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Abstract: The lifetime of the (eb,d2-,?) metal excited state of nickel(ll) 5,10,15,20-teteat-butylporphyrin
(NiT(t-Bu)P) exhibits an extraordinary dependence on solvent dielectric properties and temperature. At room
temperature, the excited-state deactivation time varies from 2 ps in highly polar solvents to about 50 ns in
nonpolar media. The lifetimes increase to several microseconds in both polar and nonpolar solvents near 80
K. In contrast, the (d,d) lifetimes of nominally planar nickel porphyrins such as nickel tetraphenylporphyrin
(NITPP) vary only weakly with solvent dielectric properties and temperature, and typically fall in the range of
100 to 300 ps. All available evidence indicates that HB)P in solution is highly ruffled (nonplanar) in the
ground electronic state. It is proposed that the photoinduced conformational changes that occut-in NiT(
Bu)P in order to accommodate the excited-state electronic distribution are limited by the severe steric constraints
imposed by the bulkyneso terbutyl substituents, and result in molecular and electronic asymmetry and thus

a polar excited state. Solvent dielectric properties and temperature modulate these conformational excursions
and thus the electronic deactivation rates by affecting the excited-state energies, porphyrin/solvent reorganiza-
tions, and the populations of low-frequency out-of-plane vibrations of the macrocycle. The novel findings for
this nonplanar nickel porphyrin demonstrate the intimate connectivity that exists between the static and dynamic
molecular structures of porphyrins and their ground- and excited-state electronic properties. Furthermore, the
results obtained provide insights into the interactions between tetrapyrrole chromophores and their host proteins,
and suggest the potential use of nonplanar porphyrins as building blocks for molecular photonics applications.

Introduction fold from those of less distorted tetraalkyl analogues such as
the n-pentyl complexes ZnT¢Pe)P and HT(n-Pe)P or the
nominally planar tetraphenylporphyrins ZnTPP and PP. The
ground-state ruffling distortioA®xhibited by ZnT{-Bu)P32and

by analogy expected for A(t-Bu)P, poise the macrocycle for

Distortion of tetrapyrrole macrocycles from planarity can be
imposed by steric interactions between multiple or bulky
peripheral substituents in vitro and between the molecule and
the surrounding protein in vivé:®> Such distortions significantly
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Scheme 1.Deactivation Pathway of Planar Low-Spin Nickel
Porphyrins

<05 - A
[ ground state I ﬂ, Y(m,m*) state I _SUOps o v1brat10na1}y &
conformationally

4 relaxed (d,d) state | < 0 unrelaxed (d,d) state

100 - 300 ps

de-2 electron and those of the central nitrogéhsWe
anticipated that such conformational dynamics in the (d,d)
excited state of NiT¢Bu)P, in addition to those expected in
the 1(7,7*) excited state, might lead to novel photophysical
properties for this porphyrin. Indeed, we find an extraordinary
dependence of the lifetime of the (d,d) excited state of NiT(
Bu)P on both solvent dielectric properties and temperature, with
the lifetimes spanning several picoseconds to several micro-
seconds.

Materials and Methods

The NiT({-Bu)P, NiT(Ad)P, NiTg-Pe), and NiT-Pr)P complexes
were prepared as describ&d? (The mesosubstitutents in these four
complexes are respectivetert-butyl, adamantyln-pentyl, and iso-
propyl.) Solvents, generally HPLC grade, were used directly, distilled
from an appropriate drying agent, or passed down an activated basic

additional distortions in thé(z,7*) excited state, which are alumina column. Ultrafast transient absorption measurements were
’ ! carried out as described elsewhere, and used 0.2-ps, 582-nm excitation

evidenced _by large shifts t?etwee” thg abs_orptl_on and ﬂu.c.)res'flashes‘% Lifetimes greater than 30 ns were measured with use of 30-
cence maxima. These excited-state distortions in turn facilitate ps 532-nm excitation flashes and a detection scheme having an
rapid nonradiative deactivation to the ground state, either directly instrument response of 20 ns. In particular, the absorption changes
or by concomitant modulation of the interactions between the were probed by using the filtered output of a CW xenon lamp that was
porphyrin and the solvent. The photoinduced structural excur- passed through the sample and a monochromator and was detected by
sions of ZnT{-Bu)P and HT(t-Bu)P are minimized at low a Hamamatsu R928 photomultiplier tube whose output was read across
temperature; at 77 K the excited-state lifetimes and fluorescence? 92 terminator into a Tektronix 7912AD transient digitizer.

yields are similar to those of planar porphyrins, even though Transient Raman spectra were obtained by using 440-nm, 10-ns
the molecules remain distorted in the ground stae This pulses from a Nd:YAG-pumped dye laser operating at 10 Hz. A

temperature behavior is unidue amond the nenplanar zine andcylindrical lens was used to loosely focus the incident beam at the
P q 9 p sample. Incident fluxes at full laser power were estimated to Be 10

free base porphyrins studied to date. . 10° W/cn®. The intensity was attenuated as needed with neutral density
We report here the results of extending these studies to thefijters. The signal was collected, telescoped to reduce the image at

nickel(ll) analogue, NiT¢Bu)P (Figure 1), and the closely the slit, dispersed with a 0.5-m spectrograph, and detected with a liquid-

related tetraadamantyl complex, NiT(Ad)P. These molecules N,-cooled CCD array.

are highly distorted in solution, based on the X-ray data for  Classical molecular mechanics (MM) calculations were performed

N|T(t-Bu)P at 106 K that reveal a ruffled structure with a- with POLYGRAF software (Molecular Simulations, Inc.) and a force

distance of 1.869(7) A? powder EXAFS data for NiT¢Bu)P field developed and modified by Shelnutt et®a2 The force field

at 295 K that yield a NN distance of 1.86(2) Rb analogy was formulsated on the basis of normal-cqordlr;glte analyses of nickel

with the crystal structure of ZnT8u)P32 Raman and optical porphyrind® and the DREIDING Il force field*'> Force constants

spectra in solutiofi2and molecular mechanics calculations (see  (10) (a) Kobayashi, T.; Straub, K. D.; Rentzepis, P. Rhotochem.

ref 5a and below). A motivation for these studies is that a Photobiol.1979 29, 925. (b) Chirvonyi, V. S.; Dzhagarov, B. M.; Timinskii,

; ¥ ; ; ; ; .~ Y. V.; Gurinovich, G. P.Chem. Phys. Lett198Q 70, 79. (c) Kim, D.;
(dz,de-y2) ligand-field excited state is a central intermediate in Kirmaier, C.; Holten, D.Chem. Phys.1983 75, 305 (d) Rodriguez, J.;

the deactivation of photoexcited low-spifimickel porphyrins, Holten, D.J. Chem. Phys1989 91, 3525. (e) Rodriguez, J.; Holten, D.

a process that involves the kinetic phases shown in SchemeJChE'mkPhy§19§QJ9l23,h5944éh(f) EOAT{;; ?8563%%?9' S. C.; Kim, D.; Ha,
8,10,11 i i _fi i ~H.; Kim, Y-.R.J. Phys. Chem. A .

1. F.ormatlon of the ligand-field ?XCIted state pfom"t'?s (11) (a) Findsen, E. W.; Shelnutt, J. A.; Ondrias, M.JRPhys. Chem.

changes in the structure of the porphyrin macrocycle, including 19gg 92, 307. (b) Courtney, S. H.; Jedju, T. M.; Friedman, J. M.; Alden,

a larger Ni-N distance to relieve the repulsion between the R.G.; Ondrias, M. RChem. Phys. Left989 164, 39. (c) Sato, S.; Kitigawa,

T. Appl. Phys1994 B59 415. (d) Kruglik, S. G.; Mizutani, Y.; Kitigawa,
(7) (a) Rivikanth, M.; Reddy, D.; Chandrashekar, T.X.Photochem. T. Chem. Phys. Lettl997, 266, 283.

Photobiol. A: Chem1993 72, 61. (b) Charlesworth, P.; Truscott, T. G.; (12) (a) Shelnutt, J. A.; Majumder, S. A.; Sparks, L. D.; Hobbs, J. D,;

Kessel, D.; Medforth, C. J.; Smith, K. M. Chem. Soc., Faraday Trans. Medforth, C. J.; Senge, M. O.; Smith, K. M.; Miura, M.; Quirke, J. M. E.

1994 90, 1073. (c) Kadish K. M.; Caelmebechel, E. V.; Boula, P.; D-Souza, J. Raman Spectros&992,23, 523. (b) Song, X.; Jentzen, W.; Jaquinod,

Figure 1. The NiT({-Bu)P macrocycle (top) and a space-filling model
based on the X-ray crystal structure of the molecule (botfém).

F. D.; Vogel, E.; Kiskas, M.; Medforth, C. J.; Smith, K. Nhorg. Chem. L.; Khoury, R. G.; Medforth, C. J.; Jia, S.; Ma, J.; Smith, K. M.; Shelnutt,

1993 32, 4177. (d) Tsuchiya, SChem. Phys. Lett1990 169 608. (e) J. A.Inorg. Chem.n press.

Takeda, J.; Sato, MChem. Lett1995 939. (f) Lin, C.-Y.; Hu, S.; Rush, (13) (a) Li, X.-Y.; Czernuzewics, R. S.; Kincaid, P.; Spiro, T.J5Am.

T. lll; Spiro, T. G.J. Am. Chem. S0d.996 118 9452. Chem. Soc1989 111, 7012. (b) Li, X.-Y.; Czernuzewics, R. S.; Kincaid,
(8) Drain, C. M.; Kirmaier, C.; Medforth, C. J.; Nurco, D. J.; Smith, K.~ J. R.; Su, Y. O.; Spiro, T. GJ. Phys. Chem199Q 94, 31. (c) Li, X.-Y;

M.; Holten, D.J. Phys. Chem1996 100, 11984-11993. Czernuzewics, R. S.; Kincaid, J. R.; Stein, P.; Spiro, TI&hys. Chem.

(9) The ruffle distortion is characterized by clockwise and counterclock- 199Q 94, 47.
wise twisting of alternating pyrrole rings, with alternate meso carbons lying (14) Sparks, L. D.; Medforth, C. J.; Park, M.-S.; Chamberlain, J. R;;
above and below the mean macrocycle plane. The saddle distortion is Ondrias, M. R.; Senge, M. O.; Smith, K. M.; Shelnutt, J.JJAAmM. Chem.
characterized by alternate up and down tilting of pyrrole rings with respect Soc.1993 115 581.
to the mean plane, and the fomesocarbons lying in that plane (Scheidt, (15) Mayo, S. L.; Olafson, B. D.; Goddard, W. A., Il. Phys. Chem.
W. R.; Lee, Y. J.Struct. Bonding (Berlin)L987, 64, 1). 199Q 94, 88.
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for the bond stretches, bond angle bends, bond torsions, and inversions 40 ps - - 0.0 3
of the porphyrin macrocycle were initially taken from the normal A. Toluene ..~ < L‘“‘w
coordinate analysis of NIOEP. The most significant modification to y A
the initial force field is that the out-of-plane force constants okti 0.1 W,
al.**2were reduced by 50% because of theoretical considerations such
that a group of nonplanar porphyrin reference structures were accurately 0.0
calculated®® For nickel in the (¢,de-?) configuration, the Ni-N )
equilibrium bond length was set to 2.07 A, a value obtained by modeling
the structures of high-spin six-coordinate nickel porphyrins. The van _g |
der Waals parameter for £l2_2) nickel was taken to be the same as
for zinc, and obtained from the DREIDING Il force fiell. The
transition barriers between different conformers were determined by -(.2
minimizing the structure with the AC,—CCs dihedral angle systemati-
cally constrained at different values until the peripheral substituent
moved through the porphyrin mean plane and the porphyrin conforma-
tion changed® The barrier energy was estimated from the energy of
the constrained structure obtained just before interconversion.
Semiempirical quantum calculations were performed by using the
INDO/restricted HartreeFock method developed and optimized for
spectroscopic predictions by Zerner and co-workérslyperChem
(Hypercube, Inc.) software was used, with (@) parameter set to !
32. Molecular structures were obtained from the classical energy- 0.5 ps
optimization calculations. The calculations were performed on the L L L L L 02
entire molecular structure, including the substituents. The configura- 0.1 [ Dimethylformamide
tion-interaction calculations included single excitations from the 25 top-
filled orbitals to the 10 lowest-empty orbitals, including both the d
and de-y2 metal orbitals. The orbital populations were restricted to 0.0
calculate the lowest-energy singlet state of the porphyrin.

<

18ps

3

Results 01 f.a"'”'

Studies of NiT¢-Bu)P as a Function of the Dielectric  SEE—
Properties of Noncoordinating Solvents at 295 K. Repre- 0 Time (ps) 75
sentative transient absorption difference spectra fortNST)P t t } } i
in toluene at room temperature are shown in Figure 2, panels 420 440 460 480 500
A and B. The spectrum observed at 0.5 ps forms with the 0.2-
ps excitation flash and is dominated by bleaching of the ground- Wavelength (nm)
state Soret band. This spectrum is assigned to'¢her*) Figure 2. Transient absorbance difference spectrad@i— Aunexcited

excited state of the macrocycle. These early-time absorptionfor NiT(t-Bu)P at room temperature in toluene (A and B) and
changes decay with a time constant of £.8.2 ps to a spectrum  dimethylformamide (C), acquired using 0.2-ps, 582-nm excitation
having an asymmetric derivative-like shape (5.5-ps spectrum flashes. The spectra in panel A were acquired at 0.5, 1.8, 2.1, 3.5, 5.5,
in Figure 2A). This spectrum continues to evolve with complex 11, 20, and 40 ps after excitation. The inset to panel A is a kinetic
wavelength-dependent kinetics. The average time constant oftrace and fit at~470 nm showing the instrument response (initial
the second kinetic phase measured between 425 and 475 nm igownward deflection) followed by two kinetic components having time

. Constants of 0.8 and 7 ps. The kinetic traces in panel B sg00 ns
7 ps, but values ranging from 2 to 20 ps are observed as @and were obtained by using 30-ps excitation flashes. The traces show

function of wavelength. The resultant spectrum (40-pS SPEC- yhe decay of the transient absorption at 450 nm and of the ground-
trum) has a symmetric derivative-like shape composed of the siate bleaching at 470 nm; both have a time constant of 29 ns. The
bleaching of the ground-state Soret band overlapped with ankinetic data and fit in inset to panel C were obtained at 470 nm and
opposing excited-state Soret absorption to the blue. The have a time constant of 22 ps.

presence of both the 0.8-ps decay of thex*) state and the
subsequent 7-ps component is readily seen from the kinetic trac
at 465 nm, where the two kinetic phases have opposite signs

for the change iM\A with time (Figure 2A inset). In analogy S .
with previous results on other nickel porphyrins, the derivative- N€0US d_eactlvatlon of the (d,d) excited state and com_plete
alectronlc and structural recovery of the ground state with a

shaped spectra are assigned to the metal (d,d) excited state, an 3 X
the complex 7-ps spectral evolution is ascribed to vibrational fMe constant of 29 ns for NitBu)P in toluene at 295 K.

relaxation and conformational readjustments within this St In neza_rlydal:qof the o:)her_ 3; iolv_ent_s i”bWhiCtht:BU)lP _
The (d.d) excited state undergoes only a modest decay'V2S Studied, the same basic behavior is observed at early times

between 40 ps and 2.7 ns (Figure 2B). Kinetic data on a longer after_ photoexcitation. Namelz, there is a 8.5ps component
time scale obtained using a 30-ps excitation flash reveal that gscrlbeq to deqay of thi{m.*) stat.e apd formation of the
both the excited-state absorption (450 nm) and ground-sta’rel'(~:]and'f'e.|oI excited state, and a kinetically comple_x second
bleaching (470 nm) decay with a time constant of 238 ns p_hase_ with an average time constant efl'ﬁ) ps ascribed to
vibrational/conformational relaxation within the (d,d) excited
(16) Jia, S.-L.; Zhang, J.; Ma, J.-G.; Shelnutt, J. A. In preparation. state. However, the subsequent decay of the (d,d) excited state
(17) (a) Ridley, J. E.; Zerner, M. Gheor. Chim. Actdl973 32, 111. to the ground state shows a substantial solvent dependence.

(b) Bacon, A.; Zerner, M. CTheor. Chim. Actdl979 53, 21. (c) Zerner, s H : ; :
M. C.: Loew. G. H.. Kirchner, R. F.. Mueller-Westerhoff. U J. Am. These findings are illustrated in Figure 2C by the data for NiT(

Chem. Soc198Q 102, 589. (d) Edwards, W. D.; Weiner, B.; Zerner, M. c.  BU)P in dimethylformamide (DMF). Th§(z,7*) spectrum at
J. Phys. Chem1988 92, 6188. 0.5 ps is basically identical to that observed in toluene (see

JFigure 2B insets). During this time, an isosbestic point is found
at 457 nm and\A = 0 (see 40-ps and 2.7-ns spectra in Figure
2B). Collectively, these findings are consistent with simulta-
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Table 1.

Solvent Dependence of (d,d) Lifetime of NtTBu)P at 295 R

Drain et al.

solvent

7(d,d)

€

d

ET30 A = (L) — (Lle)

(T, r¥)/(d,d)

A. nonligating or potentially weakly ligating solvents (squares in Figure 3)

benzene (wet or dry) 46 ns 2.3 0 34.3 0.01 0.77
toluene 29 ns 2.4 0.4 33.9 0.03 0.77
methylcyclohexane 32ns 2 0 (31) —0.01 0.67
cyclohexane 3lns 2 0 30.9 -0.01 0.71
mineral oil 30 ns 2 0.2 (31) (0.01) 1
2,2,5,5-Me-THF 1.3ns (6) (35) (0.34) 0.83
o-dichlorobenzene 0.56 ns 9.9 25 38 0.31 11
2,6-dimethylpyridine 0.54 ns 7.3 1.7 36.9 0.31 0.83
2,2,6,6-tetramethylpiperidine 0.54 ns 3) 32) (0.14) 0.77
chlorobenzene 0.38 ns 5.6 1.7 36.8 0.25 14
quinoline 0.32 ns 9 2.3 39.4 0.27 0.83
nitrobenzene 0.11 ns 34.8 4.2 41.2 0.38 1.4
2-nitrotoluene 0.11 ns 27.4 4.1 (412) 0.38 1.4
benzonitrile 82 ps 25.2 4.2 41.5 0.39 2
dimethylformamide 22 ps 36.7 3.8 43.8 0.44 25
dimethyl sulfoxide 18 ps 48.9 4.0 45.1 0.44 5
nitromethane 2ps 38.6 35 46.3 0.5 5
B. potentially more strongly ligating solvents (circles in Figure 3)

nitrogenous
2-methylpyridine 0.14 ns 9.8 15 38.3 0.35 11
2,5-dimethylpyrrolidine 0.10 ns C)] (36) (0.37) 1.1
piperidine 75 ps 5.8 1.2 35.5 0.3 1.43
aniline 54 ps 6.9 1.8 44.3 0.25 3.3
pyridine 28 ps 12.3 2.2 40.5 0.36 1.7
pyrrolidine 26 ps (6) 1.6 39.1 (0.31) 3.3

oxygenous
2,5-dimethyltetrahydrofuran 0.13ns (6) 35.5 (0.34) 0.8
methyltert-butyl)ether 0.11 ns 4) 1.2 35.5 (0.28) 0.91
anisole 0.10ns 4.3 1.3 37.1 0.2 1
3-pentanone 74 ps 17 2.7 39.3 0.52 14
2-methyltetrahydrofuran 51 ps 7 36.5 (0.37)
cyclohexanone 41 ps 18.3 2.9 39.8 0.42 2
tetrahydrofuran (THF) 26 ps 7.4 1.8 37.4 0.37 1.7
diethyl ether 24 ps 4.3 1.2 345 0.31 2
1,4-dioxane 10 ps 2.2 0 36 0.04 5

2The lifetimes were measured at 295 K and have errors1¥%. The solvent parametétsre the dielectric constant)( dipole momentd),
ET30, Marcus reorganization paramet), @nd refractive indexn). The values in parentheses were estimated from comparison with data for
related solvents.

12 T T T

-log(t)

0 20 40 30 40 50 0.0 0.2 0.4 0.6
€ ET30 A
Figure 3. Dependence of the (logarithm of the) lifetime of the (d,d) excited state oftNBUI{ on three measures of solvent dielectric properties:
(A) dielectric constantd), (B) the ET30 empirical solvent parameter, and (C) the Marcus solvent reorganization parame(ém?) — (1/e),
wheren is the refractive index. The data depicted by the squares are for the solvents in list A in Table 1 while those depicted by circles are from
list B. The lines are shown only to clarify the trends in the data.

Figure 2B), except for a small shift in the position of the Soret time constant of only 22 3 ps (Figure 2C inset). This (d,d)
bleaching that parallels the Soret maximum in the ground-state lifetime is 1300 times shorter than that found in toluene!
spectrum. The spectrum at 18 ps is assigned to the (d,d) excited Excited-state lifetimes for NiT{Bu)P in a number of
state and has the same derivative shape as the (d,d) spectrumoncoordinating solvents (and several potentially weakly co-
in toluene (40-ps spectrum in Figure 2B), but with a reduced ordinating solvents) are given in Table 1, list A. These data
amplitude (relative to the initial Soret bleaching near 450 nm) are plotted in Figure 3 (squares and solid lines). This figure
and a blue shift of theAA = 0 point. The most notable  shows the remarkable dependence of the (d,d) lifetime of NiT-
difference from the behavior in toluene is that the excited-state (t-Bu)P on three measures of the dielectric properties of the
absorption and ground-state bleaching in DMF decay with a solvent: The first parameter (Figure 3A) is the static dielectric
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constant €). The second variable (Figure 3B) is the ET30 that normally expected for metal coordination to nickel por-
empirical solvent parameter, which like primarily reflects phyrins. (i) The ground-state Soret position varies by only about
solvent polarity. ET30 also incorporates other solvation factors 5 nm among the 34 solvents used in this study, including the
(such as polarizability) that affect the position of the charge- nitrogenous bases. This behavior is unlike the significant effect
transfer absorption band of a beteine éfeThe third parameter  of metal ligation on the spectra of other nickel porphyrins. (ii)
(Figure 3C) is the Marcus solvent reorganization paramkter  Ground-state recovery is complete within 150 ps after excitation
= [(1/n?) — (1/€)], which is a function of the static dielectric  of NiT(t-Bu)P in potentially ligating solvents (e.g., piperidine).
constant (polarity) and the high-frequency dielectric constant This behavior is contrary to the long (0 ns) lifetimes found
(the square of the refractive inde) (eflecting polarizability):® previously either upon ligand release from photoexcited six-
Table 1 also shows that the lifetime depends similarly on dipole coordinate nickel porphyrins or upon ligand binding to photo-
moment. The lifetime decreases by a factor greater thdn 10 excited four-coordinate nickel porphyrins in the presence of
from 46 ns in the nonpolar benzene to 2 ps in the very polar potential ligandg%-ef (i) Deactivation is more rapid in
nitromethane. It is noteworthy that, in each solvent, the decay pyridine than in piperidine even though the latter is the stronger
of the (d,d) excited state is accompanied by isosbestic pointsg-donor. This finding is not consistent with a metal-coordina-
(see, e.g., Figure S1 of the Supporting Information) and is well tion effect, but is in keeping with the greater polarity of pyridine
described by single-exponential kinetics. This behavior is than piperidine. (iv) The lifetimes in the oxygen-containing
consistent with the decay of a single excited state in each solvents in list B are comparable to those found in the
solvent. Itis not consistent with the parallel decay of two states nitrogenous bases (Table 1). This behavior is contrary to what
or forms, one with a short lifetime (picoseconds) and the other would be expected for axial ligation given that oxygen-
with a long lifetime (nanoseconds), whose relative contributions containing ligands are generally weakerdonors than the
vary with solvent properties. nitrogenous bases and coordinate only weakly to nickel por-
That the variations in excited-state lifetime shown in Figure phyrins. In agreement with these last two points, the lifetimes
3 (squares and solid lines) are due primarily to solvent dielectric for the solvents in either list A or B do not track the electron-

properties is supported further by analysis of other possible donating ability of the solvents as reflected by parameters such
solvent effects. First, the effect of viscosity on the (d,d) lifetime g5 the donor number.

of NiT(t-Bu)P is very small considering that the viscosity (
of nitromethane#{ = 0.62 Cp,r = 2 ps) is comparable to that
of benzene) = 0.61 Cp,7 = 46 ns), and that the lifetime in
benzene (and in other hydrocarbons) is similar to that in the
highly viscous medium mineral oily(= 110 Cp,r = 30 ns).
Second, a possible role of adventitious water in the more polar
solvents (even though they were dried) is eliminated by the
observation that the same lifetime (46 ns) is obtained in both
dry and water-saturated benzene. Third, metal coordination or
porphyrin—solvent redox reactions cannot explain the substantial
variation in lifetime that occurs among a majority, if not all, of
the solvents in list A of Table 1 (Figure 3, squares). If electron
transfer from the photoexcited nickel porphyrin to a solvent were
important, one would have expected the effect to be more
significant for nitrobenzene than for nitromethane, which is
contrary to what is observed. Additionally, the solvents under
discussion are either noncoordinating or at most weakly
coordinating to nickel porphyrins. These considerations for the
solvents in list A argue that solvent polarity, perhaps in
conjunction with polarizability, is primarily responsible for the
variation of the lifetime of the (d,d) excited state of NFRu)P.
Additional Solvent Effects on the Photodynamics of NiT-
(t-Bu)P at 295 K. In some solvents, factors addition to
dielectric properties come into play in modulating the (d,d)

Thus, the spectral and kinetic results for NFBU)P in
heteroatom-containing solvents do not coincide with the be-
haviornormally expected for axial ligation to nickel porphyrins,
in either the ground or excited electronic state. Nonetheless,
some of the solvents in list B do appear to interact with the
metal or the macrocycle in NitBu)P, resulting in shorter
lifetimes than observed in the solvents in list A with similar
dielectric properties: there appears to be a correlation between
steric bulk adjacent to the heteroatom of the solvent and the
excited-state lifetime. The more bulky solvents induce lifetimes
that approach values expected solely on dielectric properties
(Table 1 and Figure 3). For example, the lifetimes in 2,2,5,5-
tetramethyltetrahydrofuran (1.3 ns) and 2,6-dimethylpyridine
(0.54 ns) fall near or on the dielectric-properties lines in Figure
3 (solid), whereas the analogues with progressively fewer methyl
groups exhibit shorter lifetimes terminating in values of 26 ps
for tetrahydrofuran and 28 ps for pyridine. Note that if the
solvents in list B (and perhaps a few in list A) do form ground-
or excited-state adducts with NiffBu)P, the consequence is
to make the excited-state deactivation rates more “normal’, i.e.,
comparable to the 166800 ps found for less distorted or
nominally planar complexes such as NifPe)P and NiTPP in
noncoordinating solvents (see Table 1 and below). These
lifetime of NiT(t-Bu)P. These solvents are included in list B considerations further illustrate the unusual dependence of the

of Table 1, and the lifetimes are plotted in Figure 3 as circles. photodynamics of NiT¢Bu)P on solvent properties.
The (d,d) lifetime of NiT¢-Bu)P in these solvents ranges from  Temperature Dependence of the Photodynamics of NiT-
10 to 140 ps. These values are generally shorter than those(t-Bu)P. The effects of temperature on the lifetime of the (d,d)
found in the solvents in list A that have similar dielectric €Xcited state of NiTi¢Bu)P are shown in Table 2 and Figure 4.
properties. The solvents in list B include nitrogenous bases suchThe lifetime in 2-methyltetrahydrofuran increases from 51 ps
as pyridine and piperidine that are known to coordinate to the at 295 K'to 5.&s at 85 K (squares). Since the lifetime changes
metal in other nickel porphyrins such as NiTPP to form high- smoothly through the~150 K freezing point of this solvent,
spin six-coordinate complexé%:20 However, the behavior  the temperature dependence of the lifetime cannot be ascribed
of NiT(t-Bu)P in these heteroatom-containing solvents is unlike t0 @ phase transition in the medium. A similar temperature
(18) (a) Reichardt, CSokent Effects in Organic Chemistry/CH dependence is found In.DMF’ .as deduced from several ”.‘ea?”re'
Publishers: Meinheim, 1988. (bjandbook of Chemistry and Physi@th ments above the freezing point of the solvent. An activation
ed.; Lide, David, R., Ed.; CRC Press: New York, 1991. (c) Gordon, A. J.; enthalpy of~3 kcal/mol is estimated from the Arrhenius plot
Lo ., e Comeriodomn Wy & S e Y1 of th (d)ffetime n he two Saivents (Figure 4 sold ne).
H. Freeman and Co.: San Francisco, 1963. A somewhat smaller activation energy ofl kcal/mol is
(19) Marcus, R. A.; Sutin, NBiochim. Biophys. Actal985 811, 265. estimated for the (d,d) decay process in several nonpolar solvents
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Table 2. Temperature Dependence of (d,d) Lifetime of

NiT(t-Bu)P®
solvent temp (K) 7(d,d)
toluene 295 29 ns
250 58 ns
225 93 ns
190 0.12us
180 0.11us
170 0.15us
160 0.16us
3-methylpentane 295 35ns
240 70ns
200 0.13us
175 0.1%s
150 0.30us
135 0.34us
110 1.6us
80 2.5us
methylcyclohexane 295 32ns
210 0.15us
170 0.28us
150 0.34us
methylcyclopentane 295 50 ns
180 0.26us
140 0.35us
dimethylformamide 295 22 ps
245 91 ps
225 0.14 ns
220 0.33ns
2-methyltetrahydrofuran 295 51 ps
220 0.29ns
180 0.77 ns
160 2.8ns
130 0.11us
110 0.38us
100 1.1us
85 5.8us
aLifetimes have errors of=10%.
T 1 T 1 1
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Figure 4. Arrhenius plots of the (d,d) lifetime of NiT{Bu)P in various
solvents. The polar solvents (closed symbols) are dimethylformamide
and 2-methytetrahydrofuran. The nonpolar solvents (open symbols) are'

Drain et al.

the solvent, to 2.5s at 80 K. (The entropy factors derived
from the intercepts of the Arrhenius plots are also somewhat
larger for the polar versus nonpolar media.) Collectively, these
data show that although the lifetimes of the ligand-field excited
state of NiT{-Bu)P in nonpolar and highly polar solvents differ
by over 3 orders of magnitude at room temperature, the lifetimes
in both types of solvent lengthen and converge to several
microseconds near 80 K.

Environmental Effects on the Transient Optical Spectrum
of NiT(t-Bu)P. The factors responsible for the variation in the
(d,d) lifetime of NiT{-Bu)P with solvent dielectric properties
and temperature also influence the excited-state absorption
difference spectrum (see Figure 2). Less polar solvents and
lower temperatures give rise to longer lifetimes accompanied
by larger amplitudes of the Soret-region (d,d) spectrum (peak
to troughAAA in the derivative-shaped spectrum) relative to
the peak amplitude of the Soret bleaching in f{e,z*)
spectrum. (This ratio normalizes the amplitude of the (d,d)
spectrum to the same initial concentration of photoexcited
molecules.) For example, the maximum relative amplitude of
the (d,d) spectrum in DMF (18-ps spectrum relative to the 0.5-
ps spectrum in panel C of Figure 2) is about 30% of that in
toluene (40-ps spectrum relative to the 0.5-ps spectrum in panel
A). The behavior in other solvents is given in Table 1 and
Figure S2 of the Supporting Information.

Spectra were also acquired for NiFRu)P in selected solvents
at room temperature in the Q-band region (5680 nm), where
the @z,r*) absorption is relatively featureless (data not shown).
These datalo notshow appreciable decay of the ground-state
Q-band bleachings during either tHer,7*) lifetime (z = 0.5—-1
ps) or the time for vibrational/conformational relaxation within
the (d,d) stater(= 5—10 ps) and, most importantly, the behavior
does not depend significantly on solvent. Hence, the reduced
amplitude of the Soret-region (d,d) spectra observed in polar
versus nonpolar solvents (or high versus low temperatures) does
not reflect significantly enhanced deactivation‘ef,7*) to the
ground state, but rather must be due largely to environmental
effects on the relative positions of the ground- and excited-
state Soret bands (and thus to different degrees of cancellation
of these features in the transient difference spectra).

Excited-State Lifetimes for Other Nickel Porphyrins.
Preliminary data on nickel tetraadamantylporphyrin (NiT(Ad)P)
indicate that the (d,d) excited state lifetime obeys a similarly
strong dependence on solvent dielectric properties (Table 3).
In each solvent examined to date, the (d,d) lifetime is somewhat
longer for NiT(Ad)P than for NiT{¢Bu)P: 40 ns versus 29 ns
in toluene, 0.54 ns versus 0.34 ns in chlorobenzene, 65 ps versus
28 ps in pyridine. It is likely that the bulkier substituents of
NiT(Ad)P induce a still more distorted ground-state structure
than that of NiT{-Bu)P52 Consequently, the excited-state
conformational landscape of NIiT(Ad)P may be reasonably
expected to differ even more from planar analogues than that
of NiT(t-Bu)P, leading to still slower deactivation to the ground
state.

In contrast with NiT{-Bu)P and NiT(Ad)P, the excited-state
deactivation rates of less distorted or nominally planar nickel
porphyrin§2such as NiT(n-Pe)P and NiTPP are much different

toluene, 3-methylpentane, methylcyclohexane, and methylcyclopentane than those found for the highly ruffled complexes (Table 3).

The lines are fits that yield activation enthalpies~d kcal/mol (solid,

polar solvents) and-1 kcal/mol (dashed, nonpolar solvents).

For example, the (d,d) lifetimes of 16@20 ps for NiT(-Pe)P,
NiT(i-Pr)P, and NiTPP in toluene amrders of magnitude
shorterthan the values of 33 and 40 ns found for NFBU)P

(Figure 4, dashed line). These solvents include 3-methylpen-and NiT(Ad)P in this solvent. Furthermore, the excited-state
tane, for which the (d,d) lifetime varies reasonably smoothly lifetimes of NiT(n-Pe)P and NiTPP dootchange significantly
from about 40 ns at 295 K, through the 119 K freezing point of in solvents with different dielectric properties and in which the
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Table 3. Lifetimes of Other Nickel Porphyriris for NiT(t-Bu)P in toluene is dominated by Raman scattering
compound/solvent (d,d) lifetime from the ground electronic state. The positions of structure-
- sensitive skeletal vibrations suchiag1358 cnt?) andv; (1536
NiT(Ad)P 7 :
toluene 40ns cm 1) match those obtained from CW resonance Raman
mineral oil 40 ns spectroscopy®® These positions are expected for a highly
chlorobenzene 0.54 ns nonplanar porphyrin such as NifBu)P and occur at much
2-nitrotoluene 0.22ns lower frequencies than observed for planar analogues such as
Ni'lE)yr:lgneP 65ps NiTPP. At increasingly higher laser fluxes, the population of
téluer?e)z 94 ps the (d,d) excited state builds up progressively more during the
chlorobenzene 0.10 ns 10-ns laser pulse, and Raman scattering from this excited state
dimethylformamide 0.12ns contributes increasingly more to the observed spectrum. The
_3-methylpentane 0.22 ns Raman bands for the ligand-field excited state occur at
N'T(:'PV)P 0.10 significantly lower frequenciesv§ ~ 1342 cnr?, v, ~ 1530
Ni}%‘;e”e 0 ns cm 1) than for the ground state, and the bands are broader by
toluene 0.22 s a factor of 2 to 3. The finding that the structure-sensitiye
toluene at 200 K 0.22 ns andv, modes occur at lower frequencies for the (d,d) state versus
toluene at 170 K 0.30ns the ground state is consistent with an expansion of the porphyrin
toluene/acetone 60/40 0.26 ns core in the photoexcited complex, as has been observed for other
toluene/acetone 60/40 at 170 K 0.31 ns nickel porphyringl®t11 However, the excited-state shifts for
2-nitrotoluene 0.25ns NiT(t-Bu)P liahtly | 15 1 h .
chlorobenzene 0.20 ns iT(t-Bu)P are slightly larger {15 cnm or vg4) than is
NiDPP generally observed for more planar porphyrins such as nickel
toluene 0.12 s protoporphyrin(IX) dimethyl ester (NiPPDME). In the 300 to
methylcyclohexane 0.14fs 650 cnt? region of the Raman spectrum of NHHBu)P, only
chlorobenzene 50 ps intensity differences are found for the ground state versus the
dimethylformamide 45 ps

(d,d) excited state.

aLifetimes (ilO%) at 295 K unless noted otherwige&imilar values Similar behavior is observed for N|ﬂ:Bu)P in pyndme The
are reported in ref 16.From ref 8. peak positions of the, andv, modes for the ligand-field excited
state (1340 and 1527 c) occur at significantly lower
frequencies than for the ground state (1355 and 1534%cm
The similarity of the Raman spectral characteristics of NiT(
Bu)P in toluene and pyridine strongly supports the conclusion
reached from the optical data that potentially coordinating
solvents such as pyridine in fact do not ligate to the metal in
either the ground state or the ligand-field excited state of NiT-
(t-Bu)P. In keeping with the shorter (d,d) lifetime of NiT(
Bu)P in pyridine (28 ps) versus toluene (29 ns), significantly
higher laser fluxes are required in pyridine than in toluene to
obtain Raman signals of comparable magnitude in the two
solvents.

Finally, previous studies of NiPPDME have revealed a
solvent-polarity dependence of the frequencies of other Raman
bands (e.g.y3 andv) for the (d,d) state but not for the ground
statel’2 One would expect a similar effect for NifFBu)P,
especially considering the observed dependence of the (d,d)
lifetime of this molecule on solvent dielectric properties (Figure
2). However, these bands are not resolved for this highly
nonplanarmesesubstituted porphyrin. Nonetheless, the col-
lective transient Raman data strongly support the results and
conclusions from the time-resolved absorption studies concern-
ing the effects of solvent on the spectral and kinetic properties
of the ligand-field excited state of NiTFBu)P. A full descrip-
tion of the transient Raman studies of NFBu)P will be

decay time for NiT{-Bu)P varies by 3 orders of magnitude
(Tables 1 and 3). This is true in the highly polar solvent DMF
despite the fact that neither Nif-Pe)P, nor NiTPP, nor NiT-
(t-Bu)P show evidence of solvent coordination to the metal either
before or after photoexcitation. Similarly, the (d,d) lifetime of
NIiTPP is only moderately sensitive to temperature, whereas the
decay of photoexcited NiT{BuP) varies by orders of magnitude
under similar conditions (Tables 2 and 3).

Table 3 also includes some representative data for nickel
2,3,5,7,8,10,12,13,15,17,18,20-dodecaphenylporphyrin (NiDPP).
Data for this complex and related dodecaarylporphyrins suggest
that NiDPP in solution can access multiple nonplanar conforma-
tions involving varying degrees of mixing of ruffle and saddle
distortions in both the ground and excited electronic staes.
The 120-ps (d,d) lifetime of NiDPP in toluene at 295 K falls in
the range of values found for less distorted or nominally planar
complexes such as Nif{Pe)P and NiTPP, but is significantly
shorter than the 33-ns lifetime of the highly ruffled NiTgu)P
under these conditions. Furthermore, the lifetime for NiDPP
decreases by only a factor of about 3 to 45 ps in DMF, whereas
the lifetime of NiT¢-Bu)P decreases by a factor of 1300 in this
solvent?® Collectively, these comparisons indicate that the
excited-state behaviors of NiffBu)P and NiT(Ad)P are not
only significantly different from nominally planar porphyrins,
but may also be unique among nonplanar nickel porphyrins.

Trangient Raman cIl\/leasurerr?ents.E)I'he photodynpamﬁ)c{e- reported elsewherg. . . )
havior of NiT(-Bu)P was also probed by transient resonance Molecular Mechanics and INDO Calculations. Classical

Raman spectroscopy. At low incident laser fluxes, the spectrum Molecular mechanics (MM) calculations were performed to gain
insight into the most likely low-energy molecular conformations

Lar(ﬁgr) (él) ltl/lf:\b\(leaeli’e?.FD;&(iglf{l%hsgli[:/f\ll)}risrligg(])?&]\ii?]trggg% -7’;\%5 (rg?c of NiT(t-Bu)P, for both the ground electronic state and the

Press: New York; 1978; Vol. IV, p 4. T ligand-field excited state. For the ground state, the central nickel
(21) Unlike NiT(-Bu)P, the (d,d) lifetime of NiDPP slows significantly ~ has a (g?)? configuration, and the equilibrium NiN distance

as the viscosity of the medium is increased (Table 3), and this effect has in the MM calculations was set to 1.855°%A¢ For the ligand-

been ascribed to requisite movement of the phenyl rings accompanying ¢; : ; SN
excited-state deactivatidh.This viscosity effect must also contribute field excited state, the central nickel has & () configu

significantly to the lengthening of the (d,d) lifetime of NiDPP at low ration, and the equilibrium NiN distance was set to 2.070 A
temperaturé. Thus, the combined data suggest that the temperature
dependence of the deactivation time of NiDPP originates from different ~ (22) Simpson, M. C.; Jia, S.-L.; Holten, D.; Ondrias, M. R.; Shelnutt, J.
factors than those operative for NtTBu)P. A Manuscript in preparation.
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Figure 5. Schematic energy-level diagram for NiFgu)P. The conformational surfaces for the ground state (solid) and the (d,d) excited state
(dashed) were obtained from the MM calculations described in the text. The energies'Qf(the*) and 'B(,7*) states were taken from the
ground electronic state absorption spectrum.

a value estimated by modeling the crystal structures of high- conformers lie within 3 kcal/mol of one another (with the
spin six-coordinate nickel porphyrif3. For both electronic ordering depending on the exact equilibrium—-MW distance
states and concomitant core sizes, four stable conformers werechosen for the g de-2 metal configuration), with the3, form
calculated. In both cases, the lowest-energy conformer is theat somewhat higher energy. The dipole moments estimated for
pure ruffled structure, in agreement with the ground-state X-ray the various stable conformers and the structures at the peaks of
structuré® (Figure 5 and Table S1 of the Supporting Informa- the barriers between the stable conformers are listed in Table
tion). This conformation (denotegfso3) has alternating meso- 4.

carbons displaced up) and down §) with respect to the mean INDO/s quantum calculations were performed to supplement
plane of the macrocycle, causing the pyrrole rings to be twisted the MM calculations. The results are given in Table S2 of the
clockwise and counterclockwise about the- bonds. The Supporting Information. The calculations lead to several
other stable conformers calculated are difls, a4 (dome), and qualitative conclusions. (i) The formation of thezdx-y?)

o252 (wave) structures, which lie about 12, 20, and 22 kcal/ excited state of course favors the expanded-core structures. This
mol, respectively, aboveSaj in the ground electronic state is particularly true foraSs and a4 because these conformers
(Figure 5). In the ligand-field state, thefaf, a4, and afs allow large increases in the NN distance relative to thefo/
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Table 4. Dipole Moments of Stable Conformers and Some configuration generated upon photoexcitation. In other words,
Transition States between Conformers of NiTtBuP Calculated by the Ni(de_.2)—nitrogen electron repulsion in the ligand-field
Molecular Mechanics (MM) and INDO Methodls . (de-y) 9 - _p . 9

excited state can only be relieved in a limited number of ways.

dipole moment (D) One is for photoexcited NiT{Bu)P to counteract the strong
core structure conformer MM INDO tendency of a purely ruffled porphyrin for a small metal
contracted  ofoB: ruf 0.00 001 nitrogen distance* by assuming a less distorted but still ruffled
Barrier 1 0.37 ofapf structure. Another is for electronically excited NiT(
afs: ruf + dom+ way 0.48 0.82 Bu)P to change to a different stable conformer with a less
Barrier 2 111 pronounced preference for a short metaitrogen distance.
ng::jov?au é:gg 8:88 These conformers include the (dome) andx33 (mixed ruffle
expanded ofap: ruf 0.00 0.00 + dome+ wave) structures, which more easily adjust to the
Barrierl 0.32 electron-density distribution in the (d,d) state because the
afs: ruf + dom+ way 0.39 0.87 doming deformation expands the porphyrin ctfrgThe metal
B"’T”c'j%rnf 11'2042 117 ion moving out of the nitrogen plane may also help reduce the
34232: Waw 0.00 0.00 electron repulsion.) Furthermore, the MM calculations indicate

that theoy and o83 conformers are energetically close to the

“ Barriers exist between the)3; conformer and the other conformers, 848 conformer in the (d,d) excited state and are thus accessible
but these barrier energies were not calculated. Abbreviations for . o -
following photoexcitation (Figure 5).

conformations: ruf = ruffled, dom = domed,wav = waved. An
equ”it}rtiﬁm Q')'?N IE)OInd I?_ngtht_of 1£55 A_il_sbqsed ’\jﬂ(‘ ti?e gc;ntrei%ted The combination of severe steric constraints, a strong
core orthe nickel contiguration. An equiliorium ond len H i i
of 2.070 A(is used for tr?e expanded ?:ore of the,ft-?) nick%l preference for_a short NiN dlstanqe " thmﬂ.&ﬂ Con_former,_
configuration. See Figure 5 and Tables S1 and S2 of the Supportingthe need to relle_ve_ electron repulsion in the ligand-field excited
Information for further results from these calculations. state, and the limited ways that these factors can be accom-
modated have profound structural and electronic consequences
ground-state confomer (by about 0.16 and 0.20 A, respectively). on the dynamic photophysical behavior of NiBu)P. One
In fact, the INDO calculations suggest that the lowest-energy consequence is that the excited-state deactivation oftMT(P
metal configuration may switch fror(d,)? to 3(dz,de—?) in is over 16 slower in nonpolar solvents at room temperature
these two expanded-core conformers. (i) Structural changesand over 1&slower at low temperature than in nominally planar
such as formation of the expanded-coy; or oy conformers  complexes such as NiTPP. These considerations suggest that
can explain the observed blue shift in the Soret band of the 3 kinetic trapping mechanism may apply for NFRu)P. This
ligand-field excited state relative to the ground state (Figure pehavior probably originates from the formation of a conformer
2). (iii) The metal gz, orbital mixes with the porphyrine in the ligand-field excited state (e.@3s or a) that has a poor
orbitals, implying that-Yd2,de- ) states contain a small amount  Franck-Condon factor and large barrier for deactivation to the
of charge transfer (CT) between the metal and t_he ring. (iv) ruffled (0BaB) ground electronic state. Indeed, the MM
The lowest'*CT states involve electron promotion from a  caicylations indicate that significant barriers toward conforma-
E)orpi:yrlnn orbital to the metade—2 orbital and lie above the  {ionq) interconversions exist for NiEBU)P (Figure 5), and that
(,77) sta;es. (v) In the expandedg:cooe?aﬂ, of35, and o the barrier between thes; andoSa,3 conformers of the ground
s_,tructurels, (dz,de-y) lies well below®(,7*) and Y(dz de-y?) electronic state is about 3 kcal/mol. This barrier is comparable
lies near’Q(w,7*), with the exact positions dependent.on the 45 the activation enthalpies {13 kcal/mol) estimated from the
conformer anq the Vf”"“e of thé(d) parameter used in the Arrhenius behavior of the deactivation rates (Figure 4).
calculation. (vi) The dipole moments for the various conformers .
are in modest agreement with those obtained from the MM A seqond consequence .Of the com_blned structural and
electronic factors operative in NiFBuU)P is that the photo-

calculations and are listed in Table 4. ; . -
excited molecule is apparently polar, explaining the observed
Discussion sensitivity of the excited-state deactivation rate on the dielectric

o . . . properties of the solvent. Although tlegga3 conformation of
T_he lifetime of the _Ilgand-fleld ‘.“JXC'Fed state of N‘WU)P the electronic ground state of NiFfBu)P is nonpolar, two likely
varies from several picoseconds in highly polar media to tens

of nanoseconds in nonbolar solvents at room temperature anGalternate conformations of the ligand-field excited state, namely
. P . . P L 033 anday, are structurally asymmetric and, hence, polar. The
increases further to several microseconds in all media near

80 K. This striking dependence of the excited-state deactivation polar char:_;lcter of the photoexcited mol_e cule may be further
rate of NiT¢-Bu)P on solvent dielectric properties and temper- enhanqed if the nominal (d.d) state acquires a small Qmount of
ature is unprecedented for nickel porphyrins. In fact, this type metalring CT character (and thus_lnherent el_e_ctron_|c asym-
of behavior is highly unusual for most porphyrinic systems in mfat.ry). Such CT character can be vllewed. as arsing e|ther from
general except for copper porphyrins (vide infra), but even for mixing of the met.al d and porphyris orbltals. (.lndlcated n
these few cases, the lifetime variations are orders of magnitudetn® INDO calculations) or from quantum admixing of a metal-
smaller than observed here for Nf§u)P. ring 2522'5 configuration into the metal @22 configura-
The extraordinary behavior exhibited by NiFgu)P origi- tion.=
nates from a combination of its highly ruffled ground-state = The MM and INDO calculations indicate that the dipole

structure along with the interplay among the macrocycle moments of NiT¢Bu)P in theoy ando/33 conformers, as well
conformations, electronic distribution, and solvent interactions as of the structures at the peaks of the barriers between the stable

of the photoexcited complex. In particular, a unique structural conformers, are between 0.3 and 1.5 D (Table 4). These values
feature of NiT{-Bu)P is the substantial steric crowding of the are comparable in magnitude to the dipole moments of the

peripheral substitutents (Figure 1). These steric constraints limit solvents in which the molecule was studied (Tabl&1Hence,

the ability of this highly ruffled porphyrin to increase its-NIN the energies of the various conformers in both the excited and

distance to accept the large nickel ion in thez(he-y?) ground electronic states will change with respect to one another
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as a function of solvent polarity. The reorganization energies all conditions, (ii) the very modest differences in the transient
will also differ due to the stronger interaction of the porphyrin spectra of the excited states induced by different solvents and
dipoles with the polar solvents. These factors will modulate temperatures, and (iii) the smooth (continuous) variations in the
the excited-state deactivation rate as the dielectric properties ofexcited-state decay time with solvent dielectric and temperature.
the solvent are varied. This solvent dependence will occur However, the observed time-resolved optical data are clearly
through changes in the relationships (curve crossings) betweemot consistent with the conversion of the transient state from a
the ground and excited-state potential energy surfaces (reflecting(d,d) state to thé(,7*) state as the solvents or temperatures
both internal porphyrin coordinates and solvent coordinates) andare varied.

changes in the relevant barriers toward conformational inter- Nonplanar distortions may play a significant role in the
conversions and solvent reorganizations on both surfaces.photophysical properties of NitBu)P not simply from a static
Furthermore, the extent of solvent reorganization and the but also from a dynamic point of view. In particular, the out-
associated stabilization of the polar excited-state conformationsof-plane modes (ruffling, saddling, doming, etc) that are almost
will diminish as the temperature is lowered. These effects, as certainly involved in the conformational interconversions have
well as the reduced ability for the molecule to surmount any low energies (2650 cnmt)52and are thus populated well above
associated barriers, should contribute to the slowing of the the zero point at room temperature. Anharmonic coupling of
excited-state deactivation as the temperature is lowered and td¢hese modes with the in-plane vibrations could affect the
the similar rates observed in polar and nonpolar media near 80pathways and rates of vibrational-energy redistribution and
K. relaxation in the (d,d) state and thus the ultimate conformation

The properties of the medium and the effects of temperature of the |Igand-f|e|d excited state. These OUt'Of-plane modes also
may affect not only the rate of deactivation of a given conformer May facilitate mixing of the CT and (d,d) states. Such vibration-
of the (d,d) excited state, but also the type of (d,d) conformer induced modulation of the electronic character of the photo-
that is initially produced. Previous results (including large €xcited porphyrin (BorrrOppenheimer breakdown) would
absorption/fluorescence shifts) fop H{t-Bu)P and ZnTi¢Bu)P, provide an additional mechanism for excited-state deactivation.
and for other nonplanar free-base and zinc porphyrins, suggestSimilarly, the out-of-plane motions likely play a similar role in
that these molecules undergo photoinduced structural changedhe excited-state dynamics of the free-base and zinc analogues,
in the 1(r,7*) excited staté.’2P The same would be expected H2T(t-Bu)P and ZnT¢Bu)P <
to be true for N|T(_Bu)P as well. Furthermore, the different Fina”y, it should be noted that the ideas discussed here to
dielectric properties of the solvent, or specific interactions of understand the photodynamics of NFBU)P and NiT(Ad)P also
the macrocycle or metal with the solvents in list B, may help May be relevant to the deactivation behavior observed for
direct or limit the z,7*) decay to specific molecular structures ~ copper(ll) porphyrins such as CUOEP and CuTPP. Due to the
of the ligand-field state (e.go30,8, 033, or as). Such directing presence of the unpairegtd? metal electron, the lowest excited
toward specific stable conformers by solvent and temperature 3(7.7*) state of the macrocycle splits intgz,7*) and 4(,7*)
may also occur within the initially formed and vibrationally ~States, referred to as the “tripdoublet” and the “quartet” st&tes.
unrelaxed (d,d) excited state. Additionally, environmental The involvement of a ringse — metal-g>-> CT state or the
effects could also control whether the decay proceeds predomi-(dzd2-?) state, photoinduced nonplanar distortions, and a
nantly in the singlet manifold [i.€\(x,7*) — (d,d)— ground combination of these have been invoked to explain the
state], or whether it involves intersystem crossing to*(ded) dependence of the spectral properties and decay times of the
state; this issue is unresolved even for planar nickel porph§rins. >%(.7*) states on solvent polarityi.¢., 100 ns in CHCl to 1
However, it is unclear that changes in the overall conformation #S in pentane for CUOEP), temperature, viscosity, macrocycle,
or multiplicity of the ligand-field state as a function of solvent and metal-coordination state. In particular, as in the present
or temperature uniquely determine the following observations: Situation for NiT¢-Bu)P, the excited-state deactivation times

(i) the single-exponential decay of the (d,d) excited state under ©f the copper porphyrins appear to be strongly influenced by
the involvement of excited states whose energies and properties

(23) It should be noted, however, that transient optical data and the INDO are modulated by the interplay between the electron density
calculations are inconsistent with a pure CT state being the lowest excited gjstribution in the porphyrin (including the population of the

state of NiT{-Bu)P and giving rise to the observed spectral and kinetic . . . : .
behavior. A CT state involves a shift of electron density between the metal metal dz‘yz orbital) and static/dynamic distortions of the

and the macrocycle, formally producing "N?~ or Ni'P*. The INDO macrocycle.

calculations (see Supporting Information) suggest that the lowest of these

states lies well above tHér,7*) states and thus could not lie directly along  Conclusions

the deactivation pathway of the photoexcited molecule. More directly, the . . . . o
observed kinetic and spectral behavior of NiB()P and NiT(Ad)P are The excited-state relaxation dynamics of NfBu)P exhibit
inconsistent with such a CT state being one of the observed transient statesg dependence on solvent dielectric properties and temperature
Such a state would show a pronounced dependence of the transient Soret
band on solvent polarity (much larger than is observed) and the transient  (26) (a) Gouterman, M. IiThe PorphyrinsDolphin, D., Ed.; Academic
spectra would exhibit broad porphyrin cation- or anion-like absorption to Press: New York, 1978; Vol. V, p 53. (b) Antipas, A.; Dolphin, D.;

the red of 600 nm (Felton, R. H. Ifthe Porphyrins Dolphin, D., Ed.; Gouterman, M.; Johnson, E. G. Am. Chem. Sod 978 100, 7705. (c)
Academic Press: New York, 1978; Vol. lll, p 1). The latter absorption Kim, D.; Holten, D.; Gouterman, MJ. Am. Chem. S0d.984 106, 2793.
characteristics are not observed. (d) Shelnutt, J. A.; Straub, K. D.; Rentzepis, P. M.; Gouterman, M.;

(24) The INDO calculations suggest that the lowest CT configuration Davidson, E. RBiochemistry1984 23, 3946. (e) Yan, X.; Holten, DJ.
involves movement of charge from a porphyrnHOMO to the empty Phys. Chem1988 92, 5982. (f) Asano, M.; Kaizu, Y.; Kobayashi, H. J.
metal de—y2 orbital. Mixing with the (dz, dyo—y2) configuration would not Phys. Chem1988 89, 6567. (g) Lie, F.; Cunningham, K. L.; Uphues, W.;
only increase the electronic asymmetry due to the charge distribution Fink, G. W.; Schmolt, J.; McMillen, D. Rinorg. Chem.1995 34, 2015.
inherent in the CT state but would also reinforce the structural and electronic (h) Kruglik, S. G.; Apanasevich, P. A.; Chirvonyi, V. S.; Kvach, V. V,;
effects arising from population of the metat gz orbital. Of course, this is Orlovich, V. A.J. Phys. Cheml995 99, 2978. (i) DePaula, J. C.; Walters,
but one example, and the introduction of a small amount of metal-ring CT V. A.; Jackson, B. A.; Cardozo, K. B. Phys. Chem1995 99, 4373. (j)
character of any type would have a significant effect on the electronic Jeoung, S. C.; Kim, D.; Cho, D. W.; Yoon, M. Phys. Chem1995 99,
asymmetry and hence polarity of photoexcited KiB(Q)P. 5826. (k) Asano-Someda, M.; Kaizu, ¥..Photochem. Photobiol. A (Chem.)

(25) Of course, the polarity of photoexcited NifBu)P may contain 1995 87, 23. (I) Cunningham, K. L.; McNett, K. M.; Pierce, R. A.; Davis,
contributions not only from the dipole moments, but also from the K. A,; Harris, H. H.; Falck, D. M.; McMillen, D. RlInorg. Chem.1997,
guadrupole moments of the relevant conformers. 36, 608.
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whose magnitude is unprecedented for porphyrinic systemspotential relevance to tetrapyrretprotein complexes, the
(picoseconds to microseconds). The dramatic dependence oflependence of the excited-state dynamics of NBL)P on
the excited-state deactivation on environmental factors is mostsolvent dielectric properties might also find use in optical-
readily understood if the photoexcited molecule is polar becauseSWitching applications. In general, the accessibility of a wide

it possesses an asymmetric structure, inherent electronic asymtange of excited-state properties in nonplanar porphyrins may
metry (i.e., metal-ring CT character), or both. The low- afford simple avenues into useful building blocks for molecular

frequency out-of-plane vibrations of the macrocycle may be CPtoelectronics devices.
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molecule may be relevant to the transient dynamics in hemo-
globin and myoglobin. In particular, the transient polar character

of the domed heme intermediates known to form in these (27) (a)The Iron PorphyrinsGray, H. B., Lever, A. B. P., Eds; Addison
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