower in 
halfwidth. The difference is ascribed to the fact 
that for triplet-triplet annihilation delayed 
fluorescence comes from a dimeric species before it 
has time to dissociate. 

T r i p l e t - t r i p l e t a n n i h i l a t i o n (TTA), i . e . , d ea c t i v a t i o n of t r i p l e t 
molecules as a r e s u l t o f t h e i r i n t e r a c t i o n , i s one o f the main 
pathways of t r i p l e t s t a t e decay i n s o l u t i o n s , c r y s t a l s and the 
gas-phase. TTA may become the determin ing pathway o f t r i p l e t s t a t e 
d ea c t i v a t i o n under c ond i t i o n s o f high concen t ra t i ons o f t r i p l e t -
s t a t e molecules r e s u l t i n g i n p a r t i c u l a r from powerful l a s e r 
pho t o ex c i t a t i o n . 

The ex i s t ence o f t h i s TTA b imo lecu la r process makes i t po s s i b l e 
to c a r r y out coopera t i ve e x c i t a t i o n of energy r i c h molecu lar s t a t e s 
by low energy quanta. In p a r t i c u l a r , format ion o f upper e x c i t e d 
s i n g l e t s t a t e s as a r e s u l t o f TTA has been observed f o r severa l 
aromatic hydrocarbons (1) and meta l l oporphyr ins [2) by the 
demonstrat ion o f ann ih iTa t i on- induced delayed f l uo rescence (A0F) 
from upper s i n g l e t s t a t e s . 

Systemat ic research o f two-quantum e x c i t a t i o n o f t e t r a p y r r o l i c 
pigments (2,3) has made i t ev ident t h a t coopera t i ve t r i p l e t - t r i p l e t 
e x c i t a t i o n o f meta l l opo rphy r i n upper e l e c t r o n i c s t a t e s 
s u c c e s s f u l l y competes w i th the processes o f stepwise two-quantum 
e x c i t a t i o n . Th i s made us pay grea te r a t t e n t i o n to porphyr in TTA 
s i n ce high quantum y i e l d s o f i n te r sys tem c r o s s i ng t o t r i p l e t T̂  
s t a t e s i s c h a r a c t e r i s t i c o f these types o f compounds. ( I t should 
be mentioned t h a t i n t e r e s t i n photoprocesses i n e x c i t e d s t a t e s o f 
t e t r a p y r r o l i c pigments has been g r e a t l y inc reased by development o f 
s o l a r energy conver te rs based on meta l l opo rphyr ins ( 4 , 5 ) ) . 

0097-6156/ 86/ 0321 -0118$06.00/ 0 
© 1986 Amer i can Chemica l Society 
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8. S T E L M A K H A N D T S V I R K O Triplet-Triplet Annihilation 119 

For severa l compounds p r o b a b i l i t i e s of e x c i t e d s i n g l e t s t a t e 
format ion as a r e s u l t of TTA processes have been determined i n our 
prev ious paper (16) w i th the help o f a method based on measurement 
of the r a t i o of the i n t eg ra t ed i n t e n s i t i e s of ADF and prompt 
f luorescence (PF) under the cond i t i on s of powerful pho t oexc i t a t i on 

(see Table I ) . 

Table I 
P r o b a b i l i t i e s o f Cooperat ive S i S ta tes ( P a ) and S2 S ta te ( P 2 ) 

Formation as a Resu l t o f TTA i n So l u t i on s a t Room Temperature (6J 

Compound Sol vent 1 p 2 

Tetrapheny lporphyr i η Toluene 0.16 ± 0.02 
Mg-tetraphenyl porphyr i η Toluene 0.175 ± 0.02 0.01 
Zn- te t rapheny lporphyr i η Toluene 0.24 ± 0.02 0.04 
Pd-tetrapheny1porphyr i η Toluene 0.27 ± 0.04 
Cd- te t rabenzporhyr in P y r i d i n e 0.08 ± 0.01 8 . 1 0 - 4 

Zn- te t rabenzporhyr in P y r i d i n e 0.10 ± 0.01 < ΙΟ" 3 

Ch lo rophy l l a Ethanol 0.014 ± 0.002 
Anthracene Ethanol 0.045 ± 0.005 

Notes: Π P a and P 2 have been c a l c u l a t e d f o r one 
a n n i h i l a t i o n a c t of two t r i p l e t mo lecu les . 2) For the P 2 
c a l c u l a t i o n i t was assumed tha t p r o b a b i l i t i e s of r a d i a t i v e S 2 > 
S0 t r a n s i t i o n are the same f o r one-photon or coopera t i ve 
mechanism of S 2 s t a t e e x c i t a t i o n . 

P r o b a b i l i t i e s of coopera t i ve S i - e x c i t e d molecule format ion 
( P a ) f o r meta l l opo rphyr ins range from 0.1 to 0.25 per one ac t of 
TTA. At the same time p r o b a b i l i t i e s of S 2 s t a t e format ion from 
TTA (Po) which have been determined w i th the assumption t ha t the 
ADF and the PF are emi t ted from i d e n t i c a l s t a t e s turned out to be 
cons iderab ly l e s s . Th is d i f f e r en ce between P a and P 2 remained 
unexpla ined s ince f o r two T i molecules the t o t a l e x c i t a t i o n 
energy i s s i m i l a r to the S 2 s t a t e energy as f a r as me t a l l o 
porphyr ins are concerned. Thus one may expect t ha t some quasi -
resonant upper s i n g l e t s t a t e i s being predominant ly generated, 
i . e . , coopera t ive e x c i t a t i o n of s i n g l e t s t a t e s takes p lace 
accord ing to the scheme 2Ti > s 2 > S i and co r respond ing ly 
p a = P2. 

In t h i s r epo r t the TTA process has been s tud i ed t ak i ng i n t o 
account new exper imental data i n d i c a t i n g tha t the A0F emit ted from 
meta l l oporphyr in upper e l e c t r o n i c s t a t e s i s o f d imer ic nature . 
Moreover low va lues of P2 obta ined i n (6) can be exp la ined by the 
l e s s e r p r o b a b i l i t y of dimer s i n g l e t s t a t e s em i t t i ng i n comparison 
w i th the monomer. But t rue p r o b a b i l i t i e s of S n s t a t e format ion 
from TTA processes may be qu i t e h i gh . We have been ab le to 
e s t a b l i s h s imultaneous r e l a t i o n s between d i f f u s i o n parameters and 
a n n i h i l a t i o n c h a r a c t e r i s t i c s obta ined from spec t r a l k i n e t i c 
measurements. 

We have c a r r i e d out a comparat ive study of S^ s ta t e 
f luorescence emi t ted from severa l me ta l l opo rphy r i n s : Zn -
tetraphenylporphiη (Zn TPP), Zn - te t rabenzporph in (Zn TBP) and Cd 
TBP f o r d i r e c t one-quantum e x c i t a t i o n and f o r a n n i h i l a t i n g two-
quantum e x c i t a t i o n . Low concent ra t i on (C = 1 - 2 X 10-6|v|) 
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so l u t i o n s have been s tud i ed a t room temperature. Spec t ra l 
luminescence measurements have been c a r r i e d out w i th the Raman 
spectrometer "Ramalog 4" and spec t r o f l uo r ime te r "Spex F l u o r o l og " 
(more d e t a i l e d procedure of measurements i s desc r ibed i n (2)). 

The ADF has been measured i n deoxygenated s o l u t i o n s w i th 
cont inuous e x c i t a t i o n of e i t h e r argon, krypton or helium-neon 
l a s e r s . The e x c i t i n g wavelengths corresponded to the bands of S 0 

> Si meta l l opo rphyr in abso rp t i on ( e x c i t a t i o n wavelengths: x e x 

= 514.5; 530.9; 568.2 nm f o r ZnTPP and x e x = 568.2; 632.8 nm f o r 
ZnTBP and CdTBP). 

A p p l i c a t i o n o f cont inuous an t i -S t okes e x c i t a t i o n makes i t 
p o s s i b l e to record the emiss ion from the S 2 s t a t e when the PF 
S 2 > S0 i s absent ( 2 h Prompt S 2 > S 0 f l uo rescence has 
been measured a t d i r e c t S 0 > S 2 e x c i t a t i o n (krypton l a s e r : 
λ βχ = 406.7; 413.1 nm) o f oxygenated s o l u t i o n s ( i n t h i s case the 
ADF i s absent due to s t rong quenching of t r i p l e t s t a t e s by oxygen 
( 2 ) ) . 

We have found t ha t emiss ion spec t ra of the coope ra t i v e l y 
e x c i t e d ADF from upper e l e c t r o n i c s t a t e s and of the one quantum 
e x c i t e d PF are d i f f e r e n t . ADF spectrum i s s h i f t e d i n the longwave 
d i r e c t i o n w i th respec t to PF spectrum (see Table I I ) . The s h i f t 
e f f e c t depends on so l ven t t ype . ADF spec t r a l s h i f t i s most 
cons ide rab le and comprises 500 cm**1 (see F i g . 1) f o r the case of 
ZnTPP i n decane. 

In p r i n c i p l e , f l uo rescence spec t ra from s h o r t l i v e d upper 
meta l l oporphyr in s t a t e s i n s o l u t i o n can be s h i f t e d i n the longwave 
d i r e c t i o n w i th v i b r a t i o n a l energy r e l a x a t i o n a t the c o s t o f 
short-wave e x c i t a t i o n ( 7 ) . However, i n our case the energy 
d i f f e r en ce o f a n n i h i l a t i n g and d i r e c t e x c i t a t i o n was s l i g h t U 
1 0 3 cm-1) and cou ld not l ead to such cons i de rab l e d i f f e r en c e o f 
ADF and PF s p e c t r a . The observed d i f f e r en c e can be exp la ined i n 
the f o l l ow i ng way: ADF takes p lace i n b iomo lecu la r complexes wh i l e 
the PF i s o rd ina ry monomer f l uo rescence . 

A t present i t i s u n i v e r s a l l y acknowledged t ha t TTA as 
t r i p l e t - t r i p l e t energy t r a n s f e r i s caused by exchange i n t e r a c t i o n 
of e l e c t r ons i n b imo lecu l a r complexes which takes p lace dur ing 
mo lecu la r d i f f u s i o n encounters i n s o l u t i o n ( i n gas phase -
molecu lar c o l l i s i o n s are examined; i n c r y s t a l s - t r i p l e t ex c i t on 
d i f f u s i o n i s the r e spons i b l e a n n i h i l a t i o n process ( 8 - 1 0 ) ) . No 
doubt, i n t e r a c t i o n of molecu lar par tners i n a d i f f u s i o n complex may 
l ead to the change of p r o b a b i l i t i e s o f f l u o r e s c en t s t a t e r a d i a t i v e 
and nonrad ia t i ve d e a c t i v a t i o n . Never the less , i t i s normal ly 
cons idered t ha t as a r e s u l t o f TTA the energy o f two t r i p l e t 
pa r tners i s accumulated i n one molecule which emits the ADF (11 ) . 
I n t e r a c t i o n w i th the second deac t i va ted par tner i s not taken i n t o 
account, i . e . i t i s assumed tha t the ADF i s of monomer nature and 
i t s spectrum co i n c i d e s w i th the PF spectrum. Apparent ly the l a t t e r 
may be t rue when the ADF takes p lace from Si s t a t e the l i f e t i m e 
of which ( τ 8 - 10-8 - 10-9 s ) i s much lonaer than the 
l i f e t i m e of d i f f u s i o n encounter complex (~ 10-10 . 1 0 - H s i n 
l i q u i d s o l u t i o n s ) . As a matter of f a c t we have not observed 
cons iderab le ADF and PF spec t r a l d i f f e r en ce when S^ métallo-
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8. S T E L M A K H A N D T S V I R K O Triplet-Triplet Annihilation 123 

porphyr in f l uorescence i s s tud ied ( T s i = 2 ns f o r Zn TPP and Zn 
TBP ( 7 , 1 2 ) ) . For Zn TPP i n to luene the s h i f t o f - 30 c m ' 1 was 
w i t h i n the range of exper imental e r r o r . S2 s t a t e l i f e t i m e of the 
observed meta l l oporphyr ins ( T s 2 = 2 - 5 ps (7 ,12)) i s 
cons ide rab ly sho r te r than encounter complex l i f e t i m e ( T c ) . Time 
of T c which may be t r ea t ed as the t ime of coex i s tance of two 
molecu les i n a so l ven t cage can be est imated proceeding from the 
theory of d i f f u s i o n i n s o l u t i o n s (13): 

2 
x c = d (1) 

6~T) 
AB 

where d = so l ven t mo lecu la r d iameter , D/^ = c o e f f i c i e n t o f the 
mo lecu le -par tner r e l a t i v e d i f f u s i o n . In our case , D/^ = 2D, 
where D = c o e f f i c i e n t of meta l l oporphyr in molecu lar d i f f u s i o n which 
may be est imated by molecu lar r a d i u s r and so l ven t v i s c o s i t y η 
us ing the S t oke s -E i n s t e i n formula: 

D = kT (2) 
6DTir 

Proceeding from the molecu lar volume Y = 400 cm 3/mole (12) 
and X-ray data (]A) and assuming t ha t r = 0.55 nm we get D = 4 X 
10-6 cm 2 / sec , the c o e f f i c i e n t of meta l l opo rphyr in d i f f u s i o n a t 
room temperature i n so l ven t s w i th t y p i c a l v i s c o s i t y η = 10-3 g m 

cm-1 s e c - 1 . Assuming t ha t d = 0.5 nm ( t y p i c a l va lue f o r 
t y p i c a l so l ven t s ) we get from (1) x c = 5 . 10 -H s » T s 2 

Thus we may cons ider t ha t ADF from So s t a t e s takes p lace i n a 
d imer i c complex which d i s s o c i a t e s a f t e r d ea c t i v a t i o n of the 
coope ra t i ve l y e x c i t e d S^ s t a t e . 

As i s known, the t r i p l e t and s i n g l e t t e t r a p y r r o l i c pigment 
s t a t e s are caused by e x c i t a t i o n of d e l o c a l i z e d it e l e c t r on s o f the 
heteroaromat ic macrocycle (15J . The most favourab le s t r u c t u r e of 
d imer i c complexes f o r meta l l opo rphyr in TTA seems to be a sandwich 
dimer as i n the case when molecu lar o r i e n t a t i o n of p lane to plane ττ 
e l e c t r o n i c s h e l l s reaches the maximum ove r l a p . Quantum chemistry 
c a l c u l a t i o n s of meta l l opo rphy r i n dimers i n d i c a t e s t ha t f o r the 
d imer i c emiss ion process the S 2 s t a t e i s s p l i t i n t o s t a t e s o f 
h igher energy (S£) and lower energy ( S j ) . In the case o f 
a sandwich dimer o f D^ symmetry, the f o l l ow i n g s t a t e s are seen: 

S£ = 4 E u , S'2 = 4 Eg 

A t room temperature the s p l i t t i n g energy va lue ΔΕ (S$ -
S2) i s cons ide rab ly h igher than tha t of thermal energy k t and 
f l uo rescence from the lower S£ s ta te w i l l take p lace i n the 
d imer i c complex. In t h i s case f o r ADF the spec t r a l s h i f t w i th 
r espec t to the PF spectrum i s determined by d i f f e r e n c e o f S 2 

s t a t e energy i n the monomer and S 2 s t a t e energy i n the d imer. 
However, f o r d imer i c emiss ion processes the S^ s t a t e i s on ly 
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124 PORPHYRINS: E X C I T E D STATES A N D DYNAMICS 

s l i g h t l y s p l i t (ΔΕ ( S I + S j ) « kT except f o r very shor t 
d i s tances between the par tners ( 16 ) ) . Th i s may be a l s o a reason 
f o r the i n s i g n i f i c a n c e of spec t ra l d i f f e r e n c e between the ADF and 
the PF from S i meta l l opo rphyr in s t a t e s . 

The f o l l ow i ng conc l u s i on of the theory (16) i s extremely 
impor tant . The r a d i a t i v e t r a n s i t i o n S 2 > S 0 i n a sandwich 
dimer i s f o rb i dden . In case of a dimer o f D^ symmetry, the 
t r a n s i t i o n S 2 (4Eg) > SQ (A ig) i s forb idden because of 
p a r i t y . There i s no p r i n c i p l e d i f f e r en ce i n the s p l i t t i n g nature 
o f S 2 and S i s t a t e s f o r sandwich type dimers w i th l e s s e r than 
D^ symmetry and the S 2 > S 0 t r a n s i t i o n remains 
quasi f o rb i dden . Th i s makes i t p o s s i b l e to e xp l a i n low P 2 va lues 
obta ined i n [16) by a decrease o f the S 2 > S Q t r a n s i t i o n 
r a d i a t i v e p r o b a b i l i t y , i . e . , by decreas ing or S 2 > S 0 

f l uo rescence quantum y i e l d i n d imer ic TTA complexes. In the case 
of non-sandwich dimer s t r u c t u r e s w i th l o c a t i o n o f subun i ts i n one 
p lane , the S 2 s t a te a l s o i s s p l i t i n t o two s t a t e s (h igh 2 B 2 U 

and low 2 B 3 M ) . However, two r a d i a t i v e t r a n s i t i o n s S 2 ( B 2 u ) 
> S 0 and S 2 ( B 3 U ) > S 0 are a l l owed . In t h i s case the 
observed decrease i n ADF i n t e n s i t y cannot be e xp l a i n ed . Dependence 
of ADF spec t r a l s h i f t on so l ven t type (see Table I I ) a l s o conf i rms 
the co r rec tness of a TTA complex sandwich s t r u c t u r e : the s h i f t 
decreases when so l ven t s which are ab le to coo rd ina te w i th metal 
c en t r a l atoms are used. Here, an e x t r a - l i g a n d i s being c rea ted 
perpend i cu la r to the plane o f porphyr in r i n g ( p y r i d i n e , 
d imethyl formamide). E x t r a - l i g and presence c rea tes s t e r i c 
obs tac l e s f o r porphyr in macrocyc les to draw together and as a 
r e s u l t of t h i s i n t e r a c t i o n between the subun i ts the corresponding 
s p l i t t i n g energy A E ( S£ - S 2 ) decreases . 

Along w i th the expe r imen ta l l y determined ADF spec t r a l s h i f t i t 
has been found t ha t f o r ZnTPP some ADF spec t r a l narrowing takes 
p lace as compared to the PF spec t ra (see Table I I ) . I t seems t ha t 
the inhomogenous broadening caused by d i f f e r e n t l o c a t i o n s o f the 
phenyl r i ng s w i th r espec t to the porphyr in macrocyc le plane (17) 
has i t s impact on the width o f te t ra-meso-pheny lporphyr in spec t r a l 
bands. I t i s ev iden t t ha t when two ZnTPP molecu les converge i n a 
sandwich dimer the freedom of phenyl r i n g r o t a t i o n i s r e s t r i c t e d 
and t h i s decreases inhomogeneous broadening. With e x t r a - l i g and 
presence which obs t ruc t s c l o s e convergence o f macrocyc le p lanes the 
r o t a t i o n a l freedom does not decrease and t h a t i s why f o r ZnTPP i n 
p y r i d i n e spec t ra l narrowing i s not observed. 

In general d e a c t i v a t i o n o f t r i p l e t e x c i t e d molecu les i s 
determined by the k i n e t i c equat ion: 

where k m i s the t o t a l r a t e constant o f monomolecular decay and 
impur i t y quenching, where k m = k a - TTA. Data obta ined about 
the nature of e x c i t e d s i n g l e t s t a t e c r e a t i o n dur ing TTA processes 
and ideas concern ing TTA mechanisms which have been de r i ved on the 

d [T ] 
I 

- a t — 
- k [T ] • k [T ] 

m l a I 
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8. S T E L M A K H A N D T S V I R K O Triplet-Triplet Annihilation 125 

bas i s of ana lyses o f magnetic f i e l d e f f e c t s on the ADF (see (8 ,9) 
and re fe rences to them) make i t p o s s i b l e to imagine a scheme ôT~ 
porphyr in TTA i n the f o l l ow i n g way: 

k 6 

T l < X 

kd 

s 0 + h 

k l 
(4) 

T l + Ίι 5 Z ± ( T i T 1 ) * - l i - > 1 ( S 2 S 0 ) ^ ( S i S o J - ^ Z - y S i + s 0 

k-d 
k f 2 k f l 

Ψ Ψ 1 
( S 0 S 0 ) + h 2 ( S 0 S 0 ) + h λ S 0 + h χ 

Here ( Τ ^ ) * i s the encounter complex o f two t r i p l e t 
molecules o r , i n other words, a t r i p l e t p a i r w i th energy 2E7. 
capable of d i s s o c i a t i n g back i n t o two t r i p l e t molecu les o r wnich 
may undergo int racomplex r e l a x a t i o n ( sp in exchange, v i b r a t i o n a l 
r e l a x a t i o n , e l e c t r on t r a n s f e r ) c r e a t i n g , f o r i n s t an ce , e i t h e r 
s i n g l e t , or t r i p l e t , or qu i n t e t dimers ( 8 , 9 ) , or i o n - r a d i c a l p a i r s 
( 1 8 ) . 

1 ( s 2 S o ) i n the scheme (4) denotes s i n g l e t e x c i t e d dimer 
and X i s any other e n e r g e t i c a l l y a l lowed s t a t e o f the r e l a xa t ed 
t r i p l e t p a i r . Intermediate stages o f t r i p l e t p a i r r e l a x a t i o n may 
be compl i cated but the on ly important t h i ng to be mentioned i s t ha t 
one o f i t s f i n a l stages may be once again a molecule i n the T^ 
s t a t e (both through S i s t a t e and bypass ing i t ( 8 ) ) . 

Ana l y s i s o f k i n e t i c equat ions f o r the scheme (4) t ak i ng i n t o 
account s t eady-s ta te concent ra t i ons l eads to the f o l l ow i n g r e l a t i o n 
between the TTA r a t e constant k a and cons tant k d , the d i f f u s i o n 
encounter r a t e : 

I 
k = k [ I - 2 (Q φ - R)] (5) 

a d t 

where 
k 

Q = T (k + k 4 (6) 
ρ I 3 k + k + k 

4 5 6 

i s the p r o b a b i l i t y o f S x s t a t e c r e a t i o n from the t r i p l e t p a i r 
( T i n ) * , i . e . , p r o b a b i l i t y o f S i s t a t e c r e a t i o n per s i n g l e 
encounter of two t r i p l e t mo lecu les: 
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k 
R = ( 2 k + k 6 (7) 

ρ -d 3 k + k + k 
4 5 6 

i s p r o b a b i l i t y of T i s t a t e c r e a t i o n from the t r i p l e t p a i r 
bypass ing the S i s t a t e : 

= I 
τ ρ k + k + k (8) 

-d I 3 

i s l i f e t i m e of non-re laxated t r i p l e t p a i r (Τι"Γι)*: 

#t = quantum y i e l d o f S i / v v * T"i i n te r sys tem 
c r o s s i ng 

Equat ion (5) r e f l e c t s a wel l-known exper imenta l f a c t t h a t TTA 
r a t e constant i n l i q u i d s o l u t i o n s i s u sua l l y l e s s than t ha t of 
d i f f u s i o n ra te ( f o r t e t r a p y r r o l i c pigments, f o r i n s t an ce , k a = 
(0.2 - 0.4) kd [ 1 9 ] . 

Q p r o b a b i l i t y i s l i n k e d w i t h P a p r o b a b i l i t y o f S i e x c i t e d 
molecule c r e a t i o n a t a n n i h i l a t i o n of two t r i p l e t molecu les {§) by 
the s imple r e l a t i o n : 

P a k a = Q kd (9) 

Some q u a n t i t a t i v e conc lus i ons on TTA processes can be made 
a f t e r examinat ion o f the concre te case o f ZnTPP - a porphyr in which 
i s w ide ly used i n photochemical r e sea r ch . For ZnTPP i n to luene 
kg = 3.109-1- s e c - m o l e - 1 (19 ) , P a = 0.24 ( 6 ) , kd = 1.1 ' 
1010 . ι . sec «mole-l ( c a l c u l a t e d accord ing ί ο the standard 
equat ion kn = 8RT/3 η ( 10 , 13 ) ) . Then from (5) and (9) we get Q = 
0.065 and R = 1.4. Combined a n a l y s i s o f the equat ions (6) and (7) 
t ak i ng i n t o account concrete p r o b a b i l i t y va lues f o r Q and R and 
obvious i n e q u a l i t i e s : 

ki > 0 and 0 £ k4 + k6 £ k4 + k5 + k6 (10) 

leads to the f o l l ow i ng r e l a t i o n s between k i and constants 
and the reverse d i f f u s i o n r a t e constant k_d = T

c

- 1 : 

k 3 > 3.5 ki ( ID 

0.43 k_ d < ki + k3 < 1.1 kd (12) 

and a l so k 
4 < 2 (13) 

k + k + k 
4 5 6 
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8. S T E L M A K H A N D T S V I R K O Trip let-Trip let Annihilation 127 

The equat ions (11) - (13) i n d i c a t e t ha t r e l a x a t i o n of the 
t r i p l e t p a i r (Τ^Τι)* through an in te rmed ia te s t a t e X, i . e . 
bypass ing 1 ( S 2 S 0 ) , i s the important process but the 
e f f i c i e n c y of S i molecule c r e a t i o n from X i s low. The equat ion 
(12) makes i t po s s i b l e to est imate the (TiT^)* p a i r l i f e t i m e . 
For ZnTPP i n to luene (when Τ = 293 Κ; η = 0.6 Χ ΙΟ" 3 gm cm" 1 

s e c - 1 ; r = 0.55 nm; d = 0.57 nm) we get from (1) and (2) k_d = 
2.5 · 1 0 1 0 s _ 1 and cor respond ing ly from (8) and (12 ) , 20 ps 
<_ τ ρ _<30 ps . 

Assuming tha t k i and k3 are l i n k e d w i th each o ther by s p i n -
s t a t i s t i c a l p r o b a b i l i t i e s 1/9 and (3+5)/9, i . e . , 8k i = k3, i t 
i s easy to get k i >_ k3 k4/(k4 + ks + ks) from ( 6 ) , (7) 
and (10) . I t means t ha t the ZnTPP S i e x c i t e d molecule i s c rea ted 
by TTA process predominant ly by r e l a x a t i o n of the t r i p l e t p a i r 
through an upper e x c i t e d s t a t e o f the d imer i c complex, i . e . , P 2 

va lues may be qu i t e h igh (0.5 P a <_ P 2 <. P a ) -
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Triplet-State Decay Rate Constants of Porphyrin 
in the Presence of Carotenoids 
A n Electron Paramagnetic Resonance and Electron Spin Echo Study 

L. D. Kispert1, J. Joseph1,3, C. Lin2, and J. R. Norris2 

1Department of Chemistry, University of Alabama, Tuscaloosa, AL 35486 
2Chemistry Division, Argonne National Laboratory, Argonne, IL 60439 

EPR and ESE study of the triplet-state decay of 1 mM 
tetraphenylporphyrin (TPP) in a 1:1 ethanol/toluene or 
micellar frozen glass at 4 Κ containing 1 mM of either 
trans β-carotene, β-8'-apocarotenal or canthaxanthin 
show that carotenoids with carbonyl functional groups 
increase the triplet-state decay rate constant of the 
porphyrin. No effect is observed in the presence of 
trans-β-carotene which does not contain a carbonyl 
functional group. Similar measurements on 
tetraphenylporphyrin tetrasodium sulfonate (TPPS) in a 
water/glycerol glass containing crocetin shows the 
same trend. The triplet-state decay rate constants, 
were determined by EPR methods by noting the phase 
angle of the modulated Hg/Xe light source required for 
maximum EPR signal relative to a standard reference 
phase. More accurate decay rate constants were 
determined by ESE measurements using the 530 nm light 
from the output of a frequency doubled Nd:YAG laser. 

Cartenoids are one of the most widely distributed natural pigments. 
These polyenes are considered to be essential for photosynthesis 
( 1 , 2 ) and in a l l green plants and algae carotenoids occur along with 
chlorophyll, a magnesium complex of porphyrin. It is believed that 
in the photosynthetic apparatus, carotenoids play a dual r o l e , on 
the one hand as a l i g h t harvesting antenna ( 1 ) , and on the other as 
a photoprotect device (2) to shield the plant tissues from the 
le t h a l effects of singlet oxygen formed during photosynthesis. 
Therefore i t is obvious that studying the nature of the interactions 
between porphyrins and carotenoids would not only shed more light on 
the intricacies of photosynthesis but may also lead to the design of 
better solar energy converters. 

J Current address: Nat ional Biomedical E S R Center, The Medica l College of Wisconsin, 
8701 Watertown Plank R o a d , Mi lwaukee , W I 53226 

0097-6156/ 86/0321 -0128S06.00/ 0 
© 1986 Amer i can Chemical Society 
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9. KISPERT ET A L . Triplet-State Decay Rate Constants of Porphyrin 129 

Recently i t has been reported (3) that in a t r i a d molecule 
where a porphyrin is juxtaposed between a carotenoid and a quinone, 
a charge transfer donor-acceptor pair with a l i f e t i m e s i m i l a r to 
that found experimentally in b i o l o g i c a l systems was produced on 
l i g h t i r r a d i a t i o n . It was suggested that an e l e c t r i c a l potential 
s i m i l a r to the type developed in this donor-acceptor pair may be 
important i n d r i v i n g the chemical r e a c t i o n s i n n a t u r a l 
photosynthesis. 

The t r i p l e t - s t a t e of carotenoids has been very d i f f i c u l t to 
observe by EPR i n a r t i f i c i a l systems ( i n v i t r o ) since the singlet 
excited states are found to be extremely short lived (4,5), making 
i t not possible to populate a triplet-state by intersystem crossing 
(ISC). The only instance where the triplet state of ̂ -carotene has 
been observed i n v i t r o by EPR has been in detergent micelles and 
phospholipid vesicles by Frank et a l (6). Unfortunately, the EPR 
spectra are extremely weak, making i t d i f f i c u l t to study in detail. 
Nonetheless, carotenoid tripl e t states can be formed and are being 
studied by EPR (in vivo) in photosynthetic bacteria where the 
carotenoid triplets are possibly formed by t r i p l e t - t r i p l e t transfer 
(6̂ ) or by other processes (7). The carotenoid t r i p l e t state l i f e 
time i s rather short (e.g. 9 ys for β-carotene in benzene solution 
(8)) compared to most molecules studied by EPR. F l e x i b i l i t y and 
twisting of the long molecules may provide the pathway for the 
radiationless deactivation of their t r i p l e t s (9). Although the 
t r i p l e t state of carotenoids are d i f f i c u l t to study by EPR, the 
triplet state of porphyrins have been studied in great detail by EPR 
(10). Using a modulated light source, one can eliminate the spurious 
radical signals from the porphyrin triplet-state EPR spectrum (11). 
By taking note of the phase angle of the modulated l i g h t required 
for the most intense EPR t r i p l e t - s t a t e l i n e for the x, y and ζ 
components at high modulation frequency and low microwave power, the 
k x, k and k z triplet decay rate constants can be determined (12). 
Normally, the phase angle is calibrated by knowing the value for one 
of the levels. The triple t state decay rate contants for the x, y 
and ζ levels and the population rates have been determined for TPP 
in several solvents by ODMR measurements (13). It has been shown 
that t y p i c a l l y the 6 lin e EPR spectrum of a frozen glass at short 
observing times has line intensities that alternate ea weae wa, where 
"e" means emission, "a" means absorption and w means weak. The 
relative emission or absorption characteristic is very dependent on 
phase angle at a given modulation frequency. At a modulation 
frequency of 16 Hz and at a temperature near the melting point of 
the glass, the EPR spectrum exhibits a l l transitions in the 
absorption mode while at a modulation frequency of 1000 Hz the six 
line EPR spectrum exhibits the ea weae wa pattern. At low modulation 
frequency, the long time i n t e r v a l between pulses allows the spin 
system to relax to that given by a Boltzmann d i s t r i b u t i o n (14). 
Despite the fact that the carotenoid-porphyrin interaction is very 
s i g n i f i c a n t in photosynthesis, there has been no report on the 
effect of carotenoid or on the porphyrin t r i p l e t state in frozen 
glasses. Here we report results of EPR and electron spin echo (ESE) 
studies on how the t r i p l e t state of porphyrin i s affected by the 
presence of a cartenoid in binary systems. 
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130 PORPHYRINS: E X C I T E D STATES A N D DYNAMICS 

Experimental 

The carotenoids, trans -|3-carotene (Sigma), I ; canthaxanthin (Fluka), 
I I ; 3 - 8 , - a p o c a r o t e n a l ( F l u k a ) , I I I ; and c r o c e t i n (Sigma), IV were 
used i n t h i s study (see s t r u c t u r e ) . Of the above four carotenoids, 
only c r o c e t i n i s water s o l u b l e . The porphyrins; 5,10,15,20-tetra-
phenyl-2lH,23H-porphine (TPP) and 5,10,15,20-tetra-(4-sodiumsulfonato-
phenyl)-21H,23H-porphine, TPPS were obtained from A l d r i c h . TPPS i s a 
water s o l u b l e porphyrin. Carotenoids I - I I I were used as s u p p l i e d , 
however c r o c e t i n was p u r i f i e d according to published methods (15) j u s t 
p r i o r to use. 

Samples of a 1:1 ethanol/toluene solvent mixture containing 1 
mM each of porphyrin and carotenoid were made up i n 4 mm pyrex EPR 
tubes. Care was taken to p r e p a r e the samples i n the absence of 
oxygen and d i r e c t l i g h t . C r o c e t i n and TPPS were d i s s o l v e d i n a 1:1 
w a t e r / g l y c e r o l mixture to a concentration of 1 mM each. Carotenoids 
were a l s o d i s s o l v e d i n a detergent m i c e l l e using IGEPAL CO 630 (GAF) 
f o l l o w i n g the procedure of Frank et a l (6). A l l these samples formed 
gl a s s y matrices on f r e e z i n g . The same samples made up i n s u p r a s i l 
quartz tubes were used f o r ESE measurements. 

EPR s p e c t r a were r e c o r d e d on an X-band V a r i a n E-12 
spectrometer. The f i e l d was c a l i b r a t e d using NMR markers and the 
microwave frequency was measured w i t h a H/P 5 246L frequency counter. 
EPR measurements were c a r r i e d out at 110 Κ using a Varian v a r i a b l e 
temperature accessory. A 1 kW Hg/Xe lamp housed i n a model LH 151/2 
Kratos u n i v e r s a l housing was used as the l i g h t source and the beam 
was passed t h r o u g h s e v e r a l i n c h e s of d i s t i l l e d w a t e r i n a pyrex 
container to e l i m i n a t e most of the UV and i n f r a r e d r a d i a t i o n before 
r e a c h i n g the sample i n the EPR c a v i t y . The l i g h t was modulated 
e l e c t r o n i c a l l y by m o d u l a t i n g the PRA model 301 lamp power s u p p l y 
w i t h a Wavetek model 111 v o l t a g e c o n t r o l l e d f r e q u e n c y o s c i l l a t o r . 
The EPR s i g n a l was double frequency detected, f i r s t at 100 kHz (EPR 
f i e l d modulation) and secondly, at the l i g h t m o d u l a t i o n f r e q u e n c y 
using an EG and G l o c k - i n a m p l i f i e r model 128 A. ESE measurements 
were c a r r i e d out at 4 Κ using 530 nm l a s e r l i g h t and d e t a i l s of the 
s p e c t r o m e t e r are g i v e n e l s e w h e r e ( 16). N u c l e a r Overhauser e f f e c t 
(NOE) studies of the carotenoid on the porphyrin i n a binary mixture 
were c a r r i e d out u s i n g a N i c o l e t NT-200 m u l t i - n u c l e a r 200 MHz 
superconducting NMR spectrometer. 

Results 

The phase angle f o r maximum EPR i n t e n s i t y of the t r i p l e t - s t a t e at a 
m o d u l a t i o n f r e q u e n c y of 16 Hz and at 4 K, was observed to change 
upon the a d d i t i o n of c a r o t e n o i d s I I or I I I to a sample c o n t a i n i n g 
TPP or c a r o t e n o i d IV to a sample c o n t a i n i n g TPPS. A c c o r d i n g to 
E q u a t i o n s 1 and 2 the v a r i a t i o n i n phase angle (14), θ, i n d i c a t e s 

ρ # 

N ± = sin(a)t + t a n " 1 — ) (1) 
(k? + ω 2 ) 0 · 5 k. 

ω 
tan θ = — (2) 

k i 
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132 PORPHYRINS: E X C I T E D STATES A N D DYNAMICS 

that a change has occurred in k^, the k i n e t i c decay rate constant 
for the i t h t r i p l e t - s t a t e l e v e l . Equations 1 and 2 assume that 
spin-lattice relaxation time, T-̂ , is not competitive; ie. 1/Τι«ω» 
The i n t e n s i t i e s of the EPR transitions are of course dependent on 
the differences in the spin population of the i triplet-state 
level. in turn depends on Pi, the relative populating rates for 
the i l e v e l , k ^ the k i n e t i c decay rate constant for the i 
triple t state level; and ω, the light modulation frequency at time 
t. Since frequency ω i s the known audio o s c i l l a t o r frequency, the 
rate constants k^ can be measured by noting the phase angle 
relative to a reference light signal at which the maximum EPR signal 
occurs (12,14). This change i n phase i s depicted in Figure 1 as a 
variation in the relative intensity of the high and low f i e l d x, y, 
and ζ components of the porphyrin t r i p l e t - s t a t e as a function of 
carotenoid since the spectra were recorded using the phase angle 
that gave the most intense components at a modulation frequency of 
16 Hz for TPP at 4 K. The relative intensity ratio of the low f i e l d 
to the high f i e l d ζ component varied from 2.3 for I to 1.8 for II to 
1.1 for III and for the y component from 1.5 for I to 1.2 for II and 
III. The emission character of the high f i e l d χ component appears 
to decrease from I to III and II. The e a w e a e w a spectra int e n s i t y 
pattern at low (16 Hz) modulation frequencies normally expected has 
an asymmetry between the height of the low f i e l d emission (e) line 
(z) to that of the high f i e l d absorption (a) l i n e (z). At low 
modulation frequencies, T^ causes the (a) l i n e s to have some (e) 
character and the (e) lin e s to be more intense. At low modulation 
frequencies, small changes in k^s w i l l produce variations in a l l 
line intensities when the phase angle for the maximum intensity of 
one line is used as a reference point. 

This change in the triplet decay rate constant was verified by 
ESE measurements where spin l a t t i c e relaxation effects can be 
minimized from the decay rate constant measurements (14). Observed 
decay rate constants are given in Table I for the y t r i p l e t l e v e l 

Table I. The triplet-state decay rate constants*, k , (s" 1), for 
TPP and TPPS in the presence of carotenoids 

Porphyrin Carotenoids 
Medium None 3-carotene Apocarotenal Crocetin 

TPP 
EtOH/Tol 957(3) 760(3) 2090(115) 

TPP 
Micelle 608(1) 581(18) 873(36) 

TPPS 
H^O/glycerol 432(12) 401(9) 532(72) 
it -

ESE measurement at 4 Κ (Argonne National Laboratory). Numbers in 
parenthesis are the computed errors [(01) = ±1] from the ESE decay 
curves. The rate constants were derived from the reciprocal of the 
ESE measured lifetimes for the downfield y-component. 
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Figure 1. EPR triplet-state spectra of TPP in a toluene-ethanol 
glass at 10 Κ containing the indicated carotenoid. 
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(center l i n e s ) , A determination of the decay rate constant f o r the 
χ and ζ l e v e l s were not measured f o r any samples due to the poor ESE 
s i g n a l t o n o i s e f o r s a m p l e s c o n t a i n i n g a p o c a r o t e n a l and 
c a n t h a x a n t h i n . I t i s to be noted t h a t l i t t l e change o c c u r s i n k 
f o r TPP upon a d d i t i o n of ( 3 - c a r o t e n e . However a d d i t i o n or 
a p o c a r o t e n a l s i g n i f i c a n t l y i n c r e a s e d k f o r TPP i n e i t h e r an 
EtOH/toluene or a m i c e l l e medium, k f o r TPPS i n a H 2 0 / g l y c e r o l 
s o l u t i o n was not changed upon a d d i t i o n of the water i n s o l u b l e 
a p o c a r o t e n a l p r o b a b l y due to s o l u b i l i t y p r o b l e ms, however a 
s i g n i f i c a n t increase i n the decay rate constant d i d occur upon the 
a d d i t i o n of water s o l u b l e c r o c e t i n . 

I t i s to be noted t h a t k f o r TPP or TPPS i n c r e a s e s upon the 
a d d i t i o n of a c a r o t e n o i d c o n t a i n i n g a c a r b o n y l f u n c t i o n a l group. 
One p o s s i b l e mechanism f o r the increase i n k y could be the presence 
of a t r i p l e t - t r i p l e t energy t r a n s f e r . Therefore, attempts were als o 
made to detect the carotenoid t r i p l e t - s t a t e . Unfortunately none was 
o b s e r v e d f o r a m i x t u r e o f a p o c a r t e n a l and TPP i n a 1:1 
t o l u e n e / e t h a n o l f r o z e n g l a s s where the l a r g e change i n k y was 
observed nor upon r e p l a c i n g the apocartenal by 3-carotene. Further 
a t t e m p t s were t r i e d u s i n g v a r i o u s s i n g l e c r y s t a l s and powdered 
mixtures c o n t a i n i n g approximately 1% 3-carotene using various l a s e r 
s o u r c e s as the e x c i t a t i o n source ( T a b l e I I ) . I t was thought t h a t 
b e t t e r s i g n a l to n o i s e might be p o s s i b l e i n a s i n g l e c r y s t a l . 
C r y s t a l s c o n t a i n i n g t r i p l e t s e n s i t i z e r s such as naphthalene or 

Table I I . Attempts to Detect Carotenoid T r i p l e t - s t a t e by ESE* 

Sample Laser Source Results 

Frozen 1:1 ethanol/toluene 
g l a s s c o n t a i n i n g 1 mM 
3-carotene and TPP 

Nd:YAG-530 nm 
4 Κ 

No t r a n s i e n t carotene 
t r i p l e t - s t a t e 

Frozen 1:1 ethanol/toluene 
c o n t a i n i n g apocarotenal 
and TPP 

Nd:YAG-530 nm 
4 Κ 

No t r a n s i e n t carotene 
t r i p l e t - s t a t e 

P e l l e t - 2% 3-carotene 
i n rubrene (CH2CI2) 

C r y s t a l of C 6 H 5 - ( C H ) 6 - C 6 H c 
containing 3-carotene (<_l/0 

C r y s t a l of C 6 H 5 - ( C H ) 6 - C 6 H c 
c o n t a i n i n g 3-carotene (<_l/0 

Nd:YAG-355 nm 
3.7 K, 26 J 

No t r a n s i e n t carotene 
t r i p l e t - s t a t e 

488 nm Argon ion No t r a n s i e n t carotene 
0.4 watt CW t r i p l e t - s t a t e 

Nd:YAG 355 nm 
3.7 K, 26 J 

No t r a n s i e n t carotene 
t r i p l e t - s t a t e 

3-Carotene p e l l e t Nd:YAG-355 nm 
3.7 K, 26 J 

No t r a n s i e n t carotene 
t r i p l e t - s t a t e 

C r y s t a l of Benzophenone 
cont a i n i n g 3-carotene (<1%) 

Nd:YAG-355 nm 
3.7 K, 26 J 

No t r a n s i e n t carotene 
t r i p l e t - s t a t e 

*Spin Echo spectrometer f a c i l i t i e s at Argonne N a t i o n a l Lab. 
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p e l l e t s of rubrene and 3-carotene f a i l e d to produce any c a r o t e n e 
t r i p l e t s i g n a l s . E f f o r t s u s i n g e i t h e r EPR or ESE t e c h n i q u e s were 
a l s o t r i e d ( T a b l e s I I and I I I ) u s i n g h o s t s t h a t d i d not c o n t a i n 

T able I I I . A t t e m p t s to Observe T r i p l e t - S t a t e s of 3 - c a r o t e n e 
Doped i n Various Hosts by EPR Methods 

Host I r r a d i a t i o n Observed 

Durene C r y s t a l X-ray No t r i p l e t due 
to 3-carotene 

Durene C r y s t a l 

G l y c e r o l 

UV(CW) 
Hg Arc. 

UV 

( C 6 H 5 ) 2 ( C H ) 6 C r y s t a l 3 Κ UV 

( C 6 H 5 ) 2 ( C H ) 8 P e l l e t 3 Κ UV 

Naphthalene C r y s t a l UV 

Naphthalene + Durene UV 
c r y s t a l 

Benzophenone C r y s t a l UV(CW) 

3-Carotene C r y s t a l UV 
( s o i n CH 2C1 2) 

No t r i p l e t due 
to 3-carotene 

No t r i p l e t due 
to 3-carotene 

No t r i p l e t due 
to 3-carotene 

No t r i p l e t due 
to 3-carotene 

(Only naphthalene 
t r i p l e t s t a t e ) 

(Only naphthalene 
t r i p l e t s t a t e ) 

No t r i p l e t 

No t r i p l e t 

t r i p l e t s e n s i t i z e r s . However, i n a l l cases no t r i p l e t EPR spectrum 
such as reported by Frank et a l . (6) i n photosynthetic b a c t e r i a was 
observed from 3-carotene. T h i s f a i l u r e ( a t l e a s t f o r I I I i n the 
presence of TPP) i s presumably due to the c o n c e n t r a t i o n of 
carotenoid t r i p l e t being too low, a p o s s i b i l i t y i f the t r i p l e t - s t a t e 
l i f e t i m e i s on the o r d e r of 10 ps b e i n g p o p u l a t e d a t a 1 ms r a t e . 
On the o t h e r hand, the l i f e t i m e of the c a r o t e n o i d t r i p l e t i n the 
presence of porphyrin might be too short (< 50 ns) to be observed by 
ESE t e c h n i q u e s . The observed ESE s i g n a l to n o i s e r a t i o f o r the 
t r i p l e t - s t a t e y - l e v e l of TPP and I I I equaled 20/1. 

To d e t e r m i n e whether c a r o t e n o i d s c o n t a i n i n g c a r b o n y l groups 
a s s o c i a t e w i t h p o r p h y r i n i n s o l u t i o n , a nuclear Overhauser e f f e c t 
(NOE) experiment was c a r r i e d out. A s o l u t i o n c o n t a i n i n g ImM each of 
I I I and TPP i n a 1:1 m i x t u r e of 99% t o l u e n e - d g and 99% e t h a n o l - d 6 

gave r i s e to the NMR spectrum d e p i c t e d i n F i g u r e 2A b e f o r e 
s a t u r a t i o n of the methyl protons of I I I . Applying the s a t u r a t i n g r f 
pulse gave r i s e to the spectrum i n Figure 2B. The carotenoid methyl 
p e a k s a t 1.8-1.9 ppm a r e no l o n g e r o b s e r v a b l e , h o w e v e r t h e 
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difference spectrum in Figure 2C shows that the height of the phenyl 
protons in TPP located between 7.6 to 8.2 ppm are not changed. 
Unfortunately the absence of an NOE effect can be attributed to many 
di f f e r e n t conditions, so the presence of carotenoid - porphyrin 
association in solution can neither be proved nor disproved. 

Discussion 

The t r i p l e t state decay rate constant (k ) of TPP i s increased in 
the presence of the carotenoids apocarotenal and canthaxanthin but 
the addition of (3-carotene seems to have l i t t l e effect. In the case 
of TPPS i t is seen that the water insoluble apocarotenal has no 
effect whereas the water soluble crocetin increases k y as was 
expected. 

The triplet state of II in benzene solutions has been measured 
(17) o p t i c a l l y to have a l i f e t i m e of 3.8 ys. The t r i p l e t state of 
II plus those of other carotenoids were formed by pulse radiolysis 
of a benzene s o l u t i o n c o n t a i n i n g a c a r o t e n o i d (30 PM) and 
naphthalene (0.01 M) as a t r i p l e t s e n s i t i z e r . The naphthalene 
intercepted most of the excited states of benzene and yielded after 
a few ns a longer l i v e d naphthalene t r i p l e t that underwent energy 
transfer to acceptors of lower energy. The triplet lifetimes of the 
various carotenoids formed in solution f a l l in the range of 2-10 ys, 
a time e a s i l y observable by the ESE measurements. The f a i l u r e to 
observe carotene triplet states by ESE in the present study suggests 
that the t r i p l e t - s t a t e concentration is below the l i m i t of 
d e t e c t a b i l i t y . β-Carotene i s used (18) i n energy t r a n s f e r 
experiments because of i t s low triplet energy level, small triplet 
yield and intense triplet absorption band. Because of the Intense 
absorption band, the presence of a triplet has been usually detected 
o p t i c a l l y (8,19,20). Assuming the y i e l d of carotene t r i p l e t is 
below the s e n s i t i v i t y of our ESE measurements the most probable 
mechanism by which the t r i p l e t state l i f e t i m e of porphyrin was 
decreased is by a t r i p l e t - t r i p l e t energy transfer from the triplet 
state of porphyrin to the carotenoid. For this to happen the 
molecule in the frozen glasses must l i e within close association to 
each other, (since d i f f u s i o n processes would be too slow) a 
p o s s i b i l i t y in frozen glasses i f the carbonyl group of the 
carotenoid i s hydrogen bonded to the N-H group of the porphyrin. 
The possibility of hydrogen bonding is consistent with the absence 
of any interaction with 3-carotene which has no carbonyl functional 
groups. Unfortunately, the NOE experiments failed to confirm this 
assumption. Furthermore the carotenoids with carbonyl groups allow 
the t r a n s i t i o n S > T n π * which i s more favored than the 
corresponding S > Τ π ^ pathway possible in 3-carotene having no 
non-bonding electrons. 

It has also been observed ( 19) that r e t i n a l t r i p l e t - t r i p l e t 
absorption in hexane can be observed in the absence of a sensitizer 
because the presence of a carbonyl group that gives r i s e to a pair 
of singlet and triplet η,π* states which l i e intermediate in energy 
between the π, τι* singlet and π,π* t r i p l e t states. It i s assumed 
that the π, π* singlet decays to the η,π* singlet state followed by 
intersystera crossing to the η,π* triplet followed by rapid internal 
conversion to the ττ,π* triplet. However a similar study (8) with 
II and III in solution found no transient absorption in the absence 
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(A) Before NOE expt. 

ο rri 
(C) Difference (B-A) 

10 9 8 7 6 5 4 3 2 1 0 

Figure 2. The proton NMR spectra of a 1 mM mixture of 
apocarotenal and TPP in a toluene-dg/ethanol-d^ 1:1 solvent, (A) 
before the NOE experiment, (B) NOE spectrum, and (C) difference 
of (B) and (C). 
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of a s e n s i t i z e r suggesting that the longer polyeneals had the η,π* 
s i n g l e t s t a t e s above the π,ττ* s t a t e s . I t i s known (8) t h a t n ormal 
s i n g l e t and t r i p l e t a b s o r p t i o n s p e c t r a are s h i f t e d to l o n g e r 
wavelengths w i t h i n c r e a s i n g chain length. Unfortunately, i t i s not 
known what e f f e c t the presence of ethanol/toluene as a solvent has 
on the energy l e v e l s i n the carotenoid/TPP or TPPS system. However, 
i t would appear that η,π* s i n g l e t and t r i p l e t s t a t e s do play a r o l e 
i n the t r i p l e t - t r i p l e t energy t r a n s f e r i n the carotenoid/porphyrin 
binary system. 

The k i n e t i c decay r a t e c o n s t a n t of the y - t r i p l e t l e v e l 
d e t e r m i n e d by ESE measurements and r e p o r t e d i n Table I can be 
converted to the equivalent l i f e t i m e . This l i f e t i m e equals 1.05 ms 
f o r TPP i n a 1:1 m i x t u r e of t o l u e n e and e t h a n o l as the s o l v e n t . 
T h i s i s c o n s i s t e n t w i t h ODMR measurements ( 13) of the same l e v e l 
f o r TPP i n η-octane where the l i f e t i m e equaled 1.45 ms. 

Conclusion 

I t i s found t h a t c a r o t e n o i d s w i t h c a r b o n y l f u n c t i o n a l groups 
increase the t r i p l e t decay rate constants of the porphyrins TPP or 
TPPS i n frozen toluene/ethanol glasses p o s s i b l y by t r i p l e t - t r i p l e t 
t r a n s f e r . The t r i p l e t - t r i p l e t t r a n s f e r could be f a c i l i t a t e d by the 
presence of hydrogen bonding between carotenoids containing carbonyl 
groups and the p r o p h y r i n s . C a r o t e n o i d s w i t h no p o l a r f u n c t i o n a l 
groups l i k e g-carotene do not i n t e r a c t w i t h p o r p h y r i n so as to 
a f f e c t the t r i p l e t l i f e time of the l a t t e r . 
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Electron Paramagnetic Resonance Study 
of Dimerization Effects on Porphyrins 
in the Photoexcited Triplet State 
Hans van Willigen, T. K. Chandrashekar1, U. Das, and Marie H. Ebersole 

Department of Chemistry, University of Massachusetts at Boston, Boston, MA 02125 

An EPR study is made of the effect of dimerization on the 
photoexcited triplet state of a series of porphyrins. The 
systems of interest are tetra(benzo-15crown-5)porphyrin 
(TCP), tetra(4-sulfonatophenyl)porpliyrin (TPPS), tetra(4-
trimethyl-ammoniumphenyl)porphyrin (TTAP), and Zn
-substituted derivatives of these porphyrins. Dimerization 
of TCP and ZnTCP can be induced by addition of cations. 
In aqueous solution TPPS and ZnTPPS are present in the 
form of monomers and dimers. Finally, admixture of TPPS 
(ZnTPPS) and TTAP (ZnTTAP) leads to dimer formation. 

The study of these systems is concerned with the 
question of whether or not dimerization effects on zero 
field splitting (zfs) and kinetic parameters of the 
photoexcited triplet state can be related to dimer 
geometry. In the case of ZnTCP dimerization effects can 
be interpreted in terms of fast triplet excitation energy 
transfer between dimer constituents. This means that 
there is a well-understood relationship between 
dimerization effects and dimer geometry. The data on the 
other systems best fit a model in which the excitation 
energy is localized on one of the porphyrin rings. 
Dimerization induced changes in zfs and kinetic 
parameters in this case must be attributed to a 
perturbation of porphyrin structure and do not give an 
insight into dimer geometry. 

Zero f i e l d splitting (zfs) values in photoexcited triplets of primary 
donor bacteriochlorophyll a in photosynthetic bacteria are much lower 
than those found for in vitro BChla t r i p l e t s . There is a pronounced 
difference in kinetics of population and depopulation of the tri p l e t 
sublevels as well. The differences have been attributed to the 
effect of BChla dimerization and i t is now generally accepted that 
the primary electron donor in photosynthetic bacteria consists of a 
BChla dimer (special pair) (1-6̂ )· 

The data on the photoexcited triplets are a potential source of 
structural information. Specifically, dimerization effects on zfs's 
and kinetics may be of aid in the characterization of special pair 

'Current address: Department of Chemistry, Mich igan State University, East Lansing, 
M I 48824 

0097-6156/86/0321-0140$06.00/ 0 
© 1986 Amer i can Chemical Society 
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10. VAN W1LLIGEN ET A L . Dimerization Effects on Porphyrins 141 

geometry and electronic structure (2-6). To obtain an insight into 
the relation between spectroscopic data and structure, studies are 
made of photoexcited triplets of model dimer systems. The studies 
focus on covalently-1inked chlorophylls(7) and porphyrins(8) as well 
as dimers formed by spontaneous aggregation of tetrapyrroles (9-13). 
This paper is concerned with results of studies of model systems 
belonging to the latter category. 

The molecules of interest are tetra(benzo-15-crown-5)porphyrin 
(TCP, I), tetra(4-sulfonatophenyl)porphyrin (TPPS, II), and tetra(4-
trimethylammoniumphenyl)porphyrin (TTAP, III).(See Structure.) 

TCP and i t s metal-substituted derivatives can be made to 
dimerize quantitatively by the addition of cations (NH 4

+, K+, Cs +, 
Ba ) to solutions of these porphyrins (14). The stoichiometry of 
the dimerization reaction establishes that two porphyrins are linked 
by four crown-cation-crown bridges (14). This forces the porphyrins 
in a parallel configuration. For steric reasons, one ring system 
must be rotated relative to the other. EPR (14) and ENDOR (15) 
studies of the ground state tripl e t [CuTCP]2 and [VOTCP]2 dimers f i t 
a model of two parallel porphyrins with the transition metal ions 
positioned on a common axis perpendicular to the planes, with a 
center-to-center distance of 0.43 nm. 

UV-VIS spectroscopic studies (9-11,16) establish that in 
aqueous solution TPPS (and its metal-substituted derivatives) is in 
equilibrium with [TPPS]2» Dimerization can be promoted by increasing 
the ionic strength of the solution or by addition of cation-18crown6 
(9-11) The EPR spectrum of CuTPPS in frozen H 20-glycerol establishes 
the presence of a mixture of monomers and dimers. The EPR spectrum 
of [CuTPPS]2 shows that the Cu-Cu distance is ~ 0.56 nm. 

The combination of cationic (TTAP) and anionic (TPPS) water 
soluble porphyrins also leads to the formation of a stable 1:1 
complex [TTAP/TPPS] (13,17). It is evident that dimerization is 
promoted by electrostatic interaction between the oppositely charged 
substituents. It is l i k e l y , therefore, that a face-to-face dimer is 
formed. EPR spectra of the [CuTTAP/CuTPPS] dimer indicate that the 
Cu-Cu distance is larger than 0.6 nm. 

The study of these face-to-face dimers is concerned with the 
question of whether or not dimerization effects on zfs and kinetic 
parameters of the photoexcited t r i p l e t state can be related to dimer 
structure. 

Experimental 

TPPS (sodium salt) was obtained from Strem Chemicals and used as 
received. TTAP and some of i t s metal-substituted derivatives were 
kindly by Dr. E. Ojadi of Brandeis university. The other porphyrins 
used in this study were synthesized following published procedures 
(14,18). 

EPR spectra were recorded with a Varian E9 X-band spectrometer 
using f i e l d (100 kHz) and light (13 or 83 Hz) modulation with phase-
sensitive detection at the modulation frequencies (19). Typically, 
the f i e l d modulation amplitude employed ranged from 20 to 40 gauss, 
the microwave power from 0.1 to 0.5 mW. Measurements were performed 
on frozen solutions of the porphyrins at about 100 Κ using the 
standard Varian variable temperature accessory or at about 10 Κ with 
an Oxford Instruments helium gas cryostat. Light sources used for 
photoexcitation were a 1000 W Xe arc source powered by a 
Photochemical Research Associates Supply with electronic modulation 
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capability and Spectra Physics argon (514.5 nm, 0.5 W) or krypton 
(647.1 nm, 0.5 W) lasers. Optical absorption spectra were recorded 
with a Cary 14 and fluorescence spectra with a Perkin-Elmer 650-40 
spectrometer. A Nicolet 1180E computer interfaced to the Varian and 
Cary spectrometers was used for data acquisition and analysis. The 
kinetics of formation and decay of tr i p l e t ESR signals was recorded 
by exciting with square-wave-modulated light. The computer, used in 
the time-averaging mode, was triggered at the light-on edge, and the 
EPR signal amplitude vs. time profile was stored in a IK memory 
block. 

Results 

Optical spectra 

Dimerization effects on absorption and emission spectra of TCP are 
shown in Figures 1 and 2. Similar effects are observed upon 
dimerization of ZnTCP (12), formation of [TPPS/TTAP] and 
[ZnTPPS/ZnTTAP] (Γ7). It is found that dimerization is accompanied 
by (a) a blue shift of the Soret band, (b) red shifts of the Q bands, 
(c) red shift of the fluorescence maximum, and (d) strong quenching 
of fluorescence. Optical spectra of face-to-face covalently-1inked 
diporphyrins show the same trends (20,21)· However, in one instance 
formation of a covalently-1inked diporphyrin does not lead to a Soret 
band shift (22). Of the systems considered here, [TPPS]2 and 
[ZnTPPS]2 also f a i l to show a Soret shift even though the visible 
absorption bands and fluorescence show clear evidence of dimer 
formation (10). A summary of observed dimerization induced 
absorption band shifts is given in Table I. 

EPR spectra 

The EPR spectrum of the photoexcited tr i p l e t of TCP randomly oriented 
in frozen solution, recorded with 83-Hz light modulation at 10 K, is 
shown in Figure 3a. The effect of addition of Na+ or K + to the TCP 
solution is illustrated in Figure 3, b and c, respectively. In 
general, EPR spectra of randomly oriented triplets w i l l show three 
pairs of peaks (23) (labeled x, y, ζ in Figure 3). One pair for each 
of the three orientations for which the magnetic f i e l d is parallel to 
a principal axis (x, y, z) of the zfs tensor. The separations 
between the pairs of lines are given by 2D and D + 3E, where D and Ε 
are the zfs parameters (23). The spectra in Figure 3 show absorption 
as well as emission peaks as a result of the spin selectivity of the 
intersysten: crossing and the decay from the tr i p l e t sublevels 
(19,24). The observed pattern of absorption (A) and emission (E) 
peaks (marked in the figure) corresponds to that found for other 
tetraphenylporphyrin (TPP) triplets (9,10,25). It can be attributed 
to preferential population of the zero-field T y sublevel (24) 
(following convention the order of the energy levels is given as Τ χ > 
Τ > T z ) . It is evident that the introduction of sodium ions (which 
does not cause dimerization (14)) does not affect the values of the 
zfs parameters. It merely causes some enhancement in signal 
amplitude which may be the result of a slight reduction in line 
width. On the other hand, upon addition of ET+ (i.e. dimerization 
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400 450 500 550 600 650 nm 

Figure 1. Optical absorption spectra of TCP (Soret, 3 χ 10~6 M; 
Q bands, 6 χ 10 5 M) in CH^Cl-CE^OH (1:1): (a) before and (b) 
after addition of KC1 (~ 10 4M). The vertical scale is based on 
nonomer concentration. 
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Figure 2. Fluorescence spectra of TCP (10~° M) in CH3CI-CH3OH 
( 1 : 1 ) (a) before addition of KC1, excitation wavelength λ β χ = 
426 nm, and (b) after addition of EC1 (~ 1<Γ 4 Μ) λ β χ = 412 nm. 
Slitwidth 5 nm. 
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T C P I O K 

325 350 mT 

Figure 3. Triplet EPR spectra of TCP (~ 10~* M) in C H 3 C I -
CH3OH recorded at about 10 K. Microwave power 0.5 mW, f i e l d 
modulation 20 G (100 kHz), excitation with square wave 
modulated (83 Hz) light of an argon laser (514.5 nm, 0.5 W). 
(a) No addition, (b) with NaCl (~ 5 χ ΙΟ"3 Μ), and (c) with 
KC1 (~ 5 χ 1 0 " M). Absorption and emission peaks have been 
labeled A and E. respectively. 
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(14) ) the original t r i p l e t EPR spectrum is replaced by a new 
spectrum, reflecting a reduction in value of both D and E. The 
addition also leads to a marked reduction in signal amplitude. The 
effect of dimerization of TPPS (9,10) and formation of 
[TPPS/TTAP] (13) on the t r i p l e t EPR spectra is very similar to that 
associated with [TCP] 2 formation. 

Figure 4 shows the t r i p l e t EPR spectra of ZnTCP and [ZnTCP]2 

recorded at 10 Κ (12^. The spectra reflect the absence of axial 
symmetry (D s 3E) which is attributed to a Jahn-Teller effect (24). 
[ZnTCP]2 formation has l i t t l e or no effect on D whereas the value of 
Ε is strongly reduced (cf. Table II). By contrast, triplet EPR 
spectra of [ZnTPPS/ZnTTAP] (13) and [ZnTPPS]2 (11) show no evidence 
of a dimerization effect on E. In the case of ZnTPPS dimerization 
leads to a reduction in D (11). As is illustrated in Figure 5, the 
tri p l e t EPR spectrum of [ZnTPPS/ZnTTAP] is v i r t u a l l y 
indistinguishable from the spectra of the monomer precursors. 

The t r i p l e t EPR spectra of the mixed dimers [ZnTPPS/TTAP] and 
[TPPS/ZnTTAP] also displayed in Figure 5 have the same 
characteristics as the free base dimer spectra (cf. Figures 3 and 5). 
A summary of the values of tripl e t parameters derived from the 
spectra is given in Table II. Included are literature values on 
fece-to-face covalently-1inked diporphyrins (8). 

Discussion 

The interpretation of the effect of dimerization on the values 
of the tripl e t parameters depends on the relative magnitudes of the 
exchange interaction (J) between the dimer constituents and the zfs 
parameters. The following three cases can be distinguished (5-8,24). 

1. J < D, E. The t r i p l e t excitation energy is localized (on 
the time scale of the ESR irea sûrement ) on one porphyrin ring. If 
this condition applies, changes in D and Ε values, and t r i p l e t 
kinetics must stem from a dimerization induced change in structure of 
dimer constituents. 

2. J > D. There is rapid excitation energy transfer between 
the two porphyrins (exciton model). The values of the zfs and 
kinetic parameters for the dimer are determined by the monomer values 
and relative orientation of the porphyrin planes (5-8,24). (Assuming 
that the porphyrin structure is not modified by dimerization). For 
instance, with parallel porphyrin planes, the value of D is not 
affected by dimerization, whereas the effect on Ε depends on the 
relative orientation of the in-plane axes of the two rings ($). 

3. J >> D. The tr i p l e t characteristics w i l l he affected by a 
charge transfer contribution to the triplet electronic state. It is 
predicted that this w i l l reduce the values of D and E, and increase 
the rate constants of decay from the tr i p l e t sublevels (5,8,24). 

Dimerization causes shifts of optical absorption and emission 
bands of the order of several hundred cm (cf. Table I ) . This 
suggests that the triplet EPR data must be interpreted in terms of 
exciton and charge transfer effects. In the case of ZnTCP the effect 
of dimerization on zfs values can be accounted for on the basis of 
rapid trip l e t excitation transfer between essentially unperturbed 
porphyrin moieties. If the exciton model applies the principal 
components of the zfs tensor in the dimer (Χ*, Y*, Z*) can he related 

American Chemical Society 
Library 

1155 16th St., N.W. 
Washington, D.C. 20036 
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148 PORPHYRINS: E X C I T E D STATES A N D DYNAMICS 

Table II. Zero-field Splitting parameters (in 10""̂  cm"1) and average 
tr i p l e t lifetimes of porphyrin monomers and dimers a 

System D Ε X Y Ζ C a v (msec) 

TCP 377 79 205 46 -251 5 

[ T C P ] 2 332 73 184 37 -221 5 

TPPS or TTA 400 75 208 59 -267 9 

[TPPS] 2
b 334 80 191 31 -223 2 C 

[TPPS/TTAP] 343 80 195 34 -229 4 

ZnTCP 298 99 199 0 -199 

[ZnTCP]2 291 69 166 28 -194 

ZnTPPS or ZnTTAP 323 95 203 12 -215 

[ZnTPPS] 2
b 274 100 192 -9 -183 

[ZnTTAP/ZnTPPS] 316 91 196 15 -211 

ZnTTAP/TPPS 361 75 195 46 -241 7 

ZnTPPS/TTAP 380 75 201 52 -253 

mZnP4d 356 45 164 73 -237 145 

dZnP4d 355 20 139 98 -237 153 

mZnP5d 347 40 155 76 -231 

dZnP5d 347 25 141 90 -231 

mZnP6d 389 117 247 12 -259 

dZnP6d 365 110 231 12 -243 

Measured at 10 Κ unless noted otherwise, estimated uncertainty 
± 5 χ ΙΟ"* cm"1. 
Dimerization induced by addition of K+-18crown6 complex. 

cAverage tri p l e t lifetime at 100 K, monomer tri p l e t lifetime 
at this temperature 5 msec. 
dMonomer (mZnPn) and dimer (dZnPn) Zn porphyrins. Porphyrins in dimers 
covalently linked by two 4-, 5-, or 6-atom long chains. Measurements 
performed at 1.3 K. (8)_ 

 P
ub

lic
at

io
n 

D
at

e:
 O

ct
ob

er
 1

5,
 1

98
6 

| d
oi

: 1
0.

10
21

/b
k-

19
86

-0
32

1.
ch

01
0

In Porphyrins; Gouterman, M., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1986. 



VAN WILLIGEN E T A L Dimerization Effects on Porphyrins 

10 κ j. \ 

1 

1 \ l 

1 iW ι 
3 0 0 325 3 5 0 mT 

Figure 4. Triplet EPR spectra of ZnTCP (~10~4) in C^Cl-CI^OH 
recorded at 10 Κ before (solid line) and after (dotted line) 
addition of KC1 (-5 χ 10~ 3). Microwave power 0.5 mW, f i e l d 
modulation 20 gauss (100 kHz), excitation with square wave 
modulated (13 Hz) light from an Xe high pressure arc (1000 W) 
passed through a CuSO* heat f i l t e r . 

_1 I : I I I I 
290 310 330 3 5 0 mT 

Figure 5. Triplet EPR spectra of porphyrins in frozen 1:1 
H 20-glycerol recorded at 10 K. (a)Solid line TTAP, dotted 
line TTAP/TPPS; (b)Solid line ZnTTAP, dotted line 
ZnTTAP/ZnTPPS; (c)solid line ZnTTAP/TPPS, dotted line 
ZnTPPS/TTAP. 
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to those in the monomer (Χ, Y, Z) by the expression (26) 

X* 

Y* 

z* 

2 2 2 
mx m y m z 

2 2 2 
*x n

y
 n

z 

In this expression 1, m, η denote the direction cosines specifying 
the relative orientations of the principal axes in the monomer and 
dimer. (The expressions defining the values D and Ε are D = -3/2 Ζ 
and Ε = 1/2 (Y - X).) For the face-to-face structure proposed for 
[ZnTCP]2 (14) exciton theory predicts that dimerization should not 
affect the out-of-plane component (Z) of the tensor. The in-plane 
component, and therefore E, depends on the angle of rotation of one 
porphyrin plane relative to the other. According to the exciton 
model the observed reduction in E (cf. Table II) corresponds to an 
angle of rotation of about 23 This is reasonably close to the 
value predicted by molecular models (14). 

On the other hand, the intermediate- and strong-coupling models 
f a i l to explain the experiments! results obtained for the other 
dimers. In systems derived from TPP, steric hindrance between the 
phenyls, which are not co-planar with the porphyrin rings (27), 
forces a rotation of the porphyrin rings relative to each other. 
According to exciton theory, non-coincidence of in-plane axes w i l l 
cause a reduction in E. The data on [ZnTCP]2 and covalently-1 inked 
diporphyrin (£) (cf. Table II) show that Ε is a sensitive function of 
rotation angle. As pointed out earlier, i f charge transfer plays a 
role, D and Ε will both be reduced by dimerization. In view of these 
considerations i t is noteworthy that, with the exception of [ZnTCP]2, 
none of the dimer systems exhibits a significant reduction in Ε 
value. Instead, in cases where dimerization does affect zfs values 
i t is reflected in a reduction in D rather than E. 

The following interpretation of the experimental results is 
offered. The finding that the formation of [ZnTPPS/ZnTTAP] is not 
accompanied by a change in D and E (cf. Figure 5 and Table II) leads 
to the conclusion that the tr i p l e t energy must be localized on one 
porphyrin ring. Contrary to an earlier interpretation (11_), the same 
is probably true for [ZnTPPS]2 since the value of Ε is not reduced by 
dimerization. In the heterodimers [ZrTPPS/7TAP] and [TPPS/ZnTTAP] 
exciton transfer between unperturbed porphyrins is blocked because 
the free base tripl e t lies well below the tripl e t level of the Zn-
substituted porphyrin (28). Photoexcitation could generate a charge-
transfer trip l e t state in these systems (29). However, this is ruled 
out because the D and Ε values in the heterodimers are not that 
different from the valves found for the free base monomers. Also, 
the average tri p l e t lifetime is virt u a l l y the same as the t r i p l e t 
lifetime of the free base porphyrin (cf. Table II). It is concluded 
that the experimental data best f i t a localized t r i p l e t state model 
with the excitation energy localized on the free base half of the 
dimer. The dimerization effect on zfs's is attributed to a 
perturbation of the structure of the free base porphyrin. 

Formation of the free base porphyrin dimers [TCP] 2, [TPPS12 and 
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[TPPS/TTAP] is associated with a pronounced reduction in D, whereas Ε 
remains virtu a l l y unaffected. Furthermore, in the case of the last 
two dimers, dimerization causes about a factor of two reduction in 
average tri p l e t lifetime. No lifetime change accompanies [TCP] 2 

formation. Since the effect of dimerization on D and Ε cannot be 
reconciled with a shared t r i p l e t state, i t follows that the t r i p l e t 
state must be localized on the time scale of the EPR experiment. In 
free base TPP two of the pyrrole rings are turned out of the least-
squares plane defined by the porphyrin core (27). The observed D 
value reductions may be due to a change in the degree of nonplanarity 
induced by dimerization. Alternatively, i t can reflect a 
dimerization induced change in phenyl ring orientation. The tr i p l e t 
lifetime is very sensitive to changes in structure of the porphyrin 
core (30), this may account for dimerization induced changes in 
tri p l e t lifetime. 

In the case of the 4- and 5-atom-amide-chain-linked diporphyrins 
studied by Guckel et al.(8) dimerization induced changes in D, Ε and 
tri p l e t lifetime values (cf. Table II) can be interpreted 
satisfactorily in terms of the exciton formalism. With regards to 
separation and relative orientation of the porphyrin rings, the 
structure of the dimers considered here is very similar to that of 
the covalently-1inked systems. Hence, one would expect the 
porphyrin-porphyrin interactions to be of the same order of 
magnitude. In fact, dimerization induced shifts in optical 
absorption and emission bands are similar, supporting this view. The 
tripl e t energies of TTAP and TPPS (ZnTTAP and ZnTPPS) may differ 
enough to account for a localized t r i p l e t state in [TTAP/TPPS] 
([ZnTTAP/ZnTPPS]) even in the presence of a moderately strong 
porphyrin-porphyrin interaction (J > D). However, the finding of 
localized triplets in [TCP] 2, [TPPS]2T and [ZnTPPS]2 establishes that 
in these systems the exchange interaction between the rings must be 
much smaller than that in the covalently-1inked systems. At this 
time no definitive explanation can be offered for this finding. 
Possibly i t reflects an effect of the covalent links or subtle 
differences in the relative positions of dimer constituents. It is 
noteworthy that an EPR study (7) of photoexcited triplets of a series 
of chlorophyll-phanes with covalent links of different lengths 
established that the excitation energy in these systems is localized 
on one ring system as well. 

As pointed out, dimerization induced absorption band shifts are 
of the order of several hundred cm for the systems considered here. 
This finding may seem incompatible with the conclusion that the 
tri p l e t state is localized. However, i t should be noted that 
observed shifts may be due in part to dimerization induced changes in 
porphyrin geometry and solvation. At this time a quantitative 
analysis of the factors contributing to the shifts cannot be given. 
For this reason, they do not provide a measure of the strength of the 
electronic interaction between the porphyrins. Furthermore, i t has 
been proposed that dimerization induced perturbations of the excited 
singlet electronic states can be interpreted in terms of the 
interaction between the transition dipole moments in the porphyrin 
moieties (31K According to this interpretation the interaction 
between ground state and t r i p l e t excited state porphyrins must be 
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many orders of magnitude smaller than that found for singlet state 
molecules. For these two reasons i t is concluded that a localized 
tr i p l e t state need not be incompatible with pronounced absorption and 
fluorescence peak shifts. 

The results of EPR studies of photoexcited triplets of model 
systems show that i t is not possible to give generally applicable 
rules for the interpretation of the spectroscopic data. In a number 
of cases there appears to be a well-understood relationship between 
dimerization effects and dimer geometry. In most of the systems 
considered here that is not the case. It is not clear to what 
difference in make-up of the dimers this discrepancy must be 
attributed and this is an interesting point of further investigation. 
Evidently, as long as the data on f a i r l y well characterized model 
systems are not fu l l y understood i t w i l l be impossible to derive 
definitive conclusions concerning the structure of the special pair 
from data on its photoexcited tripl e t state. 
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11 
Distance-Dependent Rates of Photoinduced Charge 
Separation and Dark Charge Recombination 
in Fixed-Distance Porphyrin-Quinone Molecules 

Michael R. Wasielewski and Mark P. Niemczyk 

Chemistry Division, Argonne National Laboratory, Argonne, IL 60439 

Three zinc tetraphenylporphyrin-anthraquinone derivatives were 
prepared in which the edge-to-edge distances between the 
porphyrin and quinone π systems are fixed by a rigid 
hydrocarbon spacer molecule. Triptycene, trans-1.2-
diphenylcyclopentane, and adamantane were used to fix the 
porphyrin-anthraquinone distance at 2.5, 3.7, and 4.9 Å, 
respectively. These molecules possess 1,2, and 3 saturated 
carbon atoms, respectively, between the porphyrin donor and the 
quinone acceptor. Rate constants for photoinduced electron 
transfer from the lowest excited singlet state of the zinc 
tetraphenylporphyrin donor to the anthraquinone acceptor were 
measured. In addition, the corresponding radical ion pair 
recombination rate constants for each of these molecules were 
also determined. The rate constants for both photoinduced 
charge separation and subsequent radical ion pair recombination 
decrease by approximately a factor of 10 for each saturated 
carbon atom intervening between the porphyrin donor and the 
quinone acceptor. These results are consistent with a model in 
which the rate of electron transfer is determined by weak 
mixing of the σ orbitals of the saturated hydrocarbon spacer 
with the π orbitals of the donor and acceptor. 

In photosynthetic reaction centers the distances between the various electron 
donors and acceptors are restricted by the surrounding protein.(I) Studies 
of model systems possessing well-defined donor-acceptor distances and 
geometries are necessary to fully understand the critical role of these 
parameters in determining the efficiency of photoinduced charge separation. 
Porphyrins possessing covalent linkages to quinones have become increasingly 
important in the study of photoinduced electron transfer reactions.(2^4) Yet, 
few of these models possess linkages between the porphyrin electron donor 
and the quinone electron acceptor which restrict both the distance and the 
orientation between the donor and the acceotor.(2u-v.3.4) 

We recently prepared a series of restricted distance porphyrin-quinone 
donor-acceptor molecules designed to study the dependence of the rate of 
electron transfer proceeding from the lowest excited singlet state of the 
porphyrin on the free energy of reaction.(3-4) We now report measurement 

0097-6156/ 86/ 0321 -0154506.00/ 0 
© 1986 American Chemical Society 
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11. WASIELEWSKI A N D N I E M C Z Y K Distance-Dependent Rates 

of the rate constants for both radical ion pair formation and recombination 
in a series of three molecules in which a zinc tetraphenylporphyrin is 
positioned at three different fixed edge-to-edge distances relative to an 
anthraquinone. The structures of these molecules, 1-3 are depicted in Figure 
1. Compounds 1, 2, and 2 possess 1, 2, and 3 saturated carbon atoms, 
respectively between the ττ system of the zinc tetraphenylporphyrin electron 
donor and that of the anthraquinone electron acceptor. This results in an 
edge-to-edge distance of 2.5, 3.7, and 4.9 À , for I , 2, and 2, respectively.© 

Experimental 

The synthesis of compound I has already been outlined.Q) Compound 2 was 
prepared as follows: trans.-1,2-diphenylcyclopentane, 4 was prepared in 65% 
yield by bis-alkylation of trans-stilbene with l,3-dichloropropane.(£) 
Compound 4 was alkylated with C H C 1 2 0 C H 3 in C H 2 C 1 2 using T i C l 4 

catalyst.(7) Hydrolysis of the resulting chloroether during work-up yielded 
trans-l-(4-formylphenyl)-2-phenylcyclopentane, £, 51%. Aldehyde £ was 
acylated with phthalic anhydride in 1,2-dichloroethane using an A1C13 

catalyst to yield keto-acid 6, 83%. Keto-acid 6 was treated with 
polyphosphoric acid at 100° for 1 hr to give trans-1 -(2-anthraauinonvl)-2-
phenylcyclopentane, 2 in 10% yield. Treatment of 1 molar equivalent of 7 
with 4 equivalents of pyrrole and 2 equivalents of benzaldehyde in refluxing 
propionic acid(S) for 30 min gave an 8% yield of the free base of 2 after 
chromatography. Treatment of the free base with excess Z n O A c 2 in 
refluxing C H C 1 3 for 10 min gave 2 in quantitative yield: mass spectrum, m/z 
calcd 951.4, found 951.3. 

Compound 2 was prepared as follows: 1,3-diphenyladamantane, 8 was 
prepared from 1-bromoadamantane in 47% yield by a one step literature 
route.(9) Compound & was alkylated with C H C l 2 O C H 3 as described above to 
give after work-up and chromatography l-(4-formylphenyl)-3-
phenyladamantane, 2 in 63% yield. Aldehyde 2 was acylated as described 
above with phthalic anhydride to give keto-acid 10 in 79% yield. Ring closure 
of keto-acid 1£ in polyphosphoric acid at 100° for 1 hr gave l - (2-
anthraquinonyl)-3-phenyladamantane, ϋ in 40% yield. One step Adler 
porphyrin synthesis(8) using ϋ , benzaldehyde, and pyrrole gave the free base 
of 3 in 4% yield after chromatography. Treatment of free base with Z n O A c 2 

as above gave 2 in quantitative yield: mass spectrum, m/z calcd 1017.4, found 
1017.5. 

Redox potentials for 1-2 were determined in butyronitrile containing 
0.1 M tetra-n-butylammonium perchlorate using a Pt disc electrode at 21°. 
These potentials were measured relative to a saturated calomel electrode 
using ac voltammetry.(lQ) Both the one electron oxidations and reductions 
of 1-3 exhibited good reversibility. The half-wave potentials for the one-
electron oxidation and reduction of 1-2, ZnTPP, and two model quinones are 
given in Table I. 

Fluorescence quantum yields for 1-2 and ZnTPP in butyronitrile were 
determined using 10' 7 M solutions in 1 cm cuvettes at the 90° geometry. 
The samples were excited at 549 nm and the resultant fluorescence emission 
spectra were digitized. The emission spectra of 1-2 differed only in relative 
intensity. A direct comparison between the integrated and normalized 
fluorescence spectra of 1-2 was made with that of ZnTPP. The data 
normalized to the known fluorescence quantum yield of ZnTPPQJL) are listed 
in Table II. Fluorescence lifetimes were determined on ΙΟ" 7 M solutions of 
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Figure 1. Structures of compounds 1-3. 
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11. WASIELEWSKI A N D N I E M C Z Y K Distance-Dependent Rates 

Table I. Energetics 

Compound E\/2
 E î / 2 -^Gca -AG{ 

ZnTPP -1.30 0.82 

triptycene-
anthraquinone -0.82 

2-methyl-
anthraquinone -0.82 

I -0.82 0.82 0.43 1.64 

2 -0.82 0.82 0.43 1.64 

3 -0.82 0.82 0.43 1.64 

Table II. Fluorescence Quantum Yields and Lifetimes 

Compound 

ZnTPP 0.030 2.0 ns 

I 0.001 0.048 

2 0.003 0.21 

3 0.020 1.3 

1-3 and ZnTPP by time-correlated photon counting(12) and are also listed in 
Table II. 

Picosecond time-resolved transient absorption measurements were 
obtained as follows: Solutions of 2 χ ΙΟ" 4 M 1-3 were each prepared in 
butyronitrile contained in 2 mm pathlength cuvettes. The samples were 
degassed by three freeze-pump-thaw cycles. A 2 mm diameter spot on the 
sample cell was illuminated with the pump and probe beams of the transient 
absorption apparatus. The 600 nm, 0.4 ps, 0.5 nJ output of a mode-locked 
A r + - synchronously pumped R 6 G / D Q O C I dye laser was amplified to 1.5 mJ 
using a 4-stage R640 dye amplifier pumped by a frequency-doubled N d - Y A G 
laser operating at 10 Hz. The amplified laser pulse was split with a dichroic 
beam splitter. A 600 nm, 0.5 ps, 1.2 mJ pulse was used to generate a 0.5 ps 
white light continuum probe pulse. The remaining 0.3 mJ, 600 nm, 0.5 ps 
pulse was used to excite the sample. Absorbance measurements were made 
with a double beam probe configuration which employed optical multichannel 
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158 PORPHYRINS: E X C I T E D STATES A N D D Y N A M I C S 

detection. Time delays between pump and probe pulses were accomplished 
with an optical delay line. Analyses of the kinetics were carried out using 
the method of Provencher.Ql) 

Results and Discussion 

The one electron redox potentials of 1-1 along with those of the appropriate 
reference compounds are presented in Table I. The redox potentials of both 
the porphyrins and the quinones are not altered by linking the two 
molecules. These potentials were used to obtain the exothermicity of the 
charge separation, -AGCB and that of the charge recombination, - A G c r from 
Equations 1 and 2, respectively: 

- A G C 8 = E(Si) - E°è + E r e i + el/er (1) 

- A G c r = E°g - E r e i - e 2 / € r (2) 

where E(Si) is the energy of the lowest excited singlet state of the 
molecule, in this case E(Si) = 2.07 eV for zinc tetraphenylporphyrin(H), E°g 
and E r e ^ are the measured values for the one electron oxidation and 
reduction of the porphyrin donor and the quinone acceptor, respectively, e 
is the solvent dielectric constant, r is the average center-to-center distance 
between the ions within the radical ion pair, and eQ is the charge of the 
electron. The term in equations 1 and 2 that depends on e is the solvent 
dependent coulomb energy change upon ion pair formation or recombination. 
For compounds 1-3 r is about 11.5 - 15 À, thus, in butyronitrile (c= 20) the 
term el/er varies from 0.05 - 0.06 eV. Thus, for compounds 1-2 the 
exothermicities of both the charge separation and radical ion recombination 
reactions are approximately constant. 

The degree of electronic interaction between the electron donor and 
acceptor in both the ground and lowest excited singlet states of 1-3 can be 
determined by an examination of their ground state optical absorption 
spectra and their fluorescence emission spectra. The ground state optical 
absorption spectra and fluorescence emission spectra of the porphyrins in 1-3 
are not perturbed by the presence of the appended quinones and are. typical 
of ZnTPP. This is illustrated for 1 in Figure 2. However, the fluorescence 
quantum yields of these compounds are a strong function of the distance 
between the porphyrin and the quinone, Table II. We have shown 
previouslyQ) that the fluorescence quenching mechanism for 1 in 
butyronitrile is electron transfer from the lowest excited singlet state of the 
ZnTPP to the anthraquinone. The fluorescence data in Table II suggest that 
electron transfer competes effectively with the intrinsic decay pathways of 
the *ZnTPP* state in 2, but competes much less effectively with these 
pathways in 3. 

We have obtained additional evidence supporting the electron transfer 
mechanism of fluorescence quenching in 2 and 2. from picosecond transient 
absorption and fluorescence measurements. The fluorescence lifetimes of 1-3 
in butyronitrile are reported in Table II. These lifetimes are proportional to 
the observed fluorescence quantum yields of these compounds and therefore 
indicate that the observed fluorescence quenching is not due simply to a 
change in the radiative rate for emission. 

The transient absorption spectrum observed 100 psec after excitation of 
1 in butyronitrile with a 0.5 psec, 600 nm laser pulse is shown in Figure 3. 
We assign this spectrum to the Z n T P P + A Q " radical ion pair, since it is very 
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0.0 H 1 1 \ 1 1 1 
360 400 460 600 660 600 660 

WAVELENGTH nm 

Figure 2. Optical absorption and emission (inset) spectra of I in 
butyronitrile. 

0.20 Ί 

-0.06 i 1 1 1 1 1 Γ 
400 460 600 660 600 660 700 

WAVELENGTH nm 

Figure 3. Transient absorption spectrum of a 2 χ ΙΟ" 4 M solution \ in 
butyronitrile at 100 ps following a 0.3 mJ, 0.5 ps, 600 nm laser flash. 
Filters that reject stray excitation light cut out the 580-620 nm 
wavelength region, while the sharp cutoff at 440 nm is due to the intense 
absorption of the porphyrin Soret band at 419 nm. 
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similar to the published spectrum of ZnTPP + . ( l5 ) Specifically, the molar 
extinction coefficient for Z n T P P + is 3.3 χ 104 at 460 nm and 104 at 640 
nm.(15) The distinct band in the 600 - 700 nm region of the spectrum is 
highly characteristic of Z n T P P + formation. Both 1ZnTPP*(16) and 
3 ZnTPP*Q7) possess extinction coefficients that are about 10 times smaller 
than that of Z n T P P + in the 600 - 700 nm region. Thus, the Z n T P P + 

spectrum strongly dominates the spectrum in Figure 3. Similar transient 
spectra develop and decay for 2 and 3 with kinetics that are shown in 
Figure 4. 

The decay of the transient absorption of I at 640 nm is shown in 
Figure 4A. It is clear that the radical ion pair produced following excitation 
of I decays cleanly to ground state. In Figure 4B the rise of the 
absorbance at 640 nm due to formation of the radical ion pair of 2 as well 
as its decay to ground state are both much slower than those of I in Figure 
4A. Since the rate constant for formation of the Z n T P P + band at 640 nm as 
shown in Figure 4C is smaller than that of I and 2, direct intersystem 
crossing of 1 Z n T P P * to 3 Z n T P P * is very competitive with the formation of 
the radical ion pair. Nanosecond flash photolysis measurements show that the 
absorbance at 640 nm due to ZnTPP*1" decays in 10 ns. 

The dependence of electron transfer rate constants on distance has 
been described by Equation 3: 

k e t = i/e-« r (3) 

where the pre-exponential factor, υ includes the dependence of the electron 
transfer reaction on the electron exchange matrix element, the Franck-
Condon factors, and the free energy of reaction, α is a constant that 
depends on the overlap of the wavefunctions for the donor and acceptor, and 
r is the donor-acceptor distance. Thus, a plot of In k e t vs r should have a 
slope equal to - a and an intercept of In v. The rate constants determined 
for both photoinduced charge separation and subsequent radical ion pair 
recombination in 1-3 are plotted as a function of the edge-to-edge distance 
between the π systems of the donor and acceptor in Figure 5. The slope of 
the least squares fits to the data yield a = 2.3 and ν - 8 χ 10 1 2 sec" 1 for 
the charge separation reaction and a - 2.1 and ν = 4 χ 10 1 1 sec - 1 for 
charge recombination reaction. 

Since the values of ν depend on several factors noted above, in the 
absence of additional data such as the temperature dependence of the 
electron transfer rate constants for i - 3 it is difficult to analyze the 
apparent difference between ν for the charge separation reaction and that of 
the radical ion pair recombination reaction. However, the difference 
between these two values of ν is not unreasonable given that the charge 
separation involves oxidation of an excited state of the donor, while radical 
ion pair recombination involves two ground state radicals. Small changes in 
the nuclear coordinates of the donor and acceptor for these two reactions 
should be sufficient to produce the observed difference in v. The electronic 
coupling factor between 1 ZnTPP* and A Q should be different than that 
between Z n T P P + and A Q " . 

The data clearly show that the rates of both of these electron transfer 
reactions diminish by about a factor of 10 for each saturated carbon atom 
between the edge of the π system of the donor and that of the acceptor. 
This decrease is more pronounced than that observed in small aromatic 
donor-acceptor molecules.(18.) In these molecules the energy of the lowest 
excited singlet state of the electron donor is about 3.5 eV and the energy of 

 P
ub

lic
at

io
n 

D
at

e:
 O

ct
ob

er
 1

5,
 1

98
6 

| d
oi

: 1
0.

10
21

/b
k-

19
86

-0
32

1.
ch

01
1

In Porphyrins; Gouterman, M., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1986. 



Figure 4. Transient absorption changes at 640 nm for 1-3 in butyronitrile 
following a 0.3 mJ, 0.5 ps, 600 nm laser flash: A) I , B) 2, C) 3. 
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DONOR-ACCEPTOR DISTANCE angstroms 

Figure 5. Plot of log k e t for charge separation, φ , and log k e t for 
radical ion pair recombination, , vs edge-to-edge distance between the 
π systems of the ZnTPP donor and anthraquinone acceptor in compounds 
1-3 in butyronitrile at 21°. 
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the radical ion pair state is about 3 eV. These energies are substantially 
higher than the 2.07 eV Sx energy and the 1.64 eV radical pair energy for 
1-3. Thus, mixing of the high energy states involved in the electron transfer 
reactions of small aromatic molecules with the high energy states of the 
spacer should be stronger than mixing of the corresponding low energy 
states of 1-2 with those of the spacer. This mixing results in participation 
of the intervening spacer bonds in the electron transfer reaction. The weak 
participation of the spacer bonds of 1-2 in the electron transfer reaction 
results in α values for the data presented in Figure £ that are somewhat 
higher than most a values previously reported experimentally.(19) 

The mechanism of electron transfer may involve either direct overlap of 
the π orbitals of the donor with those of the acceptor or the admixture of 
spacer orbitals with these orbitals.(2fi) The fact that there appears to exist 
an absolute dependence of the electron transfer rate on the donor-acceptor 
energy levels relative to those of the intervening spacer suggests that the 
spacer orbitals participate in the electron transfer reaction. In most rigid 
spacer molecules thus far studied the σ orbitals of the spacer are in the 
correct geometry to promote electronic interaction between atoms that are 
several bonds removed from one another.(2JL) This interaction is closely 
related to the phenomenon of spin density propagation along a w-plan 
hydrocarbon backbone which results in hyperfine coupling of the unpaired 
electron spin at a radical center to a nuclear spin several bonds away from 
the radical center.(21) Both electron-nuclear spin coupling and electron 
transfer have similar dependencies on the orientation of the spacer 
orbitals.(22) 

Conclusion 

Our data show that a molecular spacer consisting of a rigid saturated 
hydrocarbon attenuates the rate of both photoinduced charge separation and 
subsequent radical ion pair recombination in porphyrin-quinonesdonor-
acceptor molecules by about an order of magnitude for each intervening 
saturated carbon atom between the donor and the acceptor. This strong 
distance dependence is most likely due to the fact that the radical ion pair 
states in our porphyrin-quinone model systems are sufficiently low in energy 
that they mix weakly with the σ orbitals of the saturated hydrocarbon 
spacer. Since the energies of the radical ion pair states in photosynthetic 
electron transfer proteins are similar to those of the model systems studied 
here, our results suggest that saturated bonds of the protein backbone that 
lie between electron donors and acceptors in these proteins may attenuate 
the rate of electron transfer reactions between these donors and acceptors 
to a degree similar to that observed in our model systems. 
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Picosecond Excited-State Relaxation of Some Iron 
Porphyrins and Hemoproteins 

Karl D. Straub1 and Peter M. Rentzepis2 

1John L. McClellan Memorial Veterans' Hospital and University of Arkansas for Medical 
Sciences, Little Rock, AR 72205 

2Department of Chemistry, University of California at Irvine, Irvine, CA 92664 

The excited state spectra and kinetics of decay of 
cytochrome c, myoglobin and Fe(II) protoporphyrin IX 
dimethyl ester (Fe(II)ProtoDME) have been studied by 
picosecond spectroscopy. The existence of different 
oxidation states, spin multiplicities, and axial 
ligands in these compounds affords a way to study the 
effects of different electronic configurations on the 
excited state decay. The simplest complex, FeII 
Proto DME, in benzene (no axial ligands) and spin 
state, S=2, has an excited state absorption band, 
450-500 nm, which decays with a time constant of 
about 10 psec while the ground state Q band does not 
reappear until 45 psec. Similar kinetics are seen in 
Fe(II) cytochrome c and on a somewhat slower time 
scale with Fe(II) myoglobin. These kinetics indicate 
a rapid decay of the excited state with relaxation 
through the singlet manifold (S=0) or the triplet 
manifold (S=2) by way of π* - d or d - d intermediate 
transitions. Excitation of the bipyridine complex of 
Fe(II) Proto DME results in return to ground state in 
~40 psec with formation of the ground-state 5 ligand 
species. Return to the 6 ligand ground state occurs 
in 250-300 psec. Fe(III) porphyrins regardless of 
spin state (S=1/2; S=5/2) have relaxation kinetics 
which are much faster than the resolution of our 
experimental conditions. 

The l a rge number of e l e c t r o n i c c on f i g u r a t i o n o f i r on porphyr ins 
w i th o x i d a t i v e s t a t e s o f 2+ or 3+, high and low sp in forms, and 
charge t r a n s f e r s t a tes w i th d i f f e r e n t a x i a l l i gands o f f e r the 
p o s s i b i l i t y o f a number o f non - rad i a t i v e decay pathways (1_). In 

0097-6156/ 86/ 0321 -0168S06.00/ 0 
© 1986 Amer i can Chemical Society 

 P
ub

lic
at

io
n 

D
at

e:
 O

ct
ob

er
 1

5,
 1

98
6 

| d
oi

: 1
0.

10
21

/b
k-

19
86

-0
32

1.
ch

01
2

In Porphyrins; Gouterman, M., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1986. 



12. S T R A U B A N D RENTZEPIS Picosecond Excited-State Relaxation 169 

p a r t i c u l a r , the e f f e c t o f sp in s t a t e on in te r sys tem c r o s s i ng ra te 
and the a v a i l a b i l i t y of charge t r a n s f e r s t a t e s o f the i r on 
porphyr ins makes i t po s s i b l e tha t there w i l l be d i f f e r e n t 
r e l a x a t i o n mechanisms f o r var ious i r o n porphyr in complexes. 
E l e c t r o n i c e x c i t e d s t a t e s i n i r on porphyr ins are thought to r e l a x 
r a p i d l y . In gene ra l , these compounds have been c l a s s i f i e d as 
"non - r ad i a t i v e " {2) s i n ce t h e i r luminescence i s not de tec tab le by 
o rd ina ry means. However, by us ing l i n e width measurements and 
background f luorescence from resonance Raman spect roscopy, Adar e t 
al_ (3) have been ab le to determine tha t reduced cytochrome b$ has 
a weak luminescence (quantum y i e l d 10~ 5 - ΙΟ" 6) wh i l e o x i d i z e d 
cytochrome b$ and myoglobin should have no luminescence i n the 
v i s i b l e range. D i r e c t measurement o f r e l a x a t i o n of the e x c i t e d 
s t a t e of i r on porphyr ins and hemoproteins conf i rms t ha t the F e ( I I I ) 
complexes have very f a s t r e l a x a t i o n s (<6 psec) U ) . A x i a l l i g and 
e j e c t i o n from Fe ( I I ) porphyr ins and hemoproteins a l s o occurs on a 
picosecond s c a l e . D i s s o c i a t i o n of CO, O 2 , and NO from hemoglobin 
and myoglobin takes p lace w i t h i n 15 psec o f pho toexc i t a t i on ( 5 - 7 ) . 
The e j e c t i o n of a x i a l l i gands such as p i p e r i d i n e has a l s o been 
shown to take p lace w i t h i n the 35 psec e x c i t a t i o n pu lse f o r F e ( I I ) 
porphyr ins ( 8 ) . 

While i t i s apparent t h a t there are severa l pathways f o r 
r e l a x a t i o n of the e x c i t e d s t a te of i r on po rphy r i n s , the exact steps 
i nvo l ved i n these d i f f e r e n t pathways are s t i l l to a great ex ten t 
unknown. I t i s the purpose of t h i s study to exp lo re the r o l e of 
sp in s t a t e and a x i a l l i gands i n the decay process of the e x c i t e d 
s t a t e s o f i r on po rphy r i ns . 

Ma t e r i a l s and Methods 
P icosecond spectroscopy was performed us ing an apparatus desc r ibed 
by Reynolds and Rentzep is (9). The dura t i on of the e x c i t a t i o n 
pu lse was 25 psec a t 530 nm. Pu lse i n t e n s i t y was about 1.5 m 
j o u l e s . Dependence of r e l a x a t i o n time on power from 0.3 up to 2.0 
m j o u l e s revea led no e f f e c t s of pu lse i n t e n s i t y on decay t imes . 
The concen t ra t i on of the i r o n porphyr ins was ad jus ted to be between 
0.2 and 0.3 0D f o r 2 mm c e l l a t 530 nm. A l l r e l a x a t i o n t imes were 
c a l c u l a t e d from the f i r s t order k i n e t i c curves of e x c i t e d s t a t e 
decay or ground s t a t e reappearance. Th is procedure e l im i na t e s 
e r r o r i n delay t imes between the e x c i t a t i o n and d i f f e r e n t wavelength 
probe pu lses ( " ch i r p " ) s i nce constant delay t imes are subt rac ted 
out o f the k i n e t i c cu rves . There may, however, be some e r r o r i n t r o 
duced i n the sho r te r decay t imes because o f the e x c i t a t i o n pu lse 
and the probe pu lse may over lap a t the e a r l i e s t po in t s of the 
k i n e t i c curve c a l c u l a t i o n s . 

Myoglobin (equine s k e l e t a l musc le ) , cytochrome c (type IV from 
horse h e a r t ) , and protoporphyr in IX dimethyl e s t e r , DME, were 
purchased from Sigma Chemical Co. A l l o ther s o l i d chemica ls were 
reagent grade. P y r i d i n e was h ighes t grade spec t roscop i c m a t e r i a l . 
Benzene was r e d i s t i l l e d over m e t a l l i c sodium under N 2 . A l l 
f e r rous compounds were prepared i n a g love bag w i th 95 percent N2 
5 percent H2 c i r c u l a t e d over a pa l lad ium c a t a l y s t to remove 
t r a ce s o f O 2 . Cuvettes con ta i n i ng f e r rous porphyr ins were sea led 
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with a g lass-encased t e f l o n screw-type p lunger -sea l used i n vacuum 
h y d r o l y s i s . The cap was then sea led under p a r a f i n wax by i n v e r t i n g 
the top o f the assembly i n a beaker f i l l e d w i th melted p a r a f i n . 
Th i s type of double-sea l gave very good p r o t e c t i on aga ins t O2. 
F e ( I I I ) p ro toporphyr in IX was prepared a f t e r the method of Fa lk 
( 10 ) . The F e ( I I I ) complex was converted to F e ( I I ) us ing the method 
oT"~Brault and Rougee (U_) i n the N2-H2 atmosphere g love bag. 
The o x i d i z e d cytochrome c and myoglobin were conver ted t o the 
F e ( I I ) form by us ing a 10 - f o l d excess o f Na S2O4 and 
immediately d e s a l t i n g on a G-25 column i n 0.05 M phosphate bu f f e r 
a t pH 7 i n the N2-H2 atmosphere g love bag. 

Resu l t s 
F e T l I I ) Hemoproteins: 
The F e ( I I I ) cytochrome c w i th CN~, N 3 , H2O or F* as 

l i g a n d spec ies a l l r e l axed w i th a very f a s t r e l a x a t i o n (<6 p se c ) . 
Even dur ing the du ra t i on o f the pu lse very l i t t l e change i n the 
absorbance spectrum cou ld be seen. S i m i l a r r e s u l t s were obta ined 
w i th F e ( I I I ) nyog lob in having F- or CN- as l i g a n d s . For the 
complexes of F e ( I I I ) cytochrome c the energy l e v e l s o f the 
l ow - l y i n g charge t r a n s f e r s t a t e s change a lmost 3000 cm" 1 (12) 
wi th the cytochrome c i r on i n the low sp in s t a t e (S=l/2) o n l y . On 
the other hand, nrçyoglobin i n the o x i d i z ed s t a t e undergoes 
t r a n s i t i o n from low s p i n , S= l /2 , i n the CN* complex to h igh sp in 
S=5/2 i n the F- complex ( 13 ) . Thus ne i t h e r sp in s t a t e nor s h i f t 
i n the low l y i n g charge t r a n s f e r bands a f f e c t e d the very r a p i d , < 6 
psec, decay o f the e x c i t e d s t a t e of f e r r i c cytochrome c or o x i d i z e d 
myoglob in. 

F e ( I I ) P ro toporphyr in IX DME i n benzene: 
The r e l a x a t i o n o f F e ( I I ) p ro toporphyr in d imethyl e s t e r i n 

benzene i s seen i n F i gu re 1. I t can be seen tna t i n t h i s complex 
which has no a x i a l l i gands and a high sp in s t a t e , S=2 (1£), there 
i s an e x c i t e d s t a t e absorp t i on band which extends from - 520 nm 
i n t o the b l u e . The peak i s not seen because of exper imental 
c u t - o f f i n the spectrum a t 450 nm. Th i s d i f f e r e n c e spectrum a l s o 
i n d i c a t e s an absorp t ion band extending to the b lue from 620 nm and 
i n t e rup ted by the s t rong ground s t a t e b leach ing a t 570 nm. The 
peak o f the e x c i t e d s t a t e absorp t ion band seems to be centered a t 
about 585-590 nm. 

I f the r e l a x a t i o n r a t e i s p l o t t e d ( F i g . 2) a t the b lue 
absorp t i on band a t 460 nm the l i f e t i m e i s approx imate ly 21 psec . 
However, the l i f e t i m e of the b leach ing a t 570 nm i s 46 psec . These 
r e l a x a t i o n t imes d i f f e r enough to make i t h i gh l y probable t h a t two 
separate e x c i t e d s t a t e s are be ing seen. Thus an e x c i t e d s t a t e 
absorp t i on decays (21 psec) before reappearance o f the ground s t a t e 
(46 p se c ) . 

F e d I ) Cytochrome c: 
Reduced cytochrome c which has two a x i a l l i gands and a low sp in 

s t a t e , S=0, has a picosecond r e l a x a t i o n spectrum very s i m i l a r to 
the Fe ( I I ) pro toporphyr in DME i n benzene w i th a b lue absorp t ion 
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F igu re 1: P icosecond spec t ra of F e ( I I ) p ro toporphyr in DME i n 
benzene. Top - 0 psec ( cente r of 25 psec e x c i t a 
t i o n pu l s e ) ; Middle - 8 psec; Bottom - 25 psec. 
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- 2 5 - 5 0 *I5 *35 *55 *75 *95 

psec 

F igu re 2: Log absorbance v s . t ime p l o t s f o r F e ( I I ) 
p ro toporphyr in DME i n benzene. 530 nm e x c i t a t i o n ; 
c i r c l e s - 460 nm abso rp t i on ; squares - 570 nm 
b l ea ch i ng . 
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band extending from 495 nm to above 450 nm and v i s i b l e band 
extending from 600 nm to the b l u e . The apparent peak a t 555 nm i s 
i n t e rup ted by st rong ground s t a t e b leach ing of the Q band. P l o t s 
of the e x c i t e d s t a t e absorp t ion a t 450 nm g ive a r e l a x a t i o n t ime of 
20 psec wh i l e t ha t a t 570 nm has a r e l a x a t i o n time of 33 psec ( F i g . 
3 ) . The r e l a x a t i o n o f cytochrome c i s compl i ca ted by a p e r s i s t e n t 
low i n t e n s i t y absorp t ion a t both 450 nm and 570 nm which l a s t s 
longer than 100 psec. However, i n the e a r l y e vo l u t i o n o f the decay 
process Fe ( I I ) cytochrome c and Fe ( I I ) p ro toporphyr in DME i n 
benzene have absorp t ions o f an e x c i t e d s t a t e which decays before 
the reappearance of the ground s t a t e . 

F e ( I I ) Myoglobin: 
Deoxymyoglobin has an e x c i t e d s t a te spectrum wi thout any s t rong 

ground s t a t e b l e a ch i ng . Thus, the 450 absorp t i on band and a broad 
band a t 600-650 nm can be seen but the fused Q band i n the ground 
s t a t e must be counterba lanced by a l i k e absorp t ion i n the ex c i t e d 
s t a t e so tha t no b leach ing i s seen i n the 500-570 nm range. The 
decay from the e x c i t e d s t a t e occurs w i th a 34 psec time cons tant i n 
the 460 nm ex c i t e d s t a t e absorp t ion band but i s delayed to 60 psec 
i n the broad 600 nm absorp t ion band as shown i n F i g . 4 . 

F e ( I I ) P ro toporphyr in IX PME i n P y r i d i n e : 
F e ( I I ) p ro toporphyr in IX DME i n p y r i d i n e has s t rong absorp t ion 

changes on e x c i t a t i o n a t 530 nm. An absorpt ion band a t 450 nm 
appears but broad-banded b leach ing occurs w i th one band a t about 
580 nm and another a t 520 nm and then a s t rong ground s ta te Q band 
b leach ing a t 558 nm. The st rong absorp t ion band observed from 565 
to 620 nm i s s i m i l a r i n F e ( I I ) P ro toporphyr in DME i n benzene and 
reduced cytochrome c . The picosecond e vo l u t i o n o f the e x c i t e d 
s t a t e d i f f e r en ce spectrum i s shown i n F i g . 5. The decay of the 450 
nm peak and the decay of b leach ing a t 555 nm are b i p h a s i c . The 
i n i t i a l decay r a t e i s 41 psec f o r the 450 nm peak a t 48 psec f o r 
the 550 nm b leach ing ( F i g . 6 ) . The longer l i v e d s t a t e has a 
l i f e t i m e of 304 psec a t 450 nm and 230 psec a t 550 nm. The longer 
t ime constant corresponds we l l w i th the t ime requ i red f o r l i g a n d 
recombinat ion o f 285 ±_ 25 psec f o r F e ( I I ) p ro toporphyr in DME i n 
p i per i d ine repor ted by Dixon e t al_ ( 8 ) . However, these authors 
observed a s i n g l e f a s t decay o f the 450 nm peak which was l e s s than 
35 psec. 

D i scuss ion 
In gene ra l , the r a p i d decay of the e x c i t e d s t a t e o f me t a l l o -
porphyr ins i s thought to be brought about by r ap i d i n te r sys tem 
c r o s s i ng because of s p i n - sp i n and s p i n - o r b i t e f f e c t s and ( d , d ) , 
(d,ir*) and U , d ) s t a t e s which can form a ladder down to the ground 
s t a t e thus lower ing the energy gap and i n c r ea s i ng the r e l a x a t i o n 
ra te (15-20) . For the F e d I I ) cytochrome c and myoglobin there i s 
good reason to be l i e ve tha t i t s i r on prov ides such in te rmed ia te 
energy l e v e l s f o r r a p i d decay of the e x c i t e d s t a t e , regard less of 
the sp in s t a t e [1). 
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-5.5I L J I I 1 1 L J u 
- 2 5 - 5 0 +15 +35 +55 + 7 5 +95100 110 

p sec 

F igu re 3: Log absorbance v s . t ime p l o t s f o r F e ( I I ) cytochrome 
c . 530 nm e x c i t a t i o n ; c i r c l e s - 450 nm abso rp t i on ; 
squares - 570 nm b l ea ch i ng . 
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- 1.5 

ρ sec 

F igure 4: Log absorbance v s . ime p l o t s f o r F e ( I I ) myoglobin 
(deoxy) . 530 nm e x c i t a t i o n ; c i r c l e s - 460 nm 
abso rp t i on ; squares - 600 nm abso rp t i o n . 
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430.0 650.0 
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600.0 650.0 

690.0 

F i gu re 5: P icosecond spec t ra of F e ( I I ) p ro toporphyr in DME i n 
p y r i d i n e . Top - 0 psec (center o f 25 psec e x c i t a 
t i o n pu l s e ) ; Middle - 25 psec; Bottom - 200 psec . 
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However, the r a p i d decay o f F e ( I I ) p ro toporphyr in IX DME i n 
benzene where no a x i a l l i g ands are present i n d i c a t e s t ha t energy 
l e v e l s between the ττ > π* t r a n s i t i o n s are a v a i l a b l e even w i thout 
a x i a l l i g a n d s . Based on the temperature independent quadrapole 
s p l i t t i n g i n the Mossbauer spect ra Dolphin e t al_ (iLL) h a v e 

concluded t ha t there are no l ow - l y i n g e x c i t e d s t a t e s i n the square 
p lanar Fe ( I I ) o c t a e t hy l po r phy r i n s . C a l c u l a t i o n s by Zerner and 
Gouterman (22) and Zerner e t al^ (23) show tha t the d o r b i t a l s are 
s h i f t e d i n t o such in te rmed ia te l e v e l s on ly i f the F e + + atom i s 
d i s p l a ced from the plane o f the porphyr in r i n g . Such a s h i f t i n d 
o r b i t a l energy l e v e l s would a l s o r e s u l t i n l i f t i n g the o r b i t a l 
degeneracy thus a l l ow i ng the h igh sp in s t a t e to e x i s t . Th i s 
4 - l i g and s ta te i s known to be h igh s p i n , S=2, (14j which conf i rms 
tha t the degeneracy o f the d l e v e l s i s l i f t e d . The placement o f 
the F e + + atom ou ts ide the plane o f the r i n g may a l s o reduce the 
symmetry from D^ to C 4 V . 

Evo l u t i on o f the Ex c i t ed S ta te o f I ron Po rphy r i n s : 
In a l l the F e ( I I ) porphyr ins s tud ied the b lue absorp t i on 

inc rease between 450-500 nm i s seen. I t s i n i t i a l l i f e t i m e i s 
between 20 and 40 psec and i s independent o f s p i n - s t a t e , S=0 or 
S=2, and the number o f a x i a l l i gands 4 , 5, or 6. Absorpt ion i n 
t h i s reg ion i s seen f o r π > π* s i n g l e t and t r i p l e t absorp t i on f o r 
other meta l l oporphyr ins (16 ,18 ,24) . C e r t a i n l y the assignment o f 
t h i s absorp t ion cou ld be compl i cated by the format ion o f ir c a t i o n 
and anion r a d i c a l s which absorb i n the reg ion (25,26) and there i s 
a l ready evidence f o r ground s t a t e d e r e a l i z a t i o n o f the low sp in 
e l e c t r o n of F e ( I I I ) i n myoglobin CM- complex onto the porphyr in 
r i n g (27.). Nonethe less , we propose t ha t the most l i k e l y o r i g i n o f 
t h i s band i s the e x c i t e d s t a t e s i n g l e t or t r i p l e t . 

In most open-she l l meta l l opo rphyr ins the f i r s t e x c i t e d s i n g l e t 
s t a t e i s r a p i d l y converted to the t r i p l e t s t a t e by i n te r sys tem 
c r o s s i ng due to s t rong pe r taba t i ons o f the unpa i red sp ins and/or 
magnetic e f f e c t s o f unquenched o r b i t a l angu lar momentum. Thus, 
paramagnetic meta l l opo rphyr ins r a r e l y have de tec tab l e f l uo rescence 
(28,29) and picosecond s tud i e s of C u ( I I ) , (18 ,20 ) , Ag ( I I ) ( 18 ) , and 
Co ( I I ) porphyr ins ( 30 ) , con f i rm tha t the i n te r sys tem c r o s s i ng 
2 s l > 2 t 1 occurs f a s t e r than the e x c i t a t i o n pu lses (6-35 
p se c ) . In a dd i t i o n to the l a r ge e f f e c t o f unpa i red e l e c t r on s on 
the i n te r sys tem c r o s s i n g , p icosecond s t ud i e s have a l s o been ab le to 
demonstrate the added e f f e c t o f o r b i t a l angu lar monetion i n 
i n c r ea s i ng the i n te r sys tem c r o s s i ng i n i s o e l e c t r o n i c diamagnetic 
open-she l l ed spec ies such as Pd ( I I ) and P t ( I I ) [19). For the i r o n 
porphyr ins e x c i t e d s t a t e r e l a x a t i o n i s r a p i d even when the ground 
s t a t e i s diamagnetic and the unquenched o r b i t a l angu lar momentum i s 
l e s s than t ha t o f the diamagnet ic Pd ( I I ) complexes which have 
in te r sys tem c r o s s i ng r a t e s slow enough (20 psec) to be measured. 
I f the in te rsys tem c r o s s i ng r a t e w i th diamagnet ic i r o n porphyr ins 
i s slow then the observed correspondence i n r e l a x a t i o n t imes 
between S=0 and S=2 i r o n ( I I ) porphyr ins may not n e c e s s a r i l y 
i n d i c a t e tha t the r e l a x a t i o n pathways are the same. 
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The assignment of r e l a x a t i o n pathway f o r the S=0 s t a t e might be 
s l > s d > s 0 w l t h n o t r l ' P l e t s t a t e i n v o l v ed . The w*-d CT 
t r a n s i t i o n s would be c h i e f l y r e spons i b l e f o r quenching the l i f e t i m e 
of S\. The resonance Raman l i n ew i d t h measurements of Adar e t a l 
{3} i n d i c a t e t ha t cytochrome b$ and by analogy o ther s i m i l a r 
cytochromes such as cytochrome c have f i r s t e x c i t e d s t a t e l i f e t i m e s 
which are on order o f magnitude longer than h i gh - sp in deoxy-
hemoglobin. I t i s p o s s i b l e , t h e r e f o r e , t h a t f o r the S=0 i r o n -
porphyr ins the r e l a x a t i o n occurs through the s i n g l e t man i f o l d . We 
have pos tu la ted the same mechanism f o r non - r ad i a t i v e decay to 
account f o r our observat ions of p icosecond spec t ra of d imagnet ic 
N i ( I I ) p ro toporphyr in DME. 

The b leach ing i n the ground s t a t e Q bands can be assoc i a ted 
w i th the disappearance of the ground s t a t e and the decrease i n the 
b leach ing i s then a s so c i a t ed w i th r e tu rn o f the ground s t a t e . I t 
should be noted, however, t ha t d-d t r a n s i t i o n s may occur on the way 
to the ground s t a t e w i thout be ing seen i n the v i s i b l e spectrum 
( 3 1 h I t i s d i f f i c u l t to unambigiously ass ign the r e l a x a t i o n of 
the 520 - 570 nm b leach ing to re fo rmat ion o f the ground s t a t e , but 
we be l i e ve t ha t t h i s i s the most l i k e l y even t . Thus, the decay 
pathway o f the high sp in (S=2) F e ( I I ) porphyr ins would be π » π* 
(So - S j ) which undergoes in te rsys tem c r o s s i ng to the t r i p l e t 
or m u l t i p l e t s t a t e w i t h i n the pu lsewidth of the e x c i t a t i o n f o l l owed 
by a decay to the metal porphyr in charge t r a n s f e r s t a t e s π* > d i n 
~ 20 psec and subsequent ly generat ion o f the ground s t a t e i n 40 
psec. The s lower decay o f both s t a t e s i n myoglobin may be due to 
s h i f t s i n the o r b i t a l energ ies i n myoglobin which i n c rease the 
energy gaps i n the d o r b i t a l s . A l t e r n a t i v e l y the 5th l i g and o f 
nryoglobin cou ld be e j e c t ed dur ing t h i s t ime . Loss o f the 5th 
l i g a n d would generate the 4 l i g and s t a t e seen w i th F e ( I I ) 
p ro toporphyr in DME i n benzene. The Q bands should be seen dur ing 
the time the l i g a n d i s r e l eased (40-60 psec) but no Q band 
absorp t i on i s seen over t ha t t ime un less i t i s hidden by the f i l t e r 
a t 530 nm. 

The r e l a x a t i o n k i n e t i c s o f F e + + ( I I ) p ro toporphyr in DME i n 
py r i d i n e are c o n s i s t a n t w i th a l i g and d i s s o c i a t i o n from 6 l i g and to 
5 l i g and s t a t e dur ing the f i r s t 40 psec and w i th format ion o f the 5 
l i g a n d ground s t a t e which undergoes recombinat ion w i th p y r i d i n e to 
regenerate the 6 l i g and complex i n 250 - 300 psec as has been shown 
to be the case f o r F e + + porphyr in w i th o ther bas i c n i t rogenous 
l i g ands by Dixon e t al^ ( 8 ) . However, the b i pha s i c absorbance a t 
450 nm has a l o n g ^ i v e d T i f e t ime o f the same order as the 
pos tu la ted 5 l i g a n d ground s t a t e . E i t h e r the 450 absorbance i s 
pa r t o f the red s h i f t e d Sore t band o f the 5 l i g and ground s t a t e or 
there i s a l o n g - l i v e d e x c i t e d s t a t e . We p r e f e r the former 
exp lana t i on so t ha t the 450 absorbance represents two d i f f e r e n t 
spec ies - f i r s t a π > ir* t r a n s i t i o n which l a s t s 40 psec i n accord 
w i th the other F e ( I I ) porphyr ins s tud i ed and secondly the longer 
decay rep resen t i ng the disappearance o f a r e d - s h i f t e d ground s t a t e 
Sore t band o f the 5 l i g and spec ies as the 6 l i g a n d ground s t a t e 
reappears . 
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D i s s o c i a t i o n o f a x i a l l i gands has been fo l l owed by picosecond 
spectroscopy f o r a number o f me ta l l opo rphy r i n s . For the wel l-known 
pho tod i s so c i a t i on of Ο2 and CO from hemoglobin and myoglobin the 
photoproducts appear very e a r l y < 10 psec. D i s s o c i a t i o n of bas i c 
a x i a l l i gands such as py r i d i n e and p iperad ine occurs w i t h i n the 
l i f e t i m e of the ex c i t e d s t a t e f o r N i ( I I ) , C o ( I I I ) as we l l as f o r 
Fe ( I I ) po rphy r i n s . Whether the e jec ted spec ies i s "hot" w i th 
energy from the e l e c t r o n i c d ea c t i v a t i o n o f the porphyr in i s not 
known, but the d i s s o c i a t i o n process does not appear to be dependent 
upon the wavelength of the e x c i t a t i o n pu lse (30 ,32 ) . 

The ease o f format ion o f porphyr in r a d i c a l s and the ex i s tence 
of ground s t a t e charge t r a n s f e r i n t o the a x i a l l i g ands (33) makes 
i t necessary to keep i n mind the p o s s i b i l i t y o f l i g and e j e c t i o n 
accompanied by ox i da t i on - r educ t i on dur ing the e x c i t e d s t a t e s o f 
me ta l l opo rphy r i n s . 

From our obse rva t i ons , we f ee l i t i s u n l i k e l y t ha t photo- induced 
redox r eac t i ons are oc cu r r i ng i n the present s t u d i e s . However, a t 
wavelength < 300 nm pho tod i s so c i a t i on o f oxyhemoglobin r e s u l t s i n 
the format ion of the 0^" r a d i c a l anion ( 34 ) . 
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13 
Intermediates Found in the Picosecond 
Photodissociation of the CO and O2 Forms of Synthetic 
Heme Complexes 

K. Caldwell1, L. J. Noe1, J. D. Ciccone2, and T. G. Traylor2 

1Department of Chemistry, The University of Wyoming, Laramie, WY 82071 
2Department of Chemistry, University of California at San Diego, La Jolla, CA 92037 

We have investigated the picosecond photodissocia
tion of the O2 and CO forms of a number of synthetic 
and natural heme complexes that differ in the geom
etry and strain associated with the imidazole-iron 
(porphyrin) interaction using the standard Nd:Glass 
laser pump-probe absorption method. Our results 
indicate that it takes some picoseconds for these 
complexes to dissociate and further suggest that a 
'pseudo' four coordinate complex may be present as a 
photointermediate in the synthetic compounds with 
the strained imidazole geometry. 

In this report we would like to discuss our results on the picosec
ond photodissociation experiments of the CO and 0^ forms of a number 
of synthetic reversible oxygen carriers (1 ,2) and compared them to 
earlier picosecond absorption work on the same derivatives of the 
natural forms of hemoglobin. The latter work has provided us with a 
better understanding of the details of the photodissociation in 
terms of the sequential evolution of four photointermediates which 
were experimentally isolated, characterized, and kinetically 
analyzed ( 3 , 4 ) . 

Because of the differences between the early picosecond evolu
tion of the intermediates found using absorption spectroscopy for 
Hb, Mb, and the α and β chains of Hb (_5), we became interested in 
examining the effects of tertiary constraint of the proximal imida
zole on the course of the dissociation, effects that could more eas
i l y be examined by studying appropriate synthetic analogues. Addi
tionally, our interest in elucidating the role that the imidazole 
plays in modulating the dissociation process was prompted by the 
results of recent ps resonance Raman work (6 -10) . For example, 
Findsen et a l . (6 ,10) present results that show the Fe in MbCO has 
relaxed out of place by 20 to 30 ps based on analysis of Fe-His res
onantly enhanced modes using Raman shifted Soret excitation, whereas 
in HbCO other RR work reveals that such relaxation does not occur to 
the fullest extent possible before about 20 ns ( 7 - 9 ) . These studies 
clearly show the importance of the tertiary structural constraints, 

0097-6156/ 86/ 0321 -0182506.50/ 0 
© 1986 American Chemical Society 
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13. CALDWELL ET AL. Picosecond Photodissociation of the CO and O2 Forms 183 

particularly ones involving the Fe-His linkage, in the out of plane 
relaxation process. 

So far two important conclusions have emerged from our compara
tive studies on several dozen natural and synthetic compounds: That 
the effects of strain on the heme are important in terms of varia
tions found in the dynamics and mechanism of early events of the 
picosecond dissociation and that i t takes some picoseconds for these 
complexes to dissociate, although the process begins in the subpico-
second regime. The synthetic compounds used in this study mimic the 
fR' and fT f states of hemoglobin depending on whether the imidazole-
heme geometry is strain free or not (11-15). As our results w i l l 
show, this particular structural variation dramatically effects the 
course of the dissociation. We have assigned an intermediate found 
early in the dissociation of the strained CO-complexes to a pseudo 
four-coordinate complex. This particular intermediate is absent in 
the unstrained CO-complexes and as well as in a l l the O^-complexes, 
strained or not. Our experimental procedure used to characterize 
these photointermediates as they evolve employs the standard pump-

* 
probe method by following absorption changes in the ΤΓΤΓ Soret band 
after ini t i a t i n g the dissociation with a 531 nm pulse directed to 

3+ 
the Q-band. A mode-locked Nd -phosphate glass laser is used for 
the experiments. Our analysis of the results is somewhat different 
than usual in that we obtain modeled spectra for comparison to the 
experimental spectra over a wide range of pump-probe delays using a 
numerical integration procedure (3,4). In this procedure we convo
lute the pump and probe pulses with a kinetic model for the photo-
dissociation, that is consistent with the sequential evolution of 
the intermediates observed experimentally, as these pulses pass 
through the sample. 

As the picosecond dynamics of the CO and 0^ ligand photodis
sociation in heme-complexes is a topic of current theoretical and 
experimental interest, certain other work having a bearing on the 
results in this report should be mentioned. The question of what 
orbital promotion(s) in the Fe(ll)(d^) six-coordinate manifold lead 
to photodissociation of the CO or 0« complexes is more easily an
swered for the CO than the 0^ parent molecules. The extended Huckel 
calculations of Zerner et a l . (Γ6) have been used for many years to 
interpret spectroscopic results, particularly with reference to the 
heme-C0 complexes. Their calculation, for example, suggests that population of the d (or d ) —> d rt transition (octahedral sym-xz,yz π z2 J 

metry) w i l l lead to photodissociation of the C0-complex. This 
Huckel calculation was updated by Eaton et a l . (_17) with particular 
emphasis on the d-d metal and d-ligand change transfer transitions 
for the HbO«, HbCO and deoxy complexes. These theoretical results 
combined with their experimental CD and MCD spectra allowed spectral 
assignments to be made for certain of d-d and d-ligand transitions. 
More recently, Waleh and Loew (18-20) using INDO-SCF-MO-LCAO-CI c a l 
culations concluded that both the d —>d 2 and the d 2 2—>d 2 

ïï ζ x -y ζ 
(pyrrole N-atoms bisect the xy axes) are the best photodissociative 
candidates since these transitions decrease in energy as a function 
of increasing Fe-CO distance. They prefer the d^—>d 2 transition 
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over the other possibility because i t has higher oscillator strength 
and better bond weakening characteristics. These authors also sug
gest that the singlet, — ^ z^ transition is the best candidate 
for the photodissociating state, rather than intersystem crossing to 
lower triplet states, or through ττπ porphyrin transitions as 
Hoffman and Gibson suggest (21). 

There has also been a number of experimental investigations 
detailing the picosecond photodissociation of the 0^ and CO forms of 
the natural complexes using absorption techniques. Representative 
citations and discussion may be found elsewhere (3,4). Recent fem
tosecond absorption experiments on HbCO, MbCO and CO-protoheme re
ported by Martin et a l . (^2) provide evidence that each of these 
species forms a deoxy photoproduct with a time constant of 350 fs 
after excitation with 250 fs pulses at 307 nm. Support of this par
ticular experimental result is provided by a molecular dynamics tra
jectory simulation study which suggests that i t is possible for the 
iron to relax out of the plane of the porphyrin by 350 fs (23). Our 
results and conclusions differ somewhat from these investigations, 
although our results suggest that the f i r s t stable photoproduct ap
pears in the subpicosecond regime. 

Experimental 

The double-beam phosphate-glass Nd^+ laser apparatus used in these 
experiments has been described elsewhere (3,4). Experiments were of 
the pump-probe type done at a rate of one per minute using a 531 nm 
(8 ps FWHM, TEM q q, < 1 mj ) pulse to initiate the photodissociation 
by pumping the Q-band of the parent six-coordinate CO or 0̂  complex. 
A continuum light pulse, generated from a D̂ O cell and appropriately 
filtered to examine the Soret region, provided the absorbance versus 
42 nm assay of sample-photoproduct concentrations at specific probe-
pump maxima pulse delays ranging from -20 to 50 psec. Negative 
delay settings refer to experiments where the maximum of the probe 
pulse reaches the sample c e l l (1 mm optical path) before the maximum 
of the pump pulse; a configuration in which the t a i l of the probe 
pulse interrogates excited sample on the leading edge of the pump 
pulse. These negative delay experiments, conducted over a suitable 
range, are c r i t i c a l to the detection and kinetic analysis of photo-
intermediates that appear early in the dissociation, ones that have 
lifetimes considerably shorter than the 8 ps FWHM pulse width. 

The equilibrium ground-state spectra of the parent six-coordi
nate and deoxy five-(or four-)coordinate species were obtained using 
a Tungsten lamp placed before the I /I beam sp l i t t e r . Earlier work 
in our laboratory (3,4) has established that the experimental spec
tra of transient protoproducts can be resolved as they sequentially 
evolve during the dissociation process. At relatively long delays > 
20 psec after excitation, the spectrum of the stable photoproduct 
* 

HB is obtained by adding ground state to the ΔΑ difference curve: 
ΔΑ(ΗΒ -HBCO) + A(HBCO) = A(HB ). At earlier delays the procedure 
of isolating a particular photoproduct is the same except that spec
tra of other intermediates produced must be taken into account in a 
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manner co n s i s t e n t with the quantum y i e l d of d i s s o c i a t i o n and conser
v a t i o n p r i n c i p l e s . Thus the band shape, the experimental parameters 
λ , FWHM, and an estimate of ε , as w e l l as an estimate of pho-
toproduct l i f e t i m e i s obtained by a work-up of the experimental 
data. 

The experiments on CO forms of the s y n t h e t i c compounds were 
done with sample concentrations adjusted to ~ 50 uM to give an ab
sorbance of 1 over a 1 mm o p t i c a l path at the Soret maximum. For 
the oxygen experiments, the samples were prepared as the CO com
plexes and covered with a b a l l o o n c o n t a i n i n g ~ 3:1 mixture of CO to 
0^. An a d d i t i o n a l photographic strobe lamp having a f l a s h d u r a t i o n 
of ~ 25 was i n t e g r a t e d i n t o the system and adjusted to pump the 
sample 0.45 ms before the picosecond pump pulse a r r i v e d , a l l o w i n g 
s u f f i c i e n t time for the production of the, heme-dioxygen complex by 
means of the f o l l o w i n g r e a c t i o n s : HBCO —> HB + CO and HB + 0^ 

> HBO^. The 0.45 ms period allows s u f f i c i e n t time for the f o r 
mation of HBO^ with only a minor f r a c t i o n of t h i s complex r e t u r n i n g 
to the more s t a b l e CO form (11). 

The compounds were received from T. G. T r a y l o r ' s l a b o r a t o r y i n 
the F e ( l l l ) c h l o r i d e form. Approximately .4 mg of t h i s c r y s t a l was 
d i s s o l v e d i n absolute methanol, degassed, and brought back to atmos
pheric pressure with argon. Aqueous s o l u t i o n s of c e t y l t r i m e t h y l a m -
monium bromide (CTAB) were prepared, f i l t e r e d and bubbled with c a r 
bon monoxide gas to saturate the system. Sodium d i t h i o n i t e was 
added for the reduction of F e ( l l l ) to F e ( l l ) and the methanol s o l u 
t i o n of the heme was added to the CTAB to create an aqueous s o l u t i o n 

-5 -4 
of ~ 10 - 10 molar heme-CO. CTAB produces a m i c e l l a r system 
with a h y d r o p h i l i c e x t e r i o r and an hydrophobic i n t e r i o r pocket i n 
which the heme complex i s contained. Because of the p o s s i b i l i t y of 
r e a c t i o n s i n which the heme complex binds water, experiments were 
a l s o done on compounds prepared with benzene or toluene i n place of 
CTAB. A l l experiments were done at room temperature, ~ 20°C At 
the CTAB concentrations used, p r e c i p i t a t i o n of the m i c e l l e s occurs 
at temperatures below 20°C 
Results 

To examine the e f f e c t s of imidazole s t r a i n on the picosecond d i s s o 
c i a t i o n of r e v e r s i b l e oxygen c a r r i e r s , the CO and 0^ forms of four 
s y n t h e t i c hemes shown i n F i g . 1 were st u d i e d : _1, 1-ST, 1-ET and 
1-AD. The f i r s t three compounds were studied i n aqueous s o l u t i o n 
and the l a s t i n toluene. Compound _1 i s a chelated protoheme con
t a i n i n g v i n y l side chains. The imidazole i s attached to the por
phyrin through an amide linkage that minimizes the i n t e r a c t i o n or 
s t r a i n between the imidazole and the porphyrin-Fe(H)heme. This 
molecule serves as a model for R-state hemoglobin (11,12). 1-ST i s 
a chelated protoheme i n which face s t r a i n has been introduced to the 
complex by means of a methylimidazole. The compound 1-ET i s one of 
two unchelated hemes s t u d i e d . I t i s prepared i n the presence of an 
e x t e r n a l base, 1,2-dimethylimidazole. Due to the p o s s i b i l i t y of 
binding two base molecules a x i a l l y to the heme, t h i s bulky d i s u b s t i -
tuted base i s used. I t introduces s t r a i n i n t o the heme-imidazole 
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Figure 1. Structures of some of the synthetic compounds studied. 
The iron-imidazole bond in _1-C0 is unstrained while i t is strained 
in 1-ET-CO, 1-ST-CO and 1-AD-CO. 
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bond providing a model for T-state hemoglobin as well as preventing 
the binding of a second base to the complex. The second unchelated 
protoheme studied, 1-AD, is one in which a bulky nonaromatic adaman-
tane cyclophane group has been introduced distally to provide pro
tection for CO or 0^ binding site. Due to the possible interactions 
with water, this compound was prepared in anhydrous toluene and 1,2-
dimethy1imidazole was again used for the proximally bound external 
base. 

Experiments on l̂ -CO using benzene in place of CTAB were also 
done to examine the effects solvent and environment on the photodis
sociation. None were found. The photointermediates arrived at the 
same time, had the same peak wavelengths, extinction coefficients 
and band shape. In so far as the dynamics observed in these experi
ments are independent of CO pressure and since there is no detec
table geminate CO recombination, i t is reasonable to expect effects 
on the photodissociation due to solvation to be minimal as diffusion 
has not yet occurred on the time scale studied. 

To study the possibility of electronic effects on the photodis
sociation localized to the porphyrin ring, we examined 2-C0> a com
pound similar to 1̂ -C0 except for the substitution of ethyl groups in 
place of vinyl groups on the outside of the porphyrin ring. Earlier 
bimolecular kinetic studies (11,15) had shown that this change in 
the electron distribution of the porphyrin had no effect on the re
action of CO with the heme. Our results also indicate that this 
perturbation has no apparent effect on the picosecond photodissocia
tion. 

Examination of the transient ΔΑ spectra reveals that the syn
thetic complexes photodissociate according to one of two pathways: 
(I) A—>AS—>B—>C—>D or (II) A—>AS—>X—>B—>C—>D. AS, X, B, C 
and D represent intermediates that have been experimentally observed 
and isolated in various time frames up to 50 ps. The assignment of 
these will be discussed shortly in termŝ  of octahedral notation. 
The six-coordinate parent ground state A, is designated A. 

Pathway I was observed for a l l the 02-complexes studied, 
strained or unstrained, as well as for the unstrained CO-complexes. 
This particular pathway is the same one observed in the photodisso
ciation of the natural heme complexes (3,4) (HbCO, MbCO, Hb02 and 
MbÔ ) with the exception that there is no detectable geminate recom
bination to the limit of our experiment, 50 ps. Pathway II, ob
served for the strained-CO complexes, reveals the presence of a 
f i f t h intermediate X found early in the dissociation that is either 
absent or undetectable in the natural or synthetic heme complexes 
following pathway I. The kinetics associated with the evolution of 
these intermediates w i l l be discussed shortly. F i r s t , i t is appro
priate to examine in some detail the experimental ΔΑ difference 
spectra of two representative complexes, _1-C0 and 1-ET-C0. A dis
cussion of 1-ST-C0 and l-ET-O^ is also included for comparative pur
poses . 

1-C0. The experimental ΔΑ spectra for 1-C0 are shown in Fig. 2 over 
delays ranging from -12 ps to 50 ps. The 512 point spectra shown in 
this figure as well as in Fig. 5 for l-ET-CO have been smoothed 
using a 31 point procedure. This allows us to determine the spec
tral parameters λ , FWHM, and ε of the photointermediates more 
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accurately and facilitates the comparison of the experimental spec
tra to the kinetically modeled ΔΑ spectra to establish rate con
stants and intermediate lifetimes. For ĵ -CO the spectroscopic para
meters of the ground state and intermediates in terms of λ (nm), 

-1 -1 m x 

FWHM (nm) and ε (upper estimates in M cm ) are respectively: max r r 

A(ground) (12) -419, 11, 203K; AS-419, 15, 205K; B-430, 32, 75K; 
C-442, 24, 160K; D-435, 20, 175K. The f i r s t event observed at the 
-12 ps delay is a positive absorbance change at the low wavelength 
end of the spectrum. This increase in absorbance is an indication 
of the presence of the f i r s t intermediate AS. AS has an absorption 
maximum at the same wavelength as the six coordinate ground state 
species, 419 nm, with a slightly higher extinction coefficient and a 
broader band width. AS is not long lived and by -8 ps the induced 
absorbance present at the low wavelength end of the spectrum has 
been replaced by the disappearance or bleaching of the ground state 
spectrum. The -4 ps transient spectrum reveals a form of the com
plex having a maximum positioned at a longer wavelength has grown 
in. After removal of the ground state spectrum from the -4 ps d i f 
ference spectrum, this second intermediate, B, is seen as a weak 
band with a λ at about 430 nm. Β is replaced with a photoproduct 
that has a maximum at the far red end of the spectrum by 8 ps. Iso
lation of this intermediate C from the 8 ps difference spectrum 
reveals a species that has a λ centered at 442 nm with an extinc
tion coefficient of approximately three-quarters that of the ground 
state. This band at the red end of the spectrum gradually blue 
shifts and narrows clearly revealing the presence of the final 
intermediate of the photodissociation process, D, which has an ex
tinction coefficient that is similar to that for C with an absorp
tion maximum approximately 7 nm lower, at 435 nm. D is highly 
developed by 50 ps, and with only slight differences, i t is identi
cal to the ground state deoxy 1̂  species. This in fact is the case 
for a l l complexes studied; the five-coordinate deoxy ground state of 
the parent complex is fully developed in less than 100 ps, a result 
very much different from hemoglobin where i t takes greater than 20 
ns for the iron to relax out of the plane of the porphyrin. The 
spectra of the 1-C0 intermediates are shown in Fig. 3. 

l-ST-CO. Experiments done at the earliest delays of -12 and -8 ps 
show that this compound is dissociating similarly to h-CO. At 
f i r s t , there is an increased absorbance at the wavelength of the 
ground state species. However, as the photodissociation proceeds, a 
noticeable difference becomes apparent in the transient spectra be
tween this compound and the unstrained species. Although the second 
intermediate Β can be seen to be appearing by 0 ps, the disappear
ance of the ground state species does not progress as i t did in the 
previous compounds. At a time of 0 ps the disappearance of the 
ground state complex is only about 50% complete. This indicates 
that either there is a delay in the disappearance of the ground 
state species that could, for example, be caused by a bottleneck in 
the path of the dissociation, or that there is another intermediate 
present in this photodissociation of the strained compound that is 
not present in the unstrained compounds. Removing the ground state 
A and the intermediate Β from the -4 ps difference spectra reveals a 
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Figure 2. Experimental spectra f o r J^-CO. Delays range from -12 
to 50 ps; -12, +4 ( s o l i d ) ; -8, +8 (dotted); -4, +20 (dashed); 0, 
+50 (broken). Experimental data has been smoothed (see t e x t ) . 
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Figure 3. Spectra of the h-CO intermediates: AS ( s o l i d ) , Β (do t t e d ) , 
C (dashed) and D (broken). 

 P
ub

lic
at

io
n 

D
at

e:
 O

ct
ob

er
 1

5,
 1

98
6 

| d
oi

: 1
0.

10
21

/b
k-

19
86

-0
32

1.
ch

01
3

In Porphyrins; Gouterman, M., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1986. 



190 PORPHYRINS: E X C I T E D STATES A N D DYNAMICS 

photointermediate in the same wavelength range as the ground state 
species. This intermediate has ^ spectrum that is characterized by 
a double maximum and an extinction coefficient approximately one-
half of that of the ground state compound. The new intermediate 
appears in the reaction pathway after the formation of the species 
AS, but before B. The pathway for dissociation then continues as i t 
does in the unstrained compounds. X reacts to produce B, then C is 
then observed, with the shifting and narrowing of the band charac
t e r i s t i c of the final reaction product D. The intermediates, B, C 
and D, are, within the accuracy of the experiment, sequentially 
equivalent to those produced in the photodissociation of 1̂ -CO, with 
differing dynamics and spectral parameters. 

1-ET-CO. One of the advantages of examining this complex lies in 
the fact that the imidazole is incorporated as an external base that 
is not tethered to the porphyrin, allowing the ground state spectrum 
of the four-coordinate species to be easily obtained. Fig. 4 re
veals that the spectrum of the four-coordinate ground state is char
acterized by a double-peaked band in approximately the same wave
length range as the six-coordinate ground state. 

What can again be seen from work-up of the transient absorption 
spectra of this strained complex is the early appearance of a new 
photoproduct X in the dissociative pathway that is not present in 
the unstrained CO-complexes. The difference spectrum for the 0 ps 
delay shows only ~ 30% ground state bleaching. Removing the remain
ing ground state and the intermediate Β from this difference spec
trum reveals the presence of the X characterized by a double peaked 
band. The smoothed transient absorption spectra and the spectra of 
the intermediates are shown in Figs. 5 and 6. The spectroscopic 
parameters for 1-ET-CO, λ . FWHM. and ε (upper estimates) respec-max 
tively are: A(ground state) (14) -416, 28, 200K; X-380, 40, 120K; 
X-429, 25, 70K; B-430, 35, 25K; C-441, 32, 150K; D-426, 78, 165K. 
Because of background noise problems, we were unable to collect 
suitable data for this compound before -8 ps. As a result AS has 
not been seen, though we believe i t to be present in earlier time 
frames, as i t is present for the other compounds studied. 

l-ET-O,. This complex is representative of the strained oxy-heme 
compounds studied, and i t gives clear evidence that these compounds 
photodissociate according to pathway I. Transient absorption data 
for this compound show no evidence of photoproduct X. 

Kinetic Modeling 

Kinetic modeling of the transient absorption spectra is necessary in 
order to obtain estimates of the lifetimes and rate constants asso
ciated with the evolution of the intermediates observed during the 
dissociation. A detailed description of the modeling may be found 
in our work on the picosecond photodissociation of the natural car-
boxy- and oxy- heme complexes (3,4). The model is designed to treat 
the dissociation as a series of f i r s t or second order steps indi 
cated in pathways I and II, ones that are consistent with the tran
sient absorption data and with arguments based on bottlenecks 
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410 420 430 440 450 
WAVELENGTH Cnm) 

Figure 4. Ground state spectra of the four-coordinate form of 
1-ET and 1-ET-CO; 6-coordinate (solid) and 4-coordinate (dotted). 

-0. 60 ' 1 1 1 L-1 

410 420 430 440 450 
WAVELENGTH (nm) 

Figure 5. Experimental spectra for 1-ET-CO. Delays range from -8 
to 50 ps; -8, +8 (solid); -4, +20 (dotted); +4 (broken); 0, +50 
(dashed). Experimental data has been smoothed (see text). 

WAVELENGTH Cnm) 
Figure 6C Spectra of the 1-ET-C0 intermediates: X (solid), Β 
(dotted), C (dashed), D (broken). Because of the noisy conditions 
we were unable to collect data for delays < -8 ps. As a result 
AS was not seen, though we believe i t to be present in these 
earlier time forms. 
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encountered in the radiationless dissipation of energy in the mainfold 
of ligand-field states, carboxy, oxy and deoxy, available to the 
photodissociation. We have used simplified octahedral energy level 
diagrams derived from extended Huckel calculations (17,24,25 ) for 
this purpose. Based on direct and favorable comparisons between the 
results and analysis of our photodissociation work on the natural 
heme-complexes and the results described above, we propose two kine
tic schemes which adequately interpret our observations: 

for the unstrained CO and strained or unstrained 0 0 complexes, and 

A 

for the strained CO complexes. Since geminate recombination was not 
observed for times < 50 ps, the rapid recombination step 0 ? (or) 

k5 
CO + C > A has been eliminated. Additionally, our experimen
tal limit of 50 ps precluded examination of the slow 0« (or) 

k6 
CO + D > recombination path from consideration (3,4). 

The analysis of the early < 10 ps transient ΔΑ data is compli
cated by the fact that the pump and probe pulses each have 8 ps FWHM 
widths. Because of this, the pump pulse w i l l excite different mole
cules at different times over a range of more than 8 ps. As the 
probe pulse passes through the sample i t will see molecules at d i f 
ferent stages of excitation and decay which in effect extends the 
range of the laser shot to over 16 ps and makes interpretation of 
the early time frame spectra d i f f i c u l t . This complication is re
solved by analyzing the experimental absorbance change, ΔΑ, (as a 
function of time delay At) using a Runge-Kutte-Nystrom numerical 
integration procedure that convolutes the pump and probe pulses to
gether with the kinetic models for the photodissociation described 
above. The experimental parameters used in the modeling procedure 
include the concentration of the ground state and the λ and ex-

& max 
tinction coefficients of the intermediates (see Tables I-IV for ex
ample). I n i t i a l guesses for the rate constants are also needed. 
These come from estimates of the intermediate lifetimes after work
up of the transient ΔΑ data. For the calculation, a l l spectra are 
assumed to be Gaussian in shape. The rate constants are then ad-
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justed to obtain the best computer f i t to the experimental d i f f e r 
ence spectra for the entire set of probe-pump delays. 

The calculation requires two sets of fine differential equa
tions to be solved simultaneously for Mechanism I (two sets of six 
equations for Mechanism II). One set describing the interaction of 
the pump pulse with the sample and resultant instantaneous concen
trations of species A through D, and the second set, the apparent 
concentrations of these species as the probe pulse passes through 
the sample. Certain assumptions must be made in order to simplify 
the calculations. Amongst them, the light pulses are assumed to be 
an ensemble of photons whose cross section is Gaussian in shape; the 
excitation path is perpendicular to the sample c e l l and the volume 
swept out by the pump pulse, though in reality slightly conical in 
shape, is assumed to be cylindrical (the path of the interrogation 
pulse is considered to be cylindrical and coaxial with the pump 
pulse while in reality there is a 7° angle to the pump pulse and 
further i t is focused in the sample c e l l , resulting in an hour-glass 
shaped volume); and finally the assumption is made that optical 
pumping caused by the probe pulse is negligible. The rate at which 
the ground state is depleted is expressed as a second order rate 
equation, in terms of the laser pulse and the ground state concen
tration, - dA(t) / dt = p(t) A(t). p(t) is the photon density. 

is the Einstein coefficient of absorption for the pump wave
length calculated as B 1 2 = c ln(10) / N Q where c is the velo
city of light and N Q is Avogadro1 s number. Other details of the 
modeling may be found in reference 3 . 

There are a number of limitations in the modeling procedure 
that affect the accuracy of the curve f i t between the modeled and 
experimental difference spectra. As a result, the rates and l i f e 
times derived from the f i t should be viewed as a means of achieving 
a better understanding of how tertiary structure effects the dynam
ics or pathway of the photodissociation from a comparison of such 
data for complexes or classes of complexes, rather than as absolute 
rate data. One of the limitations affecting the quality of the f i t 
is the assumption of a Gaussian shape to describe the spectral bands 
of the intermediates and six-coordinate ground state. Another limi
tation is that the f i t of the computer generated spectra in some 
cases was found to be best at time delays slightly different than 
those in the actual difference spectra. For example difference 
spectra for time delays of 0, +4 and +8 in some instances were found 
to be best f i t by computer modeled spectra for time delays of +2, +6 
and +10 ps. Such errors can be expected due to the experimental 
inaccuracy of the Duguay shutter timing procedure. The relative 
time changes between the delay times, in this case 4 ps, are con
sidered to be accurate. A third problem encountered is due to the 
group velocity dispersion or chirp in the pulse probe in the red end 
of the wavelength range studied. The variations in velocity for 
various media in the laser apparatus were obtained and the chirp was 
calculated to be 0.6 ps from the generation of the white light pulse 
in the continuum c e l l to the time the probe pulse interacts with the 
sample. For an intermediate such as AS which absorbs at the same 
wavelength as the ground state no delay caused by chirp should be 
observed. For the intermediate C. however, whose λ is red sh i f t -
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ed 20-30 nm from the ground state, the chirp would result in an ad
ditional delay in the arrival of the intermediate of approximately 
• 5 ps. This type of delay was corrected for in the modeling proce
dure . 

Under these conditions and limitations, the computer modeled 
spectra for the compounds 1̂ -C0 and 1-ET-CO discussed earlier are 
shown in Figs. 7 and 8. For clarity, each figure contains curves 
generated for five of the highest delay settings, although curves 
for delays up to -20 ps were generated to achieve a good f i t . The 
rate constants and lifetimes that provided the best f i t to the ex
perimental ΔΑ curves are listed in Tables I-III· For comparative 
purposes we have included lifetime data for some of the natural 
hemes studied in Table IV. As the j i t t e r in the pulse duration is 
nearly 1 ps, the rate constants k. and k^ are clearly approximations 
and are used only to obtain a good f i t to the experimental data. 

Table I. Rate Constants for Complexes Dissociating According to 
Mechanism I (ps) 

Compound k l k2 k3 k4 
l-CO 4.00 0.5 0.05 0.07 

±-°2 4.00 0.05 0.01 0.02 
l-ET-0 2 4.00 0.05 0.02 0.02 
l-AD-02 4.00 0.05 0.02 0.03 
I - S T - O 2 4.00 0.5 0.02 0.03 
2-C0 4.00 0.5 0.05 0.07 

Table II. Rate Constants for Complexes Dissociating According to 
Mechanism II Showing the Pseudo Four Coordinate Intermediate X(ps) 

Compound kA kB k2 k3 k4 
1-ST-C0 4.00 0.2 0.02 0.03 0.03 
1-ET-CO 4.00 0.2 0.08 0.01 0.03 
1-AD-CO 4.00 0.1 0.04 0.02 0.05 

Discussion 

With reference to the octahedral energy level diagrams for oxy, car-
boxy and deoxy hemoglobin derived from extended Huckel calculations 
(1_7,24,^5) and our earlier work on the natural heme complexes, the 
results of this study can be discussed. 

Intermediates for the CO Complexes. Absorption of a 531 nm photon 
in the Q-band would produce a vibronically excited singlet state 
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Table III. Lifetimes of Intermediates (ps) 

Compound T A C AD T x 
J.-CO 0.25 2 15 
2-C0 0.25 2 15 
1-ST-CO 0.25 5 20 33 
1-ET-CO 0.25 5 11 33 
l-AD-CO 0.25 10 17 20 
_l-0 2 0.25 16 50 
l-ST-0 2 0.25 2 33 
l-ET-0 2 0.25 14 50 
l-AD-00 0.25 2 33 

Table IV. Lifetimes of Intermediates Found in the Photodissociation 
of Some Natural Heme Complexes (ps) (3,4) 

Compound T^ G (kj) 1 T c ( k ^ k j ) - 1 

HbCO 0.4 1.2 2.3 
Hb02 0.3 5.6 1.1 
HbaCO3 0.3 5.6 33.3 
Hba0 2

3 0.3 2.9 28.6 
MbCO 0.3 4.8 4.8 
Mb02 0.3 2.2 2.4 

* 
through an allowed τπτ transition localized in the plane of the por-
phyrin. Rapid vibronic relaxation would follow the absorption pro
cess, to the vibrationless origin of the Q state, and then internal 
conversion to the T^ state would take place. This relaxation will 
occur on a sub-picosecond time scale, so that the f i r s t bottleneck 
expected to be seen would be the lowest excited state *T.. This 

1 1 

assumes that T^ is not the photoactive state that promotes the 
photodissociation as proposed by Waleh and Loew (18-20). The f i r s t 
intermediate seen in very early time frames, AS, is manifest by an 
induced absorption in the area of the peak wavelength of the ground 
state *Â . This transient is seen in a l l the compounds, synthetic 
and natural, in which very early delay times were obtained. At this 
point i t should be emphasized that the presence of intermediates in 
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- 0 . 6 0 
4 1 0 4 2 0 4 3 G 4 4 0 4 5 0 

W A V E L E N G T H Cnm) 

Figure 7. Modeled sp e c t r a f o r 1-CO at the delays i n d i c a t e d . 

0 . 3 0 h 
LU L3 
Ζ 
< 

u 

u ζ < 
CD 
α: ° - D . 3 0 
CD < 

- 0 . 6 0 
4 1 0 4 2 0 4 3 0 4 4 0 4 5 0 

W A V E L E N G T H Cnm) 

Figure 8. Modeled spectra f o r 1-ET-CO f o r the delays i n d i c a t e d . 
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* 
our experiments are manifest through transient ΤΤ7Γ absorption 
changes. It is possible that this induced absorption could be an 
arti f a c t . Since we observe no induced absorption at any delay set
ting under conditions of solvent only, our inclination is to dis
count this possibility. In any event, the presence or absence of AS 
is not c r i t i c a l to subsequent kinetic analysis of the photodissocia
tion as its lifetime is short, < 1 ps. However our evidence of AS 
is in agreement with the Martin et a l . (22̂ ) observation indicating 
the presence of photoproduct as early as 350 fs after excitation. 
We are inclined to assign AS to an intermediate originating from the 
lowest excited singlet state of the 6-coordinate complex, How
ever there is the possibility that i t could be accounted for by an 
Ŝ  >SN type transition originating from *Q. 

Once relaxation to the lowest excited singlet has occurred the 
next intermediate expected would be due to the bottleneck in the 

3 
six-coordinate manifold caused by intersystem crossing into the T. 5 1 3 5 and T^ states that l i e below T^. T^, and T^ are very close in 
energy and it is likely that the radiationless transition from the 
singlet *T. state would result in the population of both of these 
states with interconversion between the two. We suggest that photo
product Β originates from a transient species composed of a mixture 
of these six-coordinate states characterized by a low extinction^ 
coefficient and a maximum wavelength found about midway between A^ 
and the λ of the next intermediate C. Intersystem crossing from max J 

1 3 . . 
T^ to the T^ in the six-coordinate manifold does not necessarily 
lead to a configuration that is dissociative, since the d^2 orbital 
is not occupied: d̂ d̂ " 2 2 d^ 2. However, conversion into the 
5 ΤΓ χ —y xy ζ 
T^ state may, in the six coordinate manifold, result in an unstable 

dissociative configuration, as the parent quintet state originates 
via d_ 2 2—>d 2, d orbital promotions giving rise to the occu-ΤΓ,χ -y ζ xy v 6 6 

3 1 1 1 pancy d d 2 2 d d 2, As Waleh and Loew (18-20) have shown, both r J π χ -y xy ζ ' 
the d_—>d 2 and d 2 2—>d 2 decrease in energy as a function of ΤΓ ζ χ -y ζ 
increased Fe-CO bond distance promoting the dissociation process. 
Unfortunately, the combined effect of the imidazole - iron - CO (or 
0 ?) stretch on these transitions has not yet been reported. We may 

5 . . 
assume though, that the T^ is photoactive and population of i t 
could result in the tetragonal displacement of both axial ligands. 
These arguments would be applicable to both the CO and 0^ ligands 
and the imidazole. Thus we consider the intermediate Β to be an 

5 3 
unresolved mixture of the T^ and T^ states with the possibility of 
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interconyersion between them. When the potential surfaces of these 
states cross over into corresponding ones in the five coordinate 
manifold that are highly dissociative (because of the effect of the 
axial displacement on the d z2, d^ and <*χ2_ 2 orbitals) photodissoci
ation of the axial ligand occurs producing one triplet and one quin
tet according to the Wigner Rules: 
HBCO ( 3Τ χ) — > HB ( 3Τ χ) + CO (^) and HBCO ( 3T 2> —> HB ( 5T £) + CO 
lY 3 ( Of t n e t w o states produced T^, with the antibonding d^2 

orbital populated because of the inversion of the d and the d 2 
orbitals, is higher in energy than the quintet and wXuld be 
expected to intersystem cross to the quintet in time. The evolution 
of the intermediates shows the production of a species at the red 
end of the spectrum which progressively narrows and whose maximum 
wavelength shifts to a lower λ. Intermediate C has been seen in the 
photodissociation of both the CO and 0 2 forms of hemoglobin (3,4). 
This shifting of the wavelength maximum can be a t t r i b u t e d to the 
production and subsequent reaction of an intermediate with a 

3 
relatively high λ . We assign C to T.. 

max 1 ^ 
C can then undergo further intersystem crossing to the T 2 

state, D. The final intermediate produced in the photodissociation 
of the synthetic hemes, D, has been shown to be, within experimental 
error, equivalent to the ground deoxy state. D correlates with the 
production of the quintet state, both directly from Β and through 
further reaction of the deoxy state C. Therefore we assign D to 
^T 2 and suggest that the equivalency of D to the ground deoxy state 
supports the fact that the iron has fully relaxed out of the heme 
plane. Thus, for the unstrained hemes, the photodissociative path
way is entirely consistent with that for hemoglobin (3,4), namely 
AA. (ground) > Q > AT (AS, six-coord) 

'12 

3 
(C, five-coord deoxy) Τ 

5* 
(D, five-coord deoxy) Τ 

k l 

3 5 
T l + T2 s i x ~ c o o r d ) 

ground state) 2 

where the rate constants and lifetimes are listed in Tables I and 
III. 

For the CO forms of the strained compounds studied, the photo-
dissociative pathway is noticeably different in the sequential ap
pearance of an intermediate not seen in the unstrained synthetic 
complexes or in the natural heme complexes. After relaxation to the 
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lowest excited singlet AT^, the strained compounds show evidence of 
an intermediate X before intersystem crossing to B. In a l l strained 
compounds tested, this photoproduct is characterized by a spectrum 
having a double maximum in the region of the six-coordinate ground 
state species. Because of similarities in its spectral characteris
tics to the corresponding four-coordinate (axially unligated) band 
found in the ground state species, we are inclined to suggest that 
this intermediate is indicative of a pseudo four-coordinate species. 
The similarities in spectral band shape are apparent in Fig. 6 and 
8. Since AS and Β are spectrally very similar to the corresponding 
intermediates in both the unstrained and the natural hemes, and 
since these intermediates are both considered to be six-coordinate 
species, i t is highly unlikely that X is a true four-coordinate com
plex. Instead i t is more probable that i t is a six-coordinate spe
cies in which the Fe-CO and Fe-Imidazole bonds are stretched and 
weakened to the stage where the complex behaVes more like i t is 
four-coordinate than six-coordinate. Our experiment follows the 

* 
evolution of these intermediates by monitoring the τπτ porphyrin 
Soret absorption changes as a function of time. Since such changes 
in the Soret wavelength maximum, intensity and band shape are known 
to be extremely sensitive to the state of coordination of the heme 
complex, this could account for the small differences between the 
spectrum of the intermediate X and the ground state of the four-co
ordinate species. 

It is d i f f i c u l t , i f not impossible, to justify a theoretical 
mechanism for the formation of this pseudo four-coordinate species, 
X, without f i r s t a great deal more theoretical work, which might 
involve extensions of existing investigations or new approaches that 
would examine the effect of geometry on the dissociation of both 
axial ligands, and second, new time resolved spectroscopic investi
gations of the photodissociation by monitoring, directly, various 
c r i t i c a l d-d transitions or d-ligand charge transfer transitions or 
from direct structural studies employing resonance Raman tech
nique (s). However, we might envision the formation of X by invoking 
the Waleh-Loew (18-20) AT. (d —>d 0) suggestion that has already 1 ΤΓ z2 
been discussed. The essential difference here is that there is con
siderable strain on the Fe-imidazole bond resulting in corresponding 
and favorable adjustments to the disposition of the d —>d 2 2 J j π χ -y 
transition energies, making the T^ route competitively dominant 
over that of the bottleneck mechanism. Thus it can be supposed 
that rapid conversion from AQ into one of the AT^ states below i t 
would result in a pseudo four-coordinate complex where the axial 
bonds to the iron have weakened considerably. It is likely that 
this pseudo geometry would be followed by movement of the iron 
relative to the plane of the porphyrin to release this strain and 
return the complex to the six-coordinate species B. Consequently 
the lifetime of Β would necessarily be lengthened, as verified in 
Table III. The dissociation then proceeds according to the mecha
nism discussed earlier. 
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Intermediates f o r the 0^ Complexes. The r e s u l t s obtained on the 
oxygen forms of the compounds studied revealed a s i m i l a r set of i n 
termediates, AS, B, C and D, though the s p e c t r a l parameters and 
rates associated with formation of the intermediates are i n many 
cases n o t i c e a b l y d i f f e r e n t from those of the CO forms. As C and D 
are p o s t d i s s o c i a t i v e intermediates, i t would be expected that the 
s p e c t r a l c h a r a c t e r i s t i c s of these intermediates should be f a i r l y 
s i m i l a r f o r e i t h e r the CO or the 0^ forms of the parent compounds, 
and they are. For example, the i n t e r c o n v e r s i o n rates f o r C—>D 
are very s i m i l a r . Assigning the intermediate Β to the same states 
proposed for the CO complexes cannot be done, as the mechanism for 
p h o t o d i s s o c i a t i o n i s undoubtedly d i f f e r e n t . The process i s compli
cated by the f a c t that there are low l y i n g s i n g l e t and t r i p l e t 
c h arge-transfer states present i n the s i x - c o o r d i n a t e oxygen species 
that open up s e v e r a l competitive routes leading to p h o t o d i s s o c i a 
t i o n . P o s s i b i l i t i e s f o r these competitive paths have been discussed 
by Waleh and Loew (18-20) who conclude that the higher energy chan
n e l , which i s not a c c e s s i b l e by the Q-band pump, i s d^—-^^2 
nature. In the octahedral scheme, t h i s p o s s i b i l i t y competes with 
the d 2 2—>d 2 promotion associated with the quintet s t a t e . ΤΓ,χ -y ζ ,xy 
They suggest that competitive decays to the lower charge t r a n s f e r 
states from t h i s t r a n s i t i o n and to the ground state from these low 
l y i n g CT states account for the low quantum y i e l d of 0^ photodisso
c i a t i o n . I t i s a l s o worth noting that these low l y i n g CT states are 

* 
not r e a d i l y a c c e s s i b l e from the π—>1T porphyrin s i n g l e t due to the 
small value of the Franck-Condon s p a t i a l overlap between the two 
s t a t e s . 

Taking these f a c t s i n t o c o n s i d e r a t i o n , AS can be t e n t a t i v e l y 
assigned to S. >S type t r a n s i t i o n a r i s i n g from the lowest e x c i t e d 

1 5 3 . 
s i n g l e t Q. The q u i n t e t T^ and the t r i p l e t s t a t e s m the s i x -
coordinate manifold are much f a r t h e r ap^rt i n the oxygen complexes 
than they are i n the CO form, with the Τ state l y i n g very close i n 

1 . 
energy to the s i n g l e t Q s t a t e . Because of t h i s , the intermediate 
B, considered a mixture of the two s t a t e s , would be expected i n the 

3 
oxygen compounds to c o n s i s t mainly of the t r i p l e t T^ s t a t e mixed 
with the CT s t a t e s . D i s s o c i a t i o n of the l i g a n d w i l l again produce 3 5 the t r i p l e t T. and the quintet T 0 states of the deoxy heme. The 
3 . 5 T^ deoxy heme w i l l then decay i n t o the ground deoxy s t a t e , T^. A 
comparison of the f i n a l intermediate D with the intermediate D for 
the carbon monoxide experiments show t h a t , w i t h i n experimental 
e r r o r , these states are i d e n t i c a l , as would be expected i f the spe
c i e s D represented the ground deoxy st a t e of the heme. 

Studies on the oxygen forms of the s t r a i n e d compounds show no 
evidence for the intermediate X. One p o s s i b i l i t y i s that the reac
t i o n X—>B i s extremely f a s t as^might be expected for the e s s e n t i 
a l l y geminate recombination of 0^ back to the heme due to favorable 
s p i n allowed pathways : 

HB02 ( 5 T 2 ) — > HB ( 3Τ χ) .... 0 2 ( 3 ^ i ) 
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and HBO2 ( 3Τ χ) — > HB ( 5T 2> 0 £ ( 3^g) . 

Another p o s s i b i l i t y i s that the d i r e c t d i s s o c i a t i o n of the oxygen i s 
more s e n s i t i v e to s t r a i n than i n the carbon monoxide complexes and 
i s simply more e f f i c i e n t and c o m p e t i t i v e l y dominant over the pseudo 
four-coordinate pathway. 

Geminate Recombination. Both the experimental and the modeling r e 
s u l t s discussed e a r l i e r i n d i c a t e that the short term 0 2 + C — > A 
geminate recombination pathway i s i n o p e r a t i v e for any of the syn
t h e t i c compounds st u d i e d . I f there i s any recombination at a l l , the 
estimate for the r e t u r n i s l e s s than 5% by 50 ps. The CO forms of 
these compounds show no evidence of short term geminate recombina
t i o n as w e l l . In the modeling studies the short term recombinant 
pathway was nevertheless included for completeness since r e t u r n to 
the ground st a t e with l i f e t i m e s of less than 20 ps could e f f e c t i v e l y 
compete for C. Not s u r p r i s i n g l y , the r e s u l t s contrast sharply with 
the short term geminate recombination pathway found i n hemoglobin 
and myoglobin ( 3 , 4 ) . The absence of fa s t geminate recombination i n 
the s y n t h e t i c compounds i s most l i k e l y due to the absence of the 
p r o t e i n surrounding the heme pocket i n terms of the r o l e i t plays i n 
trapping the oxygen near the heme. 

K i n e t i c Modeling. For a l l the s y n t h e t i c heme complexes s t u d i e d , the 
l i f e t i m e of the f i r s t intermediate AS was on the order of 250 fs i n 
agreement with the femtosecond study of Martin et a l . (22^). As the 
j i t t e r i n the pulse duration i s on the order of 1 ps, the AS l i f e 
time i s very approximate and chosen to obtain the best f i t to the 
experimental s p e c t r a . 

The l i f e t i m e s f or the intermediate B, the species considered to 
be a mixture of the lowest e x c i t e d t r i p l e t and quintet states of the 
s i x coordinate s p e c i e s , vary widely between the compounds. This 
l i f e t i m e τ β = 1/ (k^ + k^) ranges from ~ 2 ps to as high as 20 ps 
fo r the various complexes s t u d i e d , with an average l i f e t i m e of 9.5 
ps for t h i s intermediate. One fac t that should be noted i s the 
l i f e t i m e of Β i n the carbon monoxide forms of the compounds s t u d i e d . 
For the two unstrained chelated hemes ^-CO and _2-C0 the l i f e t i m e for 
t h i s intermediate i s very s h o r t , on the order of only 2 ps, i n d i c a t 
ing a f a s t d i s s o c i a t i o n of the a x i a l l i g a n d CO from a photoactive 
s t a t e . However i n the remaining CO complexes the s i t u a t i o n i s much 
d i f f e r e n t . The three other carbon monoxide complexes studied are 
s t r a i n e d compounds that p h o t o d i s s o c i a t e through X, a photoproduct 
that we have assigned as a pseudo four-coordinate intermediate. In 
these complexes the l i f e t i m e f o r Β i s found to be 5-10 times longer 
than i n the unstrained s p e c i e s . X has been postulated to a species 
i n which the a x i a l bonds of the i r o n to both the CO and imidazole 
are considerably weakened. This geometry would l i k e l y be followed 
by a movement of the i r o n to release s t r a i n on the complex and r e 
t u r n i n g i t to the s i x coordinate s p e c i e s . As mentioned e a r l i e r t h i s 
process should r e s u l t i n a lengthening of the l i f e t i m e of B, which 
i s indeed what has been found i n these cases. 

The l i f e t i m e of intermediate C for these complexes should be 
found to be independent of the liga n d present on the parent s p e c i e s . 
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Since C has been assigned to a triplet deoxy state in which the 
axial ligand has been dissociated. As can be seen in Table III, in 
most cases lifetimes are found to compare favorably between the 
carbon monoxide and oxygen forms of the synthetic complexes. In a l l 
cases the rate constants used had an accuracy of only one s i g n i f i 
cant figure, resulting in an accuracy no better for the lifetimes or 
these states. One noticeable discrepancy in occurs between the 
chelated protoheme 1̂ -C0 and the oxygen form of this compound, l_-02» 

Conclusions 

Using standard pump-probe picosecond methods, we have examined the 
picosecond photodissociation of the 0« and CO forms of a number of 
natural (3-5) and synthetic heme complexes by following ΤΠΓ Soret 
absorption changes localized to the plane of the porphyrin. Keeping 
in mind that the absorption characteristics of this band are highly 
sensitive to the coordination and geometry of the heme, our collec
tive results for the natural and synthetic complexes clearly reveal 
the importance of heme geometry and strain on the dynamics and mech
anisms of the dissociation. We have interpreted our results on the 
synthetic and natural heme complexes as occurring through a series 
of sequential steps that are evident in the transient photoproducts 
which we have isolated and characterized spectroscopically and 
kinetically. Of the four intermediates observed in the unstrained 
and natural heme complexes, we have assigned the f i r s t two as o r i g i 
nating from excited predissociative states found in the six-coordi
nate manifold and the last two as postdissociative states found in 
the five-coordinate manifold. This interpretation of the photodis
sociation of the CO complexes is consistent with a series of bot
tlenecks encountered during the deactivation and dissociation pro
cesses. Though the bottleneck possibility was f i r s t discussed by 
Green and Hochstrasser (24), this work, along with our earlier work 
(3,4), is the f i r s t to assign the AS and Β intermediates, as well as 
provide evidence for a pseudo four-coordinate intermediate found 
early in the dissociation of certain synthetic complexes having 
strained imidazole-Fe linkages. 

The differences that we see in the picosecond photodissociation 
between the natural and synthetic complexes may be linked to impor
tant structural differences in the heme pocket or constraints on the 
tertiary geometry of the heme imposed by the protein. In particular 
we would like to comment on the proximal imidazole. Recent theoret
ic a l (26), x-ray structural (27^), and resonance Raman work (6-10) 
a l l suggest that the affinity of the sixth axial-ligand for the heme 
is c r i t i c a l l y dependent on the tertiary heme structure that o r i g i 
nates from the linkage of the imidazole to the heme. In the natural 
complexes, this imidazole (His F8) and the F helix to which i t is 
bound undergo major structural movements; these changes for the α 

ο 
and 3 subunits include a 1-A translation of the F helix across the 
porphyrin face and a movement of the imidazole from a position that 
is asymmetric with respect to the porphyrin nitrogens to one that is 
more symmetric. In this regard, Tables III and IV show some 
trends. Preliminary results (_5) indicate that intermediate C in the 
Ot-Hb complex has a much longer lifetime than the other natural com-
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plexes studied, possibly because of quaternary constraint(s) present 
in the other natural complexes studied are absent or at least re
laxed in the a-complex. Similarly we find that a l l the synthetic 
complexes are characterized by relatively long C lifetimes where 
such constraint is absent. It appears that imidazole strain is most 
effective in lengthening the lifetime of Β in the CO forms of the 
synthetic complexes studied. 

The results presented in this work coupled with our earlier 
work (3,4) suggest that the proposal offered by Waleh and Loew with 
regard to dissociation is not necessarily correct for the unstrained 
synthetic and natural compounds studied. Their results suggest that 

1 2 3 1 1 ' population of the T. state (d 2 2 d d 2) found just below the Q 1 x - y i r z 
state should lead to prompt dissociation though the singlet d^—>d^2 

pathway. If this pathway dominates, then pumping the AQ band would 
be followed by rapid radiationless singlet interconversion to T^ 
leading to a fast, possibly subpicosecond, dissociation. Possibly 
with sufficient strain in the Fe-imidazole bond, favorable adjust
ments to the d —>d 2 and d 2 2 transitional energies occur allow-

j π ζ χ -y ô 

ing the T^ route to competitively dominate over the bottle neck 
mechanism as suggested by our evidence that supports a pseudo four-
coordinate complex. Otherwise, our results on the synthetic and 
natural complexes show that the photodissociation initiated by pump
ing the Q band, as judged by the lifetime of B, takes some picosec
onds to occur and depends on the heme geometry. To the extent that 
the photodissociation has its beginnings in the subpicosecond re
gime, we are in agreement with the femtosecond report of Martin et 
a l . (22). However, in their study on CO complexes of Hb and Mb a 
deoxy-like species appeared with a time constant of 350 fs which had 
spectral characteristics that did not change for 100 ps. At the 
moment, we cannot explain the difference between our results and 
this femtosecond observation in regard to the evaluation of band 
shape in the transient difference spectra. Earlier picosecond work 
showed evidence and discussed the development of the deoxy photopro
duct band shape changes that we have identified with intermediates C 
and D (24,25). As the ligand-field level system is complex, the 
possibility exists that at the 307 nm pump wavelength of the femto
second experiment a fast photodissociative channel is available that 

3+ 
is not otherwise accessible with the Nd 353 or 531 pump wave
lengths . 
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14 
Picosecond Measurements of Electron Transfer 
in Bacterial Photosynthetic Reaction Centers 

Dewey Holten1, Christine Kirmaier1, and William W. Parson2 

1Department of Chemistry, Washington University, St. Louis, MO 63130 
2Department of Biochemistry, University of Washington, Seattle, WA 98195 

We have examined the temperature dependence of the rate 
of electron transfer to ubiquinone (Q) from the bacterio
pheophytin (BPh) that serves as an initial electron 
acceptor (I) in reaction centers from Rhodopseudomonas 
sphaeroides. The rate increases by a factor of about two 
as the temperature is reduced from 295 to 100 Κ and then 
remains constant down to 5 K. Theories for electron 
transfer can account for the unusual form of the tem
perature dependence if the reaction is activationless. 
However, a quantitative fit is obtained only if the fre
quencies of some vibrational modes (having an average 
energy of ~ 300 cm-1) are allowed to change when an 
electron moves from I- (BPh-) to Q. Alternatively, the 
non-Arrhenius temperature dependence can be accounted for 
if BPh and Q move closer together by about 1 Å as the 
temperature is reduced. It appears that no more than 
half the reorganization energy is due to molecular 
changes in the electron carriers; the rest is apparently 
associated with other types of motions, some of which may 
involve the protein. 

We also have found an unexpected detection
-wavelength dependence of the observed kinetics at both 
room and low temperature. This observation can be 
rationalized under the assumption that the kinetics at 
some wavelengths contain contributions from molecular 
readjustments (reorganizations) involving the pigments 
and/or the protein in response to electron transfer. 

Reaction centers from photosynthetic organisms are specialized 
pigment-protein complexes in which photon energy is converted into 
chemical energy (1_). This is accomplished by a series of rapid 
electron transfer reactions that produce a spacially-separated oxi
dized donor and a reduced electron acceptor (2)· Reaction centers 
from the purple photosynthetic bacterium Rhodopseudomonas sphaeroides 
contain four molecules of bacteriochlorophyll (BChl), two of bac-
teriopheophytin (BPh), one tightly-bound or primary ubiquinone (Q), a 

0097-6156/ 86/ 0321 -0205$06.00/ 0 
© 1986 Amer ican Chemical Society 
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nonherae iron atom and three polypeptides (3). Photoexcitation pre
pares the excited singlet state (P*) of the primary electron donor 
(P), a complex involving two of the BChls (4-6). An electron arrives 
in about 4 ps (7-9) on an early electron acceptor I producing the 
radical-pair state Ρ +Γ~ (10-19). The electron is transferred from I" 
to Q with a time constant of about 200 ps at room temperature 
(10,11,14,17,20-22). The transient-state spectra and kinetics asso
ciated with the reaction P +I" > P+Q~ are a major focus of this 
a r t i c l e . 

It has been suggested that P+BChl"" (where BChl is one of the two 
monomeric or "accessory" BChls that are not part of P) is a transient 
state prior to Ρ +Γ" (14,16,19), although the evidence supporting this 
view has been crit i c i z e d (23,24). Recent subpicosecond studies find 
no evidence for P +BChl" (8,9). These new results do not preclude 
some involvement of a monomeric BChl in the early photochemistry, 
only that P +BChl~ apparently is not a kinetically resolved transient 
state. Perhaps P* i t s e l f contains some charge-transfer character 
between i t s component BChls, or between Ρ and one or both of the 
monomeric BChls (8,9,25-27). One of the two monomeric BChls 
apparently can be removed by treatment of the reaction center with 
sodium borohydride (28) and subsequent chromatography, with no 
impairment of the primary electron transfer reactions (29)» Thus, at 
present i t appears that P+I"" i s the f i r s t resolved radical-pair 
state, and i t forms with a time constant of about 4 ps in Rps. 
sphaeroides. 

The intermediary acceptor I is thought to be a complex involving 
a BPh and one of the monomeric BChls (18,30-34). This view is based 
on the observation that the reduction of I causes absorption changes 
in regions of the spectrum attributable to BPh and also in regions 
normally ascribed to BChl. It has been proposed from nanosecond stu
dies on reaction centers having Q reduced that P +I~ is a thermal mix
ture of P+BPh" and P +BChl~, with about 60% of the added electron 
density on the BPh at room temperature (33)» Our recent kinetic 
measurements (22) and low-temperature picosecond photodichroisra stu
dies (35) suggest that P +I~ i s P+BPh~" in Rps. sphaeroides. However, 
the reduction of BPh appears to affect the BChls strongly. Large 
absorption changes at near-infrared wavelengths normally ascribed to 
the BChls accompany the reduction of I, but the decay of the absorp
tion changes is somewhat faster than the kinetics associated with the 
electron transfer from I"" (BPh"") to Q. We have tentatively ascribed 
these extra kinetics to nuclear relaxations (readjustments) involving 
the BChls and/or Ρ (or P +) in response to the formation of P +I" 
(P+BPh"). The second BPh molecule, which is not an electron carrier, 
also appears to be affected by charge separation, and a slower relax
ation appears to be associated with i t . This tentative interpre
tation of the unexpected detection-wavelength dependence of the 
kinetics implies that motions of the pigments and the protein accom
panying electron transfer may affect the transient-state spectra and 
kinetics (22,35). 

In order to learn more about the importance of vibrational 
motions in the primary photochemistry, we have measured the tem
perature dependence of the rate of electron transfer from Γ" (BPh") 
to Q over the range 295 to 5 Κ in polyvinyl alcohol films (22). The 
rate increases by a factor of about two as the temperature is reduced 
from 295 Κ to ~ 100 K, and then remains constant down to 5 K; the 
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t ime constant below 100 Κ i s ~ 100 ps . These r e s u l t s agree i n some 
respec ts and d i sagree i n others w i th e a r l i e r , l e s s ex tens ive s tud i e s 
(17.21) , as d i scussed elsewhere (22)» Here we d i s cuss b r i e f l y the 
temperature dependence i n terras of theo r i e s f o r e l e c t r o n t r a n s f e r i n 
order to see what new in fo rmat i on can be obta ined regard ing the 
mechanism of charge s epa r a t i on . 

Exper imenta l Sec t i on 

The picosecond apparatus and exper imenta l d e t a i l s have been desc r ibed 
(18.22) . Samples were e x c i t e d w i th 30-ps 600-nm e x c i t a t i o n f l a shes 
(< 100 u j ; 1.5-2 mm diameter) at 5 Hz. The maximum standard 
d e v i a t i o n i n ΔΑ was t y p i c a l l y ± 0.005. Rps. sphaero ides r e a c t i o n 
centers (36) and p o l y v i n y l a l c oho l (PVA) f i l m s (17) were prepared as 
desc r i bed p r e v i o u s l y . 

Resu l t s 

T rans ient State Spec t ra . F igure 1 shows the nea r - i n f r a r ed d i f f e r en c e 
spec t r a f o r the format ion of s t a tes P + I " at 30 ps (A) and P+Q~ at 1.6 
ns (B) i n Rps. sphaero ides r e a c t i o n centers imbedded i n a PVA f i l m at 
295 Κ (dashed) and at 5 Κ ( s o l i d ) . F igure 2 shows the corresponding 
d i f f e r e n c e spec t ra i n the v i s i b l e reg ion on an expanded ΔΑ sca l e f o r 
a f i l m having approx imate ly three times the o p t i c a l d en s i t y . The 
d i f f e r e n c e spec t ra are much be t t e r reso lved at 5 Κ than at 295 K. 
De t a i l e d d i s c u s s i o n of the abso rp t i on changes and comparisons w i th 
spec t r a taken under other cond i t i ons have been g iven (22 ,35) . For 
the present d i s c u s s i o n we note the major f ea tu res that change dur ing 
the time i n which the e l e c t r o n moves from I " (BPh~) to Q. In the 
near i n f r a r e d (F igure 1) between 30 ps and 1.6 ns there are net 
abso rp t i on i nc reases near 795 and 765 nm. The change near 795-nm i s 
probab ly assoc i a ted w i th one of the two monomeric BChls or Ρ (or P + ) . 
The change i n abso rp t i on near 765 nm probably r e f l e c t s decay of 
b l each ing i n the 0γ ground-s ta te abso rp t i on band of the " l o n g -
wavelength" BPh. (The sma l l t rough near 750 nm can be assoc i a ted 
w i t h the "shor t -wave length" BPh.) 

In the v i s i b l e reg ion two major bands change s i g n i f i c a n t l y as 
P + I " (F igure 2A) g ives way to P+Q~ (F igu re 2B); the broad "an ion" 
band (34,37) centered near 665 nm decays and the b leach ing near 545 
nm recove r s . The abso rp t i on changes i n the BPh Οχ r eg ion can be seen 
more c l e a r l y i n F igure 3, which compares the 5-K t r a n s i e n t - s t a t e 
spec t r a (A) and t h e i r d i f f e r e n c e (B) w i t h the 5-K ground-s ta te 
spectrum. C l e a r l y on ly the long-wavelength (545-nm) BPh i s bleached 
s i g n i f i c a n t l y when I i s reduced (22 ,35) , i n agreement w i th other work 
(13 ,20 ,30 ,31 ,38) . The 530-nm Οχ band of the short-wave length BPh i s 
a f f e c t e d by the o x i d a t i o n of Ρ and/or r educ t i on of Q (F igures 2B and 
3A), a l s o i n agreement w i th e a r l i e r work ( 39 ) . 

Temperature and Detect ion-Wavelength Dependence of the K i n e t i c s . 
F i gu res 1-3 show that there are four major reg ions i n which k i n e t i c s 
can be measured dur ing the time i n which the e l e c t r o n moves from I " 
(BPh"") to Q: i n the 545- and 765-nm reg ions of BPh ground-state 
ab so r p t i o n , i n the 665-nm anion band, and near 795-nm, a reg ion no r 
ma l l y a ssoc i a ted w i t h the BCh ls . The measurements at a l l wavelengths 
and temperatures are desc r ibed w e l l by f i r s t - o r d e r k i n e t i c s . 
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— I I I 1— 

7 5 0 8 0 0 8 5 0 9 0 0 

W o v e l e n g t h (nm) 

Figure 1. Near-infrared absorption changes for Rps. sphaeroides 
reaction centers imbedded in a PVA film at 30 ps (A) and 1.6 ns 
(B) with respect to the center of a 30-ps 600-nm excitation flash, 
at 295 Κ (dashed) and 5 Κ (solid). Reproduced with permission 
from Ref. 22. Copyright 1985, Elsevier Science Publishers. 
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Rps. sphaeroides 

PVA Film 

0 . 0 8 

Δ A 

- 0 . 0 8 

5 Κ 

* 1.6 ns 

0 . 0 8 -

Δ 

5 0 0 6 0 0 7 0 0 

Wavelength (nm) 

Figure 2. Absorption changes in the visible region acquired as in 
Figure 1, except that the PVA film had approximately three times 
the optical density. Reproduced with permission from Ref, 22· 
Copyright 1985, Elsevier Science Publishers. 
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0.1 

ΔΑ 

Δ Α 

0.2 

1.6 ns (P Q ~ U ^ 

JL J I L 
5 0 0 5 5 0 

Wavelength (nm) 

Figure 3. 
1*6 ns at 
spectra* 
region at 
Copyright 

(A) Absorption changes in the BPh Q x region at 30 ps and 
5 Κ. (B) Difference between the 30-ps and 1.6-ns 
(C) Ground-state spectrum of the same PVA film in this 
5 K. Reproduced with permission from Ref. 35. 
1985, Elsevier Science Publishers. 
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However, the time constants measured in the four regions are not the 
same at a given temperature (Table 1). 

Table 1. Average time constants (in picoseconds) as a function of 
temperature and detection wavelength in Rps. sphaeroides 
reaction centers. 

BPh Qx BPh" (BPh Qv) (BChl/P) 
(545 nm) (665 nm) 758 nm 765 nm 795 nm 

PVA Films: 
5 Κ 103 ± 10 92 ± 7 140 ± 20 104 + 11 73 ± 12 

76 Κ 98 ± 7 98 ± 8 134 ± 18 108 + 12 69 ± 10 
295 Κ 229 ± 25 154 ± 15 

Buffer 
285 Κ 253 ± 10 207 t 12 249 t 12 150 ± 17 

Analysis of these results (22,35) indicates that the rate of the pro
cess P +I" P+Q" i s best measured via the decay of the broad 665 nm 
anion band (Figure 2). This band is relatively insensitive to tem
perature and appears to have only one underlying component; the time 
constants measured across the 665-nm band (650-680 nm) are the same 
within experimental error at a given temperature. The band is well 
separated from ground-state absorptions, which are sensitive to tem
perature, electrochromic, excitonic and other effects. 

Figure 4 shows the temperature dependence of the decay kinetics 
measured in PVA films in the 665-nm band (triangles). Some measure
ments at lower temperatures in the 545-nm band are also shown 
(cir c l e s ) . The electron transfer rate constant increases by a factor 
of ~ 2 as the temperature is lowered from 295 Κ to ~ 100 K, at which 
point the rate becomes independent of temperature within experimental 
error. The solid curve through the experimental data in Figure 4 is 
a theoretical f i t that w i l l be discussed below. 

The time constants measured near 665 and 795 nm at 295 Κ in PVA 
film are in good agreement with those measured at 285 Κ in flowed 
buffer (Table 1). Even though the kinetics are different at d i f 
ferent wavelengths, the temperature dependence in each region appears 
to be similar; the time constant decreases by about a factor of two 
between 295-285 and 76 K, and is the same at 76 and 5 K. 

Discussion 

Temperature Dependence of the Kinetics. In an earlier article (22) 
we gave a detailed analysis of the temperature dependence of the rate 
of electron transfer from I" (BPh") to Q (Figure 4). Here we sum
marize some of the important considerations and discuss further the 
possible insights that the temperature and detection-wavelength 
dependence of the kinetics may give into the molecular mechanism of 
electron transfer and the overall charge separation process. 

Theories for photosynthetic electron transfer normally begin with 
the premise that the electron transfer is nonadiabatic (40-48). The 
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0 100 2 0 0 3 0 0 

T e m p e r a t u r e ( K ) 

Figure 4. Temperature dependence of the rate of electron transfer 
from BPh" to Q in Rps. sphaeroides PVA films measured at 545 nm 
(circles) and 665 nm (triangles). The solid curve is a f i t using 
the theory of Kakitani and Kakitani (44) with <ve>/c » 250 cm"1, 
<vg/c> = 1550 cm"1,^ = 0.6, AG(295 K) = 4100 cm"1, AEj = 2400 
cm and V = 30 cm"1 (23). Reproduced with permission from Ref. 
22. Copyright 1985, Elsevier Science Publishers. 
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rate of electron transfer is expressed in terms of the Fermi golden-
rule: W = 4π 2η" 1 V 2 F, where h is Planck's constant, V is the 
electronic (tunneling) matrix element between the donor and acceptor, 
and F is the thermally-weighted Franck-Condon (vibrational overlap) 
factor. 

We have considered two possible interpretations for the tem
perature dependence of the rate of electron transfer from I" to Q 
shown in Figure 4. Fi r s t , the pigments might move closer together 
(22,49) or into an increasingly more favorable geometry as the tem
perature is reduced. The electronic factor (V) is thought to 
decrease exponentially with distance: V - V0*exp(-3R), with 3 ~ 1 
Â" 1 (41,50). The increase in rate by a factor of ~ 2 would mean that 
the distance between I" and Q decreases by about 1 Â as the tem
perature is lowered from 295 to 100 K. This interpretation requires 
that the conformation remain constant below 100 K, where the rate is 
independent of temperature. (A possible argument against this inter
pretation is that the rate of this electron transfer reaction in Rps. 
v i r i d i s reaction centers appears to be independent of temperature 
(M).) 

An alternative interpretation is that V is independent of tem
perature, and that the variation of the electron transfer rate with 
temperature is contained in the thermally-weighted Franck-Condon fac
tor (40-45). On the basis of this interpretation the non-Arrhenius 
temperature dependence can be explained i f the electron transfer 
reaction is activationless. This means that the nuclear potential 
surface for the product state (P+Q") crosses near the minimum of the 
potential surface for the reactant state (P +I"). In other words, the 
(free) energy change in the reaction equals the total (pigment + pro
tein) reorganization energy. A non-Arrhenius temperature dependence 
can be explained since at low-temperature (kT « hv) only the zero-
point vibrational level(s) of the reactant state w i l l be populated. 
The rate w i l l be maximal for a given electronic factor V, since the 
vibrational overlap (Franck-Condon factor) w i l l be optimum. The rate 
w i l l decrease as the temperature is raised, since higher vibrational 
levels of the reactants w i l l be thermally populated. These higher 
vibrational states have poorer overlap with the product vibrational 
states. 

The most simple view is that the reorganization energy is a 
measure only of the configurational changes (changes in bond lengths 
and bond angles) accompanying electron transfer. Using this approach 
Jortner proposed that high-frequency quantum (pigment) modes having 
an average value of <Vq>/c ~ 400 cm""1 make the dominant contribution 
to the Franck-Condon factor (40,41). Sarai included explicit contri
butions from the low-frequency (protein) modes (42,43). The observed 
c r i t i c a l temperature of ~ 100 Κ for the P +I" P+Q" reaction (Figure 
4) fixes <Vq>/c ~ 250-300 cm"1. Both Jortner's and Sarai's theories 
predict an increase in rate of at most a factor of ~ 1.15 as the tem
perature is lowered from 295 Κ to 100 K, as compared to the measured 
factor of ~ 2 (2.3 in Figure 4). 

It should be noted here that the high-temperature (kT > hv) forms 
of the expressions in these theories (40-43) and in others (48) pre
dict that the rate will be proportional to 1//T for an activationless 
reaction (the exponential term containing the activation energy 
divided by kT w i l l be unity). If taken at face value, these high-
temperature (classical) expressions give an increase in rate of /3 = 
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1.7 between 300 and 100 K. However, they cannot account for the c r i 
t i c a l temperature and the temperature independence below 100 K, which 
are associated with nuclear tunnelling, a quantum phenomenon. Also 
with <v>/c ~ 250-300 cm"1 derived from the c r i t i c a l temperature and 
kT ~ 70-200 cm*"1 between 100 and 295 K, the high-temperature 
expressions introduce error since the relation kT > hv is not met. 
The f u l l expressions give only a 15% increase in rate between the two 
temperatures, as mentioned above. 

One way to obtain a larger negative temperature dependence while 
having a c r i t i c a l temperature of ~ 100 Κ is to include a change in 
entropy in the electron transfer reaction. Kakitani and Kakitani 
(44) recently developed a theory in which vibrational frequency 
changes as well as displacements are allowed. This means that the 
reactants and products can have different densities of vibrational 
states and that their potential energy surfaces do not have the same 
shape. The electron transfer reaction thus can involve a change in 
entropy. These authors derive an expression identical to Jortner's, 
except that the energy change ΔΕ is replaced by the free energy 
change AG, and the entropy change makes AG a function of temperature. 
The vibrational modes were a r t i f i c i a l l y separated into two classes, 
those that undergo displacements and those that experience changes in 
frequency. Kakitani and Kakitani (44) and Warshel (51) argue that 
modes having <vq>/c » 1000-1600 cra""^ involving in-plane skeletal 
vibrations of the atoms in the conjugated π-system, are likely to be 
the most strongly coupled to electron transfer involving porphyrins 
and define the reaction coordinate. These high-frequency modes are 
not excited significantly above their zero-point levels, even at 
300 Κ (kT ~ 200 cm"1). Therefore, the temperature dependence of the 
electron transfer rate is not determined by the thermal population of 
these modes, as i t is in theories of Jortner and Sarai. Instead, the 
temperature dependence is determined by the thermal population of the 
modes that experience changes in frequency. Since the protein 
undoubtedly has a very large number of low-frequency modes, the 
entropie contribution to the free energy could be substantial even 
though the average frequency change may be relatively small. The 
c r i t i c a l temperature of ~ 100 Κ means that these modes must have an 
average energy <ve>/c ~ 250-300 cm*"1. 

The solid curve in Figure 4 is a computer f i t using the theory of 
Kakitani and Kakitani. Details of the analysis are discussed else
where (22) . The increase in rate with decreasing temperature means 
that the average vibrational frequency <ve> decreases as the electron 
spacing means that the density of vibrational states is larger in the 
products than in the reactants, corresponding to an entropy increase 
as a result of the electron transfer. The theoretical f i t gives an 
electronic factor V » 15-30 cm"1. Using the simple formula given 
above that V decreases exponentially with distance, and using V 0 « 
10 5 cm"1 (41), we calculate R » 8-9 Â. This is close to the edge-to-
edge distance between BPh and Q found in the crystal structure of the 
Rps. v i r i d l 8 reaction center (52) . However, the calculated result 
may not be highly accurate because the simple relationship assumes a 
specific electron-tunneling barrier height and contains no orienta
tion factor (40) . 

The total reorganization energy is equal to the free energy 
change for an activationless electron transfer reaction (40-48) . In 
Marcus theory (48,53) this condition is expressed as AG - - λ , where 
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λ is the reorganization energy. In the theories of Jortner (40,41) 
and Kakitani and Kakitani (44) the reorganization energy is equal to 
S eh<Vq>, where S is the electron-vibration coupling strength and 
h<Vq> is the energy of the vibrational mode that is displaced along 
the reaction coordinate. In discussing electron transfer from Γ" 
(BPtT) to Q above we used h<vq> s 1550 cm"1 (Figure 4), although a 
range of values could be used to f i t the data (22). Kakitani and 
Kakitani (44) chose an average value of 1000 cnf^ and Warshel used 
1400 cm"1 (46). The coupling strength for porphyrins has been e s t i 
mated to be S = 0.5-1 (42,43,46,54), consistent with the relatively 
small changes in bond lengths and angles observed upon oxidation or 
reduction of porphyrins (55-57). The value of S should be somewhat 
larger for quinone (58,59); Kakitani and Kakitani estimated i t to be 
1, compared to 0.5 for porphyrin (44). Thus S ~ 1.5 appears to be a 
reasonable estimate for electron transfer from BPh to Q. Together 
with h<Vq> = 1550 cm""1 we estimate that the reorganization energy 
associated with the electron carriers is ~ 0.3 eV. Thus, for the 
P I + P̂ Q"" reaction, for which the free energy change is 0.5-0.7 eV 
(60-62), i t appears that about half of the reorganization energy may 
be associated with other types of motions, some of which may involve 
the protein. However, a more definitive analysis must await a more 
detailed understanding of the actual molecular changes that accompany 
electron transfer in the reaction center. 

Detection Wavelength Dependence of the Kinetics. The decay time of 
100 ps measured at low temperature in the 665-nm anion band appears 
to be the same as the kinetics of the absorption changes in the 545-
and 765-nm ground-state bands of BPh (Table 1). These results are 
consistent with the view that the BPh that receives an electron has 
it s Οχ and Qy bands at 545 and 765 nm respectively (resolved at low 
temperature), and forms the anion radical (BPh"") that gives rise to 
the 665-nm band in P + l " (P+BPh~). The slower (~ 135 ps) decay kine
tics measured at 758 nm could reflect an additional relaxation 
involving the 0γ band of the second BPh. Such a longer-lived com
ponent apparently does not contribute (within our resolution) to the 
kinetics measured at 545 nm at 5 Κ or 76 K; the Q x bands of the two 
BPhs are well separated at low temperature (Figure 3). At higher 
temperatures there appears to be substantial overlap of the absorp
tion bands (and absorption changes) in both the Q x and QY regions of 
the BPhs. The measurements on the flowed reaction centers at 285 Κ 
gave an average time constant of ~250 ps at both 765 and 545 nm 
(Table 1), slightly longer than the average 207-ps time constant 
across the 665-nm feature that we ascribe to the actual rate of 
electron transfer from I" (BPh"") to Q. The slower component of the 
kinetics in the 750-770 and 530-550 nm regions of BPh ground-state 
absorption could, again, reflect a relaxation involving the shorter-
wavelength BPh. This relaxation could involve readjustment of the 
protein to accomodate the new charge distribution on the pigments 
following electron transfer. Kleinfeld et al (63) have proposed that 
the formation of P+Q" causes a conformation change in the reaction 
center. 

At a l l temperatures, the decay times measured in the 795-nm 
region (Fig. 3) are significantly shorter than the time constants 
measured in the 545-nm, 765-nm, and 665-nm regions (Table 1). The 
absorption changes near 795-nm do not appear to be due to decay of 
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the anion radical BChl". If this were the case, then one would 
expect to measure some component of the 795-nm kinetics at 665 nm. 
In addition, photodichroism measurements at low temperature suggest 
that the 665-nm absorption band of P +I" is due predominantly to BPh" 
(35). One possibility to explain these results is that the absorp
tion change at 795 nm is due mainly to a change in the interaction of 
BChl with P, with the BPh that undergoes reduction, or with the pro
tein. The kinetics measured near 795-nm thus could reflect movement 
of the BChl(s) or readjustment of the protein following formation of 
P +I" or even following absorption of a photon. A second, but 
related, possibility is that the kinetics may be due to a relaxation 
involving Ρ (or P +). This could involve movement of the protein (35) 
and/or readjustment of the two rings of Ρ with respect to one another 
(64). A (neutral) momomer-like absorption band of Ρ i s thought to 
l i e in this region (39) and this band may continue to relax after 
P +I" (P+BPh") forms. 

Recent studies show that Chloroflexus aurantiacus reaction cen
ters exhibit a detection-wavelength dependence of the kinetics simi
lar to that observed here for Rps. sphaeroides (Table 1); the time 
constants in each of four similar wavelength regions are about 115 ps 
longer in Chloroflexus (65). If our tentative interpretation of the 
detection-wavelength dependence of the kinetics is correct, then i t 
suggests that the early electron transfer reactions may not occur 
from thermally-equilibrated states of the pigments and the protein. 
This would greatly complicate assignment of the time evolution of 
absorption changes simply as pigment oxidations and reductions. 
Further work is underway to help understand more clearly how nuclear 
motions of the pigments and/or the protein contribute to the primary 
charge separation process. 
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Two-Photon Absorption and Radiationless Transitions 
of Porphyrins 
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2Department of Chemistry, Tokyo Institute of Technology, Ohokayama, Meguroku, 
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S2 -> S0 fluorescence and radiationless transitions from 
the S1 state of porphyrins have been studied in order 
to reveal photodynamics of porphyrins. The S 2 state 
fluorescence of zinc(II)-tetraphenylporphin is caused 
even by the excitation to the S1 state. Two-photon 
absorption and optical-optical double resonance studies 
show that a stepwise two-photon absorption through the 
S1 state is a main process populating the S 2 state. 
The absorption cross sections σ1n of the Sn <- S1 tran
sition are determined from the kinetic analyses based 
on the two-photon absorption measurement. In contrast, 
tetraphenylporphin scarcely show the S 2 state fluores
cence. In order to elucidate the effect of the imino 
hydrogens on the radiationless transitions, deuterium 
isotope effect on the relaxation processes from the 
lowest excited singlet state of metal free porphyrins 
has been investigated. 

Photodynamics of metalloporphyrins have been extensively i n v e s t i g a t e d 
on account of i t s importance i n the understanding of photosynthesis 
and other processes of b i o l o g i c a l importance (_1) . P a r t i c u l a r atten-
sion has been paid to the reason why the e x c i t e d metalloporphyrins 
possess unique c h a r a c t e r i s t i c s from the viewpoint of redox (2-4), 
energy t r a n s f e r (_5) , and other photodynamical processes (6,7) . In 
comparison with the considerable knowledge accumulated on the photo
chemical properties of the lowest e x c i t e d s t a t e s , l i t t l e has been 
known on the S 2 Sq fluorescence and S I V - ^ S Q i n t e r n a l conversion 
processes which can also be regarded as unusual characters of 
metalloporphyrins. 

The S 2 state fluorescence of metalloporphyrins was f i r s t noticed 
by Bajema et a l . {8} and l a t e r the photophysical parameters concerned 
with the S2 state were determined on sev e r a l metalloporphyrins ( 9 , 1 0 ) . 
s2 "** s 0 e m i s s i o n from large molecules i n condensed phases has also 
been recognized i n many other organic compounds, e.g., azulene (11), 
thiocarbonyl compounds (12), and several polyenes (13). However, 
i n some metalloporphyrins one can observe the S 2 state fluorescence 
even a f t e r the e x c i t a t i o n to the S i state (14-17), that i s , the blue 

0097-6156/86/0321-0219$06.00/ 0 
© 1986 Amer i can Chemical Society 

 P
ub

lic
at

io
n 

D
at

e:
 O

ct
ob

er
 1

5,
 1

98
6 

| d
oi

: 1
0.

10
21

/b
k-

19
86

-0
32

1.
ch

01
5

In Porphyrins; Gouterman, M., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1986. 



220 P O R P H Y R I N S : E X C I T E D S T A T E S A N D D Y N A M I C S 

emission can be obtained from the v i s i b l e e x c i t a t i o n l i g h t . Possible 
mechanisms to account f o r t h i s anomalous behavior i s i n v e s t i g a t e d by 
measuring the l a s e r induced fluorescence of z i n c ( I I ) - t e t r a p h e n y l 
porphin (18,19). The r e s u l t s show that the S 2 state fluorescence i s 
mainly caused by stepwise two-photon absorption through the state 
and there e x i s t s a minor c o n t r i b u t i o n of t r i p l e t - t r i p l e t a n n i h i l a t i o n . 
The measurement of the S 2 state fluorescence i s applied to the 
determination of absorption cross sections f o r the S n «- S-^ t r a n s i t i o n 
of ZnTPP. 

Porphyrin free bases are c h a r a c t e r i z e d by c e n t r a l imino hydro
gens which have been proved to play an important r o l e not only i n 
e l e c t r o n i c s t r u c t u r e s but also i n the r a d i a t i o n l e s s t r a n s i t i o n s from 
the e x c i t e d sta t e s . Several groups have substantiated that 
deuteration of imino hydrogens decreases the rate constant of T ^ ^ S Q 
intersystem c rossing (20-23). This was a t t r i b u t e d to the N-H 
s t r e t c h i n g mode of the center of the porphin r i n g which i s presumed 
to act as an accepting mode i n the T - ^ ^ S Q intersystem crossing. 
Recently, i t was shown that i n deuterated tetraphenylporphin the 
fluorescence quantum y i e l d and l i f e t i m e , and the t r i p l e t y i e l d 
increase i n a s i m i l a r manner r e l a t i v e to the undeuterated one (24). 
Such a deuterium isotope e f f e c t s on the S-̂  state suggested the par
t i c i p a t i o n of S J ^ ^ S Q i n t e r n a l conversion i n the energy d i s s i p a t i n g 
processes. The e f f e c t of i s o t o p i c s u b s t i t u t i o n on the photophysical 
parameters of S^ state i s i n v e s t i g a t e d i n order to e l u c i d a t e the 
mechanism of r a d i a t i o n l e s s t r a n s i t i o n s i n metal free porphyrins. 

Experimental 

Tetraphenylporphin (H2TPP) was prepared from p y r r o l e and benzaldehyde 
(25). The t e t r a p h e n y l c h l o r i n contamination was o x i d i z e d by use of 
2,3-dichloro-5,6-dicyano-p-benzoquinone (26). Octaethylporphin (H 2~ 
OEP)was prepared by the method of Paine et al.(27) from 3,4-diethyl-
2-ethoxy-carbonyl-5-methyl-pyrrole (28). Zinc(II)-tetraphenylporphin 
(ZnTPP) was prepared by r e f l u x i n g H 2TPP and zinc acetate i n dimethyl-
formamide (29). ZnTPP was d i s s o l v e d at a concentration of 10~ 5-10~ 6 

M i n EPA (5 parts d i e t h y l ether, 5 parts isopentane, and 2 parts 
ethanol by volume). H 2TPP and H2OEP were d i s s o l v e d at a concentra
t i o n of 10" 5-10" 6 M i n toluene. The deuterated TPP (D2TPP) and OEP 
(D2OEP) on the center imino hydrogens were obtained by adding a few 
drops of C 2H 5OD to a s o l u t i o n of TPP and OEP i n dry toluene (30). 
OEP deuterated at the meso p o s i t i o n s was obtained by keeping OEP i n 
concentrated D 2S0 4 f o r 24 h (31). A l l samples were thoroughly 
degassed by freeze-pump-thaw c y c l e s on a high vacuum l i n e . 

Absorption and emission spectra were taken with a JASCO UVIDEC-
510 spectrophotometer and a JASCO FP-550A spectrofluorometer, 
r e s p e c t i v e l y . The fluorescence quantum y i e l d s were determined 
r e l a t i v e to 9,10-diphenylanthracene or rhodamine 640 using the 
o p t i c a l l y d i l u t e method (32). The t r a n s i e n t absorption was measured 
by a nanosecond l a s e r f l a s h p h o t o l y s i s system using a nitrogen pumped 
dye l a s e r as an e x c i t a t i o n source (33). Transient s i g n a l s were 
accumulated by an Iwatsu DM-901 d i g i t a l memory combined with a 
personal computer. Two-photon measurements upon l a s e r i l l u m i n a t i o n 
were c a r r i e d out using a nitrogen l a s e r (Molectron UV-22) and a 
nitrogen pumped dye l a s e r (Molectron DL-14). The o p t i c a l - o p t i c a l 
double resonance (OODR) measurements were c a r r i e d out using two-color 
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laser beams (λ^ = 540 nm; λ 2 = 640 nm) from two sets of dye heads 
which were pumped simultaneously with the same nitrogen laser. The 
fluorescence lifetimes of metal free porphyrins were measured by 
using a single-photon counting method. A dye laser (Spectra-Physics 
model 375) pumped by a mode-locked Ar-ion laser (Spectra-Physics model 
171) was used for the excitation source. A single pulse of the dye 
laser was extracted by cavity dumper (Spectra-Physics model 344). 
The pulse width was ca. 20 ps and the repetition rate was 0.8 MHz. 

S 2 Emission of ZnTPP by Two-Photon Absorption Mechanism 

ZnTPP and several metalloporphyrins show typical S 2 S Q emission by 
ultraviolet irradiation with stationary light (8-10). Similar vio
lations of Kasha's rule were favored for molecules having relatively 
large energy differences between their S^ and S 2 states (e.g., 14000 
cm - 1 in azulene (34) and 6900 cm"1 in ZnTPP). In the case of metallo
porphyrins, another origin i s found in the large absorption cross 
section for the S 2 «- S Q transition (ca. 2.3 χ 10~ 1 5 cm2 molecule" 1 in 
ZnTPP) because the natural radiative rate from the S 2 state could be 
so large to compete with the fast internal conversion. The S^ and S 2 

fluorescence quantum yields determined were 0-^ = 0.07 and 0 2 = 0.001, 
respectively. The fluorescence lifetime from the S-̂  state was 
obtained to be 1.8 ns by using a second harmonic (527 nm, pulse width 
: ca. 4 ps) of Nd 3 + phosphate glass picosecond laser, while the l i f e 
time of the S 2 state fluorescence was too short to be determined (35) . 

s2 s0 f l u o r e s c e n c e in condensed media has so far been found in 
several types of molecules. However, metalloporphyrins are contrasted 
with these compounds by another arresting feature such that the S 2 

fluorescence can be observed even upon photoexcitation to the S-̂  
state. Stelmakh and Tsvirko have f i r s t noticed the anomalous S 2 -*> S Q 
fluorescence in metalloporphyrins (15,16). Figure 1(a) shows the 
fluorescence spectra of ZnTPP in EPA taken by the 540 nm excitation 
of a nitrogen pumped dye laser. The fluorescence band at around 430 
nm observed by visible excitation is safely assigned to the S 2 state 
fluorescence. The laser power dependence of the fluorescence inten
sity i s quadratic at low power density of excitation (<5 χ ΙΟ 1^ 
photons cm"2 pulse" 1) but shows typical saturation effect with 
increasing the laser intensity. It should be emphasized here that 
the S 2 fluorescence of ZnTPP can be observed without focusing of the 
laser beam. 

Possible mechanisms of excitation to the upper electronically 
excited states can be classified as follows: 

[A] t r i p l e t - t r i p l e t annihilation 
S 0 + hv Si^T-L , T1 + T1 S 2 + S Q 

[B] stepwise two-photon absorption through the S-̂  state 
S Q + hv + S-ĵ  , S± + hv Sn^-»-S2 

[C] T n'v*S 2 inverse intersystem crossing following stepwise two-
photon absorption through the T-̂  state 
S Q + hv S 1 ^ T 1 , T-L + hv Tn%-»-S2 

If the S 2 fluorescence is mainly produced by the t r i p l e t - t r i p l e t 
annihilation (mechanism [A]), the decay profile must depend upon the 
decay rate constant (kT) of the f i r s t excited t r i p l e t state, and 
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delayed fluorescence should be observed i n the wavelength region of 
S 2 state fluorescence (36). The observed decay p r o f i l e of S 2 S Q 
fluorescence consisted of two components. The main part had a 
shorter l i f e t i m e than the time width (ca. 6 ns) of the e x c i t a t i o n 
l a s e r pulse and weak delayed fluorescence was detected simultaneous
l y with the f a s t fluorescence. Figure 1(b) shows the delayed S^ S Q 

and S 2 ·+ S Q fluorescence spectra taken at 1 Us a f t e r the l a s e r pulse 
e x c i t a t i o n of 540 nm. The decay p r o f i l e of the delayed fluorescence 
was corresponding to the second-order component of T n «- T-̂  absorption 
of ZnTPP under the same experimental conditions. Although the trace 
of delayed S 2 -+ S Q fluorescence was observed, the i n t e n s i t y was 
n e g l i g i b l y weak compared with the prompt S 2

 s Q fluorescence. The 
time-resolved experiments reveal that the S 2 state fluorescence i s 
caused by mainly the stepwise two-photon absorption due e i t h e r to 
mechanism [ B ] or [C], and the t r i p l e t - t r i p l e t a n n i h i l a t i o n i s 
s l i g h t l y responsible f o r the S 2 state fluorescence. 

I f the S n +· t r a n s i t i o n s at around 540 nm are strongly allowed, 
then mechanism [B] w i l l become more important than mechanism [C], 
because the l a t t e r process involves the i n e f f i c i e n t τ

η ' ν * ' δ
2 i n t e r 

system cro s s i n g . The quantum y i e l d of T n'v*-S 2 intersystem crossing 
i s g e n erally l e s s than 10"^, except f o r the heavy atom-containing 
molecules (37). In order to determine which mechanism i s dominant 
under the present experimental c o n d i t i o n the time-resolved OODR study 
was c a r r i e d out by using two-color l a s e r pulses. Since the S^ or T^ 
state acts as the intermediate state i n the course of the stepwise 
two-photon absorption, the large d i f f e r e n c e between t h e i r l i f e t i m e s 
was u t i l i z e d i n OODR method. The λ 1(540 nm) and λ 2(640 nm) pulses 
were used f o r the S± +- S Q and S n «- S^ e x c i t a t i o n s , r e s p e c t i v e l y , and 
the fluorescence from the S 2 state was monitored. The time delay 
between the and λ~ pulses was changed o p t i c a l l y to the range 3.0 
to 20 ns. The dependence of the i n t e n s i t y of S 2 fluorescence on the 
time delay i s shown i n Figure 2(a). The r e l a t i v e increments ( A F 2 ) of 
the S 2 fluorescence due to the second l a s e r pulse λ 2 are p l o t t e d as 
a fun c t i o n of the delay time t d between λ-̂  and λ 2 pulses. Experimen
t a l values are shown by open c i r c l e s , which tend to decrease r a p i d l y 
with i n c r e a s i n g delay time i n the range 3.0 to 20 ns. The proba
b i l i t y producing the S 2 state by the i r r a d i a t i o n of and λ 2 pulses 
at a given delay time t d can be simulated by 

P ( t d > = + t d ) f ( t ) d t (1) 
where I L ( t + t d ) i s the l a s e r l i g h t f u n c t i o n , and f ( t ) i s the s i n 
g l e t or t r i p l e t response function. The shape of I L ( t ) can be 
approximated by the Gaussian. The response functions of the s i n g l e t 
( f s ( t ) ) and t r i p l e t ( f T ( t ) ) states are c a l c u l a t e d by 

f s ( t ) = J l L ( t + t ' l e ' ^ ' d f (2) 
and 

f T ( t ) = J l L ( t + t ' ) ( l - e ' V j d f (3) 
re s p e c t i v e l y , using s i n g l e t decay rate constant (k^)· The c a l c u l a t e d 
curves of I L ( t ) , f g ( t ) , and f T ( t ) are shown i n Figure 2(b), and the 
P ( t d ) values simulated based on these functions are p l o t t e d i n Figure 
2(a) f o r both the S-̂  and T^ state s . I t can be found from Figure 2(a) 
that the Ρ(t^) curve c a l c u l a t e d based on the mechanism [C] tends to 
increase with increasing delay time, while the corresponding values 
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(a) 
s i s o i \ 
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Figure 1. Fluorescence spectra (uncorrected f o r the s p e c t r a l 
response) of ZnTPP i n EPA at room temperature taken by the 540 
nm e x c i t a t i o n of a nitrogen pumped dye l a s e r , (a)normal f l u o 
rescence spectra, (b)delayed fluorescence spectra taken at 1 μ: 
a f t e r the l a s e r pulse e x c i t a t i o n . 
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Figure 2. (a)Relative increment (AF ) of the S 2 state f l u o r e s 
cence and simulated formation p r o b a b i l i t y Ρ(t d) of the S 2 state 
as a f u n c t i o n of the delay time t ^ . (b)Laser l i g h t functions 
( I L ( t ) and I L ( t + t d ) ) and convoluted time p r o f i l e s of e x c i t e d 
s i n g l e t ( f s ( t ) ) and t r i p l e t ( f T ( t ) ) state concentrations. 
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f o r the S γ state are i n c l i n e d to f a l l o f f r a p i d l y . The experimental 
r e s u l t s are i n accord with the P ( t d ) curve f o r the S-^ state, i n d i c a t 
ing that i n the present experimental conditions the stepwise two-
photon absorption S Q -»· S n i s a major route of e x c i t a t i o n of 
high-energy S 2 state by low-energy photons. 

Stelmakh and Tsvirko have also proposed the mechanism [ B ] f o r 
the production of S 2 state fluorescence i n Mg, Zn, and lanthanide-
porphyrins complexes (15), and showed the p o s s i b i l i t y of another 
mechanism of pumping by t r i p l e t - t r i p l e t a n n i h i l a t i o n (16)(mechanism 
[A]). The l a t t e r process was considered to predominate at r e l a t i v e 
l y low values of the e x c i t a t i o n d e n s i t i e s . However, the c o n t r i b u t i o n 
of the mecahnism [C] was not determined experimentally. The 
experimental r e s u l t s i n the present work are summarized as follows: 
(i) The stepwise two-photon absorption by the mechanism [ B ] operates 
predominantly at moderate l a s e r power d e n s i t i e s . ( i i ) The mechanism 
[A] i s a c t u a l l y cooperative i n support of the r e s u l t of Stelmakh and 
Tsvirko though l e s s e f f i c i e n t than the mechansim [ B ] . ( i i i ) The 
time-resolved OODR measurement reveals that the mechanism [C] i s 
excluded as a p r i n c i p a l channel. 

The reason why the mechanism [B] i s favored i s ascertained i n 
the next s e c t i o n . 

Absorption Cross Sections of the S n «- S^ T r a n s i t i o n of ZnTPP 

The r e s u l t i n the previous s e c t i o n implies that ZnTPP possesses 
extremely high S n «- S-̂  absorption c o e f f i c i e n t s i n the v i s i b l e region. 
The d i r e c t d etection of the S n «- S^ absorption i n organic compounds 
has so f a r been achieved by a nanosecond or picosecond l a s e r f l a s h 
p h o t o l y s i s method. The general features of t r a n s i e n t absorption 
spectra of metalloporphyrins a c t u a l l y suggest the presence of strong 
absorption bands i n v i s i b l e or u l t r a v i o l e t region (38-40). However, 
as the t r a n s i e n t absorption of the S^ state often overlaps with that 
of ground state depletion, i t i s u s u a l l y d i f f i c u l t to evaluate the 
absolute absorption cross sections g ^ n f o r the S n S-^ t r a n s i t i o n by 
means of the t r a n s i e n t absorption method. On the other hand, i t i s 
important i n the present case to note that the fluorescence i s 
observed not only from the S-̂  state but a l s o from the S 2 state with 
l i t t l e i n t e r f e r e n c e of s e l f - a b s o r p t i o n . Thus the o±n values of ZnTPP 
can be evaluated by means of two-photon absorption technique. 

In the following treatment, only the S 2 S Q fluorescence and 
S2%-*-S1 i n t e r n a l conversion were included as energy d i s s i p a t i n g 
processes from the S 2 state. Namely, the other processes such as 
intersystem crossing and chemical reactions have not been taken i n t o 
account. I f the concentration of S Q , S^, and S 2 molecules are 
denoted by N Q ( t ) , N ^ t ) , and N 2 ( t ) , r e s p e c t i v e l y , then the t r a n s i t i o n 
rates f o r «- S Q and S n «- S-^ absorption can be given by O Q ^ I l ( t )N Q (t) 
and C ^ J J I L (t) Ν·^ (t) , r e s p e c t i v e l y , using each absorption cross s e c t i o n . 
The dependence of S-̂  and S 2 fluorescence i n t e n s i t i e s on the sample 
concentration was investigated between 10" 6 - 10~ 4 M, and a sample 
concentration of l e s s than 10"^ M was chosen to minimize the e f f e c t 
of concentration quenching. Two-photon absorption measurements were 
c a r r i e d out by the e x c i t a t i o n by r e l a t i v e l y low power density (<101^ 
photons cm"2 pulse" 1) i n order to avoid the s a t u r a t i o n e f f e c t on the 
l a s e r power. Under these experimental conditions, the following rate 
equations f o r the concentration of S7 molecule i s derived: 
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dN 2(t) 
dt 

OinlLÎtjN^t) - k 2 N 2 ( t ) (4) 

From "Equation 4" the time integrated i n t e n s i t y r a t i o F 2 / F 1 between 
S 2 and S2 fluorescence can be given by 

F 
n ^ j j - . -, * -. -

(5) 
2 ^2 J 1 ^ ' ^ ^ ^ 

= σ 1 η τ 1 
0λ j N ^ t J d t 

r a t i o n on the 
ant: 

j N ^ t J d t - / l L ( t ) d t 

/ ^ ( t ) - I L ( t ) d t 

where the i n t e g r a t i o n on the r i g h t can be s i m p l i f i e d by use of the 
fo l l o w i n g constant: 

(6) 

Based on the I L ( t ) and N ^ t ) , T* was c a l c u l a t e d by numerical i n t e g r a 
t i o n to be 11 ns. Consequently the f o l l o w i n g r e l a t i o n i s obtained: 

_2 
- " σ ΐ η τ * * 0 Ί

 L 

(7) 
1 "1 

where I L = / l L ( t ) d t i s the integrated l a s e r i n t e n s i t y . The l a s e r 
power dependence of F 2/F^ was i n v e s t i g a t e d up to the in c i d e n t l a s e r 
power ca. 1 0 1 6 photons cm"2 p u l s e " 1 . A l i n e a r r e l a t i o n s h i p was 
obtained at l e s s than 5 χ 1 0 1 5 photons cm"2 p u l s e " 1 . On the basis of 
the same treatment, the absorption cross sections of S n «- S-̂  t r a n s i 
t i o n were determined at several wavelengths i n the range of 490 - 560 
nm. The Oin values determined are l i s t e d i n "Table I" together with 
the converted values to molar e x t i n c t i o n c o e f f i c i e n t . 

Table I. Absorption Cross Sections (θ±η) and Molar E x t i n c t i o n 
C o e f f i c i e n t s (ε) of S n «- S^ T r a n s i t i o n of ZnTPP 

A E b ) σΐη ε 
-1 -16 2 , -1 -1 -1 

nm cm 10 cm -molec mol 1 cm 

560 17857 7.57 198000 
550 18182 6.88 180000 
540 18519 6.84 179000 
530 18868 10.2 267000 
520 19231 4.82 126000 
510 19608 4.74 124000 
500 20000 5.66 148000 
490 20408 7.04 184000 

a) wavelength 
b) S n«- S-̂  t r a n s i t i o n energy 

Judging from the large absorption cross s e c t i o n obtained, the S n S^ 
t r a n s i t i o n i s expected to be strongly allowed i n the Q-band region. 
The f i r s t e x c i t e d s i n g l e t state (Q state) of metalloporphyrins has E u 

symmetry. Hence our f i n d i n g of the strongly allowed S n ·*- S-̂  t r a n s i 
t i o n suggests that a higher e x c i t e d s i n g l e t state of even p a r i t y 
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should e x i s t at 32000 - 36000 cm"1 above the ground s t a t e . The 
r e s u l t of MO c a l c u l a t i o n taking i n t o account doubly e x c i t e d configu
r a t i o n s and higher s i n g l y e x c i t e d configurations a c t u a l l y i n d i c a t e s 
the presence of a strongly two-photon allowed state ( 1A2g) i n t h i s 
energy region (19). This r e s u l t supports the conclusion i n the 
previous s e c t i o n , that i s , the extremely large cross sections f o r the 
s n s l absorption are responsible f o r the observed S 2 state f l u o r e s 
cence by the two-photon absorption mechanism. 

Deuterium Isotope E f f e c t on the S I ^ S Q I n t e r n a l Conversion of Free 
Base Porphyrins "~ 

The absorption spectrum of TPP was not a l t e r e d by deuteration of 
center imino hydrogens. S p e c t r a l shapes and p o s i t i o n s of the two 
fluorescence spectra agreed c l o s e l y with each other, while the f l u o 
rescence i n t e n s i t y of D 2TPP was 20% stronger than that of H 2TPP. In 
the case of OEP, a s i m i l a r tendency was recognized as TPP. 
Logarithmic p l o t s of the fluorescence decays f o r the lowest excited 
s i n g l e t state of H2TPP, H2OEP, and t h e i r deuterium analogues were 
described by s i n g l e exponential forms. Fluorescence l i f e t i m e s of a l l 
compounds were obtained by deconvolution and fluorescence quantum 
y i e l d s were determined r e l a t i v e to rhodamine 640 i n ethanol (32). 
T r i p l e t quantum y i e l d s (0χ) were determined r e l a t i v e to benzophenone 
i n benzene by using the t r a n s i e n t absorption (33). Quantum y i e l d s 
and l i f e t i m e s determined are summarized i n "Table I I " . 

Table I I . Fluorescence L i f e t i m e s ( T F ) , Fluorescence Quantum Yi e l d s 
( 0 f ) , T r i p l e t Quantum Y i e l d s ( 0 T ) , and Quantum Y i e l d s of 
I n t e r n a l Conversion (0- ; c ) 

ns *t 0 
Τ 

0 . 
I C 

H 2TPP 12.5 0.10 0.70 0.20 
D 2TPP 15.0 0.12 0.84 0.04 
H2OEP 18.6 0.11 0.75 0.14 
D2OEP 19.4 0.12 0.80 0.08 
H 2OEP-d 4 20.0 0.12 0.78 0.10 
D 2OEP-d 4 21.0 0.13 0.84 0.03 

As the absorption spectra d i d not change a f t e r l a s e r l i g h t i r r a d i a 
t i o n , no appreciable r e a c t i o n seems to occur through the S-̂  s tate. 
Thus, the decay processes from the state can be assumed to be only 
fluorescence, intersystem crossing, and i n t e r n a l conversion. The 
quantum y i e l d s of i n t e r n a l conversion (0±c) are, therefore, estimated 
by the f o l l o w i n g equation: 

0 . = 1 - [ 0 . + 0 1 (8) îc f Τ 
Using the values of quantum y i e l d s and fluorescence l i f e t i m e , rate 
constants on the state were obtained. The r e s u l t s are summarized 
i n "Table I I I " . As seen i n "Table I I I " , no isotope e f f e c t i s 
observed i n the rate constants f o r the fluorescence and intersystem 
c r o s s i n g . On the other hand, i n the case of TPP the rate constants 
of i n t e r n a l conversion show a large isotope e f f e c t ; that of D 2TPP i s 
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i s about one order of magnitude smaller than that of H 2TPP. 
Therefore, the c e n t r a l N-H group i s expected to play an important 
r o l e i n i n t e r n a l conversion. 

Table I I I . Rate Constants of Fluorescence ( k f ) , Intersystem Cross
ing ( k ^ s c ) , and I n t e r n a l Conversion (k^ c) 

f i s c i c 
1 0 6 s " 1 1 0 7 s " 1 1 0 6 s " 1 

H 2TPP 8 . 0 5 . 6 1 6 
D 2TPP 8 . 0 5 . 6 2 . 8 
H2OEP 5 . 9 4 . 0 7 . 5 
D2OEP 6 . 2 4 . 1 4 . 1 
H 2OEP-d 4

a ) 6 . 0 3 . 9 5 . 0 
D 2OEP-d 4 6 . 2 4 . 0 1 . 4 

a)OEP deuterated at meso p o s i t i o n s 

Two models have been examined to e x p l a i n the isotope e f f e c t : (i) 
a migration of hydrogen atoms between tautomeric structures which 
would r e s u l t i n a large d i f f e r e n c e i n the rates of i n t e r n a l conver
sion, and ( i i ) an e f f e c t of the N-H v i b r a t i o n s which may act as a 
promoting or an accepting mode f o r d i s s i p a t i o n of the e l e c t r o n i c 
energy of the S-̂  state (20) . Storm and Teklu ( 4 1 ) f i r s t reported 
the migration of hydrogen atoms i n the ground state of H 2TPP, and 
fol l o w i n g them, many groups studied the mechanism of hydrogen 
migration i n fr e e base porphyrins ( 3 0 , 4 2 , 4 3 ) . The rate constant of 
the migration i s very small i n the ground s t a t e . On the other hand, 
hydrogen migration i n the S^ stat e i s expected to be f a s t e r . 
However, the rate constant of the tautomerisation i n the S± state has 
been determined to be f a r smaller than that of the fluorescence from 
measurements of p o l a r i z e d fluorescence ( 4 4 , 4 5 ) . Therefore, the two 
hydrogen atoms are considered to be f i x e d during the fluorescence 
l i f e t i m e ( 4 6 ) and model (i) i s r u l e d out. These f a c t s i n d i c a t e that 
the N-H v i b r a t i o n s are a promoting or an accepting mode i n the i n t e r 
n a l conversion. At the present stage, i t i s d i f f i c u l t to conclude 
whether the N-H v i b r a t i o n s act as a promoting or as an accepting mode. 
In the case of T - ^ ^ S Q intersystem crossing, the N-H v i b r a t i o n s are 
regarded as an accepting mode. Hence, i t i s l i k e l y that the N-H 
v i b r a t i o n s would be an accepting mode i n the i n t e r n a l conversion. 
The s t r e t c h i n g v i b r a t i o n a l frequencies, V N - H A N D V N-D' a r e 3 3 1 8 and 
2 4 8 2 cm"1, r e s p e c t i v e l y ( 4 3 ) . Assuming that the N-H v i b r a t i o n i s 
harmonic, the lowest e x c i t e d s i n g l e t state would be isoenergetic with 
the " ( N-H s t r e t c h i n g quanta)" = 5 and " ( N-D s t r e t c h i n g quanta)" = 7 
l e v e l s of the ground s t a t e . I f the i n t e r n a l conversion proceeds from 
the lowest v i b r a t i o n a l l e v e l of S-̂  to the i s o e n e r g e t i c v i b r a t i o n a l 
l e v e l s of the N-H (N-D) s t r e t c h i n g i n the ground s t a t e , the Franck-
Condon f a c t o r f o r D 2TPP would be much smaller than that of H 2TPP (42). 

While i n the case of OEP, the rate constant of the i n t e r n a l 
conversion f o r D2OEP was about one-half that of H2OEP as shown i n 
"Table I I I " . There i s not such a marked isotope e f f e c t as i n the 
case of TPP but a s l i g h t isotope e f f e c t can be observed. So, we can 
conclude that N-H v i b r a t i o n s may play an important r o l e i n i n t e r n a l 
conversion i n OEP. The deuterated OEP at meso p o s i t i o n s (0EP-d 4) 
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a l s o shows a s l i g h t isotope e f f e c t i n the i n t e r n a l conversion. 
Therefore, not only N-H v i b r a t i o n s but al s o C-H v i b r a t i o n s of meso 
po s i t i o n s are responsible f o r the i n t e r n a l conversion. In a d d i t i o n 
to meso C-H groups, OEP has e t h y l groups on a porphin r i n g , v i b r a 
t i o n a l modes of these substituent groups may be al s o an e f f e c t i v e 
mode i n the r a d i a t i o n l e s s t r a n s i t i o n s . Hence, s e v e r a l v i b r a t i o n a l 
modes of free base porphyrins may be responsible f o r the weakness of 
S 2 state fluorescence. 
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16 
Axial Coordination in Nickel Porphyrins and 
Nickel-Reconstituted Heme Proteins Investigated by 
Raman-Difference and Transient-Raman Spectroscopy 
J. A. Shelnutt1, K. Alston2, E. W. Findsen3, M. R. Ondrias3, and J. M. Rifkind4 

1Sandia National Laboratories, Albuquerque, NM 87185 
2Benedict College, Columbia, SC 29204 
3Department of Chemistry, University of New Mexico, Albuquerque, NM 87131 
4National Institute on Aging, National Institutes of Health, Baltimore, MD 21224 

Nickel-porphyrin complexes and Ni(II)-reconstituted 
hemoglobin (NiHb) and myoglobin (NiMb) have been 
investigated using cw and transient resonance Raman 
spectroscopy. The state of axial coordination at 
the metal in these materials can be determined using 
the characteristic frequencies of the Raman marker 
lines arising from the porphyrin moiety. The 
existence of only one axial ligand in the proteins 
is supported by identification of the axial ligand― 
Ni stretching vibration by isotopic substitution. 
The frequency of the Ni-ligand mode is consistent 
with histidine as the fifth ligand. The effects of 
the T->R structural change in the protein environment 
of the Ni porphyrin are observed in the Raman 
spectrum. T-R structural changes at the metal are 
associated with changes in the electronic structure 
of the porphyrin ring. We have also investigated 
the photoinitiated ligand-release and ligand-uptake 
processes in excited states of the Ni porphyrins and 
Ni-reconstituted proteins. The results indicate 
that the protein matrix effectively controls 
photoinduced ligation dynamics. Laser excitation of 
~10-ns duration induces the release of axial ligands 
in coordinating solvents, but not for the histidine 
ligand of Ni-reconstituted hemoglobin and myoglobin. 
Ligand uptake is observed in NiHb when the 4― 
coordinate sites are excited. 

Nickel porphyrins are of interest because of their occurrance in 
coal, shale, and petroleum deposits (1) and because of their key 
role in biological conversion of COg to methane (2-5). The enzyme 
methylreductase i s the nickel-tetrapyrrole-containing enzyme that 
catalyses the f i n a l step, and possibly other steps, in the 6 -
electron reduction of COg to methane ( 6 ). The active site of the 
methylreductase enzyme contains a nickel-sirochlorin derivative 
called F43Q ( 6 - 8 ). Understanding the involvement of F43Q in methane 
production i s of importance to the natural gas industry ior 

0097-6156/ 86/ 0321 -0232$06.00/ 0 
© 1986 American Chemical Society 
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16. SHELNUTT ET AL. Axial Coordination in Nickel Porphyrins 233 

u t i l i z i n g abundant inorganic resources for production of gaseous 
fuels. 

Recently, we have used resonance Raman spectroscopy to 
investigate axial ligand processes at the metal in Ni-porphyrin 
complexes and Ni-reconstituted heme proteins (9). These materials 
provide useful models for studies of axial ligation processes and 
for Ni-porphyrin-protein interactions that may be important in the 
function of the methylreductase enzyme. Also, for the f i r s t time, 
we have used transient Raman spectroscopic techniques to examine the 
dynamical aspects of axial ligation at Ni porphyrins in coordinating 
solvents (10) and in the Ni-reconstituted heme proteins (11). The 
results of transient Raman investigations of the Ni-porphyrins, 
which show photoinitiated axial ligand release and uptake, have 
important implications for fuel generating photocycles based on 
these processes (12). 

Materials and Methods 

^Hb and ̂ Ni-reconstituted Hb were prepared according to reported 
methods (13). xMb was made by the method of Alston and Storm (14) 
Solutions of the proteins in 0.05 M phosphate buffer at pH 7.5 were 
used for obtaining spectra. The proteins are stable in air and do 
not photodecompose. Ni protoporphyrin IX (Ni(ProtoP)), Ni 
uroporphyrin I (Ni(UroP)), and Ni octaethylporphyrin (Ni(OEP)) were 
obtained from Porphyrin Products and used without further 
purification. A l l solvents were of highest purity obtainable from 
commercial sources. A l l materials showed the literature uv-visible 
absorption spectra. Absorption spectra were obtained on a Perkin-
Elmer Model 330 spectrophotometer. 

Raman spectra were obtained on selected pairs of samples using 
a Raman difference spectrometer described previously (15). The_°/0° 
scattering geometry was employed. Spectral resolution was 4 cm . 
A l l spectra were obtained at room temperature. Samples were excited 
with a krypton ion laser (Coherent 3000K) using the 415.1-, 413.1-, 
or 406.7-nm laser lines. To avoid heating, the samples were 
irradiated i n a rotating (100 Hz) c e l l with two compartments. The 
laser power at the sample was less than 300 mW in a partially 
defocused beam. The Ni porphyrins are very stable to visi b l e light 
and even higher powers could be used. No sample decomposition was 
observed as determined by the lack of changes in successive scans of 
the Raman spectrum during signal averaging and in the absorption 
spectrum taken before and after the Raman spectrum. 

Nanosecond resonance Raman spectra were obtained using a 
nitrogen pumped dye laser (Molectron) and a spectrometer system 
described elsewhere (16). The ~180° backscattering geometry was 
used. "Low power" laser pulses ("0.3 mJ/pulse) slightly focused 
with g cylindrical lens (f.1.= 250 mm) gave an energy density of ~ 5 
mJ/cm . For "high power" spectra, the beam was tightly focused with 
a spherical lens (f.l.= 100 mm); the photon density i s ~ 100 times 
greater than for the low power spectra. The pulse repetition rate 
was 10 hz. Static cuvettes held the sample and the temperature was 
between 20-25 C. 
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Results and Discussion 
Ni Ni 

State of Axial Ligation in Hb and Mb. As we have previously 
reported, (17-20) axial ligation^at thg|metaj^|for non-hyper 
transition metal porphyrins (Zn , V=0 , Ni , Cu ) results in a 
distinctive pattern of shifts in the Raman electronic structure 
marker lines. The marker lines are the oxidation-state marker line 
(21-24) l/^ and the lines sensitive to porphyrin core size (center-
to-nitrogen , distance) (24,25). The pattern of shifts that 
indicates aJcïaï0ligation i s characterized by (1) roughly comparable 
decreases in frequency for a l l of the core-size marker lines 
(including i/^, and i/^) and (2) relatively smaller, but 
correlated, snifts in the oxidation-state marker line l/^. 

Figure 1 shows the Raman spectrum of "^b obtained with 406.7-
and 413.1-nm excitation and the spectrum of monomeric, four-
coordinate Ni protoporphyrin in aqueous micellar solution (9). 
Excitation at 413.1 nm i s at resonance with the red component of the 
s p l i t Soret band of Ni-reconstituted hemoglobin; at 406.7 nm the 
blue component of the Soret band is selectively probed. Comparison 
of the spectra shows that two sets of marker line frequencies exist. 
One set (labeled 4 in Figure 1) i s enhanced by resonance with the 
blue Soret component; the other set (labeled 5) i s enhanced by 
excitation of the red Soret component. Thus, the shifts in the 
core-size lines in going from set 4 -> 5 are -39 cm ( i / 1 Q at 1657 
cm ), -20 cm {y^ at 1593 cm ), and -34 cm {y^ at 1519 cm ). 
At the sametime tne shift in-the oxidation-state marker line i s 
only -11 cm {y^ at 1378 cm ). This pattern of shifts i s 
consistent with axial ligation for the form whose Raman lines are 
labeled 5 in Figure 1. 

Comparison with axial ligand complexes formed by Ni porphyrins 
in coordinating solvents (e. g. pyrrolidine, piperidine, and 
pyridine), however, shows a clear distinction between the 
frequencies of the "form 5" marker lines of the reconstituted 
proteins and those of the 6-coordinate models (9). The shifts of 
the 6-coordinate species relative to the 4-coordinate species are 
larger than for the form labeled 5 (Figure 1) of the^proteins. The 
shifts for the 6-coordjnate models are about -41 cm (uiq) > "^7 _^ 
cm (i/g) , and -41 cm (l/«) for the core-size markers ana -12 cm 
(i^) for the oxidation-state marker. No coordinating solvents give 
6-coordinate complexes with frequencies close to those of form 5 of 
the protein. However, because the pattern of shifts for form 5, 
relative to the 4-coordinate form, i s the pattern associated with 
axial ligation and because the marker frequencies of form 5 of the 
protein are distinct from those of known 6-coordinate Ni porphyrins 
in coordinating solvents, we propose that form 5 of the proteins i s 
a 5-coordinate species. 

Ligation-induced Core Expansion. Based on the empirical 
relationships (given by Spiro (24)) between core size and Raman 
frequencies for the lines and I / - Q and using the observed 
center-to-nitrogen distance of 2.038 Â lor the Ni 
tetramethylpyridylporphine bis-imidazole complex (26), the predicted 
frequencies are: l/^, 1485; i>2, 1560; I /^Q, 1615 cm . These 
predicted values compare favorably with experimental frequencies of 
1475-1479 (i/g), 1560-1568 (v£, and 1615-1618 cm 1 (i/- 0) for a 
variety of 6-coordinate Ni-protoporphyrin complexes (Ôj. 
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1300 1340 1380 1420 1460 1500 1540 1580 1620 1660 1700 
FREQUENCY (wavenumbers) 

Figure 1. Raman spectra of nickel-reconstituted hemoglobin (pH 
7.5) obtained with 413.1-nm excitation (a), with 406.7-nm 
excitation (b), and the spectrum of nickel protoporphyrin IX 
free acid in cetyltrimethylammonium bromide micelles in 0.1 M 
NaOH (c). Spectra in (b) and (c) were obtained simultaneously 
on a Raman difference spectrometer. 
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For the 5-coordinate species existing in the proteins a smaller 
core size of ~2.03 Â i s predicted on the basis of the frequency of 
J>2 and i/^q, but a s t i l l smaller core size ~2.00 Â i s expected on the 
basis of I/g* The discrepancy may result from distortion of the 
porphyrin macrocycle in the protein, nickel being out-of-plane, or 
from peripheral substituent orientational effects on v^. 

Axial Ligand-Ni Stretching Mode. Isotopic substitution supports the 
identification og^a 5-coordinate species in the proteins. 
Substitution of Ni into 1Hb results in a 7-cm decrease in 
frequency o| the line at 236 cm" (9}- No other lines between 200 
and 500 cm shi f t by more than 1 cm . A pure Ni-ligand mode would 
s h i f t by 10 cm . Thus, the mode at 236 cm i s about 70% pure. 

The Ni-ligand mode can be identified as the Ni-axial ligand 
stretch because of the close analogy between the Ni isotopic 
substitution results and the Fe-isotope substitution data for native 
hemoglobin and myoglobin (27-30). For the native proteins mjje ^ 
complete isotope substitution studies wgye dgne, including N+ Ν 
substitution of the pyrrole nitrogens, Fe+ re substitution, and 
partial deuteration of the protein (30). On the basis of this work 
and the direct correspondence between the Raman spectra of the Ni-
recjnstituted and native proteins, i t i s possible to assign the 236-
cm line to the Ni-histidine stretch. Histidine i s indicated as 
the axial ligand by the frequency of the mode, which comes in the 
region of Fe-histidine stretching frequencies in heme proteins and 
model 2-me^hylimidazole-heme complexes (190-275 cm ) (27-31). The 
fact that Hb has the normal Τ quaternary structure (9,13,32-36) 
also suggests that histidine i s the axial ligand. 

The low frequency Raman spectrum of the 6-coordinate models i s 
distinctly different from the low frequency spectrum of the 5-
coordinate sites of the Ni gjobins. In fact only one line, a very 
weak shoulder on the 300-cm line, i s observed in the expected 
metal-ligand stretching region below 300 cm . Further^no 
predominately Ni stretches are found in the 100-500-cm region. 
Instead, in both the 6- and 5-coordinate cjmpjexes many of the low 
frequency Raman lines show small (< ~1 cm ) Ni isotopic shifts 
indicating some Ni-Np y r r o^ e character. 

Protein-Conformation Effects on the Metal-Protein Linkage. Since we 
have been unable to find model Ni-porphyrin complexes whose Raman 
frequencies come close to those of the Ni-reconstituted proteins, i t 
is clear that the protein matrix has an impressive effect on axial 
ligation. We might also ask what i s the effect of changes in 
protein conformation on axial ligation. 

Native iron hemoglobin exists in a quaternary conformation 
which i s distinguished by i t s low Og af f i n i t y . The low a f f i n i t y 
protein conformation, called the Τ structure, has also been 
characterized by x-ray crystal structure (37,38) and many other 
physical techniques including resonance Raman spectroscopy (39,40). 
Specifically, the protein structure near the Fe porphyrin (heme) in 
the Τ structure i s distinct from that of hemoglobins with bound 
exogenous ligands. These liganded hemoglobins have a different 
quaternary conformation called the R structure (38). Several 
deoxyhemoglobins and deoxymyoglobin also possess the R structure and 
they are characterized by high 0 9 a f f i n i t y . The Raman spectra of 
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the R- and T-structure deoxyhemoglobins dif f e r in the frequency of 
the Fe-histidine stretching vibration (39) and the^j-electron 
density marker lines^(40). Thus, a comparison of Hb which has the 
T-conformation and Mb which has an R-like structure can give some 
idea of the effect of a well defined protein conformational change 
at the^Ni-porphyrin site. 

Hb possesses both 4- and 5-coordinate forms as demonstrated 
by the Raman spectra (Figure 1) and the sp^it Soret band of the 
absorption spectrum (9,36). In contrast, Mb shows only the red 
Soret component and the Raman lines characteristic of the 5-
coordinate form. Thus, myoglobin's R-like structure favors the 5-
coordinate form. The R/T difference in af f i n i t y for histidine might 
also be expected to reveal i t s e l f in the strength of the Ni-
histidine bond. In native Fe hemoglobin, the Fe-histidine bond 
increases in strength upon conversion from the Τ to R structure 
(31,39). 

To determine the R/T difference in the Ni-higtidine force 
constant we must locate the Nirhistidine mode in Mb and compare^ 
the frequency with the 236-cm~ value previously determined f ^ r Hb 
(9).^Figure 2 shows the Raman spectrum of natural abundance Mb 
and Ni-reconstituted Mb in the 100-500-cm" region. The spectra 
were obtained with 413.1-nm excitation. The Ni-histidine mode, 
which in Mb i s almost degenerate with a strong mode of the 
porphyrin ring at 243 cm , cannot be resolved. However, the Raman 
difference spectrum indicate^ a decrease in intensity near 241 cm 
and an increase near 233 cm" for the Ni-reconstituted myoglobin 
relative to the natural abundance protein. For 415.1-nm excitation 
(spectrum not shown), the porphyrin mode i s apparently weaker 
relative to the Ni-histidine mode. Even so, the Ni-histidine mode 
is not resolved in the spectrum of the natural abundance protein. 
However, the large isotopic s h i f t in the Ni protein reveals the 
mode as a clear low frequency shoulder at about 233 cm in the 
415.1-nm spectrum. ^ 

In addition, another weak line at "270gcm in natural 
abundance xMb shifts to ~260 cm" for the Ni protein (Figure 2). 
The weak 270-cm" line may represent a fraction of the protein with 
a different state of axial ligation. Alternatively, another almost 
pure Ni-porphyrin vibration i s a possibility. 
N- Using the 241-cm value^for the Ni-histidine frequency in 
wlMb, the T+R sh i f t from the w lRV W 1Mb comparison i s ~5 cm . This 
value i s consistent with the increase observed in a comparison of 
the corresponding Fe proteins and with the T+R shifts based on other 
Fe hemoglobins (3 -8 cm" ) (31). The similarity of the increases 
observed in the metal-histiaTne frequencies for the nickel and iron 
hemoglobins indicates that the effect of quaternary structure on the 
Ni-histidine bond i s similar to the Fe case. Also, the effect of 
the protein conformation change i s vi r t u r a l l y independent of the 
particular metal in the porphyrin core. 

Protein-Conformation Effects on Electronic Structure of the 
Porphyrin Ring. In spite of the similarity i n the R/T changes at 
the metal-histidine bond for Ni and Fe hemoglobins, the effect of 
the R/T conformational change on the porphyrin's electronic 
structure in the two cases i s quite different. In a wide variety of 
hemoglobins the T+R increase in J/(Fe-his) i s associated with a 
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100 180 2 6 0 3 4 0 < 4 2 0 5 0 0 
F R E Q U E N C Y (cm Ί) 

Figure 2. Raman spectra of Ni-reconstituted myoglobin and 
natural abundance Ni-reconstituted myoglobin and the difference 
spectrum. The Raman difference spectrum showsjlearly the 
isotope s h i f t in the ~270-cm line to ~260 cm and the larger 
(intensity-wise) s h i f t in the Ni-histidine mode at ~240 cm . 
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decrease in i / ^ . In contrast, ν* increases by 0.3 cm A for the Ni-
reconstituted proteins (T+R) (9J. The relationship between i/^ and 
l/(Ni-his) i s more like the linear correlation between these lines 
seen for peroxidases (41-43) than for the anti-correlation observed 
for Fe hemoglobins (31). The difference in the way the 
conformational change at the metal-histidine bond influences the 
porphyrin's electronic structure ( i . e., the π-charge density, as 
measured by the oxidation-state marker line) for the Ni and Fe 
proteins, probably results from the differences in the way each 
metal interacts with the porphyrin ring. The differences in the 
metal-ring interaction i s partly a result gf the djjfergnt jj 
electronic configurations of the metals (d for Ni ; + d for Fe ) 
and the mixing of e (d ) metal orbitals with the e (ττ ) porphyrin 
orbitals in the casl of Fe (44). g 

Excited State Axial Ligation Processes in Coordinating Solvents. 
When nickel porphyrins are irradiated with ~10-ns laser pulses in 
the 400-500-nm region, changes in axial coordination can be detected 
by changes in the Raman marker lines. The time evolution of axial 
ligand complexes of Ni porphyrins has been f u l l y characterized by 
time-resolved absorption spectroscopy by Holten and coworkers (45-
47). Recently, we have obtained (10) the f i r s t Raman spectra of the 
transient Ni-porphyrin species observed by Holten. The Raman 
spectra potentially contain considerably more structural information 
than the absorption spectra. On the other hand, because of the 
weakness of the Raman scattering i t i s more d i f f i c u l t to follow the 
time evolution of the transient species. The d i f f i c u l t y results 
from the neccessity of using an intense probe beam to excite the 
Raman spectrum as well as an intense pump pulse that generates the 
transient species at zero time. Unlike the weak probe pulse used in 
time-resolved absorption spectroscopy, the intense probe pulse 
needed to excite the Raman spectrum may interfere with the evolving 
transient species. Nevertheless, one can usually identify the 
spectrum of the transient species superimposed on the spectrum of 
the starting material by comparing the spectra obtained with high 
and low power pump/probe pulses (Figures 3 and 4). 

Excitation wavelength dependence of the Raman lines presents 
another complication that i s not a problem for transient absorption 
measurements. For example, in comparing spectra taken at two 
different excitation wavelengths, one must consider not only which 
and in what proportion each molecular species i s pumped, but also 
keep in mind what differences in relative intensity of the Raman 
lines result from excitation at the two exciting wavelengths. The 
complication can usually be overcome, especially when the spectra of 
the two species are well resolved. 

We have previously investigated ligand release in the 6-
coordinate piperidine complexes of Ni octaethylporphyrin (10). For 
Ni(OEP), formation of the 6-coordinate complex i s not complete, and 
so, the picture i s complicated by the presence of both 4- and 6-
coordinate species in the i n i t i a l sample. However, upon excitation 
with the pulsed laser the relative proportions of the two Ni(OEP) 
species change as determined by changes in the relative intensities 
of the 4- and 6-coordinate sets of Raman marker lines. Thus, axial 
ligand release i s observed in the excited state generated during the 
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Figure 3. Transient Raman spectrum of nickel protoporphyrin IX 
in piperidine obtained with 10-ns laser pulses at 420 nm. (a) 
high power density; (b) low power density. 
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Figure 4. Transient Raman spectrum of nickel-reconstituted 
hemoglobin (pH 7.5) obtained with 406-nm, 10-ns laser pulses, 
(a) high power density; (b) low power density. 
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laser pulse. We also observe other excited state effects in the 
Raman spectra that, as yet, are not completely understood (10). 

Figure 3 shows the 10-ns Raman spectra of Ni protoporphyrin in 
neat piperidine (>90% 6-coordinate form). The laser excitation 
wavelength of 420 nm preferentially excites the 6-coordinate form 
which happens to dominate the absorption at this wavelength (9-11). 
With respect to the low power spectrum, the spectrum obtained at 
high power shows increased intensity in the lines at 1660 (^(p » 
1595 (i/ 2), and 1522 cm (l/^) . These lines come from the 4-
coordinate form. Also, of thj 6-coordinate form develops a high 
frequency shoulder near 1378 cm , the expected frequency of the 4-
coordinate species. The results clearly show that the piperidine 
ligands are lost in the excited state. Thus, we find that the 
Ni(ProtoP) case gives results similar to Ni(OEP) in piperidine. 

Photoinduced ligand dissociation can be understood in terms of 
the ligand a f f i n i t y properties of the excited states of the 
metalloporphyrin (47). Ni porphyrins in coordinating solvents 
display a ground-state equilibrium between the ligated B- state 
with one electron each in the metal d 2 2 and d^2 orbitals and the 
unligatedg A^ state with both electrons^in d 2 and none in dx2_ 2. 
(In the d configuration of Ni(II) a l l other â orbitals are X ^ 
completely f i l l e d . ^ For the 6-coordinate species, absorption of 
light by the j π transitions of the porphyrin ring generates the 
dissociative A^ d-d excited state (45-47^. The ground state of 
the liganded sjeeies i s the (d 2, dx2_ 2) state; the lowest 
excited state A- i s rapidly <̂ 15 XpsJ reacnfd by nonradiative 
decay. Because èfie f i l l e d d 2 cannot act as a α-acceptor orbital 
for the axial ligands, the ligands are lost u n t i l the excited state 
decays and ligands can be recovered. Rebinding of the ligands 
proceeds over an activation barrier and requires greater than 20 ns 
(45). 

Photoinduced ligand uptake also occurs (45-47). Unligated Ni 
porphyrins in the equilibrium mixture of 4- and 6-coordinate species 
may be induced to bind ligands upon absorption of a photon. The 4-
coordinate Ni-porphyrin species are in the A- state i n i t i a l l y . 
Upon photon absorption and decay of the π + π ^states the Ni 
porphyrin ends«up in the lowest excited state which in this case i s 
the unligated B^ . The excited B^ state is^associative; 
therefore, either^ligands are acquirid or the B- state decays back 
to the unligated ground state. ^ 

We have observed the unligated B- excited state in 
noncoordinating solvents (11,45-47), buE not in ones that 
coordinate. Using transient absorption spectroscopy, Holten and 
coworkers found that the lifetime of the B- state for Ni 
porphyrins in toluene i s ~250 ps- During our 10-ns pulse, a 
sufficient concentration of the B- excited state can be generated 
to obtain the Raman spectrum. In particular, we have observed the 
unligated Β χ state for Ni(OEP) in toluene, Ni(ProtoPDME) jn 
toluene and acetone, and Ni(ProtoP) in micelles (11). The B-
excited state i s characterized by shifts in 1/^, and I/^Q t o g 

frequencies that are intermediate between t^e 4- and 5-coordinate 
values. For example, u1Q of the unligated B- excited state of 
Ni(ProtoP) and Ni(ProtoPDME) i s in the range i§25-1632 cm for 
various solvent systems. For comparison, 5-coordinate Ni(ProtoP) i s 
in the 1618-1621-cm range, while 4-coordinate frequencies are 
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in the 1652-1660-cm range. Thus, about three-fourths of the core 
expansion that occurs on formation of the 6-coordinate complex i s 
due to the d-d transition; the remainder of the expansion results 
from adding the axial ligands and the ligands' influence on the 
metal ^p^-^^ilt) interaction (19). 

Ligation-Deligation Processes in Nickel-Reconstituted Heme Proteins. 
In contrast with the 6-coordinate models, 5-coordinate sites of Hb 
and Mb show virtua l l y no difference between the Raman spectra 
obtained with low and high powers for excitation at 420 nm. The 
undetectably low quantum yield for dissociation f o j the nickel 
globins suggests that either (1) the dissociative A- state is^not 
reached (with significant yield) after absorptioon by gthe π + π 
transition or (2) the histidine ligand i s regained rapidly on the 
nanosecond time scale of the Raman measurement because of cage 
(geminate) recombination. Rapid geminate recombination ( i . e. much 
faster than the 10-ns probe pulse) would insure that the steady 
state concentration of 4-coordinate species does not increase for 
high pulse power. 

For the 6-coordinate complexes we observe excited state ligand 
loss because the ligands are lost rapidly (~50 ps) and regained 
slowly with respect to our 10-ns pulse. Thus, during our pulse few 
deligated molecules regain ligands. Apparently, for the Ni globins 
the barrier to recombination i s drastically lowered by the protein 
matrix and recombination of the ligand i s much faster than in the 
coordinating solvents. 

The absence of ligand release in the nickel globins i s probably 
not the result of a change in the decay pathway. The same 
transitions are expected in the region between the π •> π ring 
transitions for 5- and 6-coordinate Ni porphyrins (45,48); 
therefore, the low yield of photodissociation i s not a result of 
additional decay pathways for the 5-coordinate species. Second, we 
also do not expect that the low lying d •+ d transition moves above 
the π + π states for the 5-coordinate form (48). Consequently, 
there are no alternative or new branching pathways for decay of π + 
π excited 5-coordinate Ni porphyrins and the d d dissociative 
state remains the primary decay route. Thus, the most reasonable 
explanation for the lack of differences in the high and low power 
spectra of the Ni-reconstituted globins when the 5-coordinate sites 
are preferentially excited i s based on rapid geminate recombination 
rather than faster or altered decay mechanisms. 

The nickel proteins and the native iron globins show the same 
behavior in regard to fifth-ligand photodissociation but for total l y 
different reasons. Heme proteins and other metal-reconstituted heme 
proteins have been investigated by transient absorption spectroscopy 
(49-53) and transient Raman spectroscopy (16,54-62). In none of the 
Fe proteins i s loss of the histidine ligand observed even on a 
picosecond timescale. Soret excitation of carbonmonoxy and oxy Hb 
and Mb photolyzes CO or Og, n o t t n e histidine f i f t h ligand. 

Although neither the Ni nor the Fe globins show evidence of 
photodissociation of the histidine ligand, the model compound data 
would, nevertheless, lead us to expect ligand ejection for Ni but 
not Fe. Time-resolved absorption (45-47) and transient Raman 
measurements (10,11) for 6-coordinate Ni-porphyrin complexes clearly 
predict that photodissociation of the f i f t h ligand w i l l occur, since 
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the transient species i s identified as the 4-coordinate form. On 
the other hand, the transient species identified in the time-
resolved absorption spectra of Fe-porphyrin 6-cojjdinate complexes 
is a 5-coordinate form (63-65). For example, Fe -porphyrin(1-
methylimidazolejg complexes release only one of the imidazole 
ligands in the excited state (63-65). The lack of photodissociation 
of the f i f t h ligand for the Fe-porphyrin complexes results from the 
nature of the transient excited state generated. The excited state 
has only one electron in the d 2 orbital not two as for Ni; the 
state i s therefore less dissociative. Thus, on the basis of the 
results for the model complexes release of the histidine ligand i s 
not predicted for the Fe globins (regardless of whether cage 
recombination occurs or not); ligand release i s expected for the Ni-
reconstituted proteins but not observed.^ 

Copper-reconstituted cytochrome c ( cyt-c) has also been 
investigated with transient absorption methods (49). No evidence of 
ghotoinduced ejection of the f i f t h ligand i s observed in either 

cyt-c or the model Cu-porphyrin 5-coordinate complexes (60-62). 
This i s consistent^with the li k e l y transient state being a non-
dissociative π π or "> d 2_ 2 charge-transfer state. 
Instead, excitation of 4-coordinaîe ïu-porphyrins in coordinating 
solvents results in weak binding of a f i f t h , but not a sixth, axial 
ligand. Ejection of the ligand acquired in the excited state occurs 
during or following deactivation through the charge-transfer state 
(62). 

The lack of photodissociation in the Ni-reconstituted proteins 
argues for an impressive influence of the protein matrix on geminate 
recombination of the histidine ligand. The rebinding of the ligand 
i s even much faster than in neat coordinating solvent where a ligand 
is always available for uptake. The lack of significant 
photodissociation may indicate the proteins maintain the histidine's 
orientation in the "bound" position even after photolysis has 
occurred. 

Holten and coworkers have also shown that 4-coordinate Ni-
porphyrin species existing in coordinating solvents are induced to 
pick up ligands by laser excitation (45-47). This ligand-uptake 
process can also be understood in terms of the d-electron 
configuration of the metal. Fog t^e Ni-porphyrin molecules that 
have no axial ligands, the (d z2 ) A^ state i s the groun^ state. 
Absorption of a photon by theZtf -» π transition from the A-
results in a d d transition moving one electron to the d r 2 
orbital. The resulting half empty d 2 orbital then i s free 
accept charge from α-donor ligands. 

HjThe photoinduced uptake of ligands i s also observed in the case 
of Hb. Unlike Mb, Hb i s a mixture of 4- and 5-coordinate 
forms. As shown in Figure 4, excitation of the 4-coordinate sites 
in Hb (excitation in the blue component of the Soret band) results 
in a decrease in the set of marker lines corresponding to the 4-
coordinate form relative to the 5-coordina^e form. Since we observe 
the same photoinduced ligation process in Hb as observed for the 
model complexes i t i s reasonable to assume that the excited state 
levels of the 4-coordinate Ni-protoporphyrin system are not 
significantly altered by i t s protein environment. This further 
suggests that an alteration of decay pathways i s not responsible for 
the deligation behavior of the 5-coordinate species but rather rapid 
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geminate recombination. Most importantly, the rapid uptake of a 
f i f t h ligand on the 10-ns time scale suggests that the 4-coordinate 
Ni-porphyrin molecules are located in the usual heme pocket where a 
f i f t h ligand i s readily accessible. 

Summary 

Resonance Raman scattering provides a valuable method of determining 
the state of axial ligation in nickel-reconstituted heme proteins 
and Ni-porphyrin complexes. A pattern of shifts in the Raman core-
size and oxidation-state marker lines can be used to monitor changes 
in axial coordination. The shifts in the core-size lines (e.g. I/^Q) 
indicate an expansion of the core from about 1.96 Â for the 4-
coordinate Ni porphyrin to 2.04 Â for the 6-coordinate species, 
22.03 A for the 5-coordinate species, and 2.01 Â for the unligated 
B- transient excited state. In 5-coordinate complexes the axial 

ligand-Ni stretching mode has been identified. The mode can also be 
used to follow coordination changes. Five-coordinate Ni-porphyrin 
complexes have been observed, so far, only in the Ni-reconstituted 
proteins. 

Transient Raman spectra in the 10-ns time regime indicate 
changes in ligation state for the Ni-porphyrins in aggreement with 
previous time-resolved absorption spectroscopic data. The 6-
coordinate Ni-porphyrin complexes that exist in coordinating 
solvents are induced to release ligands upon photoexcitation of the 
dissociative dx2_ 2 + d^2 state. Excitation of 4-coordinate species 
that exist in coordinating solvents induces ligand binding via the 
associative d 2 + d 2_ 2 transition. 

Although Zthe same^transition i s expected for the 5-coordinate 
site in the Ni globins as for 6-coordinate models, ligand release i s 
not observed, presumably, due to rapid geminate recombination in the 
protein. However, excitation of the 4-coordinate site of Ni 
hemoglobin does result in transient acquisition of a f i f t h axial 
ligand—most l i k e l y the proximal histidine. 

Other excited-state effects besides coordination changes are 
observed in the transient Raman spectra (10,11). Further analysis 
of the excited states and dynamics of Ni-porphyrin complexes and Ni-
reconstituted heme proteins should benefit from Raman spectroscopy's 
inherently rich structural information content. Transient Raman 
methods are now being applied to other metalloporphyrins and 
metalloporphyrin-based systems. 
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17 
Resonance Raman Studies of Porphyrin Radical 
Cations, Excited States, and Ligation Photodynamics 
Dongho Kim1, Lisa Miller2, Oliver Su2, James Terner3, and Thomas G. Spiro2 

1Korea Standards Research Institute, Taedok Science Town, Taejon, Cungnam, Korea 
2Department of Chemistry, Princeton University, Princeton, NJ 08544 
3Department of Chemistry, Virginia Commonwealth University, Richmond, VA 23284 

With a recirculating electrochemical cell i t has been 
possible to obtain good quality resonance Raman spec
tra of the radical cations of several metallo-octaethyl 
porphyrins, with both B- and Q-band excitation. Charac
teristic frequency shifts are seen upon radical forma
tion, whose patterns clearly distinguish a1u from a2u 

radicals. The directions of the shifts, however, do not 
accord with simple bonding arguments based on orbital 
symmetry. The first porphyrin triplet state RR spectra 
are reported, for zinc, magnesium, and palladium tetra
phenylporphines, using a simple cw laser technique in
volving a comparison of spinning and stationary (photo
pumped) samples. The frequency shifts upon triplet for
mation are very small for the porphyrin skeletal modes. 
There is evidence, however, for extensive broadening of 
a phenyl mode, possibly reflecting a heterogeneous dis
tribution of phenyl rotamers in the excited state. The 
same stationary sample cw laser technique has been used 
to monitor excited state deligation of nickel tetra
phenylporphine (NiTPP) in pyridine. Saturation behavior 
is observed, from which the quantum yield ratio of photo
induced ligation of NiTPP to photo-deligation of 
NiTPP(py)2 is estimated to be 0.05. NiTPP in piperidine 
gives evidence for the formation of a 5- as well as a 4-
coordinate species via photodeligation of the init ial 6-
coordinate adduct. At equilibrium very l i t t le 5-coordi
nate adduct is formed at any piperidine concentration, 
but for nickel tetrakis(p-cyanophenyl)porphine a signi
ficant equilibrium fraction is present as 5-coordinate 
adduct in 1M piperidine. The v4 RR frequencies support 
a high-spin configuration for the 5-coordinate adduct, 
consistent with previous theoretical calculations. 

Resonance Raman (RR) spectroscopy has been a p p l i e d e x t e n s i v e l y to me
t a l l o p o r p h y r i n s and heme p r o t e i n s , and has provided u s e f u l informa
t i o n about molecular and e l e c t r o n i c s t r u c t u r e (jL) . The power of the 
technique which l i e s i n the s e n s i t i v i t y of molecular v i b r a t i o n a l 

0097-6156/ 86/ 0321 -0248$06.00/ 0 
© 1986 American Chemical Society 
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frequencies to changes i n s t r u c t u r e , and the s e l e c t i v e enhancement of 
a l i m i t e d number of v i b r a t i o n a l modes v i a coupling w i t h the e l e c t r o n 
i c t r a n s i t i o n w i t h which the l a s e r e x c i t a t i o n i s i n resonance. RR 
spectroscopy i s a p p l i c a b l e as w e l l to e x c i t e d s t a t e s of porphyrins 
and to primary e l e c t r o n t r a n s f e r products, provided that appropriate 
methods are used f o r the generation and sampling of these unstable 
species. The technique can provide s t r u c t u r a l i n f o r m a t i o n about 
these high energy molecules and can be a p p l i e d as a monitor to probe 
t h e i r involvement i n r e a c t i n g systems. 

We have examined RR s p e c t r a of a s e r i e s of r a d i c a l c a t i o n s gene
rate d from m e t a l l o - o c t a e t h y l p o r p h y r i n s (OEP's). OEP's resemble phy
s i o l o g i c a l porphyrins i n having a l i p h a t i c s u b s t i t u e n t s at the p y r r o l e 
p o s i t i o n s and hydrogen atoms at the methine p o s i t i o n s . Their r a d i c a l 
c a t i o n s show an i n t e r e s t i n g dichotomy r e s u l t i n g from the near degene
racy of the highest f i l l e d a i u and a2u o r b i t a l s (2). Depending on 
the c e n t r a l metal and i t s l i g a n d s , the hole can r e s i d e on one or the 
other of these o r b i t a l s , g i v i n g r i s e to markedly d i f f e r e n t EPR (3) 
and absorption s p e c t r a (4). We f i n d that the RR frequency s h i f t 
p a tterns are s i m i l a r l y d i s t i n c t i v e f o r these two c l a s s e s of r a d i c a l 
c a t i o n s , but that the d i r e c t i o n s of the s h i f t s are not what one would 
expect from simple o r b i t a l symmetry and bonding arguments (5). 

M e t a l l o p o r p h y r i n e x c i t e d s t a t e s have an extremely wide range of 
l i f e t i m e s . When d - o r b i t a l vacancies on a c e n t r a l metal l i e at ener
gies lower than the π-π* s t a t e s , the l i f e t i m e s become exceedingly 
s h o r t , and f a s t pulsed methods are needed f o r t h e i r d e t e c t i o n . Down
s h i f t s and broadening i n the picosecond RR spectrum of the oxy-hemo-
g l o b i n photoproduct have been i n t e r p r e t e d as a r i s i n g from unrelaxed 
e l e c t r o n i c e x c i t a t i o n of the deoxy-heme (6). When d o r b i t a l vacan
c i e s are u n a v a i l a b l e , however, the l i f e t i m e of the lowest t r i p l e t 
π-π* s t a t e , formed by e f f i c i e n t intersystem c r o s s i n g from the i n i t i 
a l l y e x c i t e d s i n g l e t l e v e l s , can be q u i t e long (microseconds to 
m i l l i s e c o n d s ) . We have found t h a t , i n favorable cases, RR s p e c t r a of 
metalloporphyrin t r i p l e t s t a t e s can be obtained w i t h cw l a s e r e x c i t a 
t i o n by the simple expedient of e x c i t i n g s t a t i o n a r y samples; the 
ground s t a t e RR spectrum, obtained by spinning the same sample, 
serves as a reference (7). Frequency s h i f t s upon t r i p l e t formation 
f o r z i n c , magnesium and palladium TPP*s are found to be s m a l l , but 
there i s evidence f o r a heterogeneous d i s t r i b u t i o n of rotamers of the 
phenyl r i n g , c o n s i s t e n t w i t h increased phenyl conjugation i n the 
e x c i t e d s t a t e s . 

The same s t a t i o n a r y sample cw technique has been used to study 
p h o t o d e l i g a t i o n dynamics f o r NiTPP i n p y r i d i n e (8). The RR s p e c t r a 
show that the e q u i l i b r i u m between 6- and 4-coordinate species i s 
s h i f t e d i n c r e a s i n g l y toward the l a t t e r w i t h i n c r e a s i n g l a s e r power; 
the e f f e c t c o l l a p s e s when the sample i s spun. The data i n d i c a t e a 
much lower quantum y i e l d f o r l i g a t i o n than f o r d e l i g a t i o n v i a the 
photoexcited s p e c i e s . For NiTPP i n p i p e r i d i n e there i s RR evidence 
that p h o t o d e l i g a t i o n produces a 5- as w e l l as 4-coordinate product. 
The e q u i l i b r i u m f r a c t i o n of a 5-coordinate adduct i s very small at 
any p i p e r i d i n e c o n c e n t r a t i o n ; but when para-cyano groups are s u b s t i 
tuted on the TPP phenyl r i n g s thereby i n c r e a s i n g the a x i a l l i g a n d 
a f f i n i t y , the 5-coordinate f r a c t i o n becomes r e a d i l y detectable at 1M 
p i p e r i d i n e (9). The RR frequencies p o i n t to a h i g h - s p i n c o n f i g u r a 
t i o n f o r the 5-coordinate adduct, c o n s i s t e n t w i t h t h e o r e t i c a l 
expectations based on the c a l c u l a t i o n s of Ake and Gouterman (10). 
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Experimental 

Metalloporphyrins were purchased from Mid-Century Chemicals and puri
fied by chromatography on alumina (A540) to remove fluorescent im
purities. Radical cations were prepared in situ via controlled po
tential electrolysis in dichloromethane with tetrabutylammonium per-
chlorate supporting electrolyte. A standard photoelectrochemical 
c e l l was modified with connections for viton tubing connected to a 
glass capillary serving as a Raman c e l l , through which the solution 
was flowed via a peristaltic pump. The RR spectra were recorded at 
90° from the capillary. The extent of oxidation was monitored by 
coulometry and UV-vis absorption spectroscopy. The t r i p l e t state and 
photodeligation studies were carried out with a standard NMR spinning 
c e l l in backscattering. 

Raman spectra were recorded with a computer-controlled Spex 1401 
double monochromator equipped with a cooled photomultiplier and pho
ton counting electronics. Excitation was provided by Spectra Physics 
K r + and A r + cw lasers. 

Results and Discussion 

OEP Radical Cations. Figure 1 shows RR spectra, with 406.7nm excita
tion, of ZnOEP during i t s gradual conversion to radical cation via 
electrolysis (5). ZnOEP fluoresces from i t s lowest excited singlet 
state and RR spectra with excitation in the Q-band are obscured by 
the emission, but the background at 406.7nm is negligible. This 
wavelength is nearly coincident with the ZnOEP Β absorption band 
(Xmax=404nm). For ZnOEP- this band i s at 391nm and i s only 0.6 times 
as strong; consequently the enhancement is considerably lower, as 
evidenced by the higher noise level of the spectrum. Nevertheless, 
the relative intensities of the bands are similar for the radical and 
the neutral porphyrin, and the frequencies are readily correlated. 
Large (19-24cm~1) up- and downshifts are seen for V 4 and V 2 , at 1373 
and 1580cm-1 in ZnOEP (the porphyrin skeletal mode assignments are 
from reference (11), while smaller downshifts are seen for V3 
(1483cm"1) and Vi$ (1614cm-1); V u , at 1557cm"1, becomes hidden by 
the downshifted \>2 band of the +radical cation. 

The EPR spectrum of ZnOÇP* shows i t to have a hole in the a i u 

orbital, while that of NiOEP· i s assignable to an a2 u radical (3). 
Figure 2 compares the B-band excited spectra of NiOEP and NiOEP^. 
Large shifts are again observed for the dominant bands, V4 (1382cm ) 
and V 2 ( 1600cm""1) , but now they are in the opposite directions, down 
and up, respectively, to those shown by ZnOEP·. Smaller downshifts 
are again seen for V 3 (1519cm"1) and V 1 0 (1655cm"1). For NiOEP and 
i t s radical cation i t was possible to obtain Q-band excited spectra, 
at 514.5 and 568.2nm, allowing identification and correlation of the 
non-totally symmetric A2g, Big and B2g modes (1) in the same fre
quency region. Their shifts were found to be quite small. RR spec
tra were obtained for several other OEP radical cations for which EPR 
and/or optical spectra had indicated an a^ u or a2 u assignment: 03,4·) 
MgQEP- ( a i u ) , CuOEP. (a2u) , Co i : [ I0EP · · (Br") 2 (al u) and 
Co OEP- (C&04"")2 ( a 2 u ) »

 T h e frequencies and shifts on radical formation are given In Table I. 
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4 0 6 7 Â E X . 

ZnODOEPt 

J ι I I J 
1300 1500 1700 

c m " 1 

Figure 1. RR spectra with 406.7nm excitation for ZnOEP (0.5mM, 
bottom) in CH2CJI2 (50mW incident laser power) and for solutions 
w i t h increasing amounts of monocation radical formed by elec 
trolysis at 0.85V vs. SCE (15mW). Each scan was obtained with 
fresh sample (Reproduced from Ref. 5„ Copyright 1986 American 
Chemical Society 0) 
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Figure 2. RR spectra w i t h 406.7nm e x c i t a t i o n f o r NiOEP (0.5mM, 
bottom) i n CH2CJI2 (50mW) and f o r monocation r a d i c a l formed by 
e l e c t r o l y s i s at 1.25V vs. SCE (20mW). 
(Reproduced from Ref. 5. Copyright 1986 American Chemical Society.) 
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TAflLL I 

RADICAL CATION VS NEUTRAL OEP FREQUENCY SHIFTS (cm" 1) 
a ] u Radicals 

Assignnent a [Co I I IUEF)Br Δ· Zn I j :OEP At M £ I l O E P Δί 

v 1 0 ( B l g ) C aC r ac 1641 - 4 1614 -11 1600 - 4 

v 2 ( A l g ) C b C b 1592 -38 1580 -24 1571 -19 
V 1 9 ( A 2 r ) C a C m 1595 - 2 
v l l ( B l g ) c b c b 

1572 - 4 
v 3 (A]g) C a C m 1510 - 3 1483 - 6 
\>4 ( A l g ) C aN 1376 +14 1373 + 19 1368 +22 
v 2 l ( A 2 g ) C.H 1311 - 4 

V5+V 9(A L G )6(C n iH) 1256 + 1 
V 1 3 (B l g) 1214 + 4 

a2u Radicals 

Assignment* 1 [Co I I IOEP]C£04 Δ· NiOEP Δί CuOEP Δί 

v10<*lg> Cacm 1640 - 3 1655 - 4 1635 + 2 

v 2 ( A l g ) C b C b 1593 +20 1600 +23 1588 +23 
v 1 9 ( A 2 g ) C a C m 1596 - 8 1609 - 5 1581 - 4 

Vn<Blf5) C b C b 1572 - 1 1579 - 6 1570 - 6 

v 3 ( A l g ) C a C m 1519 - 8 1500 - 5 
v4 ( A l g ) ̂ a N 1379 -22 1382 -12 1377 -15 
v 2 l ( A 2 g ) <yi 1313 + 5 130b - 1 1313 + 2 

V5+v 9 ( A 1g ) 6(C mH) 1257 - 1 1260 0 1253 0 
v13 (Big) 1214 0 1220 0 1212 0 

a From r e f . 11. 

b Δ* frequency s h i f t upon c a t i o n r a d i c a l formation. 

c Major bond s t r e t c h i n g c o n t r i b u t o r to the p o t e n t i a l energy d i s t r i b u t i o n , 
as c a l c u l a t e d i n r e f . l i b . 
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254 PORPHYRINS: E X C I T E D STATES A N D DYNAMICS 

A clear and striking pattern emerges from these data. a^ u radi
cals consistently show large up- and downshifts for V4 and V 2 while 
a 2 u radicals show large shifts in the opposite directions. Since 
these two bands are the dominant features of spectra obtained in re
sonance with the Β absorption band, their shifts produce a clear i n 
dication of radical type, even when the spectra are relatively weak 
or poorly resolved. Thus, RR spectroscopy appears to be an apt tool 
for monitoring radical formation in biological-type porphyrins. 

The observed shifts do not, however, accord with simple bonding 
and orbital symmetry arguments. Figure 3 is a diagram of the atomic 
coefficients and signs calculated for the a i u and a 2 u orbitals (2,12). 
It can be seen that the interaction between the C b atoms of the 
pyrrole rings i s bonding for the a 2 u orbital and antibonding for the 
a i u orbital, so that removal of an electron should decrease and i n 
crease the C DC b bonding in the a 2 u and a^ u radicals, respectively. 
Although the internal coordinate contributions are mixed in the por
phyrin normal modes, the primary contributor to V 2 i s C^C^ stretching 
( l i b ) . Yet, the observed V 2 shifts are up for a 2 u and down for a^ u 

radicals, opposite to the expected shifts. The primary contributor 
to V4 is Ca-N stretching ( l i b ) , and the observed shifts would lead us 
to expect that the Ca-N bond strength decreases for a 2 u radicals and 
increases for a^ u radicals. Yet the interaction based on the orbital 
coefficients i s antibonding in the a 2 u orbital and non-bonding in the 
a i u orbital. The discrepancies are not limited to métallo OEP1s. 
Itoh and coworkers (13) have reported RR spectra for radical cations 
of metallo-TPP Ts, a l l of which form a 2 u radicals, and have noted that 
the observed downshift of V4 i s contrary to the orbital symmetry ar
gument. In the case of TPP's, there appears to be no band which 
shifts up on radical formation, analogous to V 2 of the OEP a 2 u 

radicals. 
Resolution of these discrepancies w i l l require an actual calcu

lation of the vibrational frequency shifts based on the estimated 
force constant changes upon radical formation. It i s possible that 
both the normal mode analysis and electronic calculations w i l l re
quire modification to accommodate the data. An additional factor of 
importance is the possibility of a structural change in the porphyrin 
skeleton upon radical formation. The crystal structures of ZnTPP·-
(CJIO4-) (14) and MgTPP+iCiO^-) (15) have revealed a distinct distor
tion of the porphyrin skeleton involving the ruffling of the pyrrole 
rings, relative to the more planar structure of the neutral porphy
r i n . Since both of the reported structures involve a 2 u radicals, i t 
is not clear whether the a i u radicals undergo a similar or a 
different distortion. 

Porphyrin Triplets. Figure 4 shows RR spectra of ZnTPP in dichloro-
methane, obtained with 476.5nm excitation (7). The bottom spectrum 
was obtained from the sample in an ordinary spinning c e l l and is the 
RR spectrum of ground state ZnTPP; frequencies and assignments are 
listed in Table II. The middle spectrum was obtained in the same 
c e l l , but without spinning, and with increased laser power (250mW). 
There are clear broadenings and shifts in the ZnTPP RR bands, and the 
solvent band at 1421cm"~l i s greatly diminished in relative intensity. 
These effects are attributable to conversion of ZnTPP to i t s t r i p l e t 
state. Because the quantum yield for t r i p l e t formation i s high (0.8) 
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17. KIM ET A L . Resonance Raman Studies 255 

Figure 3. MO diagram f o r the a i u and a 2 u o r b i t a l s of porphine. 
The atomic o r b i t a l c o e f f i c i e n t s are p r o p o r t i o n a l to the s i z e of 
the c i r c l e s ; s o l i d or dashed c i r c l e s i n d i c a t e s i g n . 
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476.5 nm EX ZnTPP 

_ l I I I I I l_ 
1000 1200 1400 1600 

Raman Shifticm ) 

Figure 4. (A) D i f f e r e n c e spectrum, B-C, a t t r i b u t e d to ZnTPP*. 
(B) S t a t i o n a r y sample of ZnTPP (0.2mM) i n CH 2C£ 2 i n a NMR tube, 
e x c i t e d at 135° w i t h 476.5nm A r + l a s e r beam (250mW, focussed); 
the sample was cooled i n a c o l d N 2 stream. The spectrum i s the 
sum of f i v e scans, each of a f r e s h sample from which 0 2 was r e 
moved by freeze-pumping. (C) As i n B, but the NMR tube was 
spun, and the l a s e r power was lowered to 30mW; seven scans were 
added, (Reproduced from Ref. 7. Copyright 1986 American Chemical 
Society.) 
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258 PORPHYRINS: EXCITED STATES AND DYNAMICS 

and the tr i p l e t lifetime i s long (1.3ns) (16) , pumping i s effective 
even with the relatively low power cw laser excitation. Moreover, 
the excitation wavelength i s in resonance with the strong t r i p l e t -
t r i p l e t absorption (470nm, e'WIOOOM"1) (17). This absorption i s 
responsible for the disappearance of the solvent band. The Soret 
band (416nm) of the ground state i s at higher energy but is close 
enough to provide both resonance enhancement of the ground state and 
sufficient absorption (ε^4600 at 476.5nm) for pumping. The top spec
trum of Figure 4 i s that of the tr i p l e t state, obtained by subtract
ing the bottom spectrum (ground state) from the middle spectrum (mix
ture) ; the weighting factor was gradually increased to the point 
where negative peaks began to be seen due to oversubtraction. Simi
lar spectra were observed for MgTPP and PdTPP, with excitation at 
488.0 and 457.8nm, respectively, for resonance with the tr i p l e t ab
sorption bands, 485nm (ε^72000) for MgTPP and 450nm (ε^47000) for 
PdTPP (17). Triplet quantum yields (0.8 and 1.0 and lifetimes (1.3 
and 0.4ns) are likewise suitably large for MgTPP and PdTPP (17). 

The porphyrin skeletal mode frequencies are a l l slightly lower 
both for the tr i p l e t and for the ground state. Table II l i s t s the 
tri p l e t downshifts, l-7cm~1, along with the shifts observed for ra
dical cations (13a) and anions (13b) for MgTPP and ZnTPP reported by 
Itoh and coworkers. Since the tri p l e t excited states are formed by 
promoting an electron from the highest f i l l e d orbital to the lowest 
unoccupied orbital, the structural effects might be expected to be a 
superposition of those observed for radical cation and radical anion 
formation. Indeed, the opposing vibrational shifts which tend to be 
seen for electron addition and removal (Table II) help to explain the 
very small shifts seen for the tr i p l e t states. 

An interesting feature of the tr i p l e t ZnTPP spectra (Figure 4) 
is the apparent broadening out of the ground state band at 1600cm~l, 
assigned to a localized vibration of the phenyl subsituents (18). 
The enhancement of phenyl modes has been suggested (18a) to reflect 
an increase in phenyl conjugation in the excited state; conjugation 
is not significant in the ground state (19) , since the phenyl orien
tation is nearly at right angles to the porphyrin ring (20). We 
suggest that the broadening of the 1600cm~l band reflects an inhomo-
geneous distribution of phenyl orientations in the excited state. 
Such a distribution has a plausible physical basis, since the 
driving force for phenyl rotation into the porphyrin plane provided 
by the electronic excitation (the eg orbital has particularly large 
coefficients at the meso carbon atoms (2)) encounters steric re
sistance from the non-bonded interactions between the protons at the 
ortho positions of the phenyl groups and those on the outer pyrrole 
carbon atoms (20). Consequently the phenyl torsion potential in the 
excited states may be relatively f l a t . Nevertheless, the vibrational 
frequencies are expected to be sensitive to the torsion angle for 
orientation close to co-planar because of the effect of conjugation. 

Photodeligation of NiTPP. The same stationary versus spinning sample 
cw laser experiment was used to study photo-effects on nickel porphy
ri n ligation (8). Nickel porphyrins are 4-coordinate and low-spin 
in weakly-coordinating solvents, but 6-coordinate and high-spin in 
strongly coordinating solvents (21). Holten and coworkers (22) have 
shown with transient optical spectroscopy that the accessible excited 
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state (low-spin) of the 6-coordinate species rapidly loses i t s axial 
ligands, while the excited state of the 4-coordinate nickel porphyrin 
(high-spin) becomes ligated, thanks to the hole created in the d z2 
orbital. It should therefore be possible to shift the equilibrium 
between 4- and 6-coordinate species with photons. Figure 5 shows 
precisely this effect for NiTPP in pyridine. Excitation of a sta
tionary sample with 406.7nm laser radiation shifts the equilibrium 
from the 6- to the 4-coordinate species, as shown by the decrease and 
growth of the associated V4 RR bands (18a) at 1346 and 1369cm"1 

respectively. The intensity ratio i s plotted against laser power in 
Figure 6, where i t is seen to increase monotonically from a starting 
value of 0.54 to a limiting value of VL.6. When the sample was spun 
through the laser, the spectral changes shown in Figure 5 were 
largely abolished, and the ratio of the bands was nearly independent 
of laser power (Figure 6). 

The solid line in Figure 6 represents the equation 

Where 1^, j-^, and 0± are the observed Raman intensity, the molar 
scattering factor and the molar absorptivity of NiTPP (i=4) and 
(py)2NiTPP (i=6), Φ4 and φ6 are the quantum yields for converting 
4 ->· 6 or 6 4 via light absorption, k4 and ktj are the thermal con
version rates, and I 0 is the incident laser flux. This equation de
rives from a simple photokinetic scheme in which photoexcited NiTPP 
and (py)2NiTPP are interconverted via capture or loss of ligands, or 
else return to their own ground state. From the limiting values of 
I4/I6 o n e c a n calculate k6G4<t>4/k4Q6<Î>6 ~ 1·6/0.54 = 3.0. From the 
optical absorption spectra (and the assumption that the (py)2NiTPP 
spectrum is given by that of NiTPP in piperidine, for which 
( p i p ) 2 N i T P I > predominates) one can estimate 0^/05 - 90 (at 406.7nm) 
and k4/kfc (the (4)/(6) equilibrium ratio) - 1.5, whence Φ4/Φ6 - 0.05. 
A low ratio of quantum yields is reasonable since ligation of the 
photoexcited NiTPP is a bimolecular process, while ligand loss from 
photoexcited (py)2NiTPP i s unimolecular. 

Figure 7 shows laser induced changes in RR spectra of NiTPP in 
piperidine; again these changes are abolished by spinning the sample. 
The major species i s the 6-coordinate complex, with V4=1346cm~1. 
Another band is seen at 1356cm"1, which increases with increasing 
laser power. In addition a band grows in at 1369cm"1, the frequency 
of the 4-coordinate species. Thus photo-pumping of the deligation 
process i s seen in piperidine as well as pyridine. The new species 
responsible for the 1356cm"1 band i s suggested to be a 5-coordinate 
complex, with a single piperidine ligand. 

The concentration of the 5-coordinate complex must be elevated 
in the photostationary state, since i t i s negligible at equilibrium; 
both the optical absorption (21) and RR spectra (9) display clean 
isosbestic points when NiTPP i s titrated with piperidine in dichloro-
methane, showing that two piperidine ligands are added with no sig
nificant contribution from a mono-piperidine adduct. When, however, 
NiTPP i s replaced with Ni[TPP(CN)4] (TPP(CN)4=tetrakis(p-cyanophenyl) 
porphine) the optical absorption spectra no longer display a clean 
isosbestic point, and the RR spectra (Figure 8) show a strong band 
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NiTPP in Pyridine 406.7 nm Ex. 

CD O) 

* S 
CO CO 

J 1 

1300 1340 1380 
H 

Raman Shift(cm ) 

Figure 5. V4 Raman peaks f o r a s t a t i o n a r y sample of NiTPP 
(0.2mM) i n p y r i d i n e , w i t h 406.7nm e x c i t a t i o n . Arrows i n d i c a t e 
the decreasing (1346cm" 1) and i n c r e a s i n g (1369cm" 1) r e l a t i v e 
band i n t e n s i t i e s at i n c r e a s i n g l a s e r power l e v e l s (1.5, 5, 10, 
15, 20, 25, 50, 75, 90,125, and 140mW). In the absence of an 
i n t e r n a l standard ( p y r i d i n e peaks are obscured by those of NiTPP) 
the s p e c t r a were scaled to whichever peak was stronger. (The i n 
t r i n s i c s c a t t e r i n g f a c t o r s are not the same f o r the two peaks.) 
Spectra were obtained v i a b a c k s c a t t e r i n g (135°)from a NMR sample 
tube, using a Spex 1401 double monochromator: 7cm"1 s l i t w i d t h , 
l s e c time constant, 0.5cm _ 1/sec scan r a t e . (Reproduced from 
Refο 8ο Copyright 1986 American Chemical Society.) 
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Figure 7. V4 Raman peaks for a stationary sample of NiTPP 
(0.5mM) in piperidine, with 406.7nm excitation. Arrows indicate 
the increasing relative intensities of the 1356 and 1369cm"1 

peaks with increasing laser power (5, 15, 25, 50, 75, 100, 125, 
and 150mW): 5cm"1 slitwidth, lsec time constant, O.Scm^^/sec 
scan rate. The spectra were scaled to the 1346cm""1 peak. 
CReproduced from Ref« 8„ Copyright 1986 American Chemical Society.) 
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413.1 nm Ex. 

Ni[TPP(CN)4]/GH2CI2 + Pip 

1300 

ΔΡ/cm"1 

Figure 8. V4 region of the RR spectrum of Ni[TPP(CN)4] (0.5mM, 
spinning sample) in CH2C£2> with piperidine added to a con
centration of 1 and 2M, and in pure piperidine (10M). 
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at 1355cm""1, i n a d d i t i o n to the 1348 and 1373cm - 1 V4 bands of the 
6- and 4-coordinate species ( 9 ) . The 1355cm - 1 band reaches a maxi
mum at 1M p i p e r i d i n e , and decreases again at higher p i p e r i d i n e con
c e n t r a t i o n s , l e a v i n g a weaker band at 1360cm" 1. The l a t t e r band, 
which i s d e p o l a r i z e d , i s assigned to mode v 2g (B2g) (J-Sa) of t n e 

6-coordinate complex. The superimposed 1355cm""1 band seen i n 1M 
p i p e r i d i n e , which i s p o l a r i z e d , i s assigned to V 4 of the 5-coordinate 
adduct. The frequency of t h i s band i s much c l o s e r to that of the 
6-coordinate than of the 4-coordinate complex, as expected i f the 5-
as w e l l as the 6-coordinate species has a hig h - s p i n c o n f i g u r a t i o n , 
c o n s i s t e n t w i t h the c a l c u l a t i o n s of Ake and Gouterman (10). A la r g e 
decrease i n the V4 frequency upon adding p i p e r i d i n e ligands i s be
l i e v e d to be as s o c i a t e d w i t h an expansion of porphyrin core due to 
promotion of an e l e c t r o n to the in-plane antibonding d x2-y2 o r b i t a l 
i n the h i g h - s p i n c o n f i g u r a t i o n ; porphyrin s k e l e t a l mode frequencies 
are known to be s e n s i t i v e to the c o r e - s i z e , as w e l l as to the 
e l e c t r o n i c e f f e c t s (23). The porphyrin c e n t e r - t o - p y r r o l e n i t r o g e n 
distance (C^-N) i s ̂  1.95Â i n 4-coordinate N i porphyrins (24) , but 
2.038Â i n the b i s - i m i d a z o l e adduct of N i - t e t r a k i s ( m e t h y l p y r i d y l ) p o r -
phine (29). No s t r u c t u r e i s a v a i l a b l e f o r a 5-coordinate N i por
p h y r i n , but the 7cm""1 increase i n V4 r e l a t i v e to that of the 
6-coordinate (pip) 2NiTPP suggests p a r t i a l r e l a x a t i o n of the core 
s i z e due to the out-of-plane displacement of the N i atom expected 
f o r a 5-coordinate h i g h - s p i n adduct, by analogy w i t h the r e l a x a t i o n 
seen f o r (2-MeImH)FeTPP (2.045À C t-N; Fe 0.5Â out-of-plane) (30) 
r e l a t i v e to h i g h - s p i n (THF) 2FeTPP (2.057Â C t-N, Fe in-plane) (31). 

Acknowledgments 

This work was supported by grant DE-AC02-81ER10861 from the U.S. 
Department of Energy. We thank Professor Dewey Holten f o r h e l p f u l 
d i s c u s s i o n s . 

Literature Cited 

1. Spiro, T. G. "Iron Porphyrins"; Lever, A. B. P., and 
Gray, H. B., Eds.; Addison-Wesley: Reading, MA, 1983, 
Part Two, pp. 85-159. 

2. Gouterman, M. In "The Porphyrins"; Dolphin, D., Ed.; 
Academic Press, New York, 1978, Vol. III, Chapter 1. 

3. Fajer, J.; Davis, M. S. In "The Porphyrins"; Dolphin, D., 
Ed.; Academic Press, New York, 1978, Vol. IV, pp. 197-256. 

4a. Dolphin, D.; Muljiani, Z.; Rousseau, K.; Borg, D. C.; 
Fajer, J.; Felton, R. H. Ann. N.Y. Acad. Sci. 1973, 206, 177. 

4b. Fuhrhop, J.-H.; Mauzerall, D. J. Am. Chem. Soc. 1969, 91, 
4174. 

5. Kim, D. H.; Miller, L. Α.; Rakhit, G.; Spiro, T. G. J. Phys. 
Chem. 1986 (in press). 

6. Terner, J.; Voss, D. S.; Paddock, C.; Miles, R. B.; 
Spiro, T. G. J. Phys. Chem. 1982, 86, 859. 

 P
ub

lic
at

io
n 

D
at

e:
 O

ct
ob

er
 1

5,
 1

98
6 

| d
oi

: 1
0.

10
21

/b
k-

19
86

-0
32

1.
ch

01
7

In Porphyrins; Gouterman, M., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1986. 



17. KIM ET A L . Resonance Raman Studies 265 

7. Kim, D.; Terner, J.; Spiro, T. G. J. Am. Chem. Soc. 1986 (in 
press). 

8. Kim, D.; Spiro, T. G. J. Am. Chem. Soc. 1986 (in press). 
9. Kim, D.; Su, Y. O. , ; Spiro, T. G. (submitted). 

10. Ake, R. L.; Gouterman, M. Theoret. Chim. Acta 1970, 17, 408. 
11a. Kitagawa, T.; Abe, M.; Ogoshi, H. J. Chem. Phys. 1978, 69, 

4516. 
11b. Abe, M.; Kitagawa, T.; Kyogoku, Y. J. Chem. Phys. 1978, 69, 

4526. 
12. Maggiora, G. M. J. Am. Chem. Soc. 1973, 95, 982. 
13a. Yamaguchi, H.; Nakano, M.; Itoh, K. Chem. Lett. 1982, 1397. 
13b. Yamaguchi, H.; Soeta, Α.; Toeda, H.; Itoh, K. J. Electroanal. 

Chem. 1983, 159, 347. 
14. Spaulding, L. D.; Eller, P. G.; Bertrand, J. Α.; Felton, R. H. 

J. Am. Chem. Soc. 1974, 96, 982. 
15. Barkigia, K. M.; Spaulding, L. D.; Fajer, J. Inorg. Chem. 

1983, 22, 349. 
16. Darwent, J. R.; Douglas, P.; Harriman, Α.; Porter, G.; 

Richoux, M.-C., Coord. Chem. Rev. 1982, 44, 83. 
17. Harriman, A. J. Chem. Soc., Faraday Trans. 2 1981, 97, 3660. 
18a. Stein, P.; Ulman, Α.; Spiro, T. G. J. Phys. Chem. 1984, 88, 

369-374. 
18b. Burke, J. M.; Kincaid, J. R.; Spiro, T. G. J. Am. Chem. Soc. 

1978, 100, 6077. 
19. LaMar, G. N.; Eaton, G. R.; Holm, R. H.; Walker, F. A. J. Am. 

Chem. Soc. 1973, 95, 63. 
20. Eaton, S. S.; Eaton, G. R. J. Am. Chem. Soc. 1975, 97, 3660. 
21. Walker, F. Α.; Hui, E.; Walker, J. M. J. Am. Chem. Soc. 1975, 

97, 2390. 
22a. Kim, D.; Kirmaier, C.; Holten, D. Chem. Phys. 1983, 75, 305. 
22b. Kim, D.; Holten, D. Chem. Phys. Lett. 1983, 98, 584. 
23. Choi, S.; Spiro, T. G.; Langry, K. C.; Smith, K. M.; Budd, D. L.; 

LaMar, G. N. J. Am. Chem. Soc. 1982, 104, 4345. 
24. 1.929Å in tetragonal (D2d, ruffled) (25) and 1.958Å in triclinic 

(D4h, planar) (26) Ni octaethylporphyrin; 1.960Å in Ni deutero-
porphyrin (27), 1.957Å in Ni etioporphyrin (28). 

25. Meyer, E. F., Jr. Acta Crystallogr. Sect. Β. 1972, 28, 2162. 
26. Gullen, D. L.; Meyer, E. F., Jr. J. Am. Chem. Soc. 1974, 96, 

2095. 
27. Hamor, T. Α.; Caughey, W. S.; Hoard, J. L. J. Am. Chem. Soc. 

1965, 87, 2305. 
28. Fleischer, Ε. B. J. Am. Chem. Soc. 1963, 85, 146. 
29. Kirner, J. F.; Garofalo, J., Jr.; Scheldt, W.R. Inorg. Nucl. 

Chem. Lett. 1975, 11, 107. 
30. Hoard, J.L.; Scheldt, W. R. Proc. Natl. Acad. Sci., USA, 1973, 

70, 3913; 1974, 71, 1578. 
31. Reed, C. Α.; Mashiko, T.; Scheldt, W. R.; Spartalian, K.; 

Lang, G. J. Am. Chem. Soc. 1980, 102, 2302. 

R E C E I V E D April 21, 1986 

 P
ub

lic
at

io
n 

D
at

e:
 O

ct
ob

er
 1

5,
 1

98
6 

| d
oi

: 1
0.

10
21

/b
k-

19
86

-0
32

1.
ch

01
7

In Porphyrins; Gouterman, M., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1986. 



18 
Resonance Raman Investigation of Transient 
Photoinduced Ligation Changes in Nickel Porphyrin 

E. W. Findsen1, M. R. Ondrias1, J. A. Shelnutt2, and J. M. Friedman3 

1Department of Chemistry, University of New Mexico, Albuquerque, NM 87131 
2Sandia National Laboratories, Albuquerque, NM 87185 
3AT&T Bell Laboratories, Murray Hill, NJ 07974 

The first picosecond and nanosecond time-resolved Raman 
spectra of photoexcited metalloporphyrins in coordinating 
and noncoordinating solvents are presented. Our data 
demonstrate that resonance Raman spectra can be obtained 
from transient nickel porphyrin species and confirm the 
existence of photoinduced ligation changes in nickel 
proto and octaethyl porphyrin species on a subnanosecond 
timescale. 

The metalloporphyrins form a di v e r s e c l a s s of molecules e x h i b i t i n g 
complex and v a r i e d photochemistries. U n t i l r e c e n t l y time-resolved 
absorption and fluorescence spectroscopies were the only methods 
used to study metalloporphyrin e x c i t e d s t a t e r e l a x a t i o n i n a sub-
microsecond regime. In t h i s paper we present the f i r s t picosecond 
time-resolved resonance Raman spectra of e x c i t e d s t a t e metallopor
phyrins outside of a p r o t e i n matrix. The inherent molecular 
s p e c i f i c i t y of resonance Raman s c a t t e r i n g provides f o r a d i r e c t 
probe of bond strengths, geometries, and l i g a t i o n s t a t e s of 
photoexcited metalloporphyrins. 

In the present i n v e s t i g a t i o n we use t r a n s i e n t Raman spectro
scopic techniques to study the picosecond and nanosecond l i g a t i o n 
processes i n i t i a t e d by d i r e c t e l e c t r o n i c e x c i t a t i o n of n i c k e l octa
e t h y l porphyrin (Ni(OEP)) and n i c k e l protoporphyrin IX (Ni(PP)). 
S i m i l a r time-resolved resonance Raman studies have s u c c e s s f u l l y 
probed the dynamic processes involved i n the p h o t o l y s i s and subse
quent recombination of exogenous ligands i n heme p r o t e i n systems 
such as hemoglobin and myoglobin (1.2). Transient species of 
Ni(OEP) and Ni(PP) formed by ph o t o e x c i t a t i o n i n coordi n a t i n g and 
noncoordinating solvents have been probed with ~25-psec and 
~10-nsec time r e s o l u t i o n and the r e s u l t i n g spectra are compared to 
those of e q u i l i b r i u m species. Recently the e x c i t e d s t a t e k i n e t i c s 
i n each of these time regimes was ch a r a c t e r i z e d by se v e r a l s t u d i e s 
using t r a n s i e n t absorption spectroscopy (3-5). Our r e s u l t s are i n 
general agreement with the molecular mechanisms i n f e r r e d from these 
previous s t u d i e s , but re v e a l w e l l resolved v i b r a t i o n a l information 

0097-6156/ 86/ 0321 -0266506.00/ 0 
© 1986 American Chemical Society 
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18. FINDSEN E T A L . Transient Photoinduced Ligation Changes 267 

about the e x c i t e d e l e c t r o n i c s t a t e s and l i g a t i o n behavior of the 
t r a n s i e n t intermediates created a f t e r p h o t o e x c i t a t i o n . 

M a t e r i a l s and Methods 

A l l Ni(OEP) and Ni(PP) samples (obtained from Porphyrin Products) 
were prepared (0.2-0.5 mM) i n neat, s p e c t r a l grade solvent (used 
without f u r t h e r p u r i f i c a t i o n ) and were deoxygenated by purging with 
oxygen-free N 2 gas. No d i f f e r e n c e s i n the spectra were noted f o r 
aerobic and anaerobic samples. 

The picosecond spectrum was generated using a Raman s h i f t c e l l 
(H 2, 300 p s i ) which was pumped with the second Harmonic output of 
a Quantel a c t i v e / p a s s i v e modelocked picosecond l a s e r . The f i r s t 
a n tistokes l i n e (-436 nm) from the s h i f t c e l l was then used to 
e x c i t e the sample and generate resonance Raman spectra of the 
species generated w i t h i n 25 psec of e x c i t a t i o n (pulsewidth measured 
by a u t o c o r r e l a t i o n two photon measurements). The nanosecond spectra 
were obtained using a ni t r o g e n pumped dye l a s e r (Molectron) (10-nsec 
nominal pulse width) and a spectrometer system described elsewhere 
(6). The picosecond Raman data was c o l l e c t e d using a 90° sampling 
geometry and a s p h e r i c a l lens to focus the l a s e r i n t o the sample 
while the nanosecond spectra were obtained using an ~180° backscat-
t e r i n g geometry. The average power f o r the picosecond spectra was 
~15 mw at 10 Hz (1.5 mJ/pulse). "Low power** nanosecond experiments 
at 406 and 440 nm were performed with the l a s e r pulses (~.3 
mJ/pulse) s l i g h t l y focused with a c y l i n d r i c a l lens r e s u l t i n g i n an 
energy density of ~5 mJ/cm2 pulse. For "high power** experiments 
the beam was t i g h t l y focused with a s p h e r i c a l lens. We estimate 
the photon de n s i t y at the sample to be approximately 100 times 
greater i n the "high power** than i n the **low power** experiments. 
A l l time-resolved spectra were obtained from samples placed i n a 
s t a t i c cuvette. The l a s e r r e p e t i t i o n r a t e i n a l l t r a n s i e n t e x p e r i 
ments was f i x e d at 10 Hz. Sample temperatures i n a l l cases were 
between 20-25°C. The e q u i l i b r i u m spectra were recorded from samples 
i n a r a p i d l y r o t a t i n g c e l l using a Raman d i f f e r e n c e spectrometer 
(7.) and 413.1 nm or 530.9 nm e x c i t a t i o n from a krypton ion l a s e r or 
441.6 nm e x c i t a t i o n from a He-Cd l a s e r . Absorption spectra were 
recorded a f t e r each experiment to monitor sample i n t e g r i t y . 

Results and Dis c u s s i o n 

The spectra presented i n Figures 1-3 demonstrate that high q u a l i t y , 
t r a n s i e n t resonance Raman spectra can be obtained f o r Ni(OEP) and 
Ni(PP) s o l u t i o n s using Soret e x c i t a t i o n . These spectra can be 
in t e r p r e t e d on a molecular l e v e l by comparison with the extensive 
t h e o r e t i c a l and experimental data base that e x i s t s f o r ground s t a t e 
n i c k e l porphyrin species (8-16 and r e f s . t h e r e i n ) . The coo r d i n a t i o n 
s t a t e of n i c k e l porphyrins can e a s i l y be determined from the reson
ance Raman spectrum of the sample (10.12). Several modes i n the 
Raman spectrum of porphyrins are q u i t e s e n s i t i v e to the s t a t e of 
a x i a l l i g a t i o n (10.12). In p a r t i c u l a r , the marker l i n e s ν+9 

vll» v2» v3» a n < * v10 (porphyrin s k e l e t a l mode 
designations f o l l o w those of Abe et a l . , (12a). The designation 
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Figure 1. Resonance Raman spectra of photoexcited and 
e q u i l i b r i u m Ni(OEP) i n neat p i p e r i d i n e obtained with 440 nm 
e x c i t a t i o n . Trace a) d i s p l a y s the spectrum obtained within 25 
psec of e x c i t a t i o n . Traces b) and c) were obtained with 10 nsec 
e x c i t a t i o n under high and low power co n d i t i o n s , r e s p e c t i v e l y 
(see t e x t ) . The spectrum of the e q u i l i b r i u m sample i s shown i n 
t r a c e d) and was obtained with 441.6 nm e x c i t a t i o n (~40 mW) from 
a cw He-Cd l a s e r . Spectra bandpass was 7-9 i n a l l 
cases. Time-resolved spectra are the unsmoothed sum of 3-5 
scans. Solvent bands are denoted by a s t e r i s k s . 
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α 

I , ι • • , ι . I 
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R a m a n S h i f t ( c m " 1 ) 

Figure 2. Transient Raman spectra of Ni(PP) (60 80 μΜ) i n 
p y r r o l i d i n e . Traces a) and b) were obtained with 406 nm 
e x c i t a t i o n at high and low power, r e s p e c t i v e l y , while traces c) 
and d) were generated with 420 nm e x c i t a t i o n (which i s a 
compromise frequency which resonantly enhances both species to 
some extent) at high and low power, r e s p e c t i v e l y . For low power 
spectra the average l a s e r power (at 10 Hz) was .75-1.0 mW. The 
beam was only s l i g h t l y focused onto the sample with a 
c y l i n d r i c a l lens. High power spectra were generated with 5-6 mW 
of average l a s e r power sharply focused at the sample v i a a 
sp h e r i c a l lens. Spectra are the unsmoothed sum of 3-5 scans at 
7-9 cm"1- s p e c t r a l r e s o l u t i o n . 

I ι I ι I ι I 1 1 
1300 1400 1500 1600 1700 

R a m a n S h i f t Ccm 1 ) 

Figure 3. Transient Raman spectra of Ni(PP) i n acetone/water 
(10% water by volume). Traces a) and b) were obtained under 
high and low power co n d i t i o n s , r e s p e c t i v e l y , s i m i l a r to those 
described f o r Figure 2. These spectra are repre s e n t a t i v e of 
those obtained i n noncoordinating sovent systems at high and low 
power. 
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n\>k r e f e r s to the k t h normal mode i n the nth a x i a l L i g a t i o n 
s t a t e . ) show c o r r e l a t e d s h i f t s i n frequency with l i g a t i o n changes 
(10-12). For example, Ni(OEP) i n p i p e r i d i n e at e q u i l i b r i u m 
e x h i b i t s the spectrum shown i n Figure Id. Two sets of marker l i n e s 
are observed i n the e q u i l i b r i u m p i p e r i d i n e s o l u t i o n ; the set with 
low frequencies of these Raman l i n e s (see Table 1) are i n d i c a t i v e 
of a 6 coordinate Ni(OEP) l i g a t i o n s t a t e . These l i n e s appear 10-40 
cur* higher i n frequency f o r Ni(OEP) i n noncoordinating solvents 
(4-coordination) and are al s o s i g n i f i c a n t l y higher than f o r 
5- coordinate n i c k e l porphyrins (10). Comparison with the Raman 
spectra of Ni(OEP) i n noncoordinating solvents shows that the 
major i t y of molecules i n the p i p e r i d i n e s o l u t i o n are i n the 
6- coordinate form. 

In Table 1, the frequencies of various l i n e s shown to be sensi
t i v e to the porphyrin's s t r u c t u r e (8,10,15), are given f o r Ni(OEP) 
and Ni(PP) complexes i n several time regimes and f o r se v e r a l e x c i 
t a t i o n wavelengths. As described below, the general r e s u l t s of the 
time-resolved spectra can be summarized as foll o w s : 

1. In coordinating solvents q u a l i t a t i v e i n d i c a t i o n s of an 
increase i n formation of A- coordinate Ni(OEP) are observed 
i n the behavior of \>IQ a n < * V3 w i t h i n 20-30 psec of 
e x c i t a t i o n at high power, 

2. High power nsec pulses a l s o c l e a r l y produce an increase i n 
the amount of A coordinate n i c k e l porphyrin r e l a t i v e to 
e i t h e r low power nsec pulses or an e x c i t a t i o n of the ground 
s t a t e e q u i l i b r i u m as evidenced by the behavior of 
v 3 , and » 1 0 , 

3. In noncoordinating solvent systems (toluene, methylene 
c h l o r i d e , l^O/Acetone, CTAB) power dependent s h i f t s are 
observed f o r v^, V 3 , λ>2» V10» p o s i t i o n s 
near those observed f o r Ni(OEP) and Ni(PP) i n coordi n a t i n g 
solvents at e q u i l i b r i u m . 

A number of elegant t r a n s i e n t absorption studies have shown 
that n i c k e l porphyrins possess a r i c h and complicated e x c i t e d s t a t e 
photochemistry (3-5). In these studies i t was concluded that i n 
b a s i c solvents such as p i p e r i d i n e and p y r i d i n e the s t a t e of 
l i g a t i o n of the ex c i t e d s t a t e porphyrin i s d i f f e r e n t from that of 
the ground s t a t e system. In p y r i d i n e , ground s t a t e Ni(OEP) i s 
mainly A-coordinate (>75%). I t was concluded that a change of 
l i g a t i o n to predominantly a 6-coordinate system with solvent 
molecules as the a x i a l ligands occurred a f t e r e x c i t a t i o n from the 
ground s t a t e ^A^g to the 3 B l g e x c i t e d s t a t e . The ^A^e 
-» " * B l g e x c i t a t i o n i s a d-d t r a n s i t i o n i n v o l v i n g promotion of 
an e l e c t r o n from the doubly occupied d z2 o r b i t a l to the empty 
^ x 2 - y 2 o r b i t a l of the metal. The t r a n s i t i o n i s not 
dipole-allowed but occurs upon de e x c i t a t i o n of the allowed 
ΤΓ-+ΤΓ* e x c i t a t i o n of the macrocycle (16). In the solvents 
p y r r o l i d i n e and p i p e r i d i n e , however, the opposite s i t u a t i o n e x i s t s . 
The ground s t a t e species i s 6-coordinate ^ l g t and upon 
promotion to the ^A^- ex c i t e d s t a t e d e l i g a t i o n occurs. Kim 
et a l . (3.4) have explained the e x c i t e d - s t a t e processes on the 
ba s i s of cf-donation to the metal d z2 o r b i t a l by the ligands. 
Thus an e x c i t e d ^ A l g st a t e (d§2) i s a ligand 
d i s s o c i a t i v e s t a t e because the acceptor o r b i t a l of the metal i s 

 P
ub

lic
at

io
n 

D
at

e:
 O

ct
ob

er
 1

5,
 1

98
6 

| d
oi

: 1
0.

10
21

/b
k-

19
86

-0
32

1.
ch

01
8

In Porphyrins; Gouterman, M., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1986. 



18. FINDSEN ET A L . Transient Photoinduced Ligation Changes 271 

Table 1 

High Frequency Resonance Raman Bands of Ni(OEP) 
i n P i p e r i d i n e 

440 nm 
436 nm 
25 psec 

10 nsec 
high power 

10 nsec 
low power 

441.6 nm 
e q u i l i b r i u m 

4 > 
W 1 0 

1654 1655 
-1610 (sh) 

1654 
-1610 (sh) 

1655 
1610 

A'\ · \ 
2 11 

1586 1585 1586 V1587 

6 -1565 (sh) 
-1515 

-1565 (sh) 
1518 

-1565 (sh) 
-1515 

-1565 (sh) 
1517 

6 

1370 1368 1368 13 70 

Ni(PP) i n P y r r o l i d i n e 
High frequency Raman bands (cnr *•) 

406 nm 420 nm 
Low Power High Power Low Power High Power 

6V4 

*»A 
1368 1370 1368 1370 

6 1480 1488 1480 1484 

.'» 
1565 

1520 

1565 1565 

1521 

1569 
4 2 

w . 1594 1594 
6 2 

Λ° 1620 1620 1620 1620 
4 

V10 1658 1658 

Continued on next page 
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Table I. Continued 

Ni(PP) i n H 20/Acetone 

406 nm e x c i t a t i o n 
Low Power High Power 

10 

'10 

1382 

1522 

1592 

1662 

13/5 
1522 
1494 
1594 
1577 
1658 
1628 
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completely f i l l e d . On the other hand, ligand bonding i s favored by 
^-Big and 3 f i l g ( dz 2» d x 2 - y 2 ^ e x c i t e d states 
that have a h a l f f i l l e d d z2 o r b i t a l that i s f r e e to accept 
charge from a f i l l e d l i g a n d o r b i t a l . Intersystem c r o s s i n g occurs 
r e a d i l y i n n i c k e l porphyrin systems and r a p i d r e l a x a t i o n back to 
the ground e l e c t r o n i c s t a t e f o r noncoordinating solvents, 
•*Bi£ f o r s t r o n g l y coordinating solvents) occurs f o l l o w i n g 
e x c i t a t i o n (3). A x i a l ligands added (or l o s t ) i n the e x c i t e d s t a t e 
are, subsequently, l o s t (or regained) upon r e t u r n to the 
e q u i l i b r i u m ground s t a t e . 

Within -25 psec of e l e c t r o n i c e x c i t a t i o n the resonance Raman 
spectrum of Ni(OEP) i n p i p e r i d i n e i n d i c a t e s an increase i n the 
amount of 4-coordinate Ni(OEP) and loss of the p i p e r i d i n e ligands. 
Evidence f o r t h i s i s found i n the increase i n i n t e n s i t y of the 
*\>\0 band f o r 4-coordinate Ni(OEP) (-1654 cm - 1) r e l a t i v e to 
that of the l i g a t e d species 6λ>ιο (-1610 cm - 1) i n the pico
second spectrum (Figure l a ) . Q u a n t i f i c a t i o n of the extent of ligand 
l o s s w i t h i n 25 psec of e x c i t a t i o n i s complicated by two f a c t o r s : 
(1) a small amount of 4-coordinate Ni (OEP) i s present i n the equi
l i b r i u m spectrum (Figures 1 and 2) s c a t t e r i n g from the 6-coordinate 
species i s more resonantly enhanced than that from 4-coordinate 
Ni(OEP) when 436-nm e x c i t a t i o n i s used. The resonance enhancement 
e f f e c t i s q u i t e evident i n the behavior of 6 v 2 (-1586 cm"1) 
and (-1370 cm - 1) i n the picosecond spectrum. Both 
modes appear at values c h a r a c t e r i s t i c of 6-coordinate Ni(OEP) and 
t h e i r r e l a t i v e i n t e n s i t i e s change d r a m a t i c a l l y compared to the 
e q u i l i b r i u m Raman spectrum. The changes i n i n t e n s i t i e s of the 
modes observed w i t h i n 25 psec r e l a t i v e to those observed with 10 
nsec pulses may i n d i c a t e a d d i t i o n a l e x c i t e d s t a t e processes i n the 
picosecond time regime. Despite these complications, we b e l i e v e 
that the increase i n ^νχο (4-coordinate) i n t e n s i t y at -1654 
cm"1 r e l a t i v e to 6 ^ i o (6-coordinate) at -1610 cm"1 q u a l i 
t a t i v e l y demonstrates an increase i n the 4-coordinate species during 
the picosecond pulse. 

The spectra generated with 10-nsec high power pulses a l s o 
i n d i c a t e a s i g n i f i c a n t amount of photogenerated 4-coordinate f o r 
both Ni(OEP) and Ni(PP). Evidence of an increase i n the amount of 
unliganded Ni(OEP) r e l a t i v e to e q u i l i b r i u m Ni(OEP) s o l u t i o n are i s 
provided by i n the increased r e l a t i v e i n t e n s i t i e s of 4-coordinate 
Ni(OEP) modes at -1515 ( 4 v 3 ) and -1655 ( 4 y i 0 ) and a 
broadening to higher frequency of the band at -1590 cm""1-. Spectra 
generated with low power 10 nsec pulses more c l o s e l y resemble those 
of the e q u i l i b r i u m Ni(OEP) spectra. The increase i n the amount of 
4-coordinate Ni(OEP) evident i n the high power spectra i s apparently 
due to the c r e a t i o n of a s i g n i f i c a n t concentration of the ^A^a 
s t a t e by the long l i v e d ( r e l a t i v e to d-d e x c i t e d s t a t e l i f e t i m e s ) 
pump/probe l a s e r pulse. This e f f e c t i s more c l e a r l y observed using 
Ni(PP) complexes (Figure 2)·. 

The Raman spectra of Ni(PP) i n coordinating solvents (Figures 2 
and 3) c l e a r l y show that photoinduced l i g a t i o n changes occur w i t h i n 
the 10 nsec l a s e r pulse width. The appearance of the modes 
4»10» 4 v 3 » and *\>2 at 1658 cm"1, 1520 c m 1 , 
and 1594 cm"1, r e s p e c t i v e l y , i n the high power spectra of Ni(PP) 
i n p y r r o l i d i n e i n d i c a t e s an appreciable amount of p h o t o d i s s o c i a t i o n 
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of the 6-coordinate ground s t a t e species. The extent of photodis
s o c i a t i o n i s both wavelength and power dependent. P h o t o d i s s o c i a t i o n 
i s observed using e i t h e r 406 nm or 420 nm e x c i t a t i o n . Even though 
the 4-coordinate modes are of s i m i l a r r e l a t i v e i n t e n s i t y at both 
e x c i t a t i o n wavelengths, the f r a c t i o n of 4-coordinate molecules i s 
appreciably l e s s i n the 406 nm spectra. This i s expected s i n c e the 
a b s o r p t i v i t y , and therefore the resonance enhancement, of the 
6-coordinate species i s considerably lower at 406 nm. 

At e i t h e r wavelength the p r o p o r t i o n of 4-coordinate species 
increases d i r e c t l y with l a s e r power density. Because the Ligand 
recombination h a l f - l i f e (>20 nsec)) i s longer than the l a s e r pulse, 
a l i n e a r increase i n the p r o p o r t i o n of e x c i t e d s t a t e species during 
the l a s e r pulse, i s expected using 440 nm e x c i t a t i o n . This wave
length p r i m a r i l y e x c i t e s the 6-coordinate species. E x c i t a t i o n at 
406 nm produces a s l i g h t l y more complicated s i t u a t i o n s i n c e the 
photogenerated 4-coordinate molecules can, i n p r i n c i p l e , be e x c i t e d 
by subsequent photons i n the l a s e r pulse. The proportions of 4- and 
6-coordinate molecules w i l l then be predicated upon the integrated 
s o l u t i o n (during the l a s e r pulsewidth) of the d i f f e r e n t i a l r a t e 
equations involved i n the e x c i t e d s t a t e k i n e t i c s and should be q u i t e 
s e n s i t i v e to the r a t i o of the r a t e constants f o r the formation of 
the two species. Obviously, our data allows us to p r e s e n t l y make 
only q u a l i t a t i v e comparisons. 

The c l o s e s i m i l a r i t y between the photophysics of Ni(PP) and 
Ni(OEP) i n co o r d i n a t i n g solvents observed i n t h i s study argues 
s t r o n g l y that the p h o t o d i s s o c i a t i o n (or photoassociation) of 
ligands i s predicated upon metal-based e x c i t e d s t a t e s and that the 
decay pathways from porphyrin to metal d - o r b i t a l s t a t e s are s i m i l a r 
f o r the two molecules. Thus, our r e s u l t s corroborate the proposed 
photocycle of Hoiten and co-workers (3.4) and suggest that the 
i n i t i a l e x c i t a t i o n of the porphyrin ir-system r a p i d l y (<10*s of 
psecs) decays to a d-d bottleneck e x c i t e d s t a t e where l i g a t i o n 
changes may occur. 

The behavior of s e v e r a l modes of the photoexcited n i c k e l 
porphyrin species i s undoubtedly complicated by e x c i t e d s t a t e 
i n f l u e n c e s other than the s t a t e of metalLoporphyrin l i g a t i o n . 
Four-coordinate Ni(OEP) and Ni(PP) d i s p l a y s s h i f t s i n 
V2, V 3 , and \>IQ to lower frequency as a f u n c t i o n of 
increased photon density i n noncoordinating solvents such as 
toluene, C H 2 C I 2 , and H 2 O /acetone which cannot be predicated 
upon changes i n metalloporphyrin l i g a t i o n . 

Upon 10 nsec pulsed e x c i t a t i o n of Ni(PP) i n acetone/water 
(90:10) there i s a decrease i n r e l a t i v e i n t e n s i t y of 
(1656 cm" 1), 4 v 2 (1593 cm*1) and 4 v 3 (1522 cnT 1) 
i n d i c a t i v e of a decrease i n the population of the 4-coordinate 
(ground state) species. P h o t o e x c i t a t i o n a l s o produces a pronounced 
s h i f t to lower frequency (-1374 cm""1) and a broadening of V 4 . 
The new modes which appear i n the spectra occur at frequencies that 
are d i s t i n c t from those observed f o r e q u i l i b r i u m 4-, 5-, and 
6-coordinate Ni(PP) species. In p a r t i c u l a r , (* i n d i c a t e s e x c i t e d 
s t a t e species) * v 2 » a n d * v 3 appear at 
1627-1630 cm-1, 1575-1580 cnT 1 and 1492-1495 cm"1, 
r e s p e c t i v e l y . These frequencies are s i g n i f i c a n t l y higher than 
those observed f o r the l i g a t e d Β χ & states of Ni(PP) i n 
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coordinating solvents (10). There are two p o s s i b l e explanations 
f o r the t r a n s i e n t behavior of Ni(PP) i n : 1) a very weak a x i a l 
ligand (water) i s photoassociating subsequent to Ni(PP) e x c i t a t i o n , 
or 2) the observed spectra are those of the e x c i t e d s t a t e ( 3B^ g) 
Ni(PP) without bound a x i a l ligands. 

Water i s a p o s s i b l e a x i a l ligand f o r the t r a n s i e n t Ni(PP) i n 
these systems and has been shown to form weak complexes with other 
n i c k e l porphyrin species (18). While we cannot unequivocally r u l e 
out weak, t r a n s i e n t l i g a t i o n , the observation of s i m i l a r t r a n s i e n t 
behavior i n Ni(OEP) and Ni(PPDME) i n noncoordinating, nonaqueous, 
solvents (toluene, methylene c h l o r i d e (9, unpublished r e s u l t s ) ) 
leads us to conclude that the t r a n s i e n t behavior of the Ni(PP) i n 
acetone/water i s not predicated upon ligand binding. 

I t i s t h e r e f o r e l i k e l y that the 10 nsec l a s e r pulses create a 
s i g n i f i c a n t amount of the u n l i g a t e d 3B^g e x c i t e d s t a t e . This 
i s not unexpected since time-resolved absorption studies have 
demonstrated that e x c i t a t i o n to t h i s s t a t e from an u n l i g a t e d 
* A l g Bround s t a t e occurs i n <15 psec, whereas decay from the 
3 Β ι & s t a t e requires «250 psec i n noncoordinating sol v e n t s . 

The s p e c t r a l p r o p e r t i e s of t h i s e x c i t e d s t a t e species are of 
great i n t e r e s t s i n c e they represent the e f f e c t s of the (d^2) 

(d^2_y2), d^2 metal centered t r a n s i t i o n upon 
the porphyrin. The most obvious e f f e c t s are a s u b s t a n t i a l increase 
i n porphyrin c o r e - s i z e . Previous studies (15) have e s t a b l i s h e d 
that the frequencies of \>β and \>IQ are q u i t e s e n s i t i v e to 
porphyrin c o r e - s i z e . T h e i r p o s i t i o n s i n the t r a n s i e n t spectra 
i n d i c a t e that the d-d t r a n s i t i o n alone engenders a core expansion 
from -1.95 k to -2.02 À. This i s approximately two-thirds of the 
t o t a l expansion observed between e q u i l i b r i u m 4-coordinate Ni(PP) 
and e q u i l i b r i u m 6-coordinate Ni(PP). This i s not unreasonable 
s i n c e the symmetry of the d x2_ y2 o r b i t a l allows i t to 
i n t e r a c t d i r e c t l y with the porphyrin sigma system i n an antibonding 
fashion. 

The -10 cm"1 s h i f t to lower frequency of *V4 i n the 
u n l i g a t e d B 1 & s t a t e f u r t h e r i n d i c a t e s a s u b s t a n t i a l r e d i s t r i b u t i o n 
of e l e c t r o n d e n s i t y i n the porphyrin o r b i t a l s . This mode has been 
t r a d i t i o n a l l y viewed as a s e n s i t i v e i n d i c a t o r of the o x i d a t i o n 
s t a t e of the c e n t r a l metal presumably because of i t s s e n s i t i v i t y to 
the degree of ττ-backbonding between the metal and the porphyrin 
eg(ir*) o r b i t a l s (15). In t h i s case, however, i t appears that a 
s u b s t a n t i a l p o r t i o n (-70%) of the frequency s h i f t i n V 4 between 
e q u i l i b r i u m 4- and 6-coordinate Ni(PP) r e s u l t s from the net d-d 
t r a n s i t i o n . This s e n s i t i v i t y to the population of the metal 
d x2_y2 o r b i t a l probably a r i s e s from the increased p y r r o l e 
n i t r o g e n - n i c k e l bond distances of the expanded metalloporphyrin 
which, i n turn, leads to poorer overlap between the d^ and 
porphyrin eg(ir*) o r b i t a l s . I t should be noted that the 
r e l a t i o n s h i p between the frequency of ν 4 and the frequency of 
the c o r e - s i z e marker l i n e s i s s i m i l a r to that observed f o r metal 
s u b s t i t u t i o n (17). Metal s u b s t i t u t i o n e f f e c t s on marker l i n e 
frequencies appear to be based on d i f f e r e n c e s i n covalency of the 
porphyr in-metal bond f o r d i f f e r e n t metals. Thus, ττ and o* 
o r b i t a l s i n a d d i t i o n to eg(ir*) and metal d^ o r b i t a l s are 
probably involved. 
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In summary the behavior of Ni(OEP) i n coordinating solvents 
observed w i t h i n 25 picoseconds of ph o t o e x c i t a t i o n appears to f o l l o w 
that reported from t r a n s i e n t absorption studies (3,4). The Raman 
spectra c o n c l u s i v e l y show that there i s an increase i n the amount 
of 4-coordinate Ni(OEP) w i t h i n ~25 psec of e x c i t a t i o n . The spectra 
of Ni(OEP) and Ni(PP) i n coordinating solvents observed with -10 
nsec pulses c l e a r l y show the loss of nitrogenous ligands i n the 
exc i t e d s t a t e . In a d d i t i o n to corroborating the general n i c k e l 
porphyrin photochemical scheme postulated by Kim et a l . (3,4), we 
have demonstrated that t r a n s i e n t Raman spectroscopy i s a powerful 
means of d i r e c t l y observing the molecular b a s i s of the photo
chemistry and photophysics of ex c i t e d s t a t e metalloporphyrins on 
short timescales. The power dependencies of various n i c k e l 
porphyrin modes i n noncoordinating solvents suggest that the e x c i t e d 
s t a t e formed has s i g n i f i c a n t B^- character. Further t r a n s i e n t 
Raman studies using a v a r i e t y of l a s e r e x c i t a t i o n frequencies, 
powers, and pump-probe pr o t o c o l s w i l l be required to completely 
separate e x c i t e d s t a t e e f f e c t s from the e f f e c t s of a x i a l l i g a t i o n . 
However, t h i s p r e l i m i n a r y study opens the door to a whole range of 
time-resolved resonance Raman studies of metalloporphyrin photo
chemistry, some of which are c u r r e n t l y underway i n our l a b o r a t o r i e s . 
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Mechanistic Studies of Thermal and Photoinduced 
Atropisomerization of Substituted Tetraphenyl 
Porphyrins in Solution and Organized Assemblies 

Ruth A. Freitag, David C. Barber, Haruo Inoue, and David G. Whitten 

Department of Chemistry, University of Rochester, Rochester, NY 14627 

An investigation of thermal and photoinduced atrop
isomerization processes for substituted tetraphenyl
porphyrins is reported. The o-substituted "picket– 
fence" porphyrins exist as isolable atropisomers which 
can be interconverted by heating or by irradiation in 
degassed solution. The thermal reaction appears to 
involve a single one-bond rotation in which three of 
the four isomers must interconvert via stepwise forma
tion of the 3,1 isomer; for free base and metallo
porphyrins the equilibrium composition is fairly close 
to that anticipated on the basis of statistics. The 
diacids isomerize more rapidly than free base or 
metalloporphyrin to produce an equilibrium mixture 
somewhat enriched in the least hindered trans-2,2 
isomer. The photochemical interconversion of atrop
isomers produces photostationary mixtures having 
nearly equilibrium composition for free base and 
metalloporphyrins. The diacid porphyrins also photo
atropisomerize but in this case the photostationary 
mixture is strongly enriched in trans-2,2. There is 
a significant isotope effect on the quantum yield of 
atropisomerization for H2(D2)PF,THA which parallels 
the isotope effect on triplet lifetimes. The results 
are most consistently interpreted on the basis of an 
adiabatic mechanism for the photoatropisomerization 
in which the free energy of activation is lowered by 
ca. 12 kcal/mole as compared to the thermally induced 
process. Both thermal and photoatropisomerization 
reactions are retarded for 4,0 H2PF,THA, the porphyrin 
with the longest side chains studied, in the presence 
of detergent micelles. For solutions containing 
micelles and vesicles it appears that at least two 
solubilization sites exist and that in one the por
phyrins are unreactive while in the other "normal" 
solution-phase reactivity persists. 

N O T E : This is number 48 in the series Photochemical Reactions in Organized Assemblies. 

0097-6156/ 86/ 0321 -0280$06.00/ 0 
© 1986 Amer i can Chemical Society 
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E x c i t e d s t a t e s of the porphyrins and t h e i r metal complexes have been 
very w e l l c h a r a c t e r i z e d through a number of experimental and 
t h e o r e t i c a l i n v e s t i g a t i o n s . The photophysics of these compounds as 
w e l l as t h e i r a b i l i t y to p h o t o s e n s i t i z e through s i n g l e t and t r i p l e t 
energy t r a n s f e r has been w e l l documented (1-4). A l a r g e number of 
i n v e s t i g a t i o n s have shown that porphyrins and t h e i r metal complexes 
can serve as both e x c i t e d e l e c t r o n donors and e x c i t e d e l e c t r o n 
acceptors i n a number of photoredox processes (5-9). However, wit h 
the exception of l i g a n d photoejection (10-12) and s o - c a l l e d "redox 
isomerism" (1_3) r e l a t i v e l y l i t t l e i n the way of unimolecular 
photochemistry has been observed f o r the porphyrins or t h e i r metal 
complexes. 

The occurrence of atropisomers, isomers which owe t h e i r 
s t a b i l i t y to hindered r o t a t i o n about a s i n g l e bond, was f i r s t 
observed f o r o r t h o - s u b s t i t u t e d biphenyl compounds (14-16). The 
f i n d i n g that r e s o l v a b l e 2,2»,6-trisubstituted and 2,2*,6,6'-tetra-
s u b s t i t u t e d biphenyls can be i s o l a t e d and observed to racemize upon 
heating (14-16) has l e d to a number of studies of such isomers and 
t h e i r i n t e r c o n v e r s i o n (T_7). T y p i c a l l y , i n these compounds the two 
adjacent aromatic systems can not become coplanar without i n c u r r i n g 
severe s t e r i c r e p u l s i o n . A r e l a t i v e l y analogous s i t u a t i o n occurs i n 
the s y n t h e t i c tetraphenylporphyrins and t h e i r metal complexes. Even 
for unsubstituted tetraphenylporphyrin (TPP), the s t e r i c r e p u l s i o n 
between ortho phenyl and 3-pyrrole hydrogens causes a p r e f e r r e d 
conformation of the phenyl r i n g s to be c l o s e to perpendicular to the 
core (18,19). As would be a n t i c i p a t e d TPP d e r i v a t i v e s c o n t a i n i n g 
ortho s u b s t i t u e n t s have rather severe s t e r i c b a r r i e r s such that the 
s u b s t i t u e n t i s e s s e n t i a l l y f i x e d on one s i d e of the porphyrin plane 
at or near room temperature. In 1969 Gottwald and Ullman observed 
that tetra(o-hydroxyphenyl)porphyrin can be separated i n t o four 
isomers, having i d e n t i c a l absorption s p e c t r a , present i n a r a t i o 
1:2:4:1, that expected s t a t i s t i c a l l y f o r the four isomers schemat
i c a l l y i l l u s t r a t e d i n Figure 1. In subsequent i n v e s t i g a t i o n s a 
number of examples of i s o l a b l e atropisomers among TPP d e r i v a t i v e s and 
t h e i r thermal i n t e r c o n v e r s i o n have been found (20-25 ). In a number 
of elegant i n v e s t i g a t i o n s Collman and co-workers (26) were able to 
c a p i t a l i z e on the thermal s t a b i l i t y of atropisomers with p a r t i c u l a r l y 
bulky ortho s u b s t i t u e n t s to obtain s p e c i a l p r o p e r t i e s f o r an i s o l a t e d 
atropisomer, i n t h i s case the 4,0 or " p i c k e t fence" porphyrin. In a 
number of i n v e s t i g a t i o n s we have found that the 4,0 isomer of 
tetrakis(o-hexadecylamidophenyl)porphyrin (H 2PF,THA) and r e l a t e d 
compounds are good s u r f a c t a n t molecules which can be used as t h e i r 
f r e e base or metal complexes to form i n s o l u b l e f i l m s at the a i r - w a t e r 
i n t e r f a c e (27-29). Although the 4,0 isomer of H2PF,THA was found to 
be q u i t e s t a b l e i n monolayer f i l m s or i n t r a n s f e r r e d m u l t i l a y e r s , 
subsequent i n v e s t i g a t i o n s have shown that i r r a d i a t i o n with v i s i b l e 
l i g h t can produce photoatropisomerization of these p i c k e t fence 
porphyrins i n s o l u t i o n (30>31 ) 

The present paper reviews our study of the thermal and 
photochemical a t r o p i s o m e r i z a t i o n of a number of " p i c k e t fence" 
( s u b s t i t u t e d TPP) porphyrins. The study of the thermal 
a t r o p i s o m e r i z a t i o n with a number of d i f f e r e n t free-base and d i a c i d 
" p i c k e t fence" porphyrins i n d i c a t e s that the thermal process l i k e l y 
i n v o l v e s a simple r o t a t i o n around the porphyrin-phenyl bond i n which 
r u f f l i n g of the porphyrin r i n g can a s s i s t but i s not p r e r e q u i s i t e ; 
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the lack of a deuterium isotope e f f e c t when the N-H protons are 
s u b s t i t u t e d i s c o n s i s t e n t with t h i s i n t e r p r e t a t i o n . Our study, 
i n c l u d i n g a determination of isotope e f f e c t s on the t r i p l e t l i f e t i m e 
and photoatropisomerization quantum e f f i c i e n c i e s i n d i c a t e s that the 
e x c i t e d s t a t e process resembles the ground s t a t e r e a c t i o n and i n f a c t 
i s probably best accounted f o r by an a d i a b a t i c i n t e r c o n v e r s i o n of 
isomers i n the e x c i t e d t r i p l e t s t a t e . In a d d i t i o n to these s t u d i e s 
on the mechanism of the thermal and photoatropisomerization i n 
s o l u t i o n , the present paper al s o includes r e s u l t s of a study i n a 
number of organized assemblies i n which d i f f e r e n t s u b s t i t u t e d 
porphyrins are associated with d i f f e r e n t s o l u b i l i z a t i o n " s i t e s " i n 
s u r f a c t a n t s o l u t i o n s . These r e s u l t s suggest that the " s i t e " occupied 
by the porphyrin can play a r o l e i n modifying i t s r e a c t i v i t y i n both 
thermal and photochemical a t r o p i s o m e r i z a t i o n r e a c t i o n s . 

Thermal A t r o p i s o m e r i z a t i o n of Porphyrins and Metalloporphyrins i n 
Homogeneous S o l u t i o n 

Results obtained i n s t u d i e s of the thermal a t r o p i s o m e r i z a t i o n of the 
various p i c k e t fence porphyrins used i n these s t u d i e s are g e n e r a l l y 
p a r a l l e l to those obtained i n other s t u d i e s of TPP d e r i v a t i v e s with 
bulky ortho s u b s t i t u e n t s (20-25). Thus f o r a l l the free base, d i a c i d 
and metalloporphyrins studied a t-bond i s o m e r i z a t i o n process i s 
observed. In each case the 4,0, trans-2,2 and cis-2,2 give only the 
3,1 isomer upon heating (30,31 ). As data i n Table I i n d i c a t e , 

Table I . Thermal E q u i l i b r a t i o n of "Picket-Fence" P o r p h y r i n s 3 

Compound P,0~ ~ " 3 , 1 " t r a n s - 2 , 2 cis- 2 , 2 
[ S t a t i s t i c a l ] 12.5 50 12.5 25 
H 2PF,TPro 11 52 15 22 
H2PF,THA J| i|7 20 29 
H UPF,THA 2 3 37 33 27 

Hydrocarbon solvent 

f o r the three d i f f e r e n t amide d e r i v a t i v e s used, H2PF,ΤΗΑ, H 2PF,TPiv, 
and H 2PF,TPro the free base compounds e q u i l i b r a t e to produce mixtures 
d i f f e r i n g only s l i g h t l y from that expected on a s t a t i s t i c a l b a s i s 
(31) . A s l i g h t l y lower than s t a t i s t i c a l amount of the 4,0 isomer and 
the enhanced over s t a t i s t i c a l value of trans-2,2 can be r a t i o n a l i z e d 
on the b a s i s of l e s s e r and greater s t a b i l i t y of the two isomers, 
r e s p e c t i v e l y , on s t e r i c grounds. A number of d i f f e r e n t metal 
complexes of the same porphyrins give very s i m i l a r thermal 
e q u i l i b r i u m mixtures. In c o n t r a s t the d i a c i d s e q u i l i b r a t e to give 
mixtures that have somewhat more trans-2,2 with r e l a t i v e l y smaller 
amounts of 4,0 and 3,1 compared to that expected on the b a s i s of 
s t a t i s t i c s . 

As has been elaborated elsewhere, a c t i v a t i o n energies measured 
f o r the thermal a t r o p i s o m e r i z a t i o n of these porphyrins and t h e i r 
metal complexes can be c o r r e l a t e d with the degree of core r i g i d i t y 
and/or d i s t o r t i o n from p l a n a r i t y for the d i f f e r e n t compounds (31). 
In general the metal complexes show higher a c t i v a t i o n energies than 
the free base porphyrins while the d i a c i d s show somewhat lower 
a c t i v a t i o n energies; r e p r e s e n t a t i v e values are l i s t e d i n Table I I . 
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Table I I . Free Energies of A c t i v a t i o n for 
Porphyrin A t r o p i s o m e r i z a t i o n 

, kcal/mole 
C e n t r a l Substituent TPro THA TPiv 

29 .1 29 . 1 3 0 . 6 
2 6 . 4 2 6 . 5 2 8 . 3 

Zn 31 .4 31 .2 3 2 . 2 
Pd 3 1 . 0 31 .1 3 1 . 7 

The thermal a t r o p i s o m e r i z a t i o n of the 4 , 0 isomers of H2PF,ΤΗΑ 
and D2PF,THA were compared i n benzene s o l u t i o n s c o n t a i n i n g λ% (v/v) 
ethanol or ethanol-d; under these condi t i o n s i t was found that there 
was no isotope e f f e c t w i t h i n experimental e r r o r (k^/k^ = 1 .03 ± 
0 . 0 4 ) . This r e i n f o r c e s a view that the thermal i s o m e r i z a t i o n , w h i l e 
perhaps a s s i s t e d by deformations o r i g i n a t i n g near the p y r r o l e 
n i t r o g e n s , does not r e q u i r e severe r u f f l i n g of the porphyrin 
macrocycle. 

Photoatropisomerization i n S o l u t i o n 

As mentioned above, s e v e r a l s u b s t i t u t e d biphenyls and binaphthyls 
e x i s t as o p t i c a l l y a c t i v e atropisomers which can be i n t e r c o n v e r t e d or 
racemized by heating. In many cases the same compounds have been 
found to undergo photochemical i n t e r c o n v e r s i o n ( 3 2 - 3 4 ). The 
occurrence of the photoatropisomerization has been a t t r i b u t e d to an 
enhanced tendency for the biphenyl chromophore to achieve a planar 
conformation i n i t s e l e c t r o n i c a l l y e x c i t e d states (33» 3 5 ) . 
I n v e s t i g a t i o n s of the photochemistry (3 2 , 3 3 ) and spectroscopy ( 3 6 - 3 8 ) 
of a number of biphenyl d e r i v a t i v e s have l e d to the p o s t u l a t i o n of 
somewhat d i f f e r e n t e x c i t e d state/ground state p r o f i l e s which can 
account for the behavior of a v a r i e t y of compounds ( 3 2 - 3 4 ) . These 
are shown sch e m a t i c a l l y i n Figure 2 f o r biphenyl-type compounds i n 
which the ortho s u b s t i t u e n t s are not too l a r g e , i t i s l i k e l y that a 
minimum occurs i n the e x c i t e d s t a t e p o t e n t i a l at nearly θ = 0 ° . In 
t h i s case e x c i t a t i o n of e i t h e r t w i s t e d ground s t a t e isomer i s 
followed by r a p i d r o t a t i o n to the planar c o n f i g u r a t i o n from which 
r a d i a t i v e or n o n r a d i a t i v e decay, concurrent with i s o m e r i z a t i o n , can 
occur. The mechanism f o r the photoreaction i n t h i s case i s thus a 
" d i a b a t i c " process q u i t e analogous to the photoisomerization of 
o l e f i n s ( 3 9 ) . On the other hand, as shown i n Figure 2 part Β f o r 
biphenyls with large ortho s u b s t i t u e n t s i t i s probable that no 
minimum occurs at 0 ° but that the e x c i t e d s t a t e shows a p o t e n t i a l 
surface with two minima but a reduced energy b a r r i e r between them. 
In t h i s case e x c i t a t i o n produces an e x c i t e d s t a t e i n which 
i n t e r c o n v e r s i o n between the two nonplanar c o n f i g u r a t i o n s i s much more 
r a p i d than i n the ground s t a t e ; thus, s t r i c t l y speaking, i n t h i s 
s i t u a t i o n the i s o m e r i z a t i o n i s an a d i a b a t i c process i n which 
i s o m e r i z a t i o n occurs p r i o r to e x c i t e d s t a t e decay (33> 35 ). S e v e r a l 
of the " p i c k e t fence" porphyrins and t h e i r metal complexes have bbeen 
found to undergo photoatropisomerization at room temperature under 
con d i t i o n s where l i t t l e or no thermal r e a c t i o n occurs even over very 
long periods of time ( 2 1 , 2 4 - 2 6 , 3 1 ) . In most cases the photo-
s t a t i o n a r y s t a t e s r e s u l t i n g from prolonged i r r a d i a t i o n (Table I I I ) 
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(TRANS 2 Y 2 ) (3,1) (4,0) 

Figure 1. Schematic depiction of the four atropisomers of an 
ortho substituted tetraphenyl porphyrin. 

a. 

Ε 

90* 0* 90° 
θ 

b. 

90° 0e 90° 
θ 

Figure 2. Ground state and excited state energy profiles for 
phenyl ring rotation (energy vs. dihedral angle, Θ) in a) biphenyl, 
b) 2,2f ^o'-tetrasubstituted biphenyl (33). 
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Table I I I . Photostationary States Produced i n Photoatrop
i s o m e r i z a t i o n of "Picket-Fence" Porphyrins 

Porphyrin ?4,0 3,1 trans-2,2 ci s - 2 , 2 t ' 
[ S t a t i s t i c a l ] 12.5 50 12.5 25 
H2PF,THA 5 48 20 27 1.3 χ 10" 3 

D2PF,THA 4.5 47.4 19.5 28.6 2.3 χ ΙΟ" 3 

H„PF,THA2 6 13 80 1 1.7 χ 10*-3 

H 2PF,TPro 9 50 16 25 2.3 χ 10' 3 

H uPF,TPro 2 0 22 78 0 

Quantum y i e l d for the conversion 4,0 -» 3,1 

were found to correspond q u i t e c l o s e l y to the e q u i l i b r i u m values 
obtained i n the thermal a t r o p i s o m e r i z a t i o n at higher temperatures. 
I t was found that photoatropisomerization could be i n i t i a t e d by 
i r r a d i a t i o n throughout the v i s i b l e and near u l t r a v i o l e t t r a n s i t i o n s 
of the porphyrins* In a l l cases s t u d i e d thus f a r , the i s o m e r i z a t i o n 
has been found to o r i g i n a t e from the e x c i t e d t r i p l e t of the porphyrin 
or metalloporphyrin. Thus oxygen has been found to completely quench 
the i s o m e r i z a t i o n even under conditions where there i s n e g l i g i b l e 
quenching of the porphyrin fluorescence by oxygen. Among the metal 
complexes, z i n c and palladium porphyrins which are known to have 
r e l a t i v e l y long t r i p l e t l i f e t i m e s (40,41 ) isomerize r e a d i l y ; i n 
contrast copper and n i c k e l porphyrins, whose t r i p l e t s t a t e s are 
extremely s h o r t - l i v e d , (41,42) are unreactive towards photoatrop
i s o m e r i z a t i o n . 

In c o n t t r a s t to the s i t u a t i o n with biphenyls or binaphthyls, 
photoatropisomerization of the porphyrins i s i n h e r e n t l y more 
complicated due both to the extended nature of the porphyrin 
chromophore and the presence of four s i t e s w i t h i n the " p i c k e t fence" 
porphyrins at which a t r o p i s o m e r i z a t i o n can occur. The simplest path 
would be a 1-bond l a b i l i z a t i o n process analogous to that o c c u r r i n g i n 
biph e n y l ; however i t i s p l a u s i b l e that due to extensive d e l o c a l i z a 
t i o n a l l four porphyrin-phenyl bonds might be eq u a l l y l a b i l i z e d 
towards r o t a t i o n or that extensive deformation of the macrocycle i n 
the e x c i t e d s t a t e could lead to s p e c i f i c l a b i l i z a t i o n of an opposite 
or adjacent p a i r of porphyrin-phenyl bonds. Studies on i n i t i a l 
products formed from 4,0 H2PF,THA i n d i c a t e that trans-2,2 and 3,1 are 
both produced promptly; c i s - 2 , 2 i s only observed a f t e r somewhat 
prolonged i r r a d i a t i o n . In co n t r a s t , with the other free-base and 
metalloporphyrins i n i t i a l i r r a d i a t i o n of 4,0 was found to produce 
only 3,1. The free-base "semi-capped" porphyrin H 2PF,DIP, i n which 
two adjacent phenyl r i n g s are bridged by a diisophthalamide l i n k a g e , 
was prepared f o r use i n photoatropisomerization s t u d i e s . This 
porphyrin, shown below, can e x i s t i n only two isomeric forms, analogs 
of the 4,0 and cis-2,2 atropisomers. A t r o p i s o m e r i z a t i o n of H 2PF,DIP 
would r e q u i r e simultaneous r o t a t i o n of two adjacent phenyl r i n g s . In 
f a c t , no photoisomerization of 4,0 H 2PF,DIP was observed. At t h i s 
p o i n t , i t i s unclear whether trans-2,2 H2PF,THA i s formed by 
simultaneous or s e q u e n t i a l r o t a t i o n ( i . e . , 4,0 3,1 + trans-2,2) of 
two phenyl r i n g s . 
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*4,0" *CIS 2,2" 
Although most of the free-base and metalloporphyrins studied 

give photostationary s t a t e s very s i m i l a r to the e q u i l i b r i u m content, 
the d i s t r i b u t i o n of atropisomers produced upon prolonged i r r a d i a t i o n 
of the porphyrin d i a c i d s d i f f e r s markedly. In both cases s t u d i e d the 
photostationary s t a t e of the d i a c i d i s s t r o n g l y enriched i n trans-2,2 
compared to any other isomers. Although photoatropisomerization of 
the porphyrin d i a c i d s c l e a r l y o r i g i n a t e s from the t r i p l e t s t a t e of 
the macrocycle, a type of Fôrster c y c l e c a l c u l a t i o n based on the 
s i n g l e t - s i n g l e t absorption of the porphyrins suggest a reason f o r 
t h i s behavior (43). Protonation of a l l four p y r r o l e nitrogens causes 
a s t e r i c r e p u l s i o n which i n tu r n causes the p y r r o l e r i n g s to t i l t 
a l t e r n a t e l y up and down with respect to the mean porphyrin plane. A 
c r y s t a l s t r u c t u r e of the tet r a p h e n y l porphyrin d i a c i d (4_4) r e v e a l s 
the angle of t h i s t i l t to be 33°. The non-planar deformation of the 
porphyrin core d i s r u p t s the π-system and r e s u l t s i n a l o s s of core 
conjugation. This r e s u l t s i n a blue s h i f t f o r the f i r s t and second 
v i s i b l e bands f o r the d i a c i d s of o c t a a l k y l p o r p h y r i n s (44-46). 
However f o r the tetraphenylporphyrin d i a c i d the increase i n 
conjugation r e s u l t i n g from i n t e r a c t i o n of the almost coplanar phenyl 
π-systems with the porphyrin π-system r e s u l t s i n a red s h i f t of the 
v i s i b l e bands (44). For the i n d i v i d u a l atropisomers of H kPF,THA 2 

the 4,0 isomer e x h i b i t s a net blue s h i f t upon prot o n a t i o n while the 
d i a c i d of the trans-2,2 isomer i s s i g n i f i c a n t l y red s h i f t e d . Small 
s p e c t r a l s h i f t s are seen f o r the cis-2,2 and 3,1 isomers. This has 
i n t u r n been i n t e r p r e t e d to mean that i n the e x c i t e d s i n g l e t s t a t e 
" s t a b i l i t i e s " are s h i f t e d such that trans-2,2 > 3,1 > cis-2,2 > 4,0 
for t h i s d i a c i d . A comparison of the s p e c t r a l s h i f t s observed upon 
protonation i s given i n Table IV. 

The above mentioned deformation i n the porphyrin d i a c i d r e s u l t s 
i n decreases i n tbe f r e e energy of a c t i v a t i o n f o r thermal atrop
i s o m e r i z a t i o n , AG', of 2-3 kcal/mole compared to the corresponding 
f r e e bases (3j_). Even i n the thermal i s o m e r i z a t i o n the greater 
ground s t a t e s t a b i l i t y of the trans-2,2 compared to the other isomers 
i s apparent, although not near l y so much so as i n the corresponding 
e x c i t e d s t a t e . 

Returning to the question of the mechanism of the photoatrop
i s o m e r i z a t i o n , i t i s worthwhile to focus on the question of t r i p l e t 
l i f e t i m e s and t h e i r r e l a t i o n to the photoatropisomerization process. 
Table V compares t r i p l e t l i f e t i m e s obtained from t r a n s i e n t absorption 
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Table IV. Comparison of S p e c t r a l S h i f t s Observed upon Prot o n a t i o n 
f o r H2TPP and the Four Atropisomers 

of Each Picket-Fence P o r p h y r i n a 

λ 
max 

band I , 
nm 

λ 
max 

band I I , 
nm 

t o t a l 
f r e e f r e e s h i f t , 

Porphyrin base d i a c i d base d i a c i d nm 
H 2TPP 648 661 592 609 +30 
H2PF,THA 

(4,0) 647 643 591 592 -3 
(trans-2,2) 648 654 591 600 +15 
(3,1) 647 651 591 598 +11 
(cis-2,2) 648 649 591 597 +7 

H 2PF,TPiv 
(4,0) 647 638 590 589 -10 
(trans-2,2) 648 651 591 598 +10 
(3,1) 646 646 591 594 +3 
(cis-2,2) 646 647 590 593 +4 

H 2PF,TPro 
(4,0) 647 644 591 592 -2 
(trans-2,2) 647 656 590 603 +22 
(3,1) 647 650 590 597 +10 
(cis-2,2) 647 650 590 598 +11 

A l l s p e c tra were recorded i n benzene. 
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Table V. F i r s t Order Decay Rate Constants and T r i p l e t L i f e t i m e s 
of P i c k e t Fence Porphyrins 

Transient Absorption Ground State Bleaching 
(460 nm) (Soret) 

Compound kl (sec"" 1 ) τ(ysec) k,(sec - 1) -r(ysec) 
H 2PF,THA a 935 1070 895 1120 
H 2 P F , T P i v a 1610 620 1690 590 

1390 720 1380 720 
H 2PF,DIP a 1460 690 1380 720 
H 2TPP b 740 1400 

Measured i n benzene 
L i t e r a t u r e values, measured i n toluene 

and ground s t a t e bleaching measurements f o r s e v e r a l free-base and 
d i a c i d porphyrins. I t appears that the t r i p l e t l i f e t i m e decreases 
somewhat f o r the s e r i e s H 2TPP > 4,0 H2PF,THA > 4,0 H 2PF,TPiv and 4,0 
H 2PF,DIP. The shortened l i f e t i m e s observed f o r H 2PF,TPiv and 
H 2PF,DIP, the two most constrained porphyrins, r e l a t i v e to those of 
H 2TPP and H2PF,THA are probably s i g n i f i c a n t . I t i s reasonable that 
t h i s i n d i c a t e s that phenyl r i n g r o t a t i o n i s not an important mode of 
v i b r a t i o n a l d e a c t i v a t i o n of the t r i p l e t e x c i t e d s t a t e , s i n c e such an 
e f f e c t would lead to the opposite order of decay r a t e s f o r t h i s 
s e r i e s of porphyrins. I n t e r e s t i n g l y the t r i p l e t l i f e t i m e of the 
d i a c i d p i c k e t fence porphyrin i s only 1/15th that of the 
corresponding free-base, the i s o m e r i z a t i o n e f f i c i e n c y (Table I I I ) i s 
s l i g h t l y g r e a t e r . 

The evidence presented thus f a r concerning the photoatrop
i s o m e r i z a t i o n of the free-base and d i a c i d p o r p h y r i i n s i s most 
co n s i s t e n t with an a d i a b a t i c pathway i n which the r e q u i s i t e energy 
f o r r o t a t i o n about the pyrrole-phenyl bond i s lowered i n the e x c i t e d 
t r i p l e t s t a t e . Although the energy i s lowered enough to al l o w 
photoatropisomerization to be observed at room temperature, i n most 
cases r o t a t i o n i s slow enough so that only r o t a t i o n of a s i n g l e group 
during the l i f e t i m e of an e x c i t e d s t a t e i s l i k e l y . The near 
coincidence of photostationary s t a t e and thermal e q u i l i b r i u m 
compositions suggest that the proposed a d i a b a t i c pathway occurs on a 
p o t e n t i a l surface i n which, f o r the free-base porphyrins at l e a s t , 
the r e l a t i v e energies of atropisomers d i f f e r s l i t t l e from the ground 
s t a t e . I f we assume the occurrence of such an a d i a b a t i c process, a 

* 
c a l c u l a t i o n of k i s o m » the rate constant f o r a t r o p i s o m e r i z a t i o n i n 
the e x c i t e d s t a t e , i s p o s s i b l e using the r e l a t i o n s h i p : 

* 

where φ i s the quantum y i e l d of photoatropisomerization, <J>t i s the 
quantum y i e l d f o r production of the porphyrin t r i p l e t e x c i t e d s t a t e 
and k i s the e x c i t e d s t a t e decay r a t e constant. This r e l a t i o n s h i p 
allows the c a l c u l a t i o n of AG T , the e x c i t e d s t a t e energy b a r r i e r to 
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isomer conversion. The r e s u l t s of these c a l c u l a t i o n s f o r f r e e base 
and d i a c i d p i c k e t fence porphyrins are given i n Table VI. For an 
a d i a b a t i c photoreaction the a c t i v a t i o n energy f o r a t r o p i s o m e r i z a t i o n 
i s decreased 11-12 kcal/mole compared to the thermal process. 

Deuteration has been p r e v i o u s l y shown to cause an increase i n 
the l i f e t i m e of t r i p l e t free-base porphyrins (£7). This has been 
a t t r i b u t e d to the strong coupling of N-H tautomerism wi t h 
n o n r a d i a t i v e decay. In the case of mesoporphyrin IX the increase 
upon de u t e r a t i o n i s approximately two-fold (48) As i n d i c a t e d i n 
Table I I I d e u t e r a t i o n of the p i c k e t fence porphyrin r e s u l t s i n l i t t l e 
change i n the photostationary s t a t e composition but an almost two
f o l d increase i n the quantum y i e l d of 4,0 3,1. As s t a t e d above 
there i s no measurable deuterium isotope e f f e c t on the thermal 
r e a c t i o n ; the proportionate increase i n quantum y i e l d and t r i p l e t 
l i f e t i m e upon de u t e r a t i o n of the p i c k e t fence porphyrin i s thus 
completely c o n s i s t e n t with the a d i a b a t i c mechanism described above. 
Although the evidence amassed does not completely r u l e out other 
p o s s i b i l i t i e s , i t seems that the photoatropisomerization i s to date 
best described by the a d i a b a t i c pathway i n which the porphyrin ground 
and e x c i t e d s t a t e p o t e n t i a l surfaces are modified much as i l l u s t r a t e d 
i n Figure 3. 

Thermal and Photoatropisomerization of Free-Base Porphyrins i n 
Organized Media 

The long-chain " p i c k e t fence" porphyrin, H2PF,THA, was o r i g i n a l l y 
synthesized f o r the express purpose of i n c l u d i n g the 4,0 isomer as a 
component i n organized assemblies such as monolayer f i l m s at the a i r -
water i n t e r f a c e and s u r f a c t a n t s i n s o l u t i o n . I t was a n t i c i p a t e d that 
t h i s molecule would have strong s u r f a c t a n t p r o p e r t i e s with the four 
long hydrophobic hydrocarbon chains o r i e n t e d more or l e s s 
perpendicular to the h y d r o p h i l i c porphyrin plane and w i t h a l l of the 
chains i n one d i r e c t i o n . Indeed, the 4,0 isomers of the free-base 
and s e v e r a l metal complexes are good s u r f a c t a n t s which form s t a b l e , 
i n s o l u b l e f i l m s at the a i r - w a t e r i n t e r f a c e and can be incorporated 
i n t o a v a r i e t y of organized assemblies formed from s u r f a c t a n t 
molecules i n s o l u t i o n (27-29). Monolayer f i l m s and supported 
m u l t i l a y e r s formed by t r a n s f e r of f i l m s c o n t a i n i n g the 4,0 isomer are 
s t a b l e at room temperature and show no evidence of photoatrop
i s o m e r i z a t i o n (28,29). Although r e l a t i v e l y l i t t l e has been done i n 
the way of i n v e s t i g a t i o n , i t appears that isomers other than the 4,0 
do not form s t a b l e f i l m s or t r a n s f e r r e d m u l t i l a y e r s . Thus, as would 
seem reasonable, a t r o p i s o m e r i z a t i o n i s e l i m i n a t e d when the porphyrin 
i s incorporated i n t o a h i g h l y organized and constrained environment. 
Since Langmuir-Blodgett f i l m s and assemblies made from these f i l m s 
represent a n e a r l y c r y s t a l l i n e or s o l i d s t a t e - l i k e environment, i t 
appeared of i n t e r e s t to determine whether thermal and photoatrop
i s o m e r i z a t i o n should be e l i m i n a t e d or hindered i n more f l u i d 
organized assemblies formed by d i s p e r s i o n of s u r f a c t a n t molecules i n 
aqueous s o l u t i o n . 

An i n v e s t i g a t i o n of the e f f e c t s of m i c e l l a r environment on the 
thermal and photochemical a t r o p i s o m e r i z a t i o n of two p i c k e t fence 
porphyrins (4,0 isomers), one with long chains ( C 1 6 ) , H2PF,THA, and 
one with short chains ( C 3 ) , H 2PF,TPro, has been c a r r i e d out. As 
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mentioned above these compounds have i d e n t i c a l thermal atrop
i s o m e r i z a t i o n r a t e s at a given temperature and reasonably s i m i l a r 
quantum y i e l d s f o r photoatropisomerization. In t y p i c a l experiments 
the porphyrins were s o l u b i l i z e d i n aqueous sodium dodecyl s u l f a t e 
(SOS) (0.05 M) or cetyltrimethylammoniumchloride (CTAC) (0.01 M); a 
por p h y r i n - s u r f a c t a n t s o l u t i o n was heated or i r r a d i a t e d and then 
subsequently extracted to remove the porphyrin from the s u r f a c t a n t 
f o r a n a l y s i s by high pressure l i q u i d chromatography (HPLC). Although 
the e x t r a c t i o n - a n a l y s i s procedure involves a number of d i f f i c u l t i e s 
which create some problems i n p r e c i s e q u a n t i t a t i v e a n a l y s i s , i t could 
be e s t a b l i s h e d that i n t e r c o n v e r s i o n of atropisomers i n t h i s procedure 
does not occur so that the general patterns of thermal and photo
chemical a t r o p i s o m e r i z a t i o n f o r the two porphyrins could be 
e s t a b l i s h e d . Heating of an SOS s o l u t i o n of 4,0 H 2PF,TPro r e s u l t s i n 
at r o p i s o m e r i z a t i o n as v e r i f i e d by the appearance of the 3,1 isomer. 
At longer times the other isomers, cis-2,2 and trans-2,2 a l s o can be 
detected. A rough estimate of the i s o m e r i z a t i o n r a t e constant f o r 
4,0 H 2PF,TPro i n d i c a t e s that the rate i n SDS i s of the same order of 
magnitude as that measured i n homogeneous s o l u t i o n ( x y l e n e s ) . In 
co n t r a s t , 4,0 H2PF,ΤΗΑ does not undergo thermal i s o m e r i z a t i o n at a l l 
i n SDS. A t r o p i s o m e r i z a t i o n i s not suppressed f o r 4,0 H2PF,THA i n a 
tetrahydrofuran/water s o l u t i o n ; the suppressed r o t a t i o n i n the 
presence of m i c e l l e s i s l i k e l y to be a consequence of the presence of 
s u r f a c t a n t rather than the p o l a r i t y of the environment. Thermal 
i s o m e r i z a t i o n of trans-2,2 H2PF,ΤΗΑ i n an SDS m i c e l l e s o l u t i o n was 
al s o found to be prevented. 

S i m i l a r r e s u l t s were obtained upon p h o t o l y s i s of SDS s o l u t i o n s 
of H 2PF,TPro and H2PF,THA. A l l four isomers of H 2PF,TPro were 
present a f t e r i r r a d i a t i o n i n SDS m i c e l l e s f o r 15 minutes. P h o t o l y s i s 
of 4,0 H2PF,THA i n SDS d i d not r e s u l t i n production of the 3,1 
isomer; photoatropisomerization of 3,1 H2PF,ΤΗΑ i n SDS m i c e l l e s was 
a l s o found to be prevented as none of the other isomers appeared 
a f t e r 30 minutes p h o t o l y s i s . The i n t e r e s t i n g observation that 
n e i t h e r the 4,0 nor the 3,1 isomer undergoes a t r o p i s o m e r i z a t i o n 
i n d i c a t e s that i t i s not a s p e c i a l s t a b i l i z a t i o n of one isomer i n the 
m i c e l l e that prevents i s o m e r i z a t i o n but suggests rather that the 
nature of s o l u b i l i z a t i o n f or H2PF,ΤΗΑ i n h i b i t s r o t a t i o n about the 
porphyrin-phenyl bond. 

Photoatropisomerization of H 2PF,TPro and H2PF,THA was al s o 
i n v e s t i g a t e d i n CTAC m i c e l l e s . As with the SDS s o l u t i o n , a l l four 
isomers of H 2PF,TPro appeared a f t e r i r r a d i a t i o n f or a short p e r i o d . 
In the case of 4,0 H2PF,THA i t was found that i r r a d i a t i o n produced a 
very slow conversion to the 3,1 isomer i n cont r a s t to what was 
observed i n SDS. 

The d i f f e r e n c e s i n photochemical and thermal a t r o p i s o m e r i z a t i o n 
behavior of the two " p i c k e t fence" porphyrins (4,0 isomers) i n SDS 
m i c e l l e s are accompanied by changes i n the v i s i b l e absorption bands 
of the two porphyrins. In a l l homogeneous s o l u t i o n s s t u d i e d to date 
the two porphyrins, H2PF,ΤΗΑ and H 2PF,TPro, have i d e n t i c a l absorption 
s p e c t r a . In contrast as i n d i c a t e d i n Figure 4 when the two 
porphyrins are s o l u b i l i z e d i n SDS there i s a s h i f t f o r H 2PF,TPro from 
423 nm i n benzene to 419 nm f o r the Soret band, while the Soret band 
f o r H2PF,THA s h i f t s from 423 nm i n benzene to 435 nm i n SDS. There 
are corresponding separations i n the fluorescence spectra f o r the two 
porphyrins and the fluorescence from H2PF,THA i n SDS i s of much lower 
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R E A C T I O N C O O R D I N A T E 

Figure 3. Proposed ground and t r i p l e t energy p r o f i l e s f o r 
a t r o p i s o m e r i z a t i o n of H2PF,THA. 

A 
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Figure 4. Absorption s p e c t r a of 
H 2PF,TPro i n 0.05 M SDS. 
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i n t e n s i t y . As mentioned above the two porphyrins show i d e n t i c a l 
absorption spectra i n a l l homogeneous sol v e n t s s t u d i e d ; however the 
spectra observed (Table VII) are quite solvent s e n s i t i v e . From data 
i n Table VII i t i s c l e a r that the long chain H2PF,THA experiences an 
environment i n the SDS m i c e l l e s s i m i l a r to that i n THF/H20 while the 
s h o r t e r chain H 2PF,TPro experiences an environment s i m i l a r to 
methanol. I t appears reasonable that these d i f f e r e n c e s , along w i t h 
those i n i s o m e r i z a t i o n behavior a r i s e from s o l u b i l i z a t i o n of these 
two porphyrins i n two d i f f e r e n t environments i n detergent s o l u t i o n s . 

P r e l i m i n a r y s t u d i e s of H2PF,THA and H 2PF,TPro i n SDS-water 
s o l u t i o n s by l a s e r f l a s h p h o t o l y s i s suggest that the d i f f e r e n c e s i n 
photoatropisomerization behavior for the two porphyrins may be 
accounted for by d i f f e r e n c e s i n t r i p l e t l i f e t i m e s . For H 2PF,TPro i n 
SDS the l i f e t i m e i s 660 ys, s i m i l a r to that observed f o r t h i s or 
other porphyrins i n homogeneous s o l u t i o n . In contrast the t r i p l e t 
l i f e t i m e of H2PF,THA i n SDS was too short to be measured by l a s e r 
f l a s h p h o t o l y s i s (< 5 ys) and i s much shorter than normally observed 
f o r unquenched porphyrin t r i p l e t s . The reason f o r the reduced 
t r i p l e t l i f e t i m e of H2PF,THA i n aqueous SDS i s not apparent but i t i s 
c l e a r that the decrease could account f o r the lack of photoatrop
i s o m e r i z a t i o n . 

The d i f f e r e n c e i n s o l u b i l i z a t i o n s i t e s could be due to 
hydrophobicity and/or chain-length of the a c y l residues attached to 
the macrocycle. Four porphyrins having intermediate-length chains — 
H 2PF,THex; H 2PF,THept; H 2PF,T0ct and H2PF,TDec — were prepared from 
the l i n e a r a c i d c h l o r i d e s having 6-10 carbons, r e s p e c t i v e l y . The 
four intermediate chain length porphyrins were s o l u b i l i z e d i n SDS and 
CTAC m i c e l l e s . In both m i c e l l a r s o l u t i o n s the two longer chain 
compounds H 2PF,T0ct and H2PF,TDec showed spectra very s i m i l a r to that 
of H2PF,THA; the Soret bands are c h a r a c t e r i z e d by a s i n g l e peak at 
-430 nm, somewhat blue s h i f t e d r e l a t i v e to the corresponding 
absorption for H2PF,THA. For the two shorter chain compounds spectra 
showing two d i s t i n c t Soret maxima were obtained; for H2PF,THex the 
major Soret band i s at 422 nm, s l i g h t l y red s h i f t e d from the Soret 
band of H 2PF,TPro i n m i c e l l e s . However f o r H2PF,THex there i s a l s o a 
shoulder at roughly 435 nm. For H 2PF,THept the s h o r t e r wavelength 
band i s a shoulder w h i l e the longer wavelength band at 437 nm i s the 
major peak. I f we a t t r i b u t e , as above, the Soret bands at 420 and 
435 nm to d i f f e r e n t s o l u b i l i z a t i o n s i t e s i n the detergent s o l u t i o n , 
i t i s c l e a r that these porphyrins can occupy both s i t e s to some 
extent. I t i s i n t e r e s t i n g that the Soret bands of the intermediate 
chain length porphyrins are c h a r a c t e r i z e d by the long wavelength 
absorption i n concentrations of SDS below the c r i t i c a l m i c e l l e 
concentration. I t i s therefore p o s s i b l e but unproven at t h i s time 
that the s u r f a c t a n t porphyrins a s s o c i a t e with the detergent below the 
c r i t i c a l m i c e l l e concentration; p r e - m i c e l l a r aggregates have been 
proposed i n other cases with c a t i o n i c or s u r f a c t a n t dyes and other 
m i c e l l e - f o r m i n g detergents (49-55). 

Although more work i s needed to c l e a r l y c o r r e l a t e the type of 
s o l u b i l i z a t i o n s i t e occupied by d i f f e r e n t porphyrins with t h e i r 
r e a c t i v i t y i n such s i t e s towards a t r o p i s o m e r i z a t i o n , i t i s c l e a r that 
d i f f e r e n t s i t e s e x i s t and that these s i t e s show q u i t e d i f f e r e n t 
r e a c t i v i t y i n both thermal and photochemical processes. P r e l i m i n a r y 
s t u d i e s have shown that r e l a t e d behavior probably occurs i n other 
organized assemblies formed by d i s p e r s i o n of s u r f a c t a n t molecules i n 
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Table VII. Absorption Maxima (nm) for H2PF,THA and H2PF,TPro 
in Different Solvents 

Porphyrin and solvent Soret IV III II I 
H2PF,THA 

benzene 423 515 549 590 647 
methanol 418 517 550 592 647 
acetone 420 516 

1:1 acetone:water 429 519 
isopropanol 

1:1 isopropanol:water 
419 515 isopropanol 

1:1 isopropanol:water 435 522 
ethyl acetate 420 515 
dioxane 422 516 
THF 421 516 
THF/H20a 431 522 -556 592 648 
5xlO~2M SDS 435 522 -555 592 648 
Ixl0- 2M CTAC 435 522 555 592 648 

H2PF,TPro 
benzene 423 515 548 589 646 
methanol 417 515 548 590 646 
THF/watera 440 524 557 593 647 
5xlO"2M SDS 419 515 548 589 645 
lxlO" 2M CTAC 420 516 550 590 646 

Preliminary studies suggest that these solutions contain 
aggregated porphyrin.  P
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aqueous or p a r t i a l l y aqueous s o l u t i o n s . I t has been found f o r 
example that i n c a t i o n i c dioctadecyldimethylammonium c h l o r i d e (DODAC) 
v e s i c l e s H 2PF,TPro and H2PF,THA e x h i b i t d i f f e r e n t Soret band 
absorption maxima (420 nm and 437 nm, r e s p e c t i v e l y ) corresponding t o 
the same porphyrins i n SDS. 

In contrast to the above r e s u l t s , a l l three " p i c k e t fence" 
porphyrins are s o l u b i l i z e d i n an o i l - i n - w a t e r microemulsion to y i e l d 
a c l e a r s o l u t i o n having a Soret band at 419-421 nm resembling that of 
H 2PF,TPro s o l u b i l i z e d i n m i c e l l e s . In t h i s case the microemulsion 
(composed of SDS, n-pentanol and dodecane) c o n s i s t s of o i l " d r o p l e t s " 
d i s s o l v e d i n bulk water; the radius of the droplet has been estimated 
to be 37 A (56), w e l l over twice that estimated f o r an SDS m i c e l l e 
(16 A). Since the droplet i n the microemulsion contains a much 
l a r g e r " i n t e r i o r " , i t i s reasonable that i t may be a b e t t e r medium 
f o r s o l u b i l i z i n g the porphyrin. 

Summary 

The s t u d i e s reported i n t h i s paper show that thermal and photo
a t r o p i s o m e r i z a t i o n about the porphyrin-phenyl bond i n te t r a p h e n y l 
porphyrins i s a f a i r l y general process. The rates and e f f i c i e n c i e s 
of both the thermal and photochemical r e a c t i o n are in f l u e n c e d by a 
v a r i e t y of f a c t o r s i n c l u d i n g s t r u c t u r a l features w i t h i n the porphyrin 
and the environment i n which the porphyrin i s s o l u b i l i z e d . The 
thermal r e a c t i o n appears w e l l c h a r a c t e r i z e d by a simple r o t a t i o n 
around the s t e r i c a l l y constrained s i n g l e bond; the photochemical 
r e a c t i o n appears to p a r a l l e l the thermal r e a c t i o n very c l o s e l y and i s 
best described as an a d i a b a t i c process i n which the t r i p l e t s t a t e has 
an a c t i v a t i o n energy lowered by 11-12 kcal/mol compared to the ground 
s t a t e . The r e a c t i v i t y , or lack thereof, e x h i b i t e d by c e r t a i n 
porphyrins i n m i c e l l e s and presumably other organized assemblies 
i n d i c a t e s the s e n s i t i v i t y of the a t r o p i s o m e r i z a t i o n process to 
environmental f a c t o r s . U s e f u l extensions of t h i s study could involve 
the design and synthesis o f other porphyrins i n which atrop
i s o m e r i z a t i o n (both thermal and photochemical) i s more r a p i d or more 
e f f i c i e n t . For such porphyrins i t would be a n t i c i p a t e d that 
a t r o p i s o m e r i z a t i o n or lack thereof might provide a s e n s i t i v e 
i n d i c a t i o n of i n t e r a c t i o n s between the porphyrin and i t s environment. 
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20 
Quenching of Low-Lying Excited States in Porphyrins 
by Electron Acceptors in Rigid Matrices 

Zbigniew Gasyna, William R. Browett, and Martin J. Stillman 

Department of Chemistry and Centre for Chemical Physics, University of Western Ontario, 
London, Ontario, N6A 5B7 Canada 

The photochemical formation of one-electron-oxidized, 
porphyrin π-cation radical species, in frozen solutions 
containing alkyl halides, has been characterized by optical 
absorption, magnetic circular dichroism (MCD) spectroscopies 
and the measurement of fluorescence intensity decay curves. 
The absorption and MCD spectra were analysed using a 
spectral envelope deconvolution computer program based on 
least squares and Simplex fitting procedures. The results of 
the deconvolution calculation of these spectra are consistent 
with the 2Azu and 2A1u models of the electronic ground state 
for ΖnΤΤΡ+. and MgOEP+•, respectively. The electron 
transfer process has been investigated by measuring 
fluorescence decay curves using a single-photon counting 
technique. The rate constant of the reaction has been 
determined for a number of the donor-acceptor systems, and 
was found to exhibit a strong dependence on exothermicity, 
reaching a maximum of 1013 s-1 in the most favorable 
reactions. These results are interpreted as indicating that 
there is an electron transfer reaction between the lowest 
excited singlet state of the porphyrin donor and the alkyl 
halide acceptor molecule. 

Electron transfer reactions of photoexcited porphyrins and related 
compounds, have long attracted interest as model reactions for the 
photosynthetic apparatus of chloroplasts. In previous studies (1-3), we have 
shown that the products of photolysis in frozen solutions of a number of 
porphyrin-alkyl chloride donor-acceptor systems, are the one-electron 
oxidized radical species of the porphyrin and the reduced radical species of 
the acceptor. We now report a spectroscopic characterization of the 
porphyrin ττ-cation radical species formed, using absorption and magnetic 
circular dichroism (MCD) spectroscopies. In addition, we have carried out a 
complete spectral envelope deconvolution calculation that uses both 
absorption and MCD data to obtain band energy and intensity values for 
these complicated spectra. These results are compared with the spectral 
values predicted by theoretical calculations for both the 2 A 2 U and 2 A i U 

model species (4). 

0097-6156/ 86/ 0321 -0298506.00/ 0 
© 1986 American Chemical Society 
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The study of the mechanism of the light-induced, intermolecular 
electron-transfer that occurs in frozen, rigid matrices between porphyrin 
electron donors, and quinone and alkyl halide electron acceptors, is an 
attractive experimental approach. Experiments carried out in the solid state 
provide a good environment in which to test the dependence of both the 
separation distance and excitation energy on the reaction rate, because the 
effects of diffusion become relatively insignificant. In such systems, electron 
transfer may be considered as a process that is competitive with the normal 
radiative decay of the excited state. Accordingly, it has been shown in a 
number of studies (5-7), that the efficiency of the "static" quenching of the 
donor or acceptor luminescence intensity correlates well with the calculated 
energetics for the electron transfer reaction itself. Analyses of pulsed 
excitation experiments (8-11) have demonstrated the presence of the 
predicted, but unusual, kinetics of the fluorescence decay measured from 
organic molecules which were studied in cryogenic glasses in the presence of 
electron acceptors. The photochemical oxidation of porphyrins in frozen 
solutions containing alkyl halides, is shown in this paper to involve the 
lowest excited singlet state of the porphyrin. We present results of 
deconvolution calculations carried out on the fluorescence intensity decay 
curves, from which we are able to show that the rate constant for the 
radical pair formation depends on the exothermicity of the electron transfer 
reaction. 

Experimental 

Materials and spectroscopic procedures. H 2TPP, ZnTPP and MgTPP were 
synthesized according to published procedures (12). MgOEP was kindly 
supplied by Dr. J . Fajer (Brookhaven National Laboratory). Reagent grade 
2-chlorobutane, BuCl (BDH) was freshly distilled under nitrogen. C B r 4 

(Kodak) was purified by recrystallization. Spectranalyzed CC1 4 (Fisher) was 
used without further purification. A l l other solvents were distilled under 
nitrogen before use. The quinones, ρ-benzoquinone, BQ (Fisher), 
tetrachloro-p-benzoquinone, ρ -C14Q ( Baker ), tetrachloro -o -benzoquinone, 
ο - Cl 4Q ( Aldrich ) , and 2,3-dichloro -5,6-dicyanobenzoquinone, D DQ ( Kodak ) 
were purified by recrystallization. The porphyrins were dissolved in an 
appropriate solvent to which the acceptor was added. For the optical 
absorption measurements, the porphyrin solutions were placed in an optical 
c e l l , which was then plunged into liquid nitrogen in order to prepare the 
glass. The cel l was quickly transferred into an Oxford Instrument CF204 
cryostat, and the optical absorption spectra were recorded on a Cary 219 
spectrophotometer. A 300 W tungsten-halogen Kodak projector lamp was used 
for the photolysis of the samples, which was carried out in the CF204 
cryostat. The light was filtered through appropriate Corning filters. The 
MCD spectra were obtained with an Oxford Instruments SM-4 magnet which 
was mounted on a CD spectrometer built in this laboratory. A l l spectral data 
were stored digitally as recorded. 

Spectral data analysis. The absorption and MCD spectra of ZnTPP and 
MgOEP were fitted with Gaussian lineshapes, and the band parameters were 
determined using the rigid-shift, Born-Oppenheimer, and Franck-Condon 
assumptions (13). Iterative, non-linear, least squares and SIMPLEX fitting 
procedures, used for the absorption and MCD band fitting, respectively, 
were developed in this laboratory ( 14). In order to enhance the quality of 
the fits calculated for each band envelope, these programs allowed the 
parameters calculated for the absorption spectrum to be used directly with 
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the MCD and vice versa. The data presented here were calculated using the 
same parameters to fit both the absorption and the MCD spectrum measured 
for each complex. 

Fluorescence and phosphorescence measurements. Steady-state fluorescence 
and phosphorescence measurements were made using a cylindrical Pyrex tube 
(4 mm o.d.) inserted into a quartz Dewar filled with liquid nitrogen. The 
fluorescence and phosphorescence spectra were determined on a Perkin-Elmer 
MPF-4 spectrofluorometer. Low-temperature fluorescence decay data were 
obtained using a Photochemical Research Associates (PRA, London, Ontario, 
Canada) Model 3000 Nanosecond Lifetime Fluorometer (15), which is based 
on the technique of time-correlated single-photon counting (16). A pulsed 
hydrogen arc lamp operating at ~30 kHz was used as the excitation source. 
Fluorescence lifetimes and decay curves were obtained by application of fast 
Fourier transform convolution and deconvolution techniques (17). Suitable 
programs were developed in this laboratory for use with the IBM Instruments 
S9001 computer (18) • 

Results and Discussion 

Photolysis of Η,ΤΡΡ. Figure 1 shows a series of optical absorption spectra 
measured at 79 Κ during the visible light irradiation of a glassy solution of 
H ZTPP in BuCl which contained 0.8 mol/L of CBr 4. The irradiation results 
in a decrease in the intensity of the porphyrin absorption bands located at 
650, 600, 550, 525, and 420 nm (Figure 1, line a ) , while new, more 
prominent absorption bands grow in at about 690, 495, and 455 nm (Figure 
1, lines b, c and d). Figure 1, line e, shows a spectrum which was 
calculated by subtracting, by computer, an estimated residual amount of the 
spectrum of the remaining unoxidized porphyrin (Figure 1, line a ) , from the 
spectrum recorded at the end of the irradiation ( Figure 1, line a ), on the 
basis of an estimated 85X photolytic conversion. The spectral features of 
the photochemical product displayed in Figure 1, line e, are characteristic 
of a porphyrin π-cation radical species (1,2), thus, we characterize the 
spectral changes shown in Figure 1 as arising from the formation of the 
Η2ΤΡΡ"*"· species. 

Photolysis of ZnTPP and MgOEP. A number of metalloporphyrins have been 
photooxidized to produce the ττ-cation radical species at 77 Κ (1-3). The 
high yields of the photooxidized product obtained when alkyl halide glasses 
have been used, has resulted in the almost complete conversion to the 
π-cation radical species in several cases. Photolysis of ZnTPP and MgOEP 
can be carried out at low temperatures to yield nearly 100Z of the 
photooxidized products. The solid lines in both the absorption (upper) and 
MCD (lower) panels of Figures 2 and 3, show the spectra recorded after 
photolysis of ZnTPP (Figure 2) and MgOEP (Figure 3) at 77 K, in the 
presence of CC1 4. The starred bands represent a small amount of remaining, 
unoxidized porphyrin. 

Analysis of the absorption and MCD spectra of ZnTPP* · and MgOEP**" *. The 
optical absorption and MCD spectra of ZnTPP"*" · and MgOEP"*" ·, shown in 
Figures 2 and 3, are representative of the 2 A 2 U «""»d 2 A i U ground states, 
respectively, that are found for porphyrin π-cation radical species. Results 
from deconvolution calculations carried out for both the absorption and MCD 
spectral envelopes of these ττ-cation radical spectra are also shown in 
Figures 2 and 3, plotted as the individual component bands that are 
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20. GASYNA ET AL. Quenching of Low-Lying Excited States in Porphyrins 301 

Figure 1. Absorption spectra measured at 79 Κ for (a) H 2TPP before 
irradiation, and (b-d) H 2TPP after increasing irradiation times, in a 
BuCl-CBr 4 (0.8 mol/L) glass, (e) The calculated absorption spectrum 
of 100X Η 2 Τ Ρ Ρ + · in BuCL-CBr 4 (0.8 mol/L) at 79 K. 

Figure 2. Computer deconvolutions of the absorption and MCD spectra 
of ΖηΤΡΡ +· in BuCl containing CC1 4 at 79 K. The starred band 
represents part of the spectrum of unoxidized ZnTPP. 
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Figure 3. Computer deconvolutions of the absorption and MCD spectra 
of MgOEP +- in BuCl containg CCI* at 79 K. The starred band 
represents part of the spectrum of unoxidized MgOEP. 
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responsible for the total, observed intensity. The parameters used for each 
of these component bands are tabulated in Table I. This table summarizes 
data from the theoretical calculations of Edwards and Zerner (4) for both 
ZnTPP4" ·, with either a 2 A 2 U or 2 A i y ground state and MgOEP4"*, with a 
2 A i U ground state, giving the energy (in units of 1000 cm" 1) and oscillator 
strength (osc) for transitions to a number of excited states, identified by 
their excited state symmetry. The experimental data listed is for component 
bands used to fit the observed 77 Κ absorption and MCD spectra 
(•'Calculated"), with the oscillator strength (osc) indicated for absorption 
bands and A/D values indicated for bands which were fitted with A terms in 
the MCD. In addition, for each absorption spectrum, a series of band 
centres were obtained ("Observed") by measuring the wavelengths of the 
band maxima directly from the spectra. 

The deconvolution calculations were constrained to using the minimum 
number of Gaussian bands that would provide a "best f i t " for both the 
absorption and MCD spectra using the same set of band centre and band 
width parameters. Our experience indicates that for spectra containing a 
large number of overlapping bands with similar intensity, fitting either the 
absorption or the MCD spectra separately produces ambiguous results. The 
predicted oscillator strengths ("osc" in Table I) of the absorption bands in 
the visible region of the theoretically-calculated spectra (4), roughly follow 
the trends actually observed in the absorption spectra, and quantified by the 
deconvolution calculation, Table I. Specifically, in the case of the 2 A 2 U 

ZnTPP4" · species, a series of overlapping, weak bands is observed 
extending from 15 000 - 23 000 cm" 1 (667 - 440 nm), with no well 
resolved features. By way of contrast, a well resolved band is seen as the 
lowest energy band at 15 400 cm" 1 (649 nm) for the 2 A i U MgOEP4"* 
species, this band is followed to higher energy by a series of overlapping 
bands that are similar to those observed for ZnTPP4" *. 

For both species, the deconvolution data show that in the UV region the 
absorption spectrum is dominated by several transitions, and that these 
transitions are all much more intense than the bands in the visible region. 
The deconvolution results clearly indicate that these ττ-cation radical spectra 
are far more complicated than the theoretical predictions have suggested 
( 4 ) , and that the band energies determined by the theoretical calculations 
( 4 ) , increasingly skew to higher energies as the energies of the transitions 
increase, relative to the band energies calculated directly from the spectral 
data. 

The MCD data not only help to constrain the absorption spectrum fitting 
calculations, but also provide information about the degeneracy of the 
excited states involved, in the form of MCD A or Β terms. The theoretical 
calculations (4) have indicated that many of the transitions which give rise 
to intensity in the absorption spectrum should be degenerate and this should 
result in A terms being observed in the MCD spectrum. However, few distinct 
A terms were observed in the spectra, Figure 2 and 3. No significant A 
term contribution was found in the visible region MCD spectrum of the 2 A 2 U 

ZnTPP 4"· species, although there appears to be a distict A term at 24 300 
cm" 1 (412 nm). In contrast, a resolved A term was found in the visible 
region of the 2 A i U Mg0EP +* spectrum, at 15 300 cm" 1 (653 nm), while to 
higher energies, the A terms appear to be much less intense, if present at 
a l l , than was found in the ZnTPP 4"· spectrum. 

Fluorescence intensity decay curves for Η,ΤΡΡ. Figure 4A shows 
fluorescence decay profiles recorded for H 2TPP in BuCl and in BuCl-CBr 4 

glassy solutions at 77 K. A single-exponential deconvolution was found to 
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Table I. Results of spectral envelope deconvolution calculations carried 
out on the absorption and MCD spectra of ZnTPP*** * and MgOEP"** *. 

ZriTOP"** · Theory 0 Experiment 
Ex. 
State *Azu Observed 1 5 C a l c u l a t e d 0 MCD 
Symm.a Energy (osc) Energy (osc) Energy Energy (osc) A/D 

14.6 (0.033) 
* E8 15.5 (0.01) 15.0 (0.04) 15.9 (0.056) -
Z E * 16.9 (0.00) 17.4 (0.00) 16.6 16.8 (0.035) -17.9 17.9 (0.067) -
Z E 8 19.8 (0.01) 18.6 (0.01) 19.4 19.4 (0.088) 0.863 

20.8 (0.045) -21.3 (0.01) 21.8 (0.134) -22.6 22.6 (0.169) -23.4 (0.135) -23.9 (0.159) -
* E * 30.0 (0.01) 30.6 (0.02) 24.1 (0.008) -
* E * 32.9 (4.42) 32.5 (3.85) 24.3 24.3 (0.157) 1.070 

24.5 (0.182) -25.3 25.3 (0.095) 0.453 
26.7 26.6 (0.163) -

* E S 36.6 (0.00) 37.0 (1.37) 30.1 (0.055) -
* E S 42.2 (0.21) 40.5 (0.47) 31.2 (0.118) -43.5 (0.39) 

MgOEP*** · Theory 0 Experiment 
E x c i t e d Observed 0 Calculated* 7 MCD 
st a t e symm. Energy (osc) Energy Energy (osc) A/D 

14.4 (0.007) 
'Eg 13.9 (0.077) 15.4 15.3 (0.027) 0.471 

15.9 (0.013) -

* E* 16.1 (0.013) 16.4 (0.010) -
17.1 17.1 (0.021) -

'Eg 17.9 (0.002) 18.5 18.3 (0.044) -
20.1 (0.017) -

25.2 (0.032) 21.9 (0.077) -
23.5 (0.068) -

'Eg 29.7 (0.502) 
25.1 (0.295) -

'Eg 30.7 (2.434) 25.3 25.2 (0.136) 0.409 
25.7 (0.103) -

34.2 (0.405) 26.6 26.5 (0.154) 0.522 
38.4 (0.850) 27.4 (0.330) -
41.2 (0.264) 29.8 (0.468) -

Prom ref. (4). Band centres are given in units of 1000 cm" 1. 
Values obtained by measuring X m a x in the absorption spectrum only. 
Calculated with band shape fitting programs to provide acceptable fits in 
both the absorption and the associated MCD spectrum. 
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give a satisfactory fit for the fluorescence decay of H ZTPP in the neat BuCl 
glass at 77 Κ (line a). The fluorescence profiles for H 2TPP in the 
presence of CBr 4 were, however, found to deviate significantly from 
calculated, single-exponential decay curves (Figure 4A, lines b and c ) . 
This deviation was observed with excitation into either the Β band (424 nm) 
or the Q band (560 nm) regions; both excitations led to identical quenching 
effects. Figure 4B shows the results obtained for MgTPP, clearly quite 
similar to the H 2TPP system. In both of these systems, we attribute the 
fluorescence quenching by CBr 4 to the electron transfer reaction: MTPP* + 
C B r 4 -> Μ Τ Ρ Ρ + · + CBr 4~* (1-3). The electron transfer process can be 
treated by formal analogy to the triplet-triplet energy transfer of Dexter* s 
electron exchange mechanism (19). We have tested the function derived by 
Inokuti and Hirayama (20) for the decay of donor luminescence in a 
diliusion iree, random ensemble of donor and acceptor molecules. The 
steady-state luminescence intensity of the donor is predicted, under these 
conditions, to depend exponentially on the concentration, C, of the electron 
acceptor, 

l / l 0 = e - 4 ^ C / 3 (1) 

where, Rq is a "critical transfer distance". 
A test of this dependence is shown in Figure 5 for the fluorescence 

quenching observed in a number of ZnTPP-acceptor solutions at 77 K. The 
time-dependence of the relative emission intensity, I ( t ) / I D , may be given by 

I ( t ) / I 0 = e "I % o
+ % W2)*C «<t)] ( 2 ) 

In Equation 2, r Q is the fluorescence lifetime in the absence of the 
acceptor, C is the acceptor concentration, and L is defined by the 
dependence of the electron transfer rate constant, k(R), on distance, R, as 
k(R) = v / e ' 2 R / L , here ν is the electron-transfer rate constant for 
donor-acceptor pairs in contact. The function g(t) in Equation 2 is well 
approximated by g(t)=(lnv/t) 3+1.732(lnut) i l+5.934(lnv/t)+5.445, when vt>10 
(20). The value of i/ can be obtained by fitting this theoretical decay law 
into the experimental data. 

The deconvolution of the data recorded in the presence of the electron 
acceptor, Figure 4A and 4B, lines b and c, represent best fits of the 
experimental decay profiles when ν is used as the adjustable parameter in 
Equation 2. The value of parameter L/2 was set to 0.83 A, as recently 
determined by Miller et a l . (21) for the reaction of radical anions of 
aromatic hydrocarbons with organic molecules, for which the assumption was 
made that this parameter should be invariant for reactions of a common 
electron donor with acceptors having different electron affinities. The 
magnitude of parameter L/2 is justified both by theoretical and experimental 
data obtained for the distance dependence of the electron-transfer rate. An 
alternative approach is to fit each experimental decay curve to Equation 2 
allowing both L/2 and ν to vary. For example, fitting the data for the 
MgTPP* + CBr* reaction system, gives L/2=0.5 A and ι/=1.2 χ 1 0 1 3 s " 1 . 
However, even though adjusting L/2 can improve the quality of the fitting, 
the interpretation of the decay curves with such an adjustable L/2 may have 
no physical meaning since this parameter really depends on the nature of the 
electron donor alone, for example, on the binding energy of the electron on 
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I u l—. ι ι I 
0 10 20 30 40 50 

TIME /ns 
Figure 4. Observed fluorescence decay profiles (points) and 
theoretical fits (solid lines), calculated by the deconvolution program 
according to Equation 2, using ν as an adjustable parameter in the f i t , 
for (A) H 2TPP and (B) MgTPP in BuCl containing C B r 4 at 77 Κ, 
following excitation at 515 nm and 424 nm, respectively. The 
concentration of C B r 4 was (a) 0, (b) 0.4, and (c) 0.8 mol/L. The 
parameters used in the fits were, for H 2TPP, τ 0=14.5 ns, L/2=0.83 A 
and ι/=1.4 χ 10 1 3 s " A , and for MgTPP, τ 0=15.5 ns, L/2=0.83 A and 
v=6.5 x 10 1 2 s " A . 

-1.0 

-1.2 I , , , I 
0 0.1 0.2 0.3 0.4 
CONCENTRATION (mol/L) 

Figure 5. Relative fluorescence intensities at 77 K, plotted as 
l n ( I / I D ) , of ZnTPP excited at 555 nm vs. acceptor concentration. The 
acceptors solutions were: (a) C B r 4 in BuCl, and for ( b ) , ( c ) , ( d ) , 
( e ) , BQ, o-Cl 4Q, p-Cl 4Q and DDQ, a l l in MTHF, respectively. The 
solid lines are least-squares fits to the experimental data. 
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the electron donor. It should be noted that the value of parameter L/2 for 
the electron-transfer quenching of an state may be actually different than 
assumed here, because there are differences in the electron binding 
energies between the aromatic radical anion used by Miller et a l . (21) and 
the porphyrin excited singlet state that acts as the donor in this work. Thus 
measurements of fluorescence quenching by others have yielded L/2 =0.7 A 
(11) and 0.57 A (10), for two different electron donors, the ruthenium 
phenanthroline complex and indole, respectively. 

Table II presents the values of the rate constant for the electron 
transfer reaction with the donor and acceptor in contact, calculated by 
deconvolution of the fluorescence decay curves for a number of excited 
porphyrin-alkyl halide systems. It appears that the rate parameter depends 
strongly on the calculated exothermicity for these reactions. Parameter v/ 
contains information about the Franck-Condon factor of the electron-transfer 
reaction, which is in itself dependent on the reaction exothermicity and 
reorganization energy (22,23). Whether the rate constant for the 
electron-transfer reactions depends on the exothermicity in the manner 
predicted by theory, that is with a simple Gaussian dependence (22), cannot 
be answered at present because of the uncertainties in the energetics of the 
particular reactions studied here. 

Table II. Energetics and rate constants for electron transfer quenching of 
the fluorescence of porphyrins by alkyl halides in BuCl at 77 Κ. 

Reaction AG( ET )/eV a 1//S" i b 

H 2TPP* + C C I 4 -0.13 5.0 X 10 e 

H 2TPP* + C B r 4 -0.61 1.4 χ 1 0 i 3 

ZnTPP* 4 CC1 4 -0.56 1.0 x 1 0 i O 

ZnTPP* + C B r 4 -1.04 2.5 X 1 0 i Z 

MgTPP* + CHC1 3 0.17 < 3.0 x 10 7 

MgTPP* + CC1 4 -0.72 1.0 X 10» 
MgTPP* + C B r 4 -1.20 6.5 x 1 0 " 

a The thermodynamic potential change was calculated from data measured in 
fluids, assuming AG(ET)=AG(D +,A~)-E(D*), where 
AG(D f,A~)=E(D*,D)-E(A,A"), and E(D +,D) and E(A,A") are redox 
potentials of the donor and acceptor, respectively, and E(D*) is the 
excited state energy. In the calculations, the redox potentials of 0.95 
V, 0.71 V and 0.54 V (vs. SSCE) and energies of the singlet excited 
state of 1.86 eV, 2.05 eV and 2.03 eV were used for the donors 
H 2TPP, ZnTPP and MgTPP (24), respectively. The acceptor redox 
potentials were taken from the values of the irreversible half-wave 
reduction potentials which were equal to -1.67 V, -0.78 V and -0.30 V 
(vs. SSCE) for CHC1 3, c c l 4 a n d C B r 4 (25), respectively. 

b The uncertainty in the ν values was estimated to be ±201. 
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Photooxidation of Phthalocyanines 
Photoinduced Reactivity of the Triplet State 
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Canada 

Porphyrins and phthalocyanines can act as highly 
efficient electron donor molecules in linked donor-acceptor 
complexes that may be used in molecular solar cells. This 
paper describes the photochemical reaction that occurs in a 
series of metallophthalocyanines following irradiation into the 
phthalocyanine's Q band in the presence of electron 
acceptors which are irreversibly reduced. The products of 
these photooxidation reactions were characterized by optical 
absorption, magnetic circular dichroism (MCD) and electron 
paramagnetic resonance (EPR) spectroscopies. The MCD 
spectra, in particular, provide a starting point in the 
theoretical analysis of the origin of the electronic transitions 
in the spectra of the oxidized porphyrin species. These 
studies show that for zinc phthalocyanine, ruthenium 
phthalocyanine and cobalt phthalocyanine, one-electron 
oxidation of the π ring takes place. However, oxidation of 
the ferrous ion takes place before the π ring in iron 
phthalocyanine. The spectral data from photochemical 
experiments are compared with data from controlled potential 
electrolysis experiments. Transition energies calculated from 
band shape deconvolution programs that use both the 
absorption and MCD spectra are compared with the energies 
calculated theoretically. 

Photochemical properties of transition metal phthalocyanines have been a 
subject of several investigations in recent years (1-5), due in part, to the 
prospect of their use in photovoltaic and photocatalytic processes. The 
ultra-violet photochemistry of these compounds has provided considerable 
information about the redox processes which can originate from π 
ring-centered ntr* states; such photochemical reactions include, for example, 
hydrogen abstraction from solvent molecules (3-6). However, excitation into 
the lowest energy excited singlet state of the phthalocyanine π ring, where 
x « a x > 1 1 1 1 1 υ*» f o r example, ruthenium phthalocyanine (RuPc) and zinc 
phthalocyanine (ZnPc), populates only the lowest-lying triplet ττ* excited 
state. This state can then be quenched by electron transfer to a number of 
electron acceptors (3-7). Spectral studies on the oxidation of RuPc in 
solution [8], and ZnPc in the solid state (9), show that the one-electron 

0097-6156/ 86/ 0321 -0309$06.00/ 0 
© 1986 American Chemical Society 
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oxidation is centered on the phthalocyanine ring rather than on the metal, 
yielding phthalocyanine complexes which involve a bivalent transition metal 
and a phthalocyanine π cation radical. 

Although there have been several reports concerning the formation of 
the RuPc ττ cation radical in solution (8-10), there have been no reports 
that a stable ZnPc π cation radical species can be formed in solution. This 
is due mainly to the limited solubility of ZnPc in solvents commonly used in 
electrochemistry and photochemistry. In recent papers, we have reported 
that the photoinduced, one-electron oxidation of a variety of porphyrins 
(11-13) and of RuPc (8), takes place readily in the presence of alkyl 
halide acceptors. In the first part of this paper, we report that irradiation, 
using visible region light, of room temperature ZnPc solutions in methylene 
chloride containing CBr 4, leads to the one-electron photooxidation reaction. 
The resulting ZnPc π cation radical species has been characterized using 
the techniques of magnetic circular dichroism (MCD) and electron 
paramagnetic resonance (EPR) spectroscopies. The spectral properties of 
the photooxidized ZnPc species are compared with those of the 
electrochemically-oxidized ZnPc and with the spectra of the RuPc ττ cation 
radical species. We use the spectral data obtained from the ZnPc studies to 
aid in the assignment of the spectra of M Pc ττ cation radicals species in 
general. 

unlike Zn(II)Pc and Ru(II)Pc, Co(II)Pc and Fe(II)Pc are known to 
undergo oxidation at the metal prior to ring oxidation ( 14,15 ). 
Electrochemical studies of CoPc have, however, shown that ring oxidation 
does occur before metal oxidation if weakly-coordinating ligands are 
employed (16). The products of the chemical oxidation of CoPc and FePc in 
solution, have been only poorly characterized in the past (17,18). Lever 
and coworkers ( 9 j l 3 ) have reported the oxidation of CoPc and FePc in the 
solid state and characterized the reaction as metal oxidation, M(II)Pc(-2) 
-> M(III)Pc(-2), followed by phthalocyanine ττ ring oxidation, 
M(III)Pc(-2) -> Μ ( III) Pc ( -1). However, no electro- or photo-chemical 
oxidation studies of CoPc and FePc, carried out in solution, have been 
reported to date. We report here the first photochemical oxidation reaction 
that leads quantitatively, at short irradiation times, to stable products for 
both CoPc and FePc, in solution at room temperature. The development of a 
photochemical route for the quantitative formation of these MPc(-l) species, 
provides an important new synthetic technique for use in the production of 
such species. 

Experimental 

In order to produce phthalocyanine species which have a higher than normal 
solubility in solvents like dichloromethane the pyridine complexes were made. 
FePc (Eastman), CoPc (Kodak) and ZnPc (Eastman), were Soxhlet extracted 
with pyridine (py), evaporated to dryness and washed with hexanes to give 
the appropriate pyridine-coordinated metal phthalocyanine complex, 
MPc(py) n. For CoPc, we characterize the complex as the diadduct, 
CoPc(py) 2, following the work of Cariati et a l . (19). FePc forms diadducts 
in the presence of excess nitrogen binding ligands (20), so we characterize 
the pyridine complex used in this work as F e P c ( p y ) 2 . ZnPc is known to bind 
only one axial ligand (21), hence the resulting pyridine complex is 
characterized as the ZnPc(py) species. The imidazolato- complexes, 
(FePc(Im") 2 and ZnPc(Im")), were prepared by refluxing FePc and ZnPc, 
respectively, in dimethylacetamide (DMA) in the presence of excess ligand. 
ZnPc(CN') was prepared by refluxing ZnPc in DMA in the presence of 
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excess of sodium cyanide. RuPc was prepared by literature methods (10). 
All solvents were freshly distilled. Ferrocene ( f c ) , carbon tetrabromide 
( C Br 4 ), tetraethylammonium perchlorate ( [ ( Et ) 4N ]CIO # Kodak ), 
tetrapropylammonium perchlorate ( [ ( Pr ) 4N ]CIO # Kodak ), and 
tetrabutylammonium fluoroborate ([(Bu)4N]BF ^Fisher) were recrystallized 
before use. 

Electrochemistry. Electrochemical measurements were carried out with the 
Princeton Applied Research Model 273 electrochemical system controlled by 
an IBM Instruments S9001 computer using the computer program ELECTRA 
(22). For cyclic voltammetry (CV) and differential pulse voltammetry (DPV), 
a platinum wire was used as an auxiliary electrode and a platinum bead was 
used as the working electrode. Ferrocene and a silver wire were used as 
internal standards, while the saturated calomel electrode (see) was used as 
an external standard. For exhaustive electrolysis, an "H" cell was used in 
which the working electrode, consisting of a cylindrical platinum gauze 
(Johnson-Matthey, diameter 13 mm and height 40 mm), and the silver wire 
reference electrode, were housed in one compartment, while the auxiliary 
electrode, consisting of a 22 by 15 mm platinum plate, was housed in the 
other. 

Photochemistry. For photochemical experiments, each M Pc complex was 
dissolved in nitrogen-saturated dichloromethane, which contained 10" 3 M 
C B r 4 as the electron acceptor. The solutions were irradiated with light from 
a 300 W tungsten-halogen projector lamp and excitation into the 
phthalocyanine's Q band ( X m a x > 600 niu) was ensured by the use of a 
Corning CS 2-73 high energy (580 nm) cut-off filter. Absorption spectra 
were obtained with a Cary model 219 spectrophotometer, while MCD spectra 
were obtained with a JASC0 J500C spectropolarimeter controlled by an IBM 
Instruments S9001 computer using the computer program CDSCAN5 
(Kitchenham and Stillman, unpublished). Ε PR spectra were recorded on a 
Varian Ε-12 EPR spectrometer, equipped with a Varian Ε-257 temperature 
controller and interfaced to a Nicoiet 1180 computer through a Nicholet 
Explorer III digital oscilloscope. For EPR measurements, the M Pc solutions 
were transferred to 4 mm o.d tubes, glassed in liquid nitrogen and 
introduced into a dewar, filled with liquid nitrogen. 

Quantum yield experiments, employing Reinecke's salt, 
K C r ( N H 3 ) 2 ( N C S ) 4 , actinometry (23), were carried out with a PTI 
Quantacount, in conjunction with an LPS 200 power supply and a 100 W 
mercury lamp. For these measurements, the phthalocyanines were dissolved 
in nitrogen-purged dichloromethane containing C B r 4 ( 1 0 " 3 M). Irradiation 
took place in a 1 cm cell using wavelengths in the region of the 
phthalocyanine's Q band. 

Results and Discussion 

Both chemical and electrochemical oxidation techniques are well established 
as routes to the production of the π cation radical species of porphyrins 
and phthalocyanines (9,14,24). However, it is only recently that the 
formation of a stable porphyrin π cation radical species, at high yields at 
room temperatures, has been demonstrated using low energy light (11-13). 
The quenching of phthalocyanine excited states to give the π cation radical 
species is generally a more difficult task since only the lowest energy 
excited triplet states, with an energy of the order of 1.1 to 1.3 eV above 
the ground state (1), can be used, while the energies of the photoactive 
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312 PORPHYRINS: EXCITED STATES AND DYNAMICS 

stales in the porphyrins range from 1.4 to 2.3 eV ( 1 ) , thus there is far 
less free energy available for reduction of an electron acceptor in the 
phthalocyanines when compared with the analogous porphyrin system, vide 
in/ra. 

Ruthenium phthalocyanine. Photolysis of many complexes of RuPc in the 
presence of CBr 4, results in the formation of the ring oxidized 
phthalocyanine (8). Figure 1 shows absorption spectra recorded at various 
stages during photolysis of RuPc(CO)(DMF). The most significant changes 
observed are (i) the loss in intensity of the Q band at 641 nm, and ( i i ) 
the concurrent growth in intensity of bands near 400, 510 and 700 nm. The 
photochemically-induced quenching of intensity in the Q band, can be 
reproduced using electrochemical oxidation if controlled potential coulometry 
is carried out at the oxidation couple potential of = 0.77 V vs. the 
saturated calomel electrode (see), Table I. EPR spectra measured at 79 Κ 
for RuPc(-l)(CO)(DMF) formed photochemically in a frozen glass, exhibited 
a free electron-like band centred at 2.0048, Table II. Therefore, we have 
characterized the final spectrum shown in Figure 1 as arising from the 
Ru(II)Pc(-l) ττ cation radical species. 

Zinc phthalocyanine. The visible region spectra recorded during the 
photolysis of a range of ZnPc(L) complexes, where L=CN",Im" and py, 
revealed several changes connected by good isosbestic points, Figure 2. 
These changes are similar to the changes observed when solutions of the 
pyridine and imidazolate complexes of ZnPc are exhaustively electrolysed 
near the potential of the positive peak in the cyclic voltammetry trace ( E A / 2 

= ~0.70 V vs. see (25), Table I ) . In addition, these spectral changes are 
similar to those observed in the photochemical (Figure 1 and reference 8) 
and electrochemical (10) oxidations of complexes of RuPc. The spectrum of 
the oxidized ZnPc(py) species exhibits four major bands, centered at 440, 
500, 720 and 830nm. Insert (a) of Figure 2 shows the last spectrum 
recorded during the photolysis in Figure 2, from which the residual, 
unoxidized fraction of ZnPc(-2)(py) has been subtracted by computer; in 
essence, Insert (a) shows a spectrum of 100X of the ττ cation radical 
complex, [ZnPc( -1)(py)] + \ Insert (b) shows the time dependence of the 
spectral changes observed during the irradiation. The appearance of 
isosbestic points in the series of spectra shown in Figure 2, is a good 
indication that the four new bands are due to the formation of the same 
species, which we characterize as the ZnPc(-l) ττ cation radical. The 
general broadening of each of the bands in the absorption spectrum, 
together with a decrease in intensity, seems to be typical behaviour of 
ligand oxidation of porphyrins and phthalocyanines (8,11). Since the 
electron is removed from the a i Q orbital of the phthalocyanine ring (26), 
the original Q band transition (identified as l a A U ( r r ) — > le g(TT*), following 
the four-orbital notation of Gouterman et a l . (26)) is drastically affected. 

Figure 3 shows the absorption and MCD spectra recorded under the 
same conditions during a photolysis of ZnPc( -2)(py). In the upper panel 
(ABS) are shown the initial absorption spectrum recorded before photolysis 
(dashed lin e ) , identified by the intense Q band, and the final spectrum 
recorded at the completion of the photooxidation (solid l i n e ) . The lower 
panel shows the MCD spectrum recorded for the photooxidized product, the 
[ZnPc(-l)(py)] + % between 300 and 860 nm (solid l i n e ) , and the UV 
portion of the MCD spectrum of the unoxidized complex (dashed line) for 
comparision purposes. There was still some residual unoxidized ZnPc present 
when the final spectra were recorded, and this results in the appearance of 
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Figure 1. Absorption changes during the photolysis of 
RuPc(CO)(DMF) in CH 2C1 2 in the presence of 10" 3 M CBr 4. 
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TABLE I 
The half-wave potentials of the M(II)Pc(-2)(L) complexes. 

COMPLEX SOLVENT a E l / 2 ( V ) c ASSIGNMENT 
( f c + / f c ) SCE 

ZnPc( py ) DMA 0.23 0.70 PC( -D 
-1.43 -0.96 PC( -3) 
-1.75 -1.28 PC( 

ZnPc(Im" ) DMA 0.24 0.71 PC( -D 
-1.45 -0.98 Pc( -3) 
-2.00 -1.53 Pc( -4) 

RuPc(DMSO) 2 DCM 0.30 0.77 PC( -D 

RuPC(CO)(DMF) DCM 0.30 0.77 PC( - i ) 

C oPc(py) 2 PY 0.65 1.12 Pc( 0) 
0.43 0.90 PC( -D 
-0.29 0.18 M(III) 
-1.08 -0.61 M(I ) 
-1.40 -0.93 PC( -3) 
-1.75 -1.28 Pc( -4) 
-2.07 -1.60 Pc( -5) 

CoPc DCB 0.45 0.92 Pc( -D 
-0.86 -0.39 M(I ) 
-1.50 -1.03 PC( -3) 
-1.74 -1.27 PC( -4) 

F e P c ( p y ) z DMA 0.41 0.88 Pc( -D 
0.22 0.69 M(III) 
-1.46 -0.99 Pc( -3) 
-1.76 -1.29 PC( -4) 

FePc(Im" >2 DMA 0.72 1.19 PC( -D 
0.13 0.60 M(I I D 
-0.96 -0.49 M(I ) 
-1.29 -0.82 PC( -3) 

a) 0.1 M [(Pr 4)N]C10 4 dissolved in an appropriate solvent was used as an 
electrolyte. DMA = dimethylacetamide; DCM = dichloromethane; 
py = pyridine; DCB = dichlorobenzene. 

b) fc = ferrocene 
c) Ex/z values versus see were obtained by adding E A / 2 ( f c + / f c ) = 

0.47 V to the E 1 / 2 vs. fc"*"/fc values listed in the table, following the 
method outlined in reference 25. 

 P
ub

lic
at

io
n 

D
at

e:
 O

ct
ob

er
 1

5,
 1

98
6 

| d
oi

: 1
0.

10
21

/b
k-

19
86

-0
32

1.
ch

02
1

In Porphyrins; Gouterman, M., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1986. 



21. N YOKONG ET AL. Photooxidation of Phthalocyanines 315 

TABLE II 
The triplet state redox potentials of the MPcL complexes, and the 
quantum yields and the EPR parameters for the photooxidation 
products of these species. 

COMPLEX Qredox a 

(10" 3) 
T r i p l e t r edox 0 

p o t e n t i a l s (V) 
g v a l u e a Band w i d t h a 

(gauss) 

ZnPc 

ZnPc(Im -) 
ZnPc(py) 
ZnPc(CN') 

10.7 
1.0 
5.7 

-0.44 

2.0055 
2.0059 
2.0068 

3.8 
4.0 
4.0 

RuPc( py ) 

RuPc(DMSO) 
RuPc(CO)( 4-Mepy) 
RuPc(CO)(DMF) 

0.2 
0.3 
0.3 

-0.61 

2.0055 
2.0048 
2.0048 

14.4 
7.2 
7.2 

FePc 

F e P c ( p y ) z 

FePc(lm~ ) 
3.2 
1.5 

-0.54 

CoPc(py) z 1.0 

a) Quantum yields and EPR parameters were obtained in dichloromethane 
containing 10" 3 M CBr 4, using the Q band excitation wavelength. For 
ZnPc, RuPc and CoPc, the photooxidation results in the formation of the 
ττ cation radical, while metal oxidation occurs in the case of the FePc 
species. The EPR spectra were obtained at 79 Κ. 

b) The triplet state redox potentials of M Pc are calculated as: 

E(M(II)PC( -1)/M(II)PC( -2) T*) 
= E l / z ( M ( I I ) P c ( - l ) / M ( I I ) P c ( - 2 ) ) - E T ( M( II)PC(-2) ) 

for RuPc and ZnPc, 
and as E(M(III)Pc( -2)/M(II)Pc( - 2 ) T * 

= E i/ 2(M(III)Pc(-2)/M(II)Pc(-2)) - E T ( M( II)Pc(-2) for FePc. 
The value of the triplet state energy of CoPc species is not known. 
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260 360 460 960 660 760 860 
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Figure 2. Absorption spectrum changes observed during the photolysis 
of ZnPc(py) in dichloromethane in the presence of 10" 3 M CBr 4. 
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Figure 3. The MCD spectra of the neutral (dashed lin e ) , and 
photolysed (solid line), ZnPc(py) in CH 2C1 2 in the presence of 10 
M CBr 4. * = the remaining unoxidized species. 
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the narrow A term at 670 nm, indicated by a star. Despite the apparent 
intensity in the MCD spectrum, it is clear from the absorption spectrum that 
there is less than 5% unoxidized impurity. The Q band A term is the only 
feature that is intense enough to change the MCD spectrum of the ZnPc(-l) 
species significantly. While the MCD spectrum in the visible region is 
relatively well resolved, the spectral changes below 400 nm are far more 
complicated, as there is significant absorption due to either the electron 
acceptor in the photochemical experiments, or the electrolyte in the 
electrochemical experiments. For this region, full analysis of the MCD 
spectra using deconvolution procedures will be essential. 

Comparison between experimental and calculated band energies. Theoretical 
calculations on the electronic transitions of neutral metallophthalocyanines 
are quite numerous (27-29). In Figure 4, we have plotted both the 
theoretically-predicted band energies (replotted from references 26 and 28, 
and given the heading "Calc") and the band energies (and degeneracies) 
obtained by deconvolution of the absorption and MCD experimental data 
(shown with headings "Exp") for the oxidized and neutral ZnPc species 
discussed in this paper. In addition, for comparison purposes, we have 
included the analogous data for the zinc porphyrin system. The 
theoretically-predicted porphyrin data were taken from reference 30, and the 
experimentally-observed porphyrin data were taken from reference 31. In 
Figure 4, the longer horizontal lines represent transitions to degenerate 
states as determined by the appearance of MCD A terms, while the shorter 
horizontal lines represent transitions to nondegenerate states. 

In comparing the experimental and calculated energies for the 
transitions in the neutral ZnPc species, we find that there is a good 
agreement for the Q band with an energy of 15 000 cm - 1 observed and 
14 950 cm" A calculated. However, below 500 nm (above 20 000 cm' 1) the 
number of theoretically-predicted transitions does not match the number of 
bands observed in the spectrum. In particular, the MCD spectrum of ZnPc in 
dimethylacetamide, with an axial ligand of cyanide (32), clearly exhibits a 
degenerate transition at ~26 000 cm" 1 (385 nm). This feature can also be 
observed in the MCD spectra of many other ZnPc(L) species, but with not 
such good resolution. Using the band-fitting programs we have obtained good 
estimates of the band centres for these two degenerate transitions in a 
number of complexes of ZnPc ( 32). We suggest that this transition 
corresponds to the Β band for the zinc phthalocyanine complexes. The 
degenerate transitions at 32 000 cm'1 (313 nm) and 39 000 cm"1 (256 nm) 
are then assigned as the Ν and L bands, respectively. Another degenerate 
transition is observed at 41 000 cm" 1 (244 nm) in the methylene chloride 
solutions used in this study, which are significantly more transparent in the 
UV than the more commonly-used solvents such as DMA, DMSO and pyridine. 
A comparable band has not been observed in the porphyrin systems (29). 
We associate this 244 nm band with the C band of the Gouterman model 
(28). 

Figure 4 shows that the visible region of the ZnPc tr cation radical 
consists of many more degenerate transitions than were observed in the 
neutral species. This is quite unlike the situation found for the porphyrin tr 
cation radical species (31). Very few detailed absorption spectra have been 
published for phthalocyanine π cation radical species, thus we will compare 
the data reported in this paper with data obtained from a theoretical 
calculation previously carried out for the porphyrin π cation radical species 
(30). These calculations do predict that a larger number of transitions 
should be seen in the visible region than are expected for the neutral 
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species (28). However, it is only with the availability of spectral envelope 
deconvolution calculations carried out on both absorption and MCD spectra, 
that accurate band energies and transition degeneracies can be obtained for 
these complex spectral systems. We have begun such deconvolution 
calculations for the π cation radical species of both porphyrin (31) and 
phthalocyanines ( 32). 

The first attempts to rationalize the spectral patterns of the ττ cation 
radicals of the phthalocyanines have only recently been presented by Lever 
and coworkers (26). They associate the 440 and 720 nm bands of ZnPc with 
two degenerate transitions, both 2 E g — > 2 A 1 U , which arise from transitions 
from low-lying, filled molecular orbitals into the partially-filled, highest 
occupied molecular orbitals. The MCD spectrum reported in Figure 3, shows 
that both of these bands exhibit positive MCD A terms. These features 
identify degenerate transitions, which means that the MCD bands at 440 and 
720 nm are consistent with the theoretical assignment of Lever et a l . (26). 
Although the A term under the 440 nm band is not clearly resolved, the 
degenerate nature of the transition involved has been confirmed by band 
shape fitting (32). The 500 nm band has been assigned (26) to a transition 
from the partially-filled, highest occupied MO to the lowest unoccupied MO 
(*Aiu—> 2 E g ) » k n e Q band transition of the ττ cation radical. However, the 
MCD spectrum (Figure 3) shows that this band has MCD Β term character, 
signifying that it is a non-degenerate transition; this is inconsistent with the 
theoretical assignment. Similar MCD spectra have also been observed for the 
RuPc ττ cation radical species ( 8 ) , which suggests that the non-degenerate 
nature of the 500 nm transition may be general for MPc(-l) species. 
Finally, we turn to the 830 nm band. The MCD spectrum clearly shows that 
this is a degenerate transition, however, at present there is no predicted 
transition to account for its presence. Because the Zn(II) ion in ZnPc is a 
d A O ion, we do not expect charge transfer transitions in the visible/near-IR 
region for the Zn(II)Pc ττ cation radical spectra, and as such a l l transitions 
observed for ZnPc(-l)L should be ττ — > ττ or ττ — > ττ* in nature. 

Photolysis of CoPc. Changes during the photolysis of CoPc(py) 2 dissolved 
in dichloromethane in the presence of CBrA are shown in Figure 5. Insert 
(a) shows a spectrum calculated by subtracting the spectrum due to the 
residual neutral species from the final spectrum recorded after the 
photolysis, while Insert (b) shows the time dependence of the intensity of 
individual bands in the absorption spectrum observed during the irradiation. 
Following photooxidation of CoPc(py) 2, new bands are formed at 410, 450, 
510 and 730 nm; the 450 nm band is very much less clearly resolved than 
the other bands. The shapes and positions of the 450, 510 and 730 nm 
bands are similar to those observed during the formation of the ττ cation 
radical species of both ZnPc and RuPc. However, the intensity in the 410 
nm band has a quite different time dependence following irradiation when 
compared with the other bands (Insert (b) of Figure 5, curve 1). At long 
irradiation times, the intensity of the 410 nm band continues to increase, 
while the intensity in the 510 and 730 nm bands (curves 2 and 4, 
respectively, of Insert (b)) begin to decrease in intensity. This indicates 
that the 410 nm band arises from a species that is different from the 
species responsible for the 510 and 730 nm bands. The growth of the 410 
nm band at long irradiation times suggests that the new species arises from 
a photoreaction of the π cation radical. The original neutral species could 
be regenerated, either before or after substantial formation of the 410 nm 
band, by addition to the oxidized species of sodium dithionite. 

The general broadening and decreased intensity of the absorption 
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Figure 5. Absorption changes during the photochemical oxidation of 
CoPc(py) 2 in CH 2C1 2 in the presence of 10" 3 M CBr 4. 
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bands, and the loss of the main MCD A term under the Q band, a l l 
demonstrate that the photolysis of CoPc(py) 2 results in the generation of a 
π cation radical. The spectral changes (Figure 5) show no evidence of 
metal oxidation prior to the formation of the CoPc π cation radical. In the 
presence of strongly coordinating ligands like pyridine, it is expected that 
Co(Il)Pc(-2) will be oxidized first to Co(III)Pc( -2), then to 
Co ( III) Pc ( -1) (16); while in weakly coordinating solvents, the Co (III) 
species does not form ( 16). The cyclic voltammetry and differential pulse 
voltammetry results (Table I) for CoPc, do indeed show that potentials 
attributable to metal oxidation are only observed in the presence of strongly 
coordinating solvents like pyridine. When weakly coordinating solvents, like 
dichlorobenzene, are employed, metal oxidation potentials are not observed 
(Table I ) . Although CoPc(py) 2 readily dissolves in weakly coordinating 
solvents, Cariati and coworkers (19) have shown that the coordinated 
pyridine molecules are lost after a few seconds in solution, resulting in the 
unligated CoPc, which then exhibits π ring oxidation prior to metal 
oxidation. We have found that π ring oxidation takes place initially when 
CoPc(py) 2 is dissolved in dichloromethane. The observation of an EPR 
signal by Cariati et a l . (24) for their CoPc complex was good evidence that 
the compound should be formulated as Co(II)Pc(-2) ( p y ) 2 , and not the 
Co (III) complex. 

The excited states used as the photoreductant in the CoPc are difficult 
to determine. No long-lived excited state is known for CoPc, and, 
therefore, we are unable to identify the states involved in the electron 
transfer reaction. The longest living excited state in CoPc is expected to 
have a life time on the nanosecond time scale by analogy with other first 
row (open shell) transition metal phthalocyanines (33). 

Photolysis of FePc. The photochemical oxidation of FePc(Im") 2 or 
F e P c ( p y ) 2 in dichloromethane, in the presence of CBr 4 as an electron 
acceptor, results in similar isosbestic absorption changes. Figure 6 shows 
the spectral data obtained during the photolysis of FePc(Im") 2. Insert (a) 
shows the difference spectrum obtained when the spectrum due to residual, 
unoxidized neutral species was subtracted from the spectrum recorded at the 
end of the photolysis. Insert (b) shows the time dependence of changes in 
the intensity of individual bands in the absorption spectrum during the 
irradiation. The absorption changes are quite different from those observed 
when ZnPc, RuPc or CoPc are photolysed. Upon photolysis, two new bands 
are formed, at 554 and 684 nm. The 684 nm band has an intensity close to 
that of the original Q band, suggesting that the electron has not been 
removed from the phthalocyanine ring. The 554 nm band (curve 3 of Insert 
(b), in Figure 6) follows a similar time dependence on irradiation as the 
684 nm band (curve 2 of Insert (b)), indicating that both bands are a 
result of the formation of the same species. The absorption spectra of the 
new species is similar to the spectra observed for the 5-coordinate, low 
spin [Fe(III)Pc(Im)] + complex in dichloromethane (34), which suggests that 
photolysis in the presence of CBr 4, results in oxidation at the metal centre, 
Fe(II) to Fe(III), rather than at the π ring ligand. These 
photochemically-induced spectral changes are similar to those observed 
during the electrochemical oxidation (at 0.69 V vs. see, Table I) of 
F e P c ( p y ) 2 , Figure 7, curve 2. 

The lowest energy excited triplet state of FePc is known to have a life 
time of about 45 nanoseconds (33) and we expect the life time of the lowest 
energy excited triplet state of FePc(Im") 2 also to be in the same time 
scale. Electrochemical oxidation at the phthalocyanine ligand oxidation 
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Figure 6. Absorption changes during the photolysis of FePc(Im") 2 in 
CH 2C1 2 in the presence of 10" 3 M CBr 4. 
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Figure 7. Absorption changes during the electrochemical oxidation of 
F e P c ( p y ) 2 in CH 2C1 2 in the presence of 0.05 M [(Et) 4N]C10 ̂  (1) 
The unoxidized, neutral species. (2) The spectrum recorded following 
metal oxidation at 0.69 V vs. see. (3) The spectrum recorded 
following oxidation of the ring at 0.88 V vs. see 
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potential (0.88 V vs see, for F e P c ( p y ) z ) , results in the formation of the 
new band at 520 nm (curve 3, in Figure 7) and the disappearance of the 
684· nm band ( curve 2 ). The general broadening and low intensity of each 
of the new bands is typical of π ring oxidation in phthalocyanines (8,10). 

A mechanism to account for the observed photochemistry. Based on a 
scheme proposed for porphyrins (16)» the photooxidation of ZnPc and RuPc 
can be explained as follows: 

M(II)Pc(-2) — M ( I I ) P c ( - 2 ) * 

M(II)Pc(-2)* + C B r 4 > [M(II)Pc(-1)] + · + CBr 3'+ Br -

where MPc* represents the phthalocyanine in an excited triplet state. The 
CBr 3* species is expected to dimerize rapidly following the reaction. The 
quantum yields of the resulting phthalocyanine π cation radical are shown in 
Table H. The EPR spectra obtained at 79 Κ for the ZnPc and RuPc π 
cation radicals give isotropic g values (Table II), which are very close to 
the free electron value of 2.0023 and are characteristic of the ττ cation 
radicals of phthalocyanines ( 10,15 ). 

If the mechanism for the photoredox reaction of the 
metallophthalocyanines is based on the assumption that it is the lowest 
energy triplet state of the phthalocyanine that is involved in the reduction 
of electron acceptors such as CBr 4, then the reducing power of the 
metallophthalocyanine triplet state must be more exothermic than the 
oxidation potential of the acceptor, in order for the photooxidation to 
occur. As seen in Table II, the redox potentials of the 
M(II)Pc(-l)] + -/M(II)Pc(-2) * and M(III)Pc(-2)/M(II)Pc(-2) * couples 
are more negative than the redox potential of C B r 4 (E 1 / 2 = -0.3 V vs see 
[35]), which means that the thermodynamic requirement for the reaction to 
occur is fulfilled. 

m conclusion, photolysis of ZnPc, RuPc and CoPc results in the 
formation of the ττ cation radical species through oxidation of the ring, 
while in the case of FePc, metal oxidation occurs prior to ring oxidation, 
but tr ring oxidation is demonstrated to take place following metal oxidation. 
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22 
Cation Radical Formation with Exposure of Magnesium 
Porphyrin Thin Films to Light and Oxygen 

Robert M. Burgess1, Martin Gouterman, Gamal-Eddin Khalil, and James van Zee 

Department of Chemistry, University of Washington, Seattle, WA 98195 

When thin films of Mg tetraphenylporphin (MgTPP) are 
exposed to oxygen, radical cations MgTPP+ form in the 
dark; this dark reaction obeys a Langmuir absorption 
isotherm, is largely reversible, and is attributed to 
oxygen molecules on the surface. On exposure to light 
more MgTPP+ forms, some of it irreversibly and some 
reversibly. We attribute the irreversible reaction to 
oxygen in the bulk. The MgTPP+ is monitored in the 
visible adsorption, in growth of an EPR signal, in the 
appearance of new bands in the IR (some of which are 
assigned to O-2), and by reduction in the film fluor
escence. Mg octaethylporphyrin shows optical absorp
tion changes but no EPR. Zinc tetra(perfluorophenyl)– 
porphyrin shows no cation formation under these condi
tions. 

Twenty years ago Harrison and coworkers reported t h a t oxygen 
increased the c o n d u c t i v i t y of copper phthalocyanine f i l m s (1). 
L a t e r , Assour and Harrison reported observations of EPR r a d i c a l s in 
f r e e base phthalocyanines, which increased with exposure t o oxygen 
and decreased with exposure to hydrogen (2). The e f f e c t of oxygen 
on organic semiconductors has been widely researched s i n c e these 
e a r l y s t u d i e s ( 3,4). I t has been found t h a t photoconductivity 
increases on oxygen exposure f o r phthalocyanines (5,6), xanthine 
dyes ( 7 ) , and porphyrins (8). An oxygen/water mixture was shown to 
be necessary to produce large band bending in the photovoltage 
s t u d i e s of a Iuminum/phthalocyanine i n t e r f a c e s (9) and was shown t o 
increase the photovoltage of c e l l s based on palladium tetraphenyI-
porphyrin (PdTPP) deposited on η-doped SnCL ele c t r o d e s (10). The 
l a t t e r study a l s o showed t h a t the e f f e c t of oxygen could be 
p a r t i a l l y reversed by heating the device in a hydrogen atmosphere. 

'Current address: Boeing Electronics Company , P.O. Box 3999 M I S 88-43, Seattle, 
W A 98124 

0097-6156/ 86/ 0321 -0328506.00/ 0 
© 1986 Amer i can Chemical Society 
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In another study, Bree and Lyons (11) with anthracene t h i n f i l m s 
showed tha t the surface photo c u r r e n t increased non-1inearly with 
p a r t i a l pressure of oxygen. Their r e s u l t s were c o n s i s t a n t with the 
photocurrent change being a f u n c t i o n of a p a r t i a l monolayer coverage 
of oxygen. For the high pressure dependency, greater than 10 t o r r , 
they f i t t h e i r data to a Langmuir adsorption isotherm, and the 
"intermediate" pressures followed a Freud l i e n isotherm. 

Recent work in our own laboratory (12) on p h o t o v o l t a i c devices 
[quartz/AI/A10^/MgTPP/Ag] showed tha t exposure t o both oxygen and 
water was needed f o r these devices to show p h o t o v o l t a i c a c t i v i t y . 
The f a c t t h a t diamagnetic porphyrins are p-type semiconductors (4), 
may a l s o be r e l a t e d to the requirement of oxygen; i . e . oxygen 
d i f f u s e s i n t o the porphyrin p r o v i d i n g e l e c t r o n t r a p s , thus genera
t i n g holes in the valence band. 

To obtain more d i r e c t information on the r o l e of in the 
e l e c t r i c a l p r o p e r t i e s of porphyrin f i l m s , we undertook some spec
t r o s c o p i c s t u d i e s , namely FTIR, EPR, e l e c t r o n i c absorption and 
emission. Absorption and emission data were mainly used t o confirm 
the presence of porphyrin c a t i o n species and the absence of 
a d d i t i o n a l o x i d a t i o n products. Absorption data was a l s o used to 
estimate the r a t i o of c a t i o n species to neutral species by 
measuring the change in the neutral s p e c i e s 1 absorbance. FTIR data 
was used to probe the existence of any bonded oxygen, any neutral or 
reduced oxygen along with any porphyrin c a t i o n r i n g modes. The EPR 
data probed the oxygen pressure and l i g h t dependancy of the c a t i o n 
r a d i c a l formation along with an attempt to observe a reduced oxygen 
r a d i c a l s p e c i e s , which has been observed by EPR f o r oxygen adsorbed 
on various metal substrates (13,14). 

We f i r s t review the spectroscopy of porphyrin c a t i o n s and oxy
gen anions before presenting our study of t h e i r formation in f i l m s . 

Porphyrin Cations, Oxygen Anions: Review 

In t h i s paper we confine our s t u d i e s t o tetraphenyIporphyriη (TPP), 
etioporporphyriη (Etio) [ i . e . tetramethyItetraethyI porphyrin] and 
tetraperfluorophenyIporphyriη (TFPP), Zn and Mg complexes. MgTPP 
and MgEtio have two of the lowest o x i d a t i o n p o t e n t i a l s of porphyrin 
complexes, 0.54 and 0.4 v o l t s vs. SCE, r e s p e c t i v e l y (15), while 
ZnTFPP has an o x i d a t i o n p o t e n t i a l of 1.3 V (16). On o x i d a t i o n these 
molecules form p i - c a t i o n r a d i c a l s ( i . e . an e l e c t r o n i s l o s t from the 
highest f i l l e d r i n g o r b i t a l ) . The major d i f f e r e n c e s between MgTPP 
and MgEtio are t h e i r s o l i d s t a t e s t r u c t u r e s and the unoccupied 
o r b i t a l of the c a t i o n r a d i c a l . The d i f f e r e n c e s in t h e i r s o l i d s t a t e 
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s t r u c t u r e a r i s e s by v i r t u e of the s t e r i c hindrance of the phenyl 
groups on TPP. The c r y s t a l s t r u c t u r e of both show a t r i c l i n i c 
arrangement with one molecule per u n i t c e l l (17,18). The c r y s t a l 
c e l l angles f o r both molecules are not f a r from 90°; t h e r e f o r e , the 
c r y s t a l d i s t a n c e s , a, b and c, can be used as intermoI ecu Iar 
d i s t a n c e s . For the ZnTPP complex the phenyl groups are nonplanar 
with respect t o the porphyrin r i n g system: a = 14.8, b = 17.2 and 
c = 14.6A, and f o r N i E t i o a = 14.6, b = 12.3 and c = 12.3A. 

By observing the formation of the porphyrin c a t i o n r a d i c a l s of 
MgTPP and MgOEP, the d i f f e r e n c e s between t h e i r ground s t a t e s were 
e l u c i d a t e d using EPR and v i s i b l e absorption data (15,19). Absorp
t i o n s p e c t r a , obtained a t various stages in the o x i d a t i o n process, 
showed t h a t the c a t i o n has bands to the red and blue of the Soret 
absorption (350-450 nm) and to the red of the v i s i b l e bands (600-900 
nm). These data were obtained e l e c t r o c h e m i c a I l y in s o l u t i o n using 
as counter ions Br or CIO^, although i t was noted t h a t could 
a l s o be used as an oxidant. EPR s o l u t i o n data showed t h a t the 
c a t i o n r a d i c a l s of MgTPP and MgOEP both e x h i b i t hyperfine s t r u c t u r e 
with measured g-values of 2.0025 and 2.0031, r e s p e c t i v e l y . Upon 
exposure to oxygen the hyperfine s t r u c t u r e of the MgTPP ca t i o n 
r a d i c a l was shown to disappear. By s e l e c t i v e l y deuterating 
d i f f e r e n t p o s i t i o n s of the porphyrin r i n g systems, Fajer e t . a l . 
(19), have shown t h a t the ground s t a t e of MgTPP i s a and that 
of MgOEP* i s a ^A^ u, as pr e d i c t e d by semiempiricaI MO theory (20). 

Cation r a d i c a l s of several metallated TPP and OEP complexes 
were reported to have unique IR a c t i v e r i n g modes (21|. These 
absorptions were observed in the region 1250-1290 cm f o r TPP 
complexes and 1520-1570 cm * f o r OEP complexes. IR and raman a c t i v e 
modes have a l s o been observed f o r several d i f f e r e n t reduced oxygen 
species adsorbed on various metal sub s t r a t e s . Observations of the 
adsorption of oxygen on s i l v e r by surface enhanced raman 
spectroscopy (SERS) |22), show superoxide molecules^ (0 2) have a 
frequency of 1053 cm , and peroxide (0^ ) of 697 cm Thi s same 
study reported a d d i t i o n a l peaks were observed a t 815 cm * and 1286 
cm i f the oxygen exposure took place while the g e t t e r ion pump was 
operating. The 815 cm * l i n e was i d e n t i f i e d as an adsorbed ozonide 
s p e c i e s , but they had no explanation f o r the l i n e observed a t 1286 
cm 

Exper imentaI 

F i l m preparation f o r o p t i c a l / I R s t u d i e s . These porphyrin t h i n f i l m s 
were prepared by vacuum sublimation using r a d i a t i o n s h i e l d e d quartz 
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22. BURGESS ET AL. Cation Radical Formation 331 

c r u c i b l e s wrapped with tungsten wire. Samples were heated slowly 
by passing an e l e c t r i c c u r r e n t through the tungsten wire. Sample 
degassing was accomplished by in c r e a s i n g the cu r r e n t through the 
wire slowly with a v a r i a c . When f u l l y degassed, the temperature 
increases to the subli m a t i o n p o i n t and d e p o s i t i o n occurs. Films 
were u s u a l l y grown to t h e i r f i n a l t h i c k n e s s e s , on the order of 300-
500 nm, over a 12-24 hour p e r i o d . The su b s t r a t e s used f o r the 
absorption and emission s t u d i e s were standard l " x 3 " x l / 1 6 " g l a s s 
s l i d e s and the FTIR s u b s t r a t e s were 1/4" t h i c k NaCI o p t i c a l f l a t s . 
For f i l m d e p o s i t i o n , a low vacuum (10 t o r r ) b e l l j a r was used with 
an o i l rotary pump f o r the roughing stage, and an o i l d i f f u s i o n pump 
with a c r y o s t a t i c t r a p f o r the lowest pressure range. F i l m t h i c k 
nesses f o r samples prepared using the b e l l j a r system were c a l c u 
lated from absorption data assuming the e x t i n c t i o n c o e f f i c i e n t from 
s o l u t i o n data. 

Sample chamber f o r o p t i c a l and FTIR s t u d i e s . For o p t i c a l and FTIR 
s t u d i e s the ambient atmosphere was c o n t r o l l e d by p l a c i n g the sample 
in vacuum t i g h t chambers described elsewhere (23). These chambers 
were f i t t e d with o p t i c a l f l a t s as viewing windows t o allow s t r a i g h t 
throughput f o r absorption data a c q u i s i t i o n and perpendicular o b s e i — 
vat ion of emission. The o p t i c a l f l a t s were sealed by use of 0-
r i ngs. 

Transfer from the prepa r a t i o n b e l l j a r to the sample chamber 
was accomplished by f i r s t b a c k f i l l i n g the system with dry nitrogen 
or argon f o r several minutes. When the b e l l j a r was removed, the 
sample was q u i c k l y moved t o the chamber while c o n t i n u a l l y blowing 
the i n e r t gas across i t . While t h i s process does involve b r i e f 
exposure to a i r , our r e s u l t s show t h a t the e f f e c t of exposure to 
oxygen in the dark was l a r g e l y r e v e r s i b l e . Thus, we b e l i e v e t h a t 
any e f f e c t s due to t h i s t r a n s f e r are s m a l l . 

Exposure of the sample chamber to various ambients was c o n t r o l 
led by use of a manometer system with evacuation obtained using a 
rota r y pump. The lowest pressure obtainable using t h i s system was 
20 mtorr (base pressure of the rotary pump) with the highest pres
sure being 800 t o r r (maximum allo w a b l e on the manometer). 

Opt i c a l and FTIR instrumentation. Absorption spectra were taken on 
three instruments. A Hewlett Packard 8450 UV/Vis Spectrophometer 
was used f o r the v i s i b l e region of the spectrum. T h i s instrument 
was computer c o n t r o l led and used to measure standard absorption 
spectra as well as absorption d i f f e r e n c e s p e c t r a . A Cary 14 Spectro
photometer was used f o r the near IR region, and an IBM IR/90 Se r i e s 
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332 PORPHYRINS: FXCITED STATES AND DYNAMICS 

FTIR Spectrometer was u t i l i z e d to measure absorbance as well as 
absorbance d i f f e r e n c e spectra in the region 600-4000 cm Emission 
spectra were taken on a commercially a v a i l a b l e P e r k i n Elmer 650-10S 
FIuor imeter. 

The l i g h t source used to form the r a d i c a l c a t i o n s was a 100 
Watt tungsten bulb. Absorbance d i f f e r e n c e spectra were c a l c u l a t e d 
by using the r e l a t i o n s h i p ΔΑ = l o g ( I Q / I ) , where I q and I are the 
stored absorbance spectra before and a f t e r the exposure of the f i l m s 
t o oxygen and/or l i g h t , r e s p e c t i v e l y . 

EPR sample p r e p a r a t i o n . For EPR samples, e i t h e r the b e l l j a r system 
was used or the f o l l o w i n g p r eparation procedure was foll o w e d . A 
small amount of sample (10-50 mg) was placed i n s i d e an EPR tube, 
attached t o a vacuum apparatus and evacuated to ~10 t o r r with an 
o i l d i f f u s i o n pump. A c y l i n d r i c a l oven, c o n s i s t i n g of a quartz tube 
wrapped with tungsten wire, was placed over the EPR tube. Heat was 
su p p l i e d by passing a cu r r e n t through the wire with a v a r i a c . 
Samples c o n s i s t e d of porphyrin sublimed on the w a l l s of the EPR 
tube. The f i l m morphology of samples prepared in t h i s manner are 
q u i t e d i f f e r e n t from those prepared using the b e l l j a r . These 
samples c o n s i s t of need le-1 ike c r y s t a l s entending towards the center 
of the EPR tube. The placement of the tube in the EPR c a v i t y 
insured t h a t only the sublimed porphyrin was observed. 

EPR Instrumentation. The EPR instrument used in t h i s study was a 
commercially a v a i l a b l e Varian E-3 EPR Spectrometer. The apparatus 
used t o measure the l i f e t i m e of the photoassisted r a d i c a l formation 
i s shown, s c h e m a t i c a l l y , in Figure 1. The l i g h t source was a water-
cooled 1000 watt tungsten lamp. The l i g h t was pulsed using an 
e l e c t r o n i c s h u t t e r with a r i s e time of under 2 ms. The s h u t t e r , as 
well as the ti m i n g f o r the experiment, was c o n t r o l l e d by s p e c i a l 
"FOCAL" f u n c t i o n s a v a i l a b l e on the PDP 8/e computer (24). Data was 
acquired by f i r s t s e t t i n g the magnetic f i e l d to the d i f f e r e n t i a l 
a bsorption maxima. A f t e r the b u f f e r memory was a c t i v a t e d , the 
sample was pulsed with white l i g h t . The output s i g n a l from the EPR 
instrument passed through a p r e a m p l i f i e r with a time constant of 10 
ms. The time varying s i g n a l then passed through a n u l l a m p l i f i e r t o 
e l i m i n a t e the DC o f f s e t s i g n a l . F i n a l l y , the data was integrated by 
the computer f o r a pr e s e l e c t e d number of l i g h t pulses. 

The Varian E-3 was a l s o used f o r the study of r a d i c a l c a t i o n 
formation as a f u n c t i o n of oxygen pressure in the dark. Oxygen was 
sup p l i e d by a high pressure c y l i n d e r , and the lower pressures were 
c o n t r o l l e d by a manometer assembly. The i n i t i a l s t u d i e s were per-
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22. BURGESS ET AL. Cation Radical Formation 333 

formed by s e t t i n g the magnetic f i e l d to the d i f f e r e n t i a l absorption 
maxima and observing the s i g n a l as various pressures and l i g h t 
l e v e l s perturbed the sample. Using an i n t e r n a l standard, i t was 
r e a l i z e d t h a t i n c r e a s i n g oxygen pressures could perturb the b a s e l i n e 
of these scans r e s u l t i n g in a DC o f f s e t mistaken f o r a t r u e oxygen 
pressure dependency. Therefore, a l l subsequent scans were made by 
scanning through the peak and using the peak height as a measure 
ofth e s i g n a l s t r e n g t h . Copper tetraphenyIporphyriη (CuTPP), which 
i s u n l i k e l y to form a c a t i o n in the presence of oxygen ( r i n g 
o x i d a t i o n i s 0.9 V vs SCE (15), was used as the i n t e r n a l standard. 

Source of m a t e r i a l s . MgTPP was obtained from Strem chemicals and 
was p u r i f i e d by e l u t i o n through a dry-packed column of A I ( W o e l m , 
A c t i v i t y Grade I , neutral) with dichloromethane and acetone. ZnTFPP 
was synthesized in our laboratory by f i r s t making the f r e e base 
(25), followed by metal I a t i o n using Zn acetate (26). MgEtio was 
synthesized using a procedure from Fuhrhop e t a l . (27). 

Observations 

O p t i c a l absorbance changes with oxygen and l i g h t . The f i r s t obser
v a t i o n to be presented f o r the s o l i d s t a t e o x i d a t i o n of porphyrins 
by oxygen i s by v i s i b l e absorption spectroscopy. The data presented 
in Figure 2 are absorption spectra f o r t h i n f i l m samples of MgTPP, 
MgEtio and ZnTFPP before (b) and a f t e r (a) exposure to both oxygen 
and l i g h t . Exposure to oxygen alone or l i g h t alone has no e f f e c t 
on the f i l m absorption spectrum (data not shown). The MgTPP 
absorption data shows c l e a r l y the reduction of the v i s i b l e bands of 
the normal ground s t a t e and the r i s e of bands at 500 and 800 nm t h a t 
correspond to the absorbance of the c a t i o n r a d i c a l (28). The MgTPP 
f i l m s show the l a r g e s t percentage of converted neutral s p e c i e s , 
approximately 10% reduction in the v i s i b l e absorption bands. The 
MgEtio and ZnTFPP f i l m s of Figure 2 were t h i c k e r than t h a t of MgTPP, 
and t h e i r spectra extend only down to 590 nm. On exposure t o l i g h t 
and oxygen, the MgEtio shows a c l e a r absorbance increase in the 
region 700 to 900 nm while the ZnTFPP shows e s s e n t i a l l y no change. 
The MgEtio data can be compared to changes reported by Fajer e t a l . 
(28) f o r the conversion MgOEP ·» MgOEP* in s o l u t i o n . Our Q(1,0) and 
Q(0,0) bands are red s h i f t e d , ~600 cm 1 and ~200 cm 1 , with respect 
to t h e i r s . They observed a r e l a t i v e l y sharp band at 720 nm in the 
c a t i o n , while we observe a very broad band with a maximum of 800 nm. 
The absorbance r i s e we observe in the near IR i s roughly comparable 
to the i n t e n s i t y loss in the v i s i b l e , which i s the same f o r the 
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Shutter 
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PDP 8/e 
Computer 
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[Thermocouple 
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F i gure 1 . Block diagram of EPR apparatus used to measure the 
l i f e t i m e of photoexcited porphyrin c a t i o n r a d i c a l s . 

500 600 700 800 900 1000 
WAVELENGTH nm 

Figure 2 . Absorption spectra obtained on MgTPP, MgEtio and ZnTFPP 
t h i n f i l m s (b) before and (a) a f t e r exposure to oxygen and l i g h t . 
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MgOEP -> MgOEP* conversion. Thus, although our near IR band i s 
broader and more red s h i f t e d than t h a t reported f o r the i s o l a t e d 
molecule o x i d a t i o n in CH^Cl^, the assumption t h a t we are observing a 
s i m i l a r o x i d a t i o n i s reasonable. 

EPR spectra produced by oxygen in the dark. The EPR si g n a l strength 
was measured on MgTPP t h i n f i l m s upon exposure to various pressures 
of oxygen in the dark. The oxygen pressure v a r i e d from 20 mtorr, 
the base pressure obtained using a rot a r y pump, to 760 t o r r . The 
i n i t i a l EPR scan shows a small porphyrin c a t i o n r a d i c a l peak at 3357 
gauss, with a g-value of 2.0031 (Figure 3a) p o s s i b l y due to the 
r e s i d u a l oxygen present a t the base pressure. In a d d i t i o n t o t h i s 
peak, several other sharp peaks, 1-2 gauss wide and of varying 
i n t e n s i t i e s , are observed over a 1000 gauss range. These peaks were 
reported to be the r e s u l t of the cou p l i n g of the r o t a t i o n a l l e v e l s 
of gaseous oxygen to the spi n s of the unpaired e l e c t r o n s (29). These 
oxygen peaks d i m i n i s h and grad u a l l y disappear as the ambient pres
sure i s increased (Figure 3b). Also shown in Figure 3b i s the 
increase of the porphyrin c a t i o n absorbance with an increase in 
oxygen pressure. Note a l s o , t h a t no change occurs with the CuTPP 
absorbance peaks. 

Room temperature spectra were taken over the range of pressures 
1-760 t o r r . T y p i c a l r e s u l t s obtained are p l o t t e d i n Figure 4 along 
with the c a l c u l a t e d f i t of the data p o i n t s to a Langmuir adsorption 
i sotherm, 

EPR s i g n a l = k a P / ( l + k a P ) (1) 

Least square f i t s were obtained by the gradient-expansion algorithm 
developed by Marquardt (30). The DC o f f s e t ( i . e . EPR s i g n a l at 20 
mtorr) was subtracted from each data p o i n t before performing the 
le a s t squares f i t . The inverse of the f i t t i n g parameter, k g, i s the 
pressure at which the EPR s i g n a l reaches h a l f maximum and, presum
ably, i s r e l a t e d to the number of surface s i t e s a v a i l a b l e to bind 
oxygen. In these s t u d i e s , the value of k g remained r e l a t i v e l y 
constant at 475 * 25 t o r r . 

The spectra obtained are completely r e v e r s i b l e during observa
t i o n times of under one hour. For longer time periods of oxygen 
exposure in the dark, the DC o f f s e t s i g n a l increases s l o w l y , ~5-10% 
of the Langmuir isotherm value per hour. I t increases more q u i c k l y 
i f the porphyrin f i l m s are heated f o r several minutes with a heat 
gun, while under oxygen. 
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336 PORPHYRINS: EXCITED STATES AND DYNAMICS 

a. P 0 = 20mtorr g = 2 .0031 

b. P Q = 200 torr 

F i gure 3. EPR spectra of a t h i n f i l m MgTPP sample showing; (a) 
re s i d u a l MgTPP c a t i o n r a d i c a l and gas phase oxygen a t an oxygen 
pressure of 20 mtorr and (b) a d d i t i o n a l MgTPP c a t i o n r a d i c a l formed 
at an oxygen pressure of 200 t o r r . Also shown i s the in t e r n a l 
standard s, CuTPP, peaks. 
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EPR changes with oxygen and l i g h t . An increase in the r a d i c a l 
c a t i o n s i g n a l occurs when the MgTPP f i l m s exposed to oxygen are 
a d d i t i o n a l l y exposed to l i g h t . This light/oxygen exposure shows a 
r e v e r s i b l e and an i r r e v e r s i b l e component, as shown in Figure 5. The 
i n i t i a l oxygen exposure in the dark immediately r a i s e s the EPR s i g 
nal s t rength t o a constant l e v e l , A in F i g u r e 5, as given by the 
isotherm equation above. With a 15 second l i g h t exposure, the 
s i g n a l increases to a new l e v e l , in Figure 5. When the l i g h t i s 
turned o f f , the s i g n a l decays to level . A second l i g h t pulse 
causes a r i s e to B^ and decays to C^. A t h i r d l i g h t pulse gives B^, 
C Q e t c . Thus, each l i g h t pulse produces a r e v e r s i b l e increase,B.-
C , and an i r r e v e r s i b l e increase. C C . With i n c r e a s i n g i , the ι i+l j 3 ' 
C C. 0 while the B.-C r i s e to a maximum, i+l i l l 

F igure 6 shows the r e s u l t s obtained when a 200 ms l i g h t pulse 
was a p p l i e d t o a sample of MgTPP a f t e r Β^ —C^ was maximized. The 
data f o r the r i s e and decay curves were f i t t o exponential decays 
using a program developed by Provencher (31). The program chose 
the number of components present in the curves u t i l i z i n g a best f i t 
c r i t e r i a . In every case in which the computer c a l c u l a t e d a s i g n a l 
to noise r a t i o greater than 10, the computer returned a best f i t 
with two exponentials. The best s i g n a l to noise r a t i o , 27, was 
obtained using data summed from many experiments using one p a r t i 
c u l a r f i l m . The computer returned, in t h i s case, a double exponen
t i a l decay of 273 and 33 ms. A l s o , the r i s e time f i t s , in each 
case, returned a double exponential best f i t . [The r i s e time 
r e s u l t s are not presented because the l i f e t i m e determined by t h i s 
method req u i r e s t h a t the exact e x c i t a t i o n rates be known.] 

Using the l i f e t i m e data obtained from several d i f f e r e n t tem
peratures, an Arrhenius p l o t of Inr vs. 1/T was made. From the 
l e a s t squares f i t , the energy of a c t i v a t i o n was c a l c u l a t e d to be 
~580cm _ 1. 

I n f r a r e d changes. The f i l m s were observed by FTIR in the s p e c t r a l 
region 600 -4000 cm using various pressures of oxygen and expo
sure times to white l i g h t . I f the f i l m s were exposed to j u s t 
oxygen, in the absence of l i g h t , no new strong absorption bands were 
observed. However, changes were observed in t h i s s p e c t r a l range 
when d i f f e r e n c e absorption spectra were used. There appears a small 
s h i f t in many of the porphyrin v i b r a t i o n modes. 

Figure 7a shows the absorption spectra obtained from an eva
cuated MgTPP f i l m , and F i g u r e 7b shows the same f i l m a f t e r exposure 
to 750 t o r r of oxygen and 48 hours of white l i g h t . The new bands 
t h a t appear are i n d i c a t e d by arrows. These new bands are b e t t e r 
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2500 5000 

400 
Oxygen Pressure (torr) 

800 

Figure 4 . EPR s i g n a l ( A ) and le a s t squares f i t of MgTPP c a t i o n 
r a d i c a l peak height as a f u n c t i o n of oxygen pressure. The upper 
curve shows an extension of the l e a s t squares f i t t o higher 
pressures. DC o f f s e t has been substracted from each point p r i o r t o 
le a s t squares c a l c u l a t i o n . 
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Fi gure 5. MgTPP c a t i o n r a d i c a l EPR peak height measured while the 
t h i n f i l m i s exposed to oxygen and nine, 15 second, pulses of white 
I i g h t . 
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τ 1 1 1 1 1 1 1 r 

MgTPP 

I 1 1 ι ι ι ι ι 1 1 1 
0 0.2 0.4 0.6 0.8 1.0 

TIME [seconds] 

F i g u r e 6. EPR s i g n a l strength vs. time f o r a t h i n f i l m MgTPP sample 
showing the l i f e t i m e of the r a d i c a l formed upon exposure t o 200 ms 
of white l i g h t . The double exponental decay i s f i t with l i f e t i m e s 
of 273 and 33 ms. 

H 0.15 

H 0.3 

0.15 

1600 1200 800 600 
WAVENUMBERS cm"1 

F i g u r e 7. FTIR absorbance spectra, 600-1600 cm , of MgTPP t h i n 
f i l m (a) i n i t i a l evacuation and (b) evacuated a f t e r exposure to 750 
t o r r of oxygen and l i g h t f o r 48 hours. 
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seen in the absorption d i f f e r e n c e spectra shown f o r MgTPP in Figure 
8a. New absorption peaks appear a t 729, 833^ 982, 1060, 1217, 1269, 
and 1537 cm The new band a t 1269 cm i s assigned t o the I in
a c t i v e ring-mode f o r the c a t i o n s p e c i e s , as reported by Shimomura et 
a l . (21) and i s notably absent i n Figure 8b. T h i s spectrum shows 
several of the same bands appearing as the MgTPP sample, Figure 8a. 
The band expected f o r the r a d i c a l c a t i o n of MgEtio should be s i m i l a r 
to t h a t reported f o r metallated OEP c a t i o n r a d i c a l s , near 1530 cm 
(21). There does appear to be a small peak a t t h i s energy, but 
adsorbed oxygen a l s o absorbs i n t h i s energy range, such th a t a 
d e f i n i t e assignment cannot be made. However, due to the c l o s e 
proximity of the peaks f o r the MgTPP and MgEtio, a t 1535 and 1560 
cm , r e s p e c t i v e l y ^ we assign these peaks to absorbed molecular 
oxygen (1554.7 cm ) (32). The peaks observed at 1060 and 1058 cm-1 
f o r the two complexes, we assign to superoxide, 0^ (1053 cm-1 (22)). 
We, t e n t a t i v e l y , a ssign the peaks a t 833 and 827 cm-1 to a reduced 
ozonide species (802-831 cm (33). The other FTIR absorption bands 
cannot be assigned a t t h i s time. 

Another absorption t h a t becomes apparent with exposure of the 
t h i n f i l m s of MgEtio and MgTPP to oxygen and l i g h t are presented in 
Figure 9a and 9b. At le a s t t h r e e , very broad, peaks are observed to 
grow with i n c r e a s i n g oxygen and l i g h t exposure in the IR absorbance 
range of m600-4000 cm V The two spectra suggest t h a t there are 
peaks j u s t above and j u s t below the region spanned by the FTIR 
instrument; a t h i r d broad absorption band i s c l e a r l y observed at 
~2500 cm""1 f o r the MgTPP t h i n f i l m and at "2300 cm"1 f o r MgEtio, 
with FWHM -800 cm"1. 

Emission s p e c t r a l changes. Figure 10 shows the emission spectrum 
from a t h i n f i l m sample of MgTPP and from the same f i l m on exposure 
to oxygen. The f i l m emission c o n s i s t s of three bands at 618, 666, 
and 690 nm. The bands a t 618 and 666 nm are the expected Q(0,0) and 
Q(0,1) emission bands and the band a t 690 nm i s an impurity. Por
phyrin f i l m s q u i t e g e n e r a l l y show impurity emissions (34). I t i s 
presumed t h a t on e x c i t a t i o n of the f i l m s , the e x c i t e d s t a t e can move 
through the s o l i d and t r a n s f e r i t s energy to an impurity guest, 
which then emits as a tr a p . Figure 10 shows t h a t the emission drops 
on exposure t o oxygen, with the impurity emission dropping more than 
the emission from the MgTPP. This i s c o n s i s t e n t with a quenching 
mechanism t h a t we a s c r i b e t o , 

MgTPP* + MgTPP* — • MgTPP* + MgTPP (2) 
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Figure 8 ( l e f t ) . FTIR absorbance difference spectra, 600-2000 cm" , 
of evacuated MgTPP and MgEtio thin films, previously exposed to 
oxygen and white light. See text for peak assignment. 

Figure 9 (right). FTIR absorbance difference spectra, 600-4000 
cm"1, of evacuated MgTPP and MgEtio thin films, previously exposed 
to oxygen and white l i g h t 0 

600 675 750 
WAVELENGTH nm 

Figure 10. Emission spectra, 600-750 nm, obtained from MgTPP thin 
film (a) evacuated and 00 exposed to 150 torr of oxygen. Exci
tation wavelength was 400 nm. 
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Here MgTPP* is the e x c i t e d s i n g l e t . I t i s known that the e x c i t e d 
s t a t e s of porphyrin are both good o x i d i z i n g and good reducing 
agents. The c a t i o n i s , of course, a good o x i d i z i n g agent. So 
th e r e f o r e , quenching of the e x c i t e d s t a t e by t r a n s f e r of the 
e x c i t e d e l e c t r o n t o the c a t i o n i s q u i t e reasonable. Quenching by 
Eq. (2) would presumably lower the guest emission more than the host 
emission because the p r o b a b i l i t y of the e x c i t a t i o n reaching a guest 
would be decreased with shorter l i f e t i m e of MgTPP*. 

P i s c u s s i o n 

MgTPP. The most data were taken on MgTPP, and the r e s u l t s are q u i t e 
unambiguous. On exposure to oxygen and l i g h t there are s p e c t r a l 
changes in absorption, emission, FTIR and EPR th a t are c o n s i s t e n t 
with the change MgTPP MgTPP . Since, presumably, t h i s r e a c t i o n 
depends on the presence of oxygen, i t i s useful to consider the f r e e 
energy changes f o r these two re a c t i o n s : 

dark: Ρ + 0^ + P + • 0~, AF = 1.2 eV (I) 

l i g h t : P* • 0 2 + P* • Q~, AF = -0.8 eV (II) 

Here, Ρ stands f o r the MgTPP ground s t a t e and P* f o r i t s e x c i t e d 
s t a t e . The AF values are based on a ha l f c e l l p o t e n t i a l vs. 
hydrogen of +0.75 V f o r MgTPP o x i d a t i o n (15) and a ha l f c e l l 
p o t e n t i a l of -0.43 V f o r 0^ reduction (35). We assume t h a t in i t s 
e x c i t e d s t a t e , the h a l f c e l l p o t e n t i a l of MgTPP* should be "2 eV 
more negative, due to the e x c i t a t i o n energy. Thus, dark r e a c t i o n (I) 
i s not thermodynamicaI I y allowed while the l i g h t r e a c t i o n ( I I ) i s . 
However, we would expect the l i g h t r e a c t i o n products of (II ) to 
r e v e r t t o neutral species by rev e r s i n g r e a c t i o n ( I ) . 

Our observations on MgTPP with oxygen and l i g h t show the 
f o l l o w i n g reactions occur; ( l a ) , a f a s t r e v e r s i b l e dark r e a c t i o n 
t h a t f o l l o w s a Langmuir adsorption isotherm with pressure; ( l b ) , 
a slow i r r e v e r s i b l e dark r e a c t i o n ; ( l i b ) , an i r r e v e r s i b l e l i g h t 
d r i v e n r e a c t i o n t h a t b u i l d s up MgTPP* to some s a t u r a t i o n l e v e l ; and 
( l i a ) , as the i r r e v e r s i b l e l i g h t r e a c t i o n goes to s a t u r a t i o n , there 
i s a r e v e r s i b l e production of MgTPP th a t r e v e r t s to MgTPP with a 
I i f e t i m e of <300 ms. 

At t h i s point i t should be noted t h a t the r e v e r s i b l e dark 
r e a c t i o n was observed only by EPR and not by o p t i c a l absorption. We 
a t t r i b u t e t h i s to the f a c t t h a t the EPR i s very s e n s i t i v e t o a very 
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2 2 . BURGESS ET AL. Cation Radical Formation 343 

small percent of r a d i c a l . That the EPR dark s i g n a l f o l l o w s an 
adsorption isotherm with respect to oxygen suggests t h a t oxygen 
molecules on the surface are involved. This can be understood in 
terms of a model presented by Weisz (36), in which the chemisorption 
process " p o l a r i z e s " charges a t the surface of the f i l m . Such a 
p o l a r i z a t i o n must r e d i s t r i b u t e charges in such a way as to d r a s t i 
c a l l y reduce AF f o r r e a c t i o n (I) f o r 0 2 adsorbed on the surface. 
Thus we e x p l a i n r e a c t i o n s ( l a ) as a surface phenomenon. 

The i r r e v e r s i b l e l i g h t r e a c t i o n ( l i b ) , shown in Figure 2 should 
be f a v o r a b l e f o r any oxygen, in p a r t i c u l a r , 0 2 in the bulk. The 
problem in t h i s case i s t h a t the r e a c t i o n does not reverse in the 
dark. The 0^ must re s i d e in a s p e c i a l s i t e or must create a s p e c i a l 
s t a t e t h a t makes reversal by (I) k i n e t i c a l l y unfavorable. 
A l t e r n a t e l y , perhaps the 0 o r e a c t s f u r t h e r to create a more s t a b l e 

2"~ 
s p e c i e s , e.g. 0^ . While f u r t h e r r e a c t i o n with t r a c e s of water 
could produce OH as a s t a b l e counter ion, our attempts to support a 
r o l e f o r water by adding or excluding i t were i n c o n c l u s i v e . But 
s i n c e rigorous e x c l u s i o n of a l l water was not p o s s i b l e , we cannot 
r u l e out a s t a b i l i z a t i o n of MgTPP* that involves both 0^ and H^O. 

Having "saturated" the amount of MgTPP* t h a t can be produced by 
0^ and l i g h t , f u r t h e r l i g h t produces MgTPP* r e v e r s i b l y , r e a c t i o n 
( l i a ) . Since the Langmuir isotherms suggest t h a t the r e v e r s i b l e 
dark r e a c t i o n produces 0 2 on the surface, in the presence of l i g h t 
t h i s r e a c t i o n may go f u r t h e r . But the same may hold f o r 0 2 in the 
bulk. The double exponential decay might r e f l e c t the f a c t t h a t both 
s u r f a c e and bulk 0^ i s involved in the r e v e r s i b l e l i g h t r e a c t i o n . 
In analogy, we note t h a t in s t u d i e s on the e l e c t r o n i c surface s t a t e s 
of meta I-oxide-semiconductor (M0S) devices, capacitance vs. voltage 
measurements tu r n up what i s h i s t o r i c a l l y known as slow and f a s t 
s t a t e s (37). 

F i n a l l y , we turn to r e a c t i o n . ( l b ) , the slow r e v e r s i b l e forma
t i o n of MgTPP* with 0^ in the dark. While we have no d e t a i l e d 
e x p l a n a t i o n , i t i s not so s u r p r i s i n g t h a t some MgTPP and 0 2 formed 
r e v e r s i b l y in the dark crosses over to the i r r e v e r s i b l e form 
produced i η I i g h t . 
MgEtio. The FTIR spectra on exposure of MgEtio t h i n f i l m s t o oxygen 
and l i g h t showed very s i mi l i a r r e s u l t s as the MgTPP t h i n f i l m s , 
except f o r some s h i f t s in frequency and i n t e n s i t i e s . Absorption and 
emission observations a l s o reproduced the MgTPP r e s u l t s . The most 
c u r i o u s observations came with the attempt to reproduce the EPR 
r e s u l t s . Only a f t e r prolonged exposure to both oxygen and l i g h t was 
there any n o t i c e a b l e EPR s i g n a l . Therefore, phototransient l i f e t i m e 
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data were not taken. A p o s s i b l e explanation f o r the lack of EPR 
si g n a l comes from the observation t h a t a s i m i l i a r compound, MgOEP, 
forms diamagnetic c a t i o n dimers in s o l u t i o n (19). In our case, the 
c l o s e proximity of the molecules in f i l m s might allow easy formation 
of the diamagnetic dimer. In a separate experiment, the t h i n f i l m s 
of MgEtio were exposed to iodine vapor and in t h i s case the EPR 
s i g n a l grew extremely r a p i d l y with exposure to a l i q u o t s of the 
vapor. Pumping on the iodine exposed f i l m s p a r t i a l l y reverses the 
e f f e c t . Upon exposure to l i g h t the EPR s i g n a l would decrease and 
would r i s e back t o the dark s i g n a l s t rength a f t e r the l i g h t was 
removed. 

ZnTFPP. No s u b s t a n t i a l amount of c a t i o n could be observed with any 
of the spectroscopic techniques when ZnTFPP f i l m s were used. 

Cone I usion 

Based on the data presented, the f o l l o w i n g four conclusions 
about the i n t e r a c t i o n s of l i g h t , oxygen and porphyrin t h i n f i l m s can 
be made. (1) There e x i s t s a dark r e a c t i o n of oxygen t h a t has an 
oxygen pressure dependency t h a t f o l l o w s a Langmuir adsorption 
isotherm. (2) Cations are formed i r r e v e r s i b l y with exposure to both 
oxygen and l i g h t , although the anion s i t e i s s t i l l undetermined. 
(3) A t r a n s i e n t c a t i o n r a d i c a l i s formed in the presence of oxygen 
and l i g h t with observed l i f e t i m e s of 33 and 273 ms sa t u r a t e . (4) 
The i r r e v e r s i b l e counter ions are a s s o c i a t e d with IR absorption bands 
a t "1225, "1050 and "830 cm i n d i c a t i v e of superoxide, ozonide, 
and an adsorbed oxygenic s p e c i e s . 

The r e a c t i o n of s o l i d porphyrin f i l m s with l i g h t in the 
presence of oxygen by producing MgTPP must a f f e c t e l e c t r i c a l 
p r o p e r t i e s , in p a r t i c u l a r semi conduction, photoconduction, and 
ph o t o v o l t a i c p r o p e r t i e s . We have provided evidence f o r "photo-
doping" by l i g h t and oxygen, a phenomenon t h a t must be c l e a r l y 
understood i f these m a t e r i a l s are t o have device a p p l i c a t i o n s . 
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Chemistry and Structure of the Principal 
Tumor-Localizing Porphyrin Photosensitizer 
in Hematoporphyrin Derivative 

Chi K. Chang1, Shinji Takamura1, Brian D. Musselman2, and David Kessel3 

1Department of Chemistry, Michigan State University, East Lansing, MI 48824 
2Department of Biochemistry, Michigan State University, East Lansing, MI 48824 
3Departments of Pharmacology and Medicine, Wayne State University, Detroit, MI 48201 

The principal tumor-localizing component of Hemato
porphyrin Derivative (HPD) has been demonstrated to 
be dimeric and trimeric hematoporphyrins (HP) inter
connected with ester groups. Synthetic analogs as 
well as model compounds are used in our study to 
conclude that the reaction conditions employed in the 
traditional HPD preparation promote a nucleophilic 
substitution of the acetate group of one HP-acetate 
molecule by an propionate anion of another HP molecule. 
The effect of solvent on the stability and structural 
conformation of the diporphyrin esters have also been 
examined by spectroscopic methods. 

The s e l e c t i v e e r a d i c a t i o n of n e o p l a s t i c l e s i o n s , with minimal 
damage to normal host t i s s u e s , has been the goal of antitumor 
t h e r a p e u t i c s . The combination of porphyrin and l i g h t has d i s p l a y e d 
t h i s degree of s e l e c t i v i t y and formed the b a s i s of the emerging 
"photodynamic therapy (PDT)." The porphyrin most o f t e n used i n PDT 
has been a crude product from r e a c t i o n of hematoporphyrin with 
s u l f u r i c a c i d and a c e t i c a c i d , followed by a l k a l i n e t r e a t m e n t — 
a p p r o p r i a t e l y termed hematoporphyrin d e r i v a t i v e (HPD).(J_) The 
basi c scheme u t i l i z e d i n PDT i s to a c t i v a t e the tumor by i n j e c t i o n 
of HPD. P r e f e r e n t i a l accumulation of an HPD component at 
ne o p l a s t i c l o c i occurs between 24-96 hours a f t e r t h i s i n j e c t i o n , at 
which time exposure of the a c t i v a t e d tumor to red l i g h t r e s u l t s i n 
c e l l death. Fluorescence by the l o c a l i z e d HPD components a l s o 
f a c i l i t a t e s d e l i n e a t i o n of the tumor v i a fluorescence endoscopy. 
C l i n i c a l t r i a l s have i n d i c a t e d that the drug i s e f f e c t i v e , as w e l l 
as h i g h l y s e l e c t i v e against a v a r i e t y of s o l i d tumors.(2-*Q The 
major s i d e e f f e c t of the drug i s manifest i n p a t i e n t 
h y p e r s e n s i t i v i t y to s u n l i g h t , which may r e s u l t i n development of 
s k i n photodamage a f t e r treatment i s completed.(3) The photodynamic 
e f f e c t of HPD i s b e l i e v e d to i n v o l v e the generation of s i n g l e t 
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348 PORPHYRINS: EXCITED STATES AND DYNAMICS 

oxygen via energy transfers from the t r i p l e t state of the 
photosensitizer to molecular oxygen.(5,6) 

Extensive analyses of HPD have been carried out in attempts to 
identify the active agents in this drug.(7,8) Numerous porphyrin 
components isolated from HPD (Fig. 1) have been assayed for 
photosensitization, both individually and in mixtures, while some 
activity can be attributed to each individual component, none are 
as effective as HPD i t s e l f . More recently, investigators have 
begun to investigate the possibility that oligomers of 
hematoporphyrin origin are present in HPD.(9,10) While 
chromatographic procedures designed to separate these oligomers 
from the monomers of HPD have been developed, the chemical nature 
of the high molecular weight molecules has not been 
characterized . (11) In this paper, we present evidence 
demonstrating that the active components of HPD are dimeric and 
trimeric hematoporphyrins linked via ester bonds. 

RESULTS 

Analysis of HPD. HPD was prepared from hematoporphyrin according 
to the standard Lipson procedure. (J_) The product was applied to a 
Sephadex LH-20 column in a tetrahydrofuran:methanol:5mM sodium 
phosphate solvent (2:1:1) solvent buffered to pH 7. The f i r s t 
fraction eluted was shown to contain a broad featureless band when 
analyzed by a reverse phase HPLC method (Fig. 2). This band did 
not contain the starting material hematoporphyrin, or the typical 
hematoporphyrin dehydration products, hydroxy-ethyl vinyl 
deuteroporphyrin and protoporphyrin. This fraction constituted 
approximately 35% of the HPD mixture applied to the column. 
Approximately 90% of the tumor-localizing capacity of HPD is 
obtained using this fr a c t i o n . ( J 2 ) U t i l i z i n g fast atom bombardment 
(FAB) mass spectrometry (MS) we recently developed a procedure 
suitable for the analysis of porphyrin oligomers.(13) Direct 
analysis of crude HPD product was completed using a FAB matrix of 
dithioerythritol:dithiothreitol:thioglycerol (1:1:2) which 
contained 0.01M trifluoroacetic acid. FAB analyses of porphyrins 
using this acidified matrix typically result in the generation of 
ions whose mass corresponds to that of the protonated porphyrin 
molecule. Analysis of several HPD samples by FAB resulted in the 
generation of relatively intense ion species at m/z 1179, 1161, and 
1143 (Fig. 3 ) . The mass of two hematoporphyrin molecules is 1196, 
covalent bonding of these molecules via an ether or ester bond 
would result in the loss of water to give a mass of 1196-18=1178, 
protonation of this porphyrin dimer yields an ion of mass 1179 
which corresonds to the m/z 1179 component identified in the mass 
spectrum. Ions at m/z 1161 and 1143 may result from successive 
loss of water molecules from the molecular ion species. This loss 
of water molecules may arise from either the elimination of a water 
molecule after ionization by FAB or from the combination of HP with 
partially dehydrated hematoporphyrin molecules present in the HP 
acetate solution during the synthesis of the oligomers. A second, 
less intense series of ion clusters were present in the spectrum at 
m/z 1201, 1183, and 1165. These ions arise due to the presence of 
sodium salt in the sample carried c-ver from the buffer solvent, and 
in this case the sodium adduct (Na ) rather than protonated species 
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TUMOR LOCALIZING FRACTION 

T I M E (mln) 

F i g u r e 1 ( l e f t ) . S t r u c t u r e of 1: hematoporphyrin; 2: protoporphyrin; 
and 3: hematoporphyrin d i a c e t a t e . These are common c o n s t i t u e n t s of 
HPD. In a d d i t i o n , the two R groups may have a l l permutations of 
these f u n c t i o n a l groups r e s u l t i n g i n a l a r g e v a r i e t y of porphyrins 
i n HPD. 

Figure 2 ( r i g h t ) . Reverse-phase HPLC e l u t i o n p r o f i l e of the tumor-
l o c a l i z i n g f r a c t i o n of HPD i s o l a t e d by non-aqueous g e l e x c l u s i o n 
chromatography. (B) H y d r o l y s i s of t h i s m a t e r i a l i n 50% aqueous 
THF c o n t a i n i n g IM HCl, at 37 °C f o r 24 hours. (C) A f t e r h y d r o l y s i s 
i n IM NaOH, 50% aqueous THF under the same c o n d i t i o n . The major 
porphyrins r e s u l t e d are: hematoporphyrin (HP), h y d r o x y v i n y l deutero-
porphyrin (HVD), and protoporphyrin (PP^-
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350 PORPHYRINS: EXCITED STATES AND DYNAMICS 

of each dimer species typically produce during FAB ionization 
conditions. The appearance of i ̂n clusters at masses corresponding 
to protonated porphyrin trimers was also evident. These ions 
correspond to the molecular weight of protonated hematoporphyrin 
trimer (1775 daltons) minus 2, 3, and H water molecules 
respectively. Sodium cation-containing species were also present 
at m/z 1745 and 1 7 6 3 . 

Despite our success in obtaining the precise molecular weight 
of the oligomers, FAB-MS could not distinguish between the two 
possible inter-porphyrin linkages, ether or ester, proposed for the 
dimer. The ether structure was favored by Dougherty,(10) based on 
the finding that the tumor-localizing component of HPD was 
hydrolyzed in aqueous acid but not in a l k a l i . This behavior is 
consistent for a HP dimer covalent linked via an ether group, which 
would be stable in base. An ester linked dimer should not be 
stable in base or acid. However, possibilities exist for an ester 
group linking two porphyrins to be enshrouded between the large 
hydrophobic rings in aqueous base such that i t may not be amendable 
to hydrolysis at an appreciable rate. Examination of the 
hydrolysis of the purified tumor-localizing component in a 50% 
tetrahydrofuran:water solvent was completed in order to lessen the 
contribution of such putative steric factors to the resistance of 
the HP dimer to base hydrolysis in the aqueous solvent. Indeed, in 
this partially non-aqueous solvent, hydrolysis of the porphyrin 
dimer in both acid and base was rapid. These results indicate that 
the covalent bond linking the HP-dimer is susceptible to cleavage 
by both acid and base, thereby invalidating the exclusive argument 
for an ether linkage. 

Mixed Porphyrin Esters. If an ester bond is formed during the HPD-
forming procedures, we theorized that analogs of HPD should be 
possible by cross coupling a molecule of hematoporphyrin acetate 
and another porphyrin that has a propionic acid but does not 
contain a secondary alcohol functional group. Such a mixed dimer, 
of course, will not be possible i f coupling occurs only with the 
ether linkage. One such compound is deuteroporphyrin (DP): the 
periphery of the DP ring contains only 2 carboxyl and 4 alkyl 
groups. To test this hypothesis, we dissolved 10 mg of previously 
prepared HP acetate in 1ml of 0.1M NaOH containing 10 mg of 
dissolved deuteroporphyrin. After 60 minutes the reaction mixture 
was neutralized and analyzed by reverse-phase HPLC. The elution 
profile is similar to that of HPD with the addition of a peak 
corresponding in retention time to unreacted DP. Elution through 
a 0.8 χ HO cm LH-20 column resulted in the separation of porphyrin 
oligomers from DP and other porphyrin monomers (Fig. 4). The 
product of this reaction contains covalently-bound DP as determined 
in the following experiment. Alkaline hydrolysis in 50? 
tetrahydrofuran resulted in the formation of hematoporphyrin and 
deuteroporphyrin from the oligomer mixture. This hydrolysis 
pattern is only possible with a diporphyrin ester structure wherein 
a carboxyl group of deuteroporphyrin is esterified with a sec-OH 
group of hematoporphyrin. FAB-MS analysis of this product showed 
ion species previously identified for HP dimer, at m/z 1179, 1161, 
and 1143. These ions are present since HP can s t i l l react with 
i t s e l f to yield the HP-HP dimers. An additional series of ions 
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F A B - M S OF TUMOR LOCALIZING COMPONENTS OF HPD 

too 
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Fig. 3. High mass region of the FAB mass spectrum of the tumor-
localizing component of HPD isolated from Sephadex LH-20 column. 
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Fig. 4. HPLC analyses of a deuteroporphyrin-containing, mix-
coupling product. (A) Monomer-free material separated using a 
Sephadex LH-20 column. (B) After hydrolysis in 1M NaOH, 50% 
aqueous THF, showing formation of hematoporphyrin (HP) and 
deuteroporphyrin (DP). 
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352 PORPHYRINS: EXCITED STATES AND DYNAMICS 

were identified which correspond to the mass of protonated DP-HP 
ester at m/z=1091 and 1073, with the latter mass resulting from 
dehydration of one sec-OH of the HP moiety present in the dimer. 

Model Studies. The major d i f f i c u l t y associated with separation and 
analysis of HPD arises from the fact that there are two hydroxyl 
and two carboxyl groups positioned unsymmetrically on the porphyrin 
ring. S t a t i s t i c a l l y , there are 3 ether structural isomers and 4 
esters possible between two hematoporphyrin molecules; and each of 
these is a diastereomeric mixture. No doubt, this situation has 
made the isolation and characterization for a specific structure a 
nightmare. 

In our goal to answer the question concerning the structure of 
the active component of HPD, we have decided to simplify the 
situation by examining a model compound. We have synthesizedOJp a 
model porphyrin (Fig. 5) which contains the necessary functional 
groups for coupling but has no possibility of forming isomeric 
products. This model compound was treated using the standard 
Lipson procedure to yield a mixture which was separated as 
previously described with a Sephadex LH-20 column as well as by 
chromatography on s i l i c a gel using methylene chloride/methanol 
eluent. FAB-MS of the high molecular weight fraction indeed 
confirmed the presense of dimers having the -OH and the vinyl group 
in their structure (Fig. 6). The covalently linked hydroxy 
porphyrin dimer has a mass of 1058 and protonation of this dimer 
gives an ion corresponding to the m/z 1059 peak. Successive loss 
of two water molecules as well as cationization by sodium yields 
the other ions at m/z 1041, 1023, and 1081. However, neither the 
gel permeation nor s i l i c a gel chromatography could purify the dimer 
fraction sufficiently to allow an unambiguous H NMR study of 
structure. Thus, the crude product was treated with diazomethane 
in methanol to methylate the carboxylic acid before i t was 
subjected to TLC separation. In this manner we obtained two dimer 
methyl esters: one contains a vinyl group while ^he other has a 
methyl ether group on one of the porphyrin. The H NMR spectrum of 
the methyl ether £ is shown in Fig. 7. The formation of the methyl 
ether at the free hydroxy group was traced to a s i l i c a gel-
catalyzed methanolysis of the acetate. Indeed, i f the diporphyrin 
esters were l e f t in contact with s i l i c a gel and methanol, the 
intramolecular ester linkage would slowly undergo methanolysis to 
yield monomeric porphyrin methyl ether, a situation which should be 
avoided. 

DISCUSSION 

The experiments presented above definitively established the fact 
the Lipson*s HPD-forming procedure gives dimeric and trimeric 
porphyrin esters as the high-molecular weight component which is 
eminently better localized and retained in tumor cells and is 
responsible for most of the photodynamic activity associated with 
HPD. Mechanistically, the formation of ester linkage is not only 
understandable but expected as well. Under the alkaline condition 
employed in the synthesis of HPD, the nucleophilic substitution 
reaction illustrated in the following scheme is very similar to the 
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mechanism identified in classical experiments of Philips(15) for 
establishing the inversion of optical activity associated with S 2 
reactions. It becomes obvious with this reaction that optimization 
of the dimer yield may be achieved by increasing the concentration 
of the reactants and by the use of a near stoichiometric amount of 
a l k a l i — s u f f i c i e n t l y to convert a l l propionic acid to the anion but 
not in a large excess to hydrolyze off the acetate group. In 
reality, for solubility considerations, a mild base such as sodium 
bicarbonate present in slight excess can perhaps achieve the best 
result. Our observation with the model compounds also suggests 
that these porphyrin dimers are i n t r i n s i c a l l y unstable on s i l i c a 
gel; chromatography with that material, particularly in the 
presence of methanol should be avoided. 

Proton NMR studies of the methylated model porphyrin compound 
yielded the following results. When dissolved in the non-polar 
solvent, CDC1 , each of eight meso protons in the dimer appeared as 
a doublet so that a total of sixteen prominent resonance signals 
appeared in the spectrum with chemical shifts between 8.5 to 10.3 
ppm, Fig. 8A. In contrast, the H NMR spectrum of the monomer 
contains at maximum four signals in the range between 9.7 and 10.3 
ppm. This difference may arise from interactions between the two 
ring systems in the diporphyrin molecule which create a unique 
chemical environment for each meso hydrogen. The good resolution 
of these signals and the large chemical shifts apparent in the 
spectrum are indicative of a well defined structure. 

Analysis of the model compound in a more polar solvent was 
completed in order to examine the effects of different solvents on 
the conformation of the dimer. The H NMR spectrum taken in 
acetonitrile is shown in Fig. 8B. The appearance of meso hydrogen 
signals from 7.0 to 10.2 ppm represents a doubling of the range of 
chemical shifts apparent in the non-polar solvent. This spectrum 
indicates that the meso hydrogens interact with each other to a 
greater extent in the polar solvent, and therefore, suggests that a 
more rig i d , tightly bound dimer conformation exists in the polar 
environment. 

Absorption studies of the model compound in polar and non-
polar solvents support the finding that the dimer is present in a 
form which allows for close proximity between the two porphyrin 
rings. The absorption spectra of the dimer and the monomer are 
shown in Fig. 9. The spectra in methanol show a significant blue-
shift of the Soret peak and a small red-shift in the visible bands 
for the diporphyrin, consistent with the spectral properties of 
previously synthesized cofacial diporphyrins(16,17) wherein exciton 
interactions can take place. (J8) In methylene chloride, the Soret 
blue shift appears to be much less (<5 nm with reference to . 
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Fig. 6. Partial FAB-MS spectrum of the high molecular weight 
fraction of the synthetic "model HPD" eluted from a Sephadex 
LH-20 column.  P
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COM 

ppm 

Fig. 7. H NMR of the hematoporphyrin model (A), i t s acetate 
(B), and the purified but methylated diporphyrin 7 (C). The two 
a~H can be seen clearly at 6.1 ppm (adjacent to MeO) and at 7.6 
ppm (adjacent to the ring-connecting ester). The a-H next to 
the methoxy group has a chemical shift very similar to that of 
the hydroxy porphyrin as verified by monomeric porphyrins. 
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C D C I 3 

10 9 8 7 6 P p m 

Fig. 8. NMR spectra at the meso proton region of the dipor
phyrin in CDC1 (A), and in CD CN (B). The greater scattering 
of the meso protons simply reflects a tighter interaction of 
the two porphyrin rings in the more polar CD CN solvent. 
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Fig. 9. Visible absorption spectra of the diporphyrin 7 (solid 
line) versus the starting material (broken line), measured in 
methanol. 
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These observations suggest that while the two porphyrin rings of 
the dimer are closely associated in most solvents, their 
interaction in a polar solvent is tighter and more extensive than 
that observed in a non-polar solvent. 

The spectroscopic properties of the dimeric porphyrins could 
provide a possible explanation for HPD localization in tumor 
tissue. A major contribution to the elucidation of porphyrin-
tissue interactions _in vivo was provided by two reports describing 
porphyrin-lipoprotein affinities. ( 1 9 , 2 0 ) These data indicate 
binding of HP and PP to low density lipoprotein (LDL) and high 
density lipoprotein (HDL) fractions of plasma. While the phenomena 
of binding and transport of HPD by lipoproteins have not been 
examined in detail, the pattern of HPD localization in the mouse is 
correlated with numbers of LDL receptors in different 
tissues.(21,22) We postulate that the dimer conformation present 
in LDL is similar to that in a non-polar solvent. After the LDL 
enters the c e l l , the dimer is released into the cytosol, where the 
polar environment directs a change in the dimer conformation to the 
more restricted structure observed in a polar solvent. The dimer 
structure is selectively retained in the c e l l while monomers 
readily diffuse out of the c e l l . It is not known at present 
zhether the dimer may become protonated or metallated, resulting in 
further conformational changes which could be important in 
controlling the rate of hydrolysis and the lifetime of the 
porphyrin in the c e l l . However, with the understanding of the 
chemical structure of the active component of the tumor localizing 
agent, we are now able to define approaches which may answer 
important questions regarding the mechanism of localization and 
photodynamic activity of HPD. 

EXPERIMENTAL 

General. NMR spectra were obtained on a Bruker WM-250 instrument 
with tetramethylsilane (TMS) as internal standard. UV-visible 
spectra were taken on a Varian Cary 219· Fast-atom bombardment 
(FAB) mass spectrometry (MS) analysis were completed on a Vacuum 
Generators ZAB-2F double-focusing or a Varian MAT CH5 mass 
spectrometer equipped with an Ion Tech FAB Gun. Solvents for FAB 
matrix were made up of thioglycerol, dithiothreitol, and 
dithioerythretol (2:1:1); addition of 0.1M trifluoroacetic acid to 
the matrix facilitated the ionization of the porphyrins during FAB 
analysis.(13) 

Preparation and Characterization of HPD. HPD was prepared by 
dissolving HP (100mg) in a mixture of 1.9ml of glacial acetic acid 
and 0.1ml of H^O^. After 60 minutes of st i r r i n g at 20°C the 
solution was poured slowly into 15ml of 3? sodium acetate solution. 
The precipitate of HP acetates was collected by centrifugation, and 
washed with water to pH 6, and lyophilized. Addition of 20mg of 
this material to 1ml of 0.1 M NaOH was completed with s t i r r i n g . 
After 60 minutes the solution was brought to pH 7.5 with 0.1M HC1 
and the volume adjusted to 2ml. Preparations of HPD containing a 
higher concentration of tumor-localizing material was completed by 
doubling the amount of HP acetates added to the 0.1 M NaOH in the 
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hydrolysis step. Synthesis of the mixed deuteroporphyrin-
hematoporphyrin (DP-HP) dimer was completed by dissolving 10mg of 
the HP acetates as prepared above in 1ml of 0.1 M NaOH containing 
10mg of dissolved deuteroporphyrin. After 60 minutes the reaction 
mixture was brought to pH 7.5 with 0.1 M HC1 and the volume adjusted 
to 2ml. 

Preparative fractionation of 100mg sample of HPD and the 
product of the DP-HP synthesis were carried out on a 5x30cm 
Sephadex LH-20 column (Pharmacia, Piscataway, NJ.). The porphyrin 
components were f i r s t dissolved in 40ml of tetrahydrofuran-
methanol-5mM aqueous phosphate buffer, pH 7, (2:1:1), and 
subsequently eluted with the same solvent. The use of this 
methodology for the isolation of the tumor-localizing fraction of 
HPD from other porphyrin components present in the drug mixture has 
been discussed in detail in the literature. (11) The component of 
HPD which elutes very close to the void volume of the LH-20 column 
has been characterized as the tumor-localizing fraction of HPD. 

Separate analyses of the stability of HPD synthesis products 
to acid were completed in 50$ aqueous tetrahydrofuran containing 1M 
HC1. The same solvent system containing 1M NaOH was used to 
determine the st a b i l i t y of HPD products in base. Assays to 
determine the extent of dissociation of the oligomers in both acid 
and base were completed using an analytical HPLC system consisting 
of a reverse phase Cg column and a CN guard column in a Waters Z~ 
module radial compression housing. The column was eluted with a 30 
minute gradient of 70-100? methanol (remainder aqueous 5mM t-butyl 
ammonium phosphate pH 3.5). The flow rate was 1ml/min. After 30 
min the flow rate was increased to 1.5ml/min with 100? methanol. 
Absorbance at MOOnm was monitored with a Spectraflow Model 773 HPLC 
detector. 

Model HPD Preparation. Method 1. 3~(1-Acetoxyethyl)-17-(2-
carboxyethyl)-8,13~diethyl-2,7,13*18-tetramethyl-21Η,23H-
porphine(Vjp (0.020g, 0.031* x 10~3 mol) was dissolved in 
tetrahydrofuran (0.5 ml) and 0.1 Ν NaOH solution (0.5 ml) was 
added. The mixture was stirred in subdued light at room 
temperature (ca. 20°C). The reaction was monitored by TLC ( s i l i c a 
gel) using 5~10? methanol in methylene chloride as eluent and 
stopped after no more increase of the rapid-moving fraction on TLC 
was recognized. It generally took 2-6 hours. The solution was 
brought to pH 5 by dropwise addition of dilute hydrochloric acid 
and shaken with tetrahydrofuran (20 ml) and saturated sodium 
chloride solution (20 ml). Ethyl acetate (30 ml) was added, and 
the mixture was shaken. The organic layer was washed with water 
twice, separated and taken to dryness. -
Method 2. Acetylated porphyrin (0.020g, 0.03^ χ 10 ^ mol) was 
dissolved in DMS0 (0.5 ml) and 0.1 Ν NaHCO solution (0.5 ml) was 
added. The reaction was carried out as described above. After 
acidification, excess ice-cold water was added (ca. 5 ml) until the 
porphyrin was precipitated. (A small amount of sodium chloride was 
added when the precipitation did not occur.) The solid was 
collected by f i l t r a t i o n , washed with water and dried in vacuo. The 
reaction mixture gave four different spots on TLC. 
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360 PORPHYRINS: EXCITED STATES AND DYNAMICS 

Fractionation of Porphyrin-free Acid. The product prepared in the 
preceding section was chromatographed on s i l i c a gel using 5% (v/v) 
methanol in methylene chloride as eluent. From this column, the 
slowest fraction was identified as hydroxyethyl porphyrin The 
early fractions were separated on a plate of s i l i c a gel and found 
to be a mixture of vinyl- and acetoxyethyl porphyrins. 

Fractionation of Porphyrin Methyl Ester. The product mixture (50 
mg) was dissolved in methylene chloride (2.0 ml) and treated with 
excess ethereal diazomethane freshly prepared from p-
toluenesulfonylmethylnitrosamide (Diazald). The mixture was 
stirred in subdued light at room temperature. The solvents were 
evaporated gradually in a fume cupboard. The residue was dried in 
vacuo and separated on preparative TLC plates to give the 
methoxyethyl diporphyrin methyl ester whose NMR is shown in Fig. 7 
and 8. 
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s t r u c t u r a l f e a t u r e s , 94-95 
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See Rare earth bisporphyrates 

Bond lengthening, nitrosoherae 
complexes, 13 
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Cadmium t e t r a p h e n y l p o r p h y r i n — 
See Metalloporphyrins 
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complexes, ground-state molecular 
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Carbonylheme complexes 
absorption s p e c t r a , 191f 
intermediates, 188,194-199 

Carbonylheme complexes—Continued 
l i f e t i m e s of intermediates, 196t 
picosecond p h o t o d i s s o c i a t i o n , 182-204 
s t r u c t u r e s , I86f 
t r a n s i e n t absorption 

s p e c t r a , 190,191f 
Carbonylheme intermediates 

absorption s p e c t r a , 189-191f 
k i n e t i c s modeling, 201-202 

Carboxyheme complexes— 
See Carbonylheme complexes 

Carotenoids 
d e s c r i p t i o n , 128-129 
nuclear magnetic resonance 

s p e c t r a , 135 -136 ,137f 
t r i p l e t - s t a t e 

d e t e c t i o n , 130 -136 
Cerium b i s ( o c t a e t h y l p o r p h y r i n a t e ) 

See a l s o Rare earth bisporphyrates 
s t r u c t u r a l f e a t u r e s , 94-95,96f 

Charge-transfer s t a t e s , porphyrin 
heterodimers, quantum mechanical 
s t u d i e s , 20-50 

C h l o r o p h y l l s , c h l o r i n s , porphyrins, 
e l e c t r o n t r a n s f e r , 51-58 

Conformation v a r i a t i o n s 
c h l o r i n s , 56,54f 
c h l o r o p h y l l s , 56,53f 
porphyrins, 54-56 

Copper o c t a e t h y l p o r p h y r i n r a d i c a l 
c a t i o n s — S e e 
MetallooctaethyIporphyrins 

Copper phthalocyanine 
See a l s o Metallophthalocyanines 
absorption spectra during 

p h o t o l y s i s , 320-321,322f 
Copper porphine 

See a l s o Metalloporphyrins 
c r y s t a l f i e l d o r b i t a l s , 6 l,62t 
magnetic resonance 

parameters, 64,65t 
s p i n - o r b i t e f f e c t s , 61-67 

Copper tetraphenylporphine, s p i n - o r b i t 
and s p i n - p o l a r i z a t i o n e f f e c t s , 64 

C r y s t a l f i e l d o r b i t a l s 
copper porphine, 6 l,62t 
i r o n porphine, 68-69 

C r y s t a l l o g r a p h i c s t r u c t u r e 
bacteriopheophorbide dimer, 52,54f 
dimethyl c h l o r i n - 5 , 52,54f 
magnesium 

tetr a p h e n y l p o r p h y r i n , 56,55f 

D 

Deoxyhemoglobin—See Metalloporphyrins 
Deuterium isotope e f f e c t , upper 

e x c i t e d - s t a t e emission 
spectroscopy, 227-229 
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D i m e r i z a t i o n e f f e c t s on porphyrins, 
e x c i t e d t r i p l e t s t a t e , 140-153 

Dimethyl c h l o r i n - 5 , c r y s t a l l o g r a p h i c 
s t r u c t u r e , 52,54f 

Ε 

Edge-to-edge d i s t a n c e , photoinduced 
e l e c t r o n t r a n s f e r r a t e 
constants, I60 , l 6 2 f 

E l e c t r o n paramagnetic resonance 
apparatus block 

diagram, 332 -333 ,334f 
metallophthalocyanines, 315t 
metallotetraphenyIporphyrins 

d i s c u s s i o n , I47 , l 4 9 f 
r a d i c a l c a t i o n , 335 -339 

t e t r a p h e n y l -
porphyrins, 130,133f,140 -153 

E l e c t r o n s p i n resonance, 
tetraphenylporphyrins, 128 -139 

E l e c t r o n t r a n s f e r 
b a c t e r i a l photosynthetic r e a c t i o n 

centers, 205-218 
R. sphaeroides r e a c t i o n 

centers, 211-215 
E l e c t r o n i c absorption s p e c t r a , 

rare earth 
bisporphyrates, 95-100,103t 

E l e c t r o n i c s p e c t r a , porphyrins with 
nonsymmetrical 
s u b s t i t u t i o n , 7 8 , 8 l t - 8 2 t 

Emission spectrum, 
metallotetrapheny1-
porphyrins, 340-342 

Energy p r o f i l e s 
b iphenyl compounds, 283,284f 
pi c k e t - f e n c e porphyrins, 292f 

Exchange p o l a r i z a t i o n , i r o n 
porphine, 67 -69 

E x c i t e d s t a t e 
i r o n porphyrins, 178-180 
porphyrins w i t h nonsymmetrical 

s u b s t i t u t i o n s , 74 -93 
E x c i t e d - s t a t e a x i a l l i g a t i o n 

processes, n i c k e l 
porphyrins, 239-242 

E x c i t e d - s t a t e emission, 
tetraphenylporphyrins, 130 

Ex c i t e d - s t a t e energies 
n i t r o s y l f e r r i c heme 

complexes, 13 , l 4 f 
n i t r o s y l f errous heme 

complexes, 13,15f 
E x c i t e d t r i p l e t s t a t e , d i m e r i z a t i o n 

e f f e c t s on porphyrins, 140-153 

F 

Fast atom bombardment mass 
spectrometry (FAB MS), 
hematoporphyrin 
d e r i v a t i v e s , 348,351f 

F e ( I I ) cytochrome c 
See a l s o Iron hemoproteins 
e x c i t e d - s t a t e 

r e l a x a t i o n , 170-173,174f 
F e ( I I ) myoglobin 

See a l s o Iron hemoproteins 
e x c i t e d - s t a t e r e l a x a t i o n , 173,175f 

F e ( I I ) protoporphyrin dimethyl 
e s t e r 

See a l s o Iron porphyrins 
e x c i t e d - s t a t e 

r e l a x a t i o n , 170,171f,172f 
F e ( I I ) protoporphyrin 

See a l s o Iron porphyrins 
e x c i t e d - s t a t e 

r e l a x a t i o n , 173,176f,177f 
F e ( I I I ) cytochrome c 

See a l s o Iron hemoproteins 
e x c i t e d - s t a t e r e l a x a t i o n , 170,174f 

F e ( I I I ) myoglobin 
See a l s o Iron hemoproteins 
e x c i t e d - s t a t e r e l a x a t i o n , 170,175f 

Fluorescence decay p r o f i l e s , 
t e traphenylporphyrins, 303-308 

Fluorescence quenching, 
metallotetraphenylporphyrin 
acceptor s o l u t i o n s , 305-308 

Fluorescence spectra 
metalloporphyrins 

dimers, 120,122f 
d i s c u s s i o n , 105-117,119,121t 

metallotetrapheny1-
porphyrins, 157t,220-225 

porphyrins with nonsymmetrical 
s u b s t i t u t i o n , 78-80f,85f 

quantum y i e l d s i n 
metalloporphyrins, 11Ot 

tetraphenylporphyrins, I42,l44f 
time delay, 224f 

F o u r i e r t r a n s f e r IR (FT-IR) s p e c t r a 
magnesium e t i o p o r p h y r i n , 343-344 
metallotetrapheny1-

porphyrins, 337-340,341f 
Free-base porphyrins 

a t r o p i s o m e r i z a t i o n , 289-295 
dimers, 150-151 

G 

Geometry 
n i t r o s y l f e r r i c heme complexes, 4 
n i t r o s y l f errous heme complexes, 4 
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INDEX 367 

Ground-state molecular o r b i t a l s 
carbonyl-carbonylheme oxyheme 

complexes, 5,11-12t 
n i t r o s y l ferrous heme complexes, 5 

H 

Half-wave p o t e n t i a l s 
metallophthalocyanines, 312,314t 
metallotetraphenyIporphyrins, 157t 

Hematoporphyrin, s t r u c t u r e , 349f 
Hematoporphyrin d e r i v a t i v e s 

chemistry and s t r u c t u r e of tumor-
l o c a l i z i n g porphyrins, 347 -361 

FAB MS, 348,351f 
model 

absorption s p e c t r a , 356-358 
nuclear magnetic 

resonance, 352,355f,357f 
preparation, 359 
synt h e s i s scheme, 352,353f 

preparation and 
c h a r a c t e r i z a t i o n , 358-359 

t u m o r - l o c a l i z i n g 
f r a c t i o n , 348-350 

Hematoporphyrin d i a c e t a t e , 
s t r u c t u r e , 349f 

Hydroxyvinyldeuterporphyrin, 
s t r u c t u r e , 349f 

I 

Intermediates 
carbonylheme complexes, 188,194-199 
l i f e t i m e s , 195-202 
oxyheme complexes, 200-201 

Iron hemoproteins 
absorption s p e c t r a , 174f -175f 
picosecond e x c i t e d - s t a t e 

r e l a x a t i o n , 168-181 
picosecond spectroscopy, 170 

Iron phthalocyanine 
See a l s o Metallophthalocyanines 
absorption s p e c t r a during 

e l e c t r o c h e m i c a l 
o x i d a t i o n , 321-325 

absorption spectra during 
p h o t o l y s i s , 321-325 

Iron porphine 
See a l s o Metalloporphyrins 
c r y s t a l f i e l d o r b i t a l s , 68-69 
exchange p o l a r i z a t i o n , 67-69 
o r b i t a l s energies, 69f 

Iron porphyrins 
absorption s p e c t r a , 172f ,177f 
e x c i t e d s t a t e , 178-180 

Iron p o r p h y r i n s — C o n t i n u e d 
picosecond e x c i t e d - s t a t e 

r e l a x a t i o n , 168-181 
picosecond 

spectroscopy, 170,171f,176f 
I r o n - n i t r o s y l d i s t a n c e , 4 

Κ 

K i n e t i c modeling 
carbonylheme complexes, 190-194,195f 
oxyheme complexes, 190-194 
oxyheme intermediates, 201-202 

L 

L i f e t i m e s of intermediates 
carbonylheme complexes, 196t 
oxyheme complexes, 196t 

L i g a t i o n - d e l i g a t i o n processes, 
N i - r e c o n s t i t u t e d heme 
p r o t e i n s , 242-244 

Ligation-induced core expansion, 
N i - r e c o n s t i t u t e d heme 
pr o t e i n s , 234-236 

M 

Magnesium e t i o p o r p h y r i n , FT-IR 
sp e c t r a , 343-344 

Magnesium o c t a e t h y l p o r p h y r i n r a d i c a l 
c a t i o n s — S e e 
MetallooctaethyIporphyrins 

Magnesium porphine-porphines 
See a l s o Porphyrins 
charge t r a n s f e r s t a t e s , 20-50 
d e s c r i p t i o n , photodynamic r o l e o f 

t r i p l e t s t a t e s , 42-44 
d i p o l e moments, 31-35 
e f f e c t o f added c h l o r i d e 

i o n , 39-42 
e f f e c t on photodynamics, 35-37 
energies, 28,29f,31,32f 
f i e l d e f f e c t s , 37-39 
molecular dimer 

geometries, 24-28 
molecular o r b i t a l s , 28,30f 
s o l v e n t s , 35 
t r a n s i t i o n , 28 

Magnesium tetraphenylporphyrins 
See a l s o 

MetallotetraphenyIporphyrins 
c a t i o n r a d i c a l 

absorption s p e c t r a , 333-334,336f 
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368 PORPHYRINS: EXCITED STATES AND DYNAMICS 

Magnesium t e t r a p h e n y l p o r p h y r i n s — 
Continued 

formation with exposure to l i g h t 
and oxygen, 328-346 

c r y s t a l l o g r a p h i c s t r u c t u r e , 56,55f 
c r y s t a l l o g r a p h i c s t r u c t u r e s , 51-58 

Magnetic c i r c u l a r dichroism spectra 
m e t a l l o o c t a e t h y l p o r p h y r i n r a d i c a l 

c a t i o n s , 300-303 
metallophthalocyanine r a d i c a l 

c a t i o n s , 312-318 
metalloporphyrin r a d i c a l 

c a t i o n s , 318-320 
metall o t e t r a p h e n y l p o r p h y r i n r a d i c a l 

c a t i o n s , 300-303 
porphyrins with nonsymmetrical 

s u b s t i t u t i o n s , 86,88f 
M e t a l - p r o t e i n l i n k a g e , 

protein-conformation 
e f f e c t s , 236-237 

MetallooctaethyIporphyrins 
r a d i c a l c a t i o n 

magnetic c i r c u l a r dichroism 
s p e c t r a , 300-303 

resonance Raman 
spectroscopy, 250-254 

resonance Raman 
spectroscopy, 267-276 

Metallophthalocyanines 
e l e c t r o n paramagnetic 

resonance, 315t 
half-wave p o t e n t i a l s , 312,3l4t 
r a d i c a l c a t i o n , magnetic c i r c u l a r 

dichroism s p e c t r a , 312-318 
t r i p l e t - s t a t e redox p o t e n t i a l s , 315t 

Metalloporphyrins 
absorption s p e c t r a , 105-117 
a t r o p i s o m e r i z a t i o n , 282-283 
diamagnetic, 108-110 
dimers 

fluorescence s p e c t r a , 120,122f 
t r i p l e t parameter, 147,I48t,I49f 
t r i p l e t - t r i p l e t 

a n n i h i l a t i o n , 118-127 
upper e x c i t e d - s t a t e emission 

spectroscopy, 113-116,118-127 
e f f e c t s s p i n - o r b i t , 

s p i n - p o l a r i z a t i o n , 59-71 
fluorescence 

s p e c t r a , 105-117,119,121t 
mixed dimers, e l e c t r o n paramagnetic 

resonance, I47,l49f 
paramagnetic, 112-113 
r a d i c a l c a t i o n , magnetic c i r c u l a r 

dichroism s p e c t r a , 318-320 
upper e x c i t e d - s t a t e emission 

spectroscopy, 105-117,119,121t 
Me t a l l o t e t r a p h e n y l p o r p h y r i n -

anthraquinone s t r u c t u r e s , 156f 
half-wave p o t e n t i a l s , 157f 
photoinduced e l e c t r o n - t r a n s f e r r a t e 

constants, 154-165 

MetallotetraphenyIporphyrins 
absorption cross 

s e c t i o n s , 225-227 
e l e c t r o n paramagnetic 

resonance, I47,l49f 
emission spectrum, 340-342 
fluorescence s p e c t r a , 157t 
FT-IR, 337-340,34lf 
half-wave p o t e n t i a l s , 157t 
o p t i c a l absorbance changes with 

oxygen and l i g h t , 333-335 
p h o t o d e l i g a t i o n , 258-264 
r a d i a t i o n l e s s t r a n s i t i o n s , 219-230 
r a d i c a l c a t i o n 

e l e c t r o n paramagnetic 
resonance, 335-337,338f,339f 

magnetic c i r c u l a r dichroism 
s p e c t r a , 300-303,304t 

resonance Raman 
spectroscopy, 254-258 

t r a n s i e n t absorption 
decay, 160-163 

two-photon absorption, 219-230 
upper e x c i t e d - s t a t e emission 

spectroscopy, 219-230 
Me t h y l - s u b s t i t u t e d p o r p h y r i n s — 

See Porphyrins 
Molecular dimer geometries, magnesium 

porphine-porphine, 24-28 
Molecular o r b i t a l diagram, 

porphine, 254,255f 

Ν 

Near IR s p e c t r a — S e e E l e c t r o n i c 
absorption spectra 

New IR s p e c t r a , R̂_ sphaeroides 
r e a c t i o n c e n t e r s , 207,208f 

NH-tautomer s t r u c t u r e , porphyrins with 
nonsymmetrical s u b s t i t u t i o n s , 84 

NH-tautomerism, porphyrins with 
nonsymmetrical 
s u b s t i t u t i o n , 74-93,89-91 

N i ( I I ) - r e c o n s t i t u t e d hemoglobin—See 
N i c k e l - r e c o n s t i t u t e d heme p r o t e i n s 

N i c k e l i s o b a c t e r i o c h l o r i n 
c r y s t a l l o g r a p h i c s t r u c t u r e s , 51-58 
s t r u c t u r a l f e a t u r e s , 52,53f 
x-ray a n a l y s i s , 52,53f 

N i c k e l o c t a e t h y l p o r p h y r i n 
See a l s o M e t a l l o o c t a e t h y l p o r p h y r i n s 
picosecond and nanosecond l i g a t i o n 

processes, 266-277 
N i c k e l porphyrins 

a x i a l c o o r d i n a t i o n , 232-247 
e x c i t e d s t a t e a x i a l l i g a t i o n 

processes, 239-242 
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INDEX 369 

N i c k e l p o r p h y r i n s — C o n t i n u e d 
resonance Raman spectroscopy 

t r a n s i e n t photoinduced l i g a t i o n 
changes, 266-277 

N i c k e l protoporphyrins 
picosecond and nanosecond 

l i g a t i o n , 266-277 
resonance Raman 

spectroscopy, 267-276 
t r a n s i e n t Raman 

spectroscopy, 239-242,269f 
N i c k e l 

tetrakis(p-cyanophenyl)porphine, 
resonance Raman 
spectroscopy, 259-264 

N i c k e l - r e c o n s t i t u t e d heme p r o t e i n s 
a x i a l c o o r d i n a t i o n , 232-247 
a x i a l l i g a n d - N i s t r e t c h i n g mode, 236 
l i g a t i o n - d e l i g a t i o n 

processes, 242-244 
l i g a t i o n - i n d u c e d core 

expansion, 234-236 
N i c k e l - r e c o n s t i t u t e d hemoglobin 

Raman spectroscopy, 234,235f 
t r a n s i e n t Raman 

spectroscopy, 239-242 
N i c k e l - r e c o n s t i t u t e d myoglobin 

See a l s o N i c k e l - r e c o n s t i t u t e d heme 
pr o t e i n s 

Raman spectroscopy, 237,238f 
Nitrosoheme complexes 

p h o t o d i s s o c i a t i o n , 2-19 
quantum mechanical s t u d i e s , 2-19 

N i t r o s y l f e r r i c heme complexes 
See a l s o Nitrosoheme complexes 
d i s c u s s i o n , 5 , 6-8t 
geometry, 4 

N i t r o s y l ferrous heme complexes 
See a l s o Nitrosoheme complexes 
geometry, 4 
ground-state molecular o r b i t a l s , 5 

Nuclear magnetic resonance s p e c t r a , 
carotenoids, 135-136,137f 

0 

O p t i c a l s p e c t r a , rare earth 
b i s p o r p h y r i n a t e s , 94-104 

Oxyheme complexes 
ground-state molecular o r b i t a l s , 

carbonyl-carbonylheme, 5 , 1 1 - 1 2 t 
l i f e t i m e s of intermediates, 196t 
picosecond 

p h o t o d i s s o c i a t i o n , 182-204 
s t r u c t u r e s , l 8 6 f 
t r a n s i e n t absorption s p e c t r a , 190 

Oxyheme intermediates, k i n e t i c s 
modeling, 201-202 

Ρ 

P h o t o a t r o p i s o m e r i z a t i o n , s u b s t i t u t e d 
tetraphenylporphorins, 283-289 

P h o t o d e l i g a t i o n , m e t a l l o t e t r a p h e n y l -
porphyrins, 258-264 

P h o t o d i s s o c i a t i o n , nitrosoheme 
complexes, 2-19 

Photodynamic r o l e of t r i p l e t s t a t e s , 
magnesium porphine-porphine, 
d e s c r i p t i o n , 42-44 

Photoexcited porphyrins, quenching of 
l o w - l y i n g e x c i t e d s t a t e s , 298-308 

Photoinduced e l e c t r o n t r a n s f e r 
d e s c r i p t i o n , 21-23 
rate constants 

edge-to-edge d i s t a n c e , I60 , l 6 2 f 
porphyrin-quinone 

molecules, 154-165 
Photoinduced l i g a t i o n changes, n i c k e l 

p o rphyrins, resonance Raman 
spectroscopy t r a n s i e n t , 266-277 

Photoinduced r e v e r s i b l e conversion o f 
cen t e r s , porphyrins with 
nonsymmetrical 
s u b s t i t u t i o n , 83-84,85f 

Photooxidation, 
phthalocyanine, 309-327 

Photosynthetic r e a c t i o n centers, 
picosecond measurements of 
e l e c t r o n t r a n s f e r , 205-218 

Phthalocyanine, 
photooxidation, 309-327 

Pi c k e t - f e n c e porphyrins 
absorption 

s p e c t r a , 289-295 
energy p r o f i l e s , 292f 
s p e c t r a l s h i f t s observed upon 

protonation, 287t 
thermal e q u i l i b r a t i o n , 282t 
t r i p l e t l i f e t i m e s , 288t 

Picosecond e x c i t e d - s t a t e r e l a x a t i o n 
i r o n heraoproteins, 168-181 
i r o n porphyrins, 168-181 

Picosecond measurements, e l e c t r o n 
t r a n s f e r , photosynthetic r e a c t i o n 
centers, 205-218 

Picosecond p h o t o d i s s o c i a t i o n 
carbonylheme complexes, 182-204 
oxyheme complexes, 182-204 

Picosecond spectroscopy 
i r o n hemoproteins, 170 
i r o n porphyrins, 170,171f,176f 

Porphine, molecular o r b i t a l 
diagram, 254,255f 

Porphyrin-quinone molecules, 
photoinduced e l e c t r o n t r a n s f e r 
r a t e constants, 154-165 

Porphyrins 
c a t i o n r a d i c a l species 

d i s c u s s i o n , 311 
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370 PORPHYRINS: EXCITED STATES AND DYNAMICS 

P o r p h y r i n s — C o n t i n u e d 
s p e c t r o s c o p i c 

c h a r a c t e r i z a t i o n , 298-308 
d i a c i d , 110-112 
dimerization-induced absorption band 

s h i f t s , I45t 
free-base, 110-112 
heterodimers, quantum mechanical 

s t u d i e s , charge-transfer 
s t a t e s , 20-50 

nonsymmetrical s u b s t i t u t i o n 
absolute o r i e n t a t i o n i n 

NH-tautomers, 84-89 
absorption s p e c t r a , 78,79f,80f 
e l e c t r o n i c s p e c t r a , 78,8lt-82t 
e x c i t e d s t a t e s i n , 74-93 
fluorescence 

s p e c t r a , 78,79f,80f,85f 
magnetic c i r c u l a r dichroism 

s p e c t r a , 86,88f 
NH-tautomer s t r u c t u r e , 84 
NH-tautomerism 

d i s c u s s i o n , 74-93 
v i s i b l e absorption 

s p e c t r a , 89-91 
photoinduced r e v e r s i b l e conversion 

of the cent e r s , 83-84,85f 
s t r u c t u r a l formulas, 77f 

r a d i c a l c a t i o n s 
resonance Raman 

spectroscopy, 248-265 
t r i p l e t e x c i t e d s t a t e s , 248-265 

t r i p l e t s , 254-258 
Protein-conformation e f f e c t s , on 

e l e c t r o n i c s t r u c t u r e of the 
porphyrin r i n g , 237-239 

Protoporphyrin, s t r u c t u r e , 349f 

Q 

Quantum mechanical s t u d i e s , 
charge-transfer s t a t e s , porphyrin 

heterodimers, 20-50 
nitrosoheme complexes, 2-19 

R 

Ra d i a t i o n l e s s t r a n s i t i o n s , m e t a l l o 
tetrapheny Iporphyrins , 219-230 

Raman spectroscopy 
a x i a l c o o r d i n a t i o n i n n i c k e l 

porphyrins, 232-247 
N i - r e c o n s t i t u t e d 

hemoglobin, 234,235f 
N i - r e c o n s t i t u t e d myoglobin, 237,238f 

Rare earth bisporphyrates, e l e c t r o n i c 
absorption s p e c t r a , 95-100,103t 

Rare earth b i s p o r p h y r i n a t e s , o p t i c a l 
s p e c t r a , 94-104 

Rare ea r t h p o r p h y r i n s — S e e 
Metalloporphyrins 

Rate constants 
d i s s o c i a t i o n , carbonylheme 

complexes, 194t 
e l e c t r o n t r a n s f e r quenching, 

tetraphenylporphyrin r a d i c a l 
c a t i o n , 307t 

fluorescence, 
tetraphenylporphyrins, 228t 

Reaction centers 
See a l s o Photosynthetic r e a c t i o n 

centers 
average time constants, 210-211,211t 

Resonance Raman spectroscopy 
metallooctaethyIporphyrins 

d i s c u s s i o n , 267-276 
r a d i c a l c a t i o n s , 250-254 

metallotetraphenyIporphyrins, 254-258 
n i c k e l protoporphyrins, 267-276 
n i c k e l t e t r a k i s ( p - c y a n o p h e n y l ) -

porphine, 259-264 
porphyrin r a d i c a l c a t i o n s , 248-265 

Resonance Raman spectroscopy t r a n s i e n t 
photoinduced l i g a t i o n changes, 
n i c k e l porphyrin, 266-277 

Rhodopseudomonas sphaeroides r e a c t i o n 
centers 

absorption s p e c t r a , 207,209f 
e l e c t r o n t r a n s f e r , 211-215 
near IR s p e c t r a , 207,208f 

Ruthenium phthalocyanine 
See a l s o Metallophthalocyanines 
absorption spectra during 

p h o t o l y s i s , 312 ,313f 

S 

S2 emission—See Upper e x c i t e d - s t a t e 
emission spectroscopy 

S e l f - c o n s i s t e n t f i e l d molecular 
o r b i t a l and c o n f i g u r a t i o n 
i n t e r a c t i o n (SCF-MOCI) 
c a l c u l a t i o n s , 23 

Solvents, magnesium 
porphine-porphine, 35 

S p i n - o r b i t , s p i n - p o l a r i z a t i o n , 
metalloporphyrins, e f f e c t s , 59-71 

S p i n - o r b i t e f f e c t s , copper 
porphine, 61-67 

S p i n - p o l a r i z a t i o n , metalloporphyrins, 
e f f e c t s s p i n - o r b i t , 59-71 

S t r u c t u r a l f e a t u r e s , n i c k e l 
i s o b a c t e r i o c h l o r i n , 52,53f 

S u b s t i t u t e d tetraphenylporphyrin 
See a l s o P i c k e t - f e n c e porphyrins 
a t r o p i s o m e r i z a t i o n , 280-297 
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INDEX 371 

S u b s t i t u t e d tetraphenylporphyrin 
— C o n t i n u e d 

schematic d e p i c t i o n of 
atropisomers, 284f 

Τ 
T e t r a ( 4 - s u l f o n a t o p h e n y l ) p o r p h y r i n — S e e 

Tetraphenylporphyrins 
Tetra(4-trimethylammoniurapheny1)-

p o r p h y r i n — S e e 
Tetraphenylporphyrins 

Tetra(benzo-15-crown-5)porphy r i n — S e e 
Tetraphenylporphyrins 

Tetraphenylporphyrins 
e l e c t r o n paramagnetic 

resonance, 130,133f ,140-153 
e l e c t r o n s p i n resonance, 128 -139 
e x c i t e d - s t a t e emission, 130 
fluorescence decay 

p r o f i l e s , 303-308 
r a d i c a l c a t i o n , r a t e constants f o r 

e l e c t r o n t r a n s f e r 
quenching, 307t 

r a t e constants of fluorescence, 228t 
s p e c t r a l s h i f t s observed upon 

pr o t o n a t i o n , 287t 
t r i p l e - s t a t e decay-rate 

constants, 128 -139 
two-photon absorption and 

r a d i a t i o n l e s s t r a n s i t i o n s , 220 
Thermal a t r o p i s o m e r i z a t i o n , 

s u b s t i t u t e d 
t e t r a p h e n y l p o r p h y r i n s , 282-283 

Transient absorption decay, 
m e t a l l o t e t r a p h e n y l -
porphyrins, 160-163 

Transient absorption measurements, 
m e t a l l o t e t r a p h e n y l -
porphyrins, 157,159f 

Transient absorption s p e c t r a 
carbonylheme complexes, 190,191f 
oxyheme complexes, 190 

Transient Raman spectroscopy 
N i - r e c o n s t i t u t e d 

hemoglobin, 239-242 
n i c k e l 

protoporphyrin, 239-242,269f 
T r i p l e - s t a t e decay-rate constants, 

t e t r a p h e n y l 
porphyrins, 128-139 

T r i p l e t e x c i t e d s t a t e s , porphyrin 
r a d i c a l c a t i o n s , 248-265 

T r i p l e t - s t a t e redox p o t e n t i a l s , 
metallophthalocyanines, 315t 

T r i p l e t - t r i p l e t a n n i h i l a t i o n 
d i s c u s s i o n , 222 
metalloporphyrin dimers, 118-127 

Triptycene-anthraquinone, h a l f wave 
p o t e n t i a l s , 157f 

T u m o r - l o c a l i z i n g f r a c t i o n , 
hematoporphyrin 
d e r i v a t i v e , 348-350,349f 

Two-photon abs o r p t i o n , 
m e t a l l o t e t r a p h e n y l -
porphyrins, 219-230 

U 

Ubiquinone, e l e c t r o n t r a n s f e r i n 
b a c t e r i a l photosynthetic r e a c t i o n 
centers, 205 

Upper e x c i t e d - s t a t e emission 
spectroscopy 

deuterium isotope 
e f f e c t , 227-229 

d i a c i d porphyrins, 110-112 
diamagnetic 

metalloporphyrins, 108-110 
free base porphyrins, 110-112 
metalloporphyrins, 113-127 
m e t a l l o t e t r a p h e n y l -

porphyrins, 219-230 
paramagnetic 

metalloporphyrins, 112—113,115Γ 

X 

X-ray a n a l y s i s , n i c k e l 
i s o b a c t e r i o c h l o r i n , 52,53f 

Ζ 

Zinc o c t a e t h y l p o r p h y r i n r a d i c a l 
c a t i o n s — S e e 
M e t a l l o o c t a e t h y l p o r p h y r i n s 

Zinc tetra(benzo-15-crown-5)porphyrin 
See a l s o M e t a l l o t e t r a p h e n y l p o r p h r i n s 
d i m e r i z a t i o n e f f e c t s , 141,147 

Zinc t e t r a b e n z o p o r p h y r i n — S e e 
Metalloporphyrins 

Zinc tetraphenylporphyrin 
See a l s o Metalloporphyrins 
See a l s o 

M e t a l l o t e t r a p h e n y l p o r p h y r i n s 
two-photon absorption and 

r a d i a t i o n l e s s t r a n s i t i o n s , 219 
Zinc t e t r a p h e n y l p o r p h y r i n -

anthraquinone—See 
Metallotetraphenylquinones 
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