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The steady-state absorption, fluorescence, and excitation spectra and upper excited-state temporal fluorescence
decay profiles of 11 tetrapyrroles in several fluid solvents are presented and analyzed to ascertain the factors
that control their S2 population decay times. The S2 lifetimes, which vary by more than 2 orders of magnitude,
are controlled exclusively by their rates of radiationless decay. The only important electronic relaxation path
is S2-S1 internal conversion, the efficiency of which is near 1.0 in all compounds studied (except CdTPP
where it is 0.69). The rate of S1 population rise equals the rate of S2 population decay in all cases. Among
the compounds studied, only MgTPP exhibits S2-S1 decay behavior that corresponds to the weak coupling
limit of radiationless transition theory; all zinc metalloporphyrins exhibit intermediate to strong coupling.
Perdeuteration of ZnTPP produces no significant change in the rate of S2 decay or in the quantum yield of
S2-S0 fluorescence, indicating that in-plane C-C and C-N vibrations are the accepting modes in S1 with
the largest Franck-Condon factors. The initial vibrational energy content of the S2 states (0 < Evib < 3500
cm-1 over the range of compounds) plays no significant role in determining their overall population decay
rates in solution. The S2 population decay rates of these tetrapyrroles are controlled by two factors: the
Franck-Condon factor, which is inversely proportional to the exponent of the S2-S1 electronic energy spacing
and the S2-S1 coupling energy. The S2-S1 electronic energy spacing is determined in solution by the difference
in the polarizabilities of the S2 and S1 states and can be controlled by varying the polarizability of the solvent.
The S2-S1 coupling energy is influenced by the nature, location, and effect of the substituents, with �-alkyl
substitution and reduction of symmetry in the tetrapyrrolesfor example by loss of planaritysincreasing the
interstate coupling energy.

Introduction

Tetrapyrroles and their metallated derivatives are ubiquitous
in nature. The unique spectroscopic, photophysical, and pho-
tochemical properties of this large family of compounds have
also resulted in their use in photon-activated applications as
diverse as organic solar photovoltaic cells,1 photodynamic
therapy,2 oxygen sensors,3 and molecular electronics.4 Investiga-
tions of the structure-function relationships of these families
of compounds over several decades have produced a wealth of
information about the photophysical and photochemical behavior
of their lowest triplet and lowest excited singlet states both in
monochromophoric and polychromophoric systems.5 Surpris-
ingly, however, fundamental questions regarding the relation-
ships between their structure and the chemical and physical
behavior of the higher excited electronic states that are accessed
by photon absorption in their strong Soret bands remain open.6

The lifetimes of the higher excited singlet states produced
upon Soret-band excitation of the tetrapyrroles in dilute solution
are determined by their rates of intramolecular radiationless
relaxation. Although the photophysical behavior of the higher
excited states of individual molecules and small sets of related
tetrapyrolles have been reported,6 no comprehensive analysis

of the structure excited-state properties of the group as a whole
is yet available. We are attempting to remedy this deficiency
for the diamagnetic d0 and d10 metallated tetrapyrroles, a set of
compounds chosen to avoid complications due to axial ligation
and the presence of charge transfer and d-d excited states
present in open d-shell species.7,8

Part I of this series of papers9 described experiments to
examine the dynamics and mechanism(s) of the relaxation,
following excitation in their Soret (S2-S0) absorption bands,
of the meso-substituted 5,10,15,20-tetraphenylmetalloporphyrins,
MTPP (M ) Mg, Zn, Cd). The nonradiative decay of the S2

state of MgTPP involves internal conversion to S1 with unit
efficiency at rates that conform well to the weak S2-S1 coupling
limit of radiationless transition theory.10 However, the corre-
sponding S2 states of CdTPP and even the model compound
ZnTPP exhibit decay rates that are faster than those predicted
in the weak coupling limit. A small fraction of the S2 population
of ZnTPP (ca. 7%) and about 30% of the S2 population of
CdTPP decay by a process that bypasses the S1 state. This dark
decay pathway may be S2-Tn (n > 2) intersystem crossing,
direct relaxation to S0, or indirect relaxation via a nearby gerade
excited singlet state. However, this minor process cannot account
for the greatly enhanced rates of S2-S1 internal conversion in
these compounds relative to MgTPP. At the other extreme, the
rates of radiationless decay of the S2 states of simple �-substi-
tuted metalloporphyrins such as ZnOEP occur at macrocycle
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ring stretching frequencies and fall squarely within the strong
S2-S1 coupling regime.

The following questions remain open. (i) What is the
fundamental source of the range of S2-S1 interstate coupling
energies (from weak to strong) among the simple meso- and
�-substituted d0 or d10 metalloporphyrins? (ii) Is there a
fundamental difference between meso- and �-substitution? (iii)
There is both computational11 and experimental12,13 evidence
for the presence of at least one dark state (S2′ of perhaps gerade
parity) that lies near in energy to the S2 (21Eu) state in ZnTPP.
Does such a state (or states) influence the radiationless decay
dynamics of the S2 states of the d0 and d10 metalloporphyrins
generally? (iv) What is the effect on the S2 relaxation dynamics
of changes in the symmetry of the metalloporphyrin macrocycle
brought about by ring fusion, by the pattern of substitution, and
by distortion of the tetrapyrrole or metallo-tetrapyrrole structure?
A brief report of the lifetime of the S2 state of a zinc
diaryllporphyrin with D2h symmetry is available,14 but there has
been no systematic study of the effect of changes in substitu-
tional symmetry on the S2 decay dynamics of tetrapyrroles. (v)
Various halogenated, alkylated, sufonated, and otherwise sub-
stituted phenyl groups have been used to impart desirable
properties to the ground states of the metalloporphyrins. What
influence do these phenyl-ring substituents have on the excited-
state decay dynamics? (vi) Finally, can a predictive relationship
be developed between the measurable steady-state spectroscopic
properties of the tetrapyrroles and their rates of S2 excited-state
relaxation?

We seek to answer these questions by examining the
spectroscopic and photophysical properties of the following
Soret-excited porphyrins: ZnTPP and its per-deuterated ana-
logue, zinc(II) porphine (ZnP), zinc(II) 5,15-diphenylporphyrin
(ZnDPP), zinc(II) tetrabenzoporphyrin (ZnTBP), zinc(II)
5,10,15,20-tetraphenyltetrabenzo-porphyrin (ZnTPTBP), and
two halogenated analogues of ZnTPP, zinc(II) 5,10,15,20-
tetrakis(pentafluorophenyl)porphyrin and zinc(II) 5,10,15,20-
tetrakis(2,6-dichloro-phenyl)porphyrin (ZnTPP(F20) and ZnT-
PP(Cl8), Chart 1). A comprehensive analysis of the factors
controlling the rates of S2 radiationless relaxation in these and
other diamagnetic metalloporphyrins is undertaken.

Experimental Methods

(i) Materials. MgTPP, ZnTPP, CdTPP, ZnP, H2TPP, ZnT-
PP(F20), ZnTPP(Cl8), and ZnTPTBP were all purchased from

Frontier Scientific, contained no impurities that fluoresced
significantly in the Soret region, and were used as received.
TPP-d30, ZnTPP-d28, and ZnDPP were all synthesized de novo
and were purified to remove persistent fluorescent impurities.
The general conditions used for these syntheses and purifications
are outlined below. Details are given in the Supporting Informa-
tion. Solvents were purchased from Sigma-Aldrich and were
used as received.

Synthesis reagents including solvents were used as purchased.
UV-visible spectra were recorded on a Varian model Cary 100
Bio UV-visible spectrophotometer, with the solvent systems
used stated in the synthesis description. 1H and 13C nuclear
magnetic resonance (NMR) spectra were recorded by using a
Bruker DPX 300 MHz spectrometer (300 MHz 1H, 75 MHz
13C) or a Bruker DRX 400 MHz spectrometer (400 MHz 1H,
100 MHz 13C), as solutions in the deuterated solvents specified
in the Supporting Information. Deuterated chloroform (CDCl3)
was stored over anhydrous Na2CO3 and was filtered prior to
use. Low-resolution electrospray mass spectra (LR-MS) were
recorded on a Micromass Platform API QMS-quadrupole
electrospray mass spectrometer.

The purification of ZnTBP was particularly problematic. The
material purchased from Sigma-Aldrich has a dye content of
80% and contains a strongly fluorescent impurity detectable by
UV-visible absorption spectroscopy at 460 nm. The detailed
method of purifying ZnTBP is given in the Supporting Informa-
tion.

(ii) Instrumentation and Instrumental Methods. The
instrumentation and procedures used for steady state and
fluorescence upconversion experiments have been described in
detail elsewhere.9 In the present work, the temporal resolution
of the fluorescence upconversion system was improved by
employing smaller step sizes in the gate pulse delay line (∆t )
3.3n (n ) 1, 2, ..., 20) fs) in order to describe the instrument
response function and the temporal fluorescence profiles of the
short-lived states with a larger and more statistically significant
number of data points. The fluorescence decay constants were
then extracted by convoluting trial decay functions with the
instrument response function and obtaining the parameters of
the convoluted function that minimized the sum of the squares
of the deviations between it and the measured decay as described
previously.9 We estimate that the uncertainty in the measurement
of the Soret-excited (S2) fluorescence lifetimes is (30 fs with
this improvement in place.

Steady-state absorption spectra were measured on a Varian-
Cary 500 spectrophotometer. Fluorescence spectra were mea-
sured with either a Jobin-Yvon Spex Fluorolog or a Photon
Technology Intenational QuantaMaster spectrofluorometer, both
of which were fitted with double excitation and emission
monochromators.

(iii) Fluorometry Methods. Emission spectra were corrected
synchronously by using detector/monochromator sensitivity files
supplied by the manufacturers. Particular care was needed to
obtain fully corrected S2-S0 emission spectra when the emission
quantum yields were very small. First, the solvent background,
predominately Raman scatter, was corrected before subtraction
from the measured fluorescence (plus background) spectrum by
multiplying it by the constant correction factor F ) (1 - 10-Aex)/
2.303Aex, where Aex is the absorbance of the sample solution in
the same solvent at the sample excitation wavelength. This
serves to correct the measured background for the reduced
intensity of incident light traversing the cell when it contains
the sample solution as compared with pure solvent. Correction
for reabsorption of the S2-S0 emission by the strong Soret

CHART 1: Structures
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absorption band was minimized by employing dilute sample
solutions and sample cells with short emission path lengths (e.g.,
10 mm × 2 mm with emission viewed along the short path).
When comparing fluorescence excitation and absorption spectra,
care was taken to ensure that both were measured with the same
excitation and emission bandwidths (typically, 1.8 or 2.0 nm).
The excitation spectra were corrected by viewing the sampled
excitation light with a calibrated photodiode and dividing the
raw excitation intensity by the resulting signal. Artifacts resulting
from changes in the excitation intensity at the viewed emissive
volume due to the finite absorbance of the solution (especially
important when scanning through the strong Soret absorption
band) were minimized by using cells with short excitation paths
(e.g., 2 mm × 10 mm with emission viewed along the long
path).

Fluorescence quantum yields were measured as described in
detail previously,12 by using ZnTPP in ethanol as a standard (c
) 5 × 10-7 M, φf ) 1.42 × 10 -3 at λex ) 400 nm) and
correcting for differences in solvent refractive index when
necessary. In a few cases (e.g., ZnP), the same excitation

wavelength could not be used for both sample and reference.
In these cases, the measured quantum yields were corrected to
equal excitation photon flux by using a calibrated photodiode
that sampled the incident intensities at the two excitation
wavelengths.

All measurements were made at room temperature.
(iv) DFT Calculations. DFT calculations on ZnDPP were

performed as described in detail for ZnTPP in ref 11. Briefly,
the calculations were carried out with the B3LYP hybrid
functional by using the Gaussian 03W program. For the MTPP
series, ground-state geometries were calculated by using three
different basis sets, 6-31G(d), lanl2dz, and CEP-31G, all of
which yielded similar structures. Thereafter, calculations for
other zinc(II) porphyrins were performed with only the 6-31G(d)
basis set. Excitation energies and oscillator strengths were then
obtained by TDDFT calculations at the B3LYP level by using
the 6-31G(d) basis set and the ground-state optimized structures
obtained with it.

TABLE 1: Steady-State Spectroscopic Dataa

compound/
solvent

E0-0(S2)
(cm-1)

εS
max/105

(M-1cm-1)
fwhmS

(cm-1)
εS(1-0)/
εS(0-0)

SS (S2)
(cm-1)

E0-0(S1)
(cm-1)

εQ
max/104

(cm-1)
fwhmQ

(cm-1)
SS (S1)
(cm-1)

ε(1-0)/
ε(0-0)

fQ/(fB +
fQ)

∆E (S2S1)
(cm-1)

MgTPP
Ethanol 23700 370 0.064 120 16630 370 80 1.59 0.083 7070
C6H5F 23500 450 0.077 190 16600 380 100 2.12 0.063 6900
Benzene 23420 5.36 450 0.064 160 16540 1.8 430 160 1.91 0.060 6880
Toluene 23350 5.74 540 0.074 200 16540 1.9 420 160 2.40 0.058 6910
CS2 22830 3.90 660 0.065 16420 2.1 450 130 2.10 0.078 6410

ZnTPPb

Ethanol 23620 6.58 320 0.07 140 16690 2.17 400 200 2.88 0.056 6930
DMF 23470 7.29 490 0.07 120 16640 2.36 410 180 2.29 0.060 6830
Benzene 23560 5.87 690 0.07 170 16870 2.54 460 250 5.92 0.058 6695

ZnTPP-d28

Ethanol 23650 6.58 0.07 150 16730 2.17 360 150 2.89 0.054 6920
Benzene 23600 5.87 630 0.07 250 16890 2.54 450 290 5.86 0.061 6710

ZnTPP(F20)
Ethanol 23800 5.52 500 0.106 270 16970 2.51 450 230 8.8 0.052 6830

ZnTPP(Cl8)
Ethanol 23450 5.70 270 0.076 190 16860 2.24 510 13.2 0.059 6590

CdTPP
Ethanol 23160 5.41 560 0.11 187 16280 2.02 420 249 1.45 0.054 6880
Benzene 22910 750 0.15 288 16210 570 684 1.75 0.059 6800

ZnP
Ethanol 25070 3.8 440 0.094 100 17630 1.34 360 138 4.41 0.051 7440

ZnDPP
Ethanol 24260 6.11 470 0.08 188 17130 1.99 320 170 5.95 0.057 7130
DMF 24130 510 0.08 217 17090 380 190 5.55 0.053 7040
Benzenec 24150 0.08 190 0.057 6711

ZnTBP
Ethanol 23640 390 0.12 112 16040 4.14 250 51 0.08 0.149 7600
DMF 23430 590 0.12 110 15980 260 58 0.06 0.157 7450
Pyridine 23050 650 0.12 15880 300 0.11 0.162 7170

ZnTPTBPc

Ethanol 21700 3.4 840 0.12 15360 5.64 460 192 0.30 0.108 6190
DMF 21210 940 0.13 15160 480 263 0.39 0.119 6050
Benzene 21200 1120 0.12 15230 440 110 0.27 0.127 5970
Pyridine 20880 880 0.11 15070 460 304 0.43 0.124 5810

ZnOEPc

Ethanol 24570 3.73 510 0.15 17440 2.01 350 0.90 0.076 7130
Toluene 24720 4.17 750 0.15 17560 3.94 340 0.55 0.078 7160

a Wavenumbers quoted to nearest 10. b Additional data for ZnTPP may be found in ref 9. c Wavenumbers from the maxima of the origins of
the Q and B bands in the absorption spectra.
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Results and Discussion

We shall organize the results and discussion section of this
paper by first presenting the results of steady-state spectroscopy
experiments common to all of the compounds investigated. We
shall then present the results of dynamics experiments designed
to provide comparisons among related subsets of the tetrapyr-
roles. Finally, a global analysis of the complete set of results is
presented and discussed.

(i) Steady-State Spectroscopy. The results of steady-state
absorption, fluorescence emission, and excitation experiments
are presented in Table 1. The absorption and emission spectra
of most of these compounds have been previously reported by
us and by others;5,6 in all such cases, our spectra do not differ
materially from those in the literature. Representative spectra
are provided in the Supporting Information that accompanies
this paper. Data such as the Stokes shifts and the relative
intensities and widths of resolved vibrational features in these
spectra have been acquired under identical conditions of spectral
bandwidth, and so forth, to facilitate comparisons among them.

The data in Table 1 reveal several solvatochromic effects
common to all of the zinc metalloporphyrins investigated. The
main effect is a bathochromic shift in both the Q and B bands
that increases with increasing solvent polarizability. The B band
is more sensitive than is the Q-band, with the result that the
electronic energy spacing, ∆E(S2-S1), decreases with increasing
refractive index (and polarizability) of the solvent. The relative
intensities and widths of the resolvable vibronic features in
the absorption and emission spectra are strong functions of the
porphyrin structure but only weak functions of solvent. The
effects of incomplete axial coordination of the metalloporphyrin
can be seen in some coordinating solvents (e.g., MgTPP in
DMF), as previously documented by others.7 In these cases,
the overlapping vibronic bands attributed to species having
different coordination are resolved by modeling the observed
spectra (on a wavenumber scale) by a sum of Gaussian
functions.

In all cases investigated here, the corrected fluorescence
excitation spectra are almost identical to the absorption spectra.
Three kinds of fluorescence excitation spectra were acquired.
First, for every solute/solvent system investigated here, the
corrected normalized fluorescence excitation spectrum obtained
by exciting in the Q-band and observing emission further to
the red in the S1-S0 fluorescence band system reproduced the
Q-band absorption spectrum, as has previously been reported.9

Second, the corrected and separately normalized fluorescence
excitation spectrum obtained by exciting in the B band and
observing emission in the S1-S0 fluorescence band system was

almost identical to the B band absorption spectrum, in each
system. These observations confirm our previous conclusion9,11

that any effects on the pathway and net internal conversion
efficiency of the decay of the S2 state that might be associated
with a changing vibrational energy as the excitation wavelength
changes within the B band are either minor or not revealed in
the steady-state spectra. Third, the corrected fluorescence
excitation spectra obtained by observing Q-band emission,
exciting over the whole of the Q- and B-band absorption range,
and normalizing only the Q-band excitation spectrum with the
Q-band absorption spectrum showed that the corrected excitation
spectrum in the B-band region matched the B-band absorption
spectrum well in both shape and intensity. The integrated
intensity of the B-X excitation spectrum obtained in this way
was never less than 90% of that of the B-X absorption spectrum
in all zinc metalloporphyrins in all the solvents investigated.
Thus, the efficiency of S2-S1 internal conversion, ηICS2, must
lie in the range 0.9 e ηICS2 e 1.0 in all systems investigated
here, irrespectively of the 2 orders of magnitude range in the
measured rates of this process over the whole set of compounds.

The S2-S0 fluorescence spectra ranged in intensity from weak
(φf ≈ 10-3) to extremely weak (φf ≈ 10-6), but all were
measurable, albeit with varying signal-to-noise, because the
oscillator strength of the radiative Soret transition is so large
(f ≈ 1). The background signal, primarily solvent Raman scatter,
was scaled before subtracting it from the sample spectrum to
account for excitation intensity differences in the solution and
pure solvent as described in detail above. Further correction of
these spectra for fluorescence reabsorption was minimized by
employing very dilute solutions and cells with short emission
pathlengths. Such precautions allowed us to obtain reliably
reproducible S2 emission spectra and quantum yields in all cases
except ZnOEP (for which φf ≈ 10-6). For this compound alone,
a higher concentration of solute and front-face illumination in
a triangular cell were necessary to obtain a measurable steady-
state emission spectrum. Because only modest signal-to-noise
could be obtained in these corrected S2-S0 fluorescence spectra,
the Stokes shifts and widths of the emission bands and the
fluorescence quantum yields could be measured with relatively
small error only in the most highly fluorescent samples (e.g.,
ZnTPP), with the absolute error in these quantities increasing
with decreasing fluorescence quantum yield.

In Table 1, the relative intensities of the 0-0 and 1-0
vibronic features in the Q and B absorption systems were
obtained from the relative absorbances at the peak maxima. The
fraction of the overall Q + B band intensity attributable to the
Q band, fQ/(fQ + fB), was obtained by measuring the integrated

Figure 1. Temporal S2 and S1 fluorescence upconversion profiles of (a) ZnTPP in ethanol (τ(S2) ) 2.35 ps; τ(S1 rise) ) 2.34 ps) and (b) ZnTPP-d28

in ethanol (τ(S2) ) 2.36 ps; τ(S1 rise) ) 2.34 ps). Measurements are at room temperature with λex ) 400 nm, and central observation wavelength
is shown. The solid lines give the best fits of single-exponential decay and rise functions to the measured data.
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areas under the full Q- and B-band absorption systems, that is,
f ∝ ∫ε(νj) dνj.

(ii) Effects of Deuteration. Our previous analysis9 of the
rates of S2 decay of MgTPP as a function of solvatochromically
induced variations in its S2-S1 electronic energy spacing
revealed that S2-S1 interstate interactions in this molecule
conform to the weak coupling case of radiationless transition
theory, and that multiple in-plane C-C and C-N stretching
vibrations are the main accepting modes in the lower state.
ZnTPP was shown to exhibit S2-S1 radiationless transition rates
that increased faster with decreasing energy gap than permitted
in the weak coupling regime. In order to examine whether C-H
stretching vibrations mediate S2-S1 coupling in any way, both
the perdeuterated free-base meso-substituted tetraphenylpor-
phyrin and ZnTPP were synthesized (yielding TPP-d30 and
ZnTPP-d28 in >98% isotopic purity), and their S2 emission
lifetimes and fluorescence spectra were compared with those
of the undeuterated compounds.

The results of fs fluorescence upconversion experiments on
ZnTPP and ZnTPP-d28 are shown in Figure 1. For each
compound in the same solvent, the S2 temporal fluorescence
decay profile is well described by a single-exponential function
and has a decay constant equal to its S1 fluorescence risetime

within an experimental error of ca. 50 fs. Deuteration has no
measurable effect on either lifetime. The results are summarized
in Table 2.

In the weak coupling limit, the effect of perdeuteration of an
organic molecule on its radiationless transition rates is associated
with reductions in the Franck-Condon factors for the vibrations,
often C-H stretches, that are most effective in coupling the
two states. Equations 1 and 2 are the analytical expressions
developed by Englman and Jortner10 to describe the effect of
deuteration in the weak coupling limit:

knr ) {√2πC2 ⁄ p(pωM∆E)1⁄2} exp{-(γ ⁄ pωM)∆E} (1)

where γ ) ln{2∆E/∑M pωM∆M
2 } - 1 and

kH

kD
) (pωD

pωH
)1⁄2

exp{ γ∆E( 1
pωD

- 1
pωH

)} (2)

Here, kH and kD are the nonradiative transition rate constants
for the perhydro and perdeutero species, pωH and pωD are the
frequencies of the vibrations under consideration, ∆E is the
electronic energy spacing between the two coupled states, and
γ is a function of the dimensionless displacement parameter,
∆M, and the degeneracy (or near degeneracy when taken as the

TABLE 2: Dynamics Data

compound/solvent f1 ∆E(S2-S1) (cm-1) φf/10-3 τS1 rise (ps) τS2 (ps) kr/108 (s-1) knr/1011 (s-1) Ca (cm-1)

MgTPP 76
Ethanol 0.222 7103 2.4 3.25 3.28 7.3 3.05
C6H5F 0.276 6910 2.4 2.82 8.5 3.55
Benzene 0.295 6893 2.5 2.69 2.71 9.2 3.69
Toluene 0.296 6880 2.3 2.55 9.0 3.92

ZnTPP 81
Ethanol 0.222 6930 1.42 2.34 2.35 6.04 4.26
DMF 0.257 6832 1.50 2.07 2.15 6.98 4.65
Benzene 0.295 6695 1.14 1.41 1.49 7.65 6.71

ZnTPP-d28 80
Ethanol 0.222 6922 1.5 2.34 2.36 6.4 4.24
Benzene 0.295 6713 1.49 1.50 6.67

ZnTPP(F20) 183
Ethanol 0.222 6828 0.19 0.45 0.46 4.0 22

ZnTPP(Cl8) 98
Ethanol 0.222 6671 0.88 1.34 1.36 6.5 7.35

CdTPP 197
Ethanol 0.222 6875 0.138 0.30 0.31 4.5 32
Benzene 0.295 6696 0.129 0.24 0.24 5.4 42

ZnP 173
Ethanol 0.222 7445 0.42 0.90 0.91 4.6 11.0

ZnDPP 85
Ethanol 0.222 7129 1.61 2.31 2.30 7.00 4.35
DMF 0.257 7033 1.50 2.00 2.01 7.46 4.98
Benzene 0.295 6711 1.67 1.78 1.79 9.33 5.59

ZnTBP 136
Ethanol 0.222 7601 1.30 7.69
DMF 0.257 7447 2.37 2.55 9.29 3.92
Benzene 0.295 7487 1.01 9.90
Pyridine 0.300 7169 1.51 1.53 6.54

ZnTPTBP 87
Ethanol 0.222 6189 0.79 0.93 0.93 8.5 10.8
DMF 0.257 6047 1.22 0.74 0.75 16 13.3
Benzene 0.295 5962 1.43 0.68 0.68 21 14.7
Pyridine 0.300 5810 0.43 0.43 23

ZnOEP 2000b

Ethanol 0.222 7133 ∼0.001 <0.05 <0.05 >200

a Calculated for data in ethanol. b Best estimate based on τ(S2) ) 24 fs (see text).
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number of vibrations in the above sum), dM, of the accepting
vibrational mode(s). The values of the interstate coupling energy,
C, are taken to be the same in both the perhydro and perdeutero
species. By using the values of γ obtained from the energy gap
law plots9 for MgTPP and ZnTPP, one estimates, by using eq
1, that perdeuteration of either ZnTPP or H2TPP should slow
the rate of S2-S1 internal conversion by a factor of g2.2 at ∆E
) 7000 cm-1 if C-H(D) stretches are the dominant accepting
modes in the radiationless transition.

Such a variation in S2 fluorescence lifetime would easily have
been measurable upon perdeuteration of ZnTPP, but no sig-
nificant difference was observed in the experimental lifetimes,
confirming that C-H(D) vibrations are not directly involved
in S2-S1 vibronic coupling in this model metalloporphyrin. If
instead, C-C and C-N stretching vibrations of the macrocycle
act as accepting modes, the effect of perdeuteration will be small
but nevertheless finite. Estimating that perdeuteration at the eight
� positions of ZnTPP would decrease the average frequency of
in-plane C-C(N) stretching vibrations in the macrocycle by
e4%, one predicts that the value of kH/kD should lie in the range
1.00 e kH/kD e 1.03. In fact, careful measurement of the S2-S0

fluorescence spectra of dilute solutions of ZnTPP and ZnTPP-
d28 in ethanol, excited under exactly the same set of instrumental
conditions and corrected for small differences in absorbance at
the excitation wavelength, reveals a very slight increasesestimated
to be ca. 3%sin the radiative yield from the perdeuterated
species. A secondary deuterium isotope effect of such a
magnitude is completely consistent with the above analysis;
multiple (dM > 20) in-plane C-C(N) stretching vibrations of
the macrocycle, most of which lie in the 1200-1600 cm-1

range,15 are the accepting modes in the S2-S1 transition. (The
use of ground-state frequencies15 in this analysis assumes that
the frequencies are not substantially reduced in the excited state.)

For the free-base tetraphenylporphyrin, one should consider
the possibility not only that N-H(D) vibrations might act as
accepting modes but also that a primary deuterium isotope effect
might affect the rate of any process involving radiationless decay
via a displacement along the path leading to interconversion,
by tunneling, of its tautomeric structures (i.e., H(D) atoms on
the N atoms exchanging position). For the latter process,
comparing H2TPP with D2TPP, the isotope effect would be
expected to be considerably larger than that associated with the
variation in Franck-Condon factors, involving, as it must, larger
amplitude atom displacements associated, in the limit, with bond
scission/formation.

The lifetime of the Soret-excited (B) state of H2TPP in
condensed media is very short. Vacha et al.16 estimate its
excited-state lifetime to be 82 fs from homogeneous hole
burning in PMMA at 20 K; Zhong, et al.17 estimate ca. 20 fs in
chloroform at room temperature by using a fluorescence
depletion method, and Baskin, Yu, and Zewail (BYZ)18 measure
τ e 50 fs in benzene by fluorescence upconversion. To account
for the reduction in the lifetime of H2TPP compared with
ZnTPP, BYZ invoked an energy gap law argument based on
(i) weak coupling of the B and Qy states at the smaller electronic
energy gap, ∆E(B-Qy) ) 5650 cm-1, and (ii) an acceleration
of the relaxation rate by excess vibrational energy deposited in
the molecule when exciting to the blue of the Soret band origin.
With the temporal resolution of our present fluorescence
upconversion instrumentation, we would be unable to distinguish
differences between the B-band fluorescence lifetimes of H2TPP
and TPP-d30 unless perdeuteration resulted in a very substantial
reduction in the B-to-Qy radiationless decay rate. We confirm
BYZ’s observation that the population decay time of the B state

of H2TPP in benzene solution, initially containing ca. 1200
-1300 cm-1 of vibrational energy, is e50 fs and that the
corresponding Qx fluorescence risetime is e100 fs. On the basis
of a limited number of trials, we estimate the B-state fluores-
cence lifetime of TPP-d30 in benzene to be ca. 100 fs but cannot
obtain a precise value for kH/kD owing to the limited temporal
resolution of our instrument. Our best estimate is that perdeu-
teration slows the rate of S2-S1 relaxation of H2TPP by about
a factor of 2.

By extrapolating from the comparisons between ZnTPP and
ZnTPP-d28, we assume that perdeuteration of the phenyl groups
has a negligible effect on the B-Qy radiationless transition rate
of the free base meso-substituted tetraphenylporphine. Thus, any
difference between H2TPP and D2TPP-d28 (if real) must be due
to deuteration at the N atoms. Deuteration of the inner periphery
at N in H2TPP and H2OEP is known to significantly reduce the
rate of S1-S0 internal conversion (by a factor of almost 6 in
D2TPP), thereby increasing the quantum yield of T1 in the
deuterated compounds.19 This effect was attributed by Tobita
et al.19 to the change in Franck-Condon factor brought about
by lowering the N-H(D) vibrational frequency on deuteration.
This is a reasonable explanation given the large S1(Qx)-S0

electronic energy gap of 15400 cm-1, but it is unlikely to be
the source of a substantial change of Franck-Condon factor at
the B-Qy spacing of ca. 5650 cm-1.

Deuteration at the inner peripheral N atoms in TPP is known
to reduce the rate of tunneling along the path leading, ultimately,
to its tautomeric structures. If the isotope effect indicated by
our limited data is real, tunneling of the H(D) atoms may be
responsible for the greatly enhanced B-Qy coupling observed
in the free base porphyrin. Such an interpretation would be
consistent with the tunneling model of radiationless transitions
developed by Formosinho et al.20 only if displacement along
the N-H(D) but not the C-H(D) stretching coordinates lead
to interstate coupling.

(iii) Effect of Electron Configuration and Size of the Metal
Atom in Meso-Substituted Tetraphenylmetalloporphyrins.
X-ray crystal structures and NMR relaxation studies show that
the ground states of some sterically crowded meso-substituted
tetraarylmetalloporphyrins have macrocycles that are ruffled or
saddle-shaped; that is, the tetrapyrrole framework is nonplanar.21,22

Moreover, the full metalloporphyrin structure can be distinctly
pyramidal when the size of the metal ion (e.g., Cd2+) exceeds
that of the cavity provided by the tetrapyrrole ligands or when
a solvate ligand such as pyridine pulls the metal ion out of the
macrocyclic plane.23 Although such structural differences may
be important in understanding the biophysical functions of the
metalloporphyrins and related materials and the effects of
nonplanar distortions on electronic spectra have been the source
of some controversy,22 it is not known whether they are
important determinants of the photophysical properties of the
S2 states of the d0 and d10 molecules studied here.

We have previously reported9 detailed analyses of the
photophysical behavior of MgTPP and ZnTPP in a wide variety
of solvents together with a preliminary measurement of the
lifetime of the S2 state of CdTPP. We have now measured the
S2-decay and S1-rise times of CdTPP in two solvents with
improved temporal resolution (Vide supra). The data are
summarized in Table 2 and show that the S2-S1 internal
conversion rates in CdTPP are consistent with the trends
established for MgTPP and ZnTPP. That is, (i) S2-S1 internal
conversion is the major S2 decay process in all three molecules
(i.e., heavy-atom enhanced intersystem crossing is not primarily
responsible for the increased rates of radiationless decay in
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ZnTPP and especially CdTPP), (ii) the rate of S1 population
rise is equal to the rate of S2 population decay within an error
limit of ca. 50 fs, (iii) the rate of S2-S1 relaxation in CdTPP
increases as the solvatochromically controlled energy gap
decreases just as it does in MgTPP and ZnTPP, and (iv) the
S2-S1 interstate coupling energies increase from MgTPP to
ZnTPP to CdTPP; MgTPP falls in the weak coupling limit,
whereas ZnTPP and especially CdTPP fall in the intermediate
coupling range. However, these facts do not speak directly to
the source of the increased coupling, in particular the possible
effects of the altered metalloporphyrin structure (from planar
to pyramidal) when the larger Cd2+ ion is complexed in the
MTPP series23 (Vide infra).

(iv) Effect of a Change in the Symmetry of Meso-
Substitution by Phenyl Groups. The S2 decay and S1 rise times
of ZnTPP (D4h meso-substituted macrocycle symmetry) and
ZnDPP (D2h meso-substituted macrocycle symmetry) were
compared for purposes of examining the effect of the meso-
substitution pattern on the S2 radiationless relaxation rates.
Figure 2 shows the results of TD-DFT calculations on the 5,15-
diphenyl-substituted porphyrin that may be compared with
previous similar calculations on ZnTPP.11 These calculations
show that each excited electronic state in ZnTPP is split into
two closely spaced states (∆E e 0.02 eV) when the symmetry
is reduced from D4h to D2h. The S1 and S2 states are both of 1Eu

symmetry in ZnTPP, and both are split into states of 1B2u and
1B3u symmetry in the D2h molecule. Although the Soret and Q
bands occur at slightly different energies in the two compounds,
this splitting results in no substantial effect on the solution phase
absorption and emission spectra or in the emission lifetimes.
(In the same solvent, the S2-S1 electronic energy gap of ZnDPP
is about 200 cm-1 larger than that in ZnTPP, but the variation
in this spacing with f1 (vide infra) is identical because the
solvatochromic shifts in the energies of the S2 and S1 states
are similar in both compounds.) The measured S2 radiation-
less transition rates (inverse of the S2 lifetimes) and S1 rise
times of the D4h and D2h molecules are similar, as summarized
in Table 2.

These results are similar to those found previously by Mataga
et al.14 who measured the temporal S2 decay and S1 rise profiles
of ZnTPP in ethanol and a zinc meso-diarylporphyrin in
tetrahydrofuran (THF). These observations suggest that not only
is the aryl-substitution pattern not a significant factor in
determining the S2 decay rates but also that Jahn-Teller
instability24 of the D4h metalloporphyrins generally may not play
an important role in determining their S2 population decay rates.
The singlet and triplet states of D4h metalloporphyrins with
closed-shell ground states are spatially 2-fold vibronically
degenerate. This degeneracy may be lifted both by static means
(substitution pattern as is the case with ZnDPP, axial ligation,
or nonbonding interactions with solvent) and by dynamic
(vibrational) means. The latter, dynamic Jahn-Teller effect
arises when nontotally symmetric vibrations lift the degeneracy
of 1Eu states such as S2, selectively stabilizing one vibronic state
and thereby enhancing couplings that otherwise would be weak.
None of the data obtained here, including the effects of solvent
coordinating ability and macrocycle substitution pattern, suggest
that either the static or dynamic Jahn-Teller effects associated
with lifting the symmetry of the 1Eu excited states is an important
determinant of the S2 population decay rates.

(v) Effect of Extensions of the Conjugated Macrocycle
Structure and Meso-Tetraphenyl Substitution. To test the
possible effects of extensions of the conjugated π-electron
macrocycle structure and any incremental distortions from
planarity introduced by meso-tetraphenyl substitution, we have
examined the relaxation dynamics of Soret-excited ZnP, ZnTBP,
and ZnTPTBP (Chart 1) in several solvents and have compared
the results with those previously obtained for ZnTPP.9 The
absorption and emission spectra of these compounds in solution
have been reported previously.25-28 The spectra obtained here
for ZnP and ZnTPTBP do not differ significantly, but the spectra
of ZnTBP require comment. A significant impurity with an
absorption maximum near 460 nm has been reported in previous
syntheses of ZnTBP and is also present in commercially
available samples. The discrepancies in the reported quantum
yields of S2-S0 fluorescence in this compound have been

Figure 2. TD-DFT calculations of the ground- and excited-state energies (in eV) of ZnDPP showing lifting of the degeneracies of the Eu and Eg

states of ZnTPP. (For ZnTPP data see ref 11.)
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attributed to such contamination of this compound.25,26 Particular
care was therefore taken in purifying and characterizing the
ZnTBP used in this study; any remaining impurity absorbing
at 460 nm in the sample was nonfluorescent. Details are given
in the Supporting Information accompanying this paper.

The spectroscopic and excited-state decay rate data for ZnP,
ZnTBP, and ZnTPTBP are summarized in Tables 1 and 2. The
temporal S2 fluorescence decay and S1 fluorescence rise profiles
for ZnTBP and ZnTPTBP are shown in Figure 3. Sparing
solubilities of these larger metalloporphyrins limited the number
of noncoordinating solvents that could usefully be employed
in these studies. Nevertheless, distinct differences between the
spectroscopic and photophysical behaviors of the two tetrabenzo-
substituted compounds, ZnTBP and ZnTPTBP, compared with
ZnP or ZnTPP may be observed. Key among their spectroscopic
differences are the much larger intrinsic S2-S1 electronic energy
spacing of ZnTBP, the smaller S2-S1 spacing of ZnTPTBP,
and the larger relative intensities of the Q bands both compared
with ZnP or ZnTPP.25-28 Note particularly that ZnTBP has an
S2-S1 energy gap, ∆E(S2-S1), of 8953 cm-1 in the cold isolated
molecule,29 about 8400 cm-1 in an Ar matrix,28a and 7625 cm-1

in ethanol, considerably larger than the spacings found for
ZnTPP in similar media.

It is revealing to note that if ZnTBP were to exhibit the same
energy gap law behavior as that of ZnTPP,9 its S2 lifetimes
should lie in the 50-500 ps region because of its larger S2-S1

electronic energy spacing. However, this is not the case; previous
estimates of the S2 population decay time of Soret-excited
ZnTBP are ca. 4 ps (homogeneous line width measurement in
a supersonic expansion)29 and 2.4 ps (from the measured S2

fluorescence quantum yield and a calculation of the S2-S0

radiative decay rate obtained by using the Strickler-Berg
method).27 We measured τS2 ) 1.01, 1.30, 1.53, and 2.55 ps in
benzene, ethanol, pyridine, and DMF, respectively (cf. Table
2) and calculated a set of radiationless decay constants that are
comparable to those found in ZnTPP. For ZnTPTBP, the results
are similar, with smaller S2-S1 energy spacings yielding
lifetimes of τS2 ) 0.43, 0.68, 0.74, and 0.93 ps in pyridine,
benzene, DMF, and ethanol, respectively, all slightly shorter
than those of ZnTBP. For ZnP, the lifetime, τS2 ) 0.91 ps in
ethanol, is comparable to that of ZnTPTBP despite its signifi-
cantly larger energy gap (∆E(S2-S1) ) 7445 cm-1 in ethanol).
The data are collected in Tables 1 and 2.

Three conclusions may be drawn from these data. First, by
comparing ZnTBP with ZnP, one observes that the effect of
extending the conjugated π-electron system on the S2-S1

radiationless decay rate cannot be rationalized on the basis of
a change in either the S2-S1 energy gap or the rigidity of the

macrocycle framework. Second, the effect of meso-tetraphenyl
substitution of either ZnP to give ZnTPP or of ZnTBP to give
ZnTPTBP can also not be correlated with incremental changes
in macrocycle geometry, as implied in previous papers.6 Third,
the initial excess vibrational energy content of these porphyrins
in solution (Evib increasing from ca. 0 cm-1 in ZnP to ca. 3500
cm-1 in ZnTPTBP), caused by exciting these metalloporphyrins
at the same wavelength (400 nm) as the B-band origin shifts
bathochromically with benzo-annulation and phenyl- substitu-
tion, has no significant effect on the S2 dynamics.

(vi) Effect of Halogenation of Meso-Phenyl Groups. Ha-
logenation of metalloporphyrins at either the �-positions or in
the meso-phenyl substituents is known to strongly affect the
spectroscopic and lower excited-state photophysical properties
of both the free-base porphyrins and their metallated deriva-
tives.22 To investigate the effects of halogenation of the phenyl
rings on the S2 radiationless decay rates of the meso-substituted
tetraphenylporphyrins, we have measured the spectroscopic and
dynamic behavior of Soret-excited ZnTPP(F20) and ZnTPP(Cl8)
in ethanol and have compared the results with those for ZnTPP.
The data are presented in Tables 1 and 2. The effect of
perfluorination of the phenyl groups is particularly dramatic and
results in a 6-fold increase in the rate of radiationless decay of
ZnTPP(F20) compared with ZnTPP at almost the same electronic
energy gap. Partial chlorination of the phenyl rings, as exempli-
fied by ZnTPP(Cl8), has only a small effect on the S2-S1

spacing and a correspondingly mild effect on the S2 radiationless
decay rate. In fact, the datum for ZnTPP(Cl8) falls squarely on
the energy gap law correlation for ZnTPP itself. This is an
interesting finding because perfluorination results in a with-
drawal of electron density from the macrocycle framework and,
according to previous convincing interpretations, leads to ruffling
of the macrocycle,22 whereas partial chlorination has no such
effect. That is, whereas ZnP and ZnTPP (and presumably
ZnTPP(Cl8)) are planar, ZnTPP(F20) is nonplanar because of
relief of strain (in-plane nuclear reorganization, IPNR22b) caused
by significant changes in bond lengths and bond angles upon
perfluorination of the pendant phenyl groups.

Because both ZnTPP and ZnTPP(F20) have similar energy
gaps in the same solvent, it would be tempting to ascribe the
larger S2-S1 radiationless transition rate in the perfluorinated
compound compared to the planar perhydro one to these changes
in equilibrium conformation. However, as previously shown for
perfluoroalkyl porphyrins,22b nonplanarity (ruffling) itself is not
the source of the bathochromic shifts in the Q bands of the free
base porphyrins and their zinc(II) metallated analoguessan
analysis that was later confirmed by high-level TDDFT calcula-
tions and extended to saddling distortions in the same

Figure 3. Temporal S2 and S1 fluorescence upconversion profiles of (a) ZnTBP in pyridine (τ(S2) ) 1.53 ps; τ(S1 rise) ) 1.51 ps) and (b) ZnTPTBP
in ethanol (τ(S2) ) 930 fs; τ(S1 rise) ) 933 fs). Measurements are at room temperature with λex ) 400 nm, and central observation wavelength is
shown. The solid lines give the best fits of single-exponential decay and rise functions to the measured data.
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compounds.22c Rather, the substituent-induced red-shifts in the
optical spectra of the normal metalloporphyrins and whatever
nonplanarity accompanies them are the result of changes in bond
lengths and bond angles in the macrocycle skeleton, that is, the
in-plane reorganization of the nuclear coordinates as described
by DiMagno and co-workers.22

(vii) ZnOEP and Other Non-Fluorescent (from S2) d0 or
d10 Metalloporphyrins. The Soret-excited (S2) state of ZnOEP
has been described as non-fluorescent.30 However, careful
steady-state measurements with a spectrofluorometer fitted with
double excitation and emission monochromators reveals (after
corrected Raman background subtraction) very weak emission
in the 400-430 nm range when exciting at wavelengths to the
blue of the main Soret band. The location and shape of this
band, together with the absence of spurious bands in the S1-S0

emission spectrum, rules out potential impurities such as the
free base (H2OEP) as the source of this emission. Precise
quantitative measurements were not possible, but the quantum
yield of S2-S0 fluorescence is estimated to be ca. 1 × 10-6. A
calculation of the S2-S0 radiative rate constant from the
integrated absorption intensity of the Soret band of ZnOEP
together with this quantum yield results in an estimate of the
lifetime of the S2 state of ca. 20 fs and a radiationless decay
rate of ca. 5 × 1013 s-1. Nevertheless, because the oscillator
strength of the Soret transition in ZnOEP is so large, it is still
possible to obtain S2-S0 fluorescence of sufficient intensity to
measure its temporal fluorescence upconversion decay profile,
as well as that of the S1 fluorescence rise (Figure 4). This profile
is almost indistinguishable from the pure Gaussian instrument
response function when both are obtained with a 3.3 fs step
size during data acquisition, a result that is completely consistent
with the calculation of the S2 lifetime of ca. 20 fs. Note that
the 5 × 1013 s-1 decay rate is almost exactly the average
frequency of the ground-state in-plane C-C and C-N stretching
vibrations of the porphyrin macrocycle that are Franck-Condon
active in the spectra and are the accepting modes in the S2-S1

radiationless decay of ZnTPP.9

The following facts concerning the relaxation of Soret-excited
ZnOEP are now established. Because the quantum yield of S1

emission is essentially independent of excitation wavelengths
spanning both the Q and B bands, the quantum efficiency of
S2-S1 internal conversion must be close to 1, just as it is in
ZnP and ZnTPP. The S2-S1 electronic energy spacing of

�-substituted ZnOEP in solvents such as ethanol is slightly larger
than that of meso-substituted ZnTPP in the same solvents (Table
1); therefore, an energy gap law argument31 cannot be used to
explain the difference in their radiationless decay rates. Apart
from the pendant substituents, ZnOEP, ZnP, and ZnTPP are all
planar; therefore, the difference in their decay rates is not related
to macrocycle conformation. The amount of vibrational energy
deposited in these metalloporphyrins18 also cannot be an
important factor in determining the differences in radiationless
decay rates, because the largest amount of vibrational energy
is deposited in ZnTPP (Evib ) 1350 cm-1) and the least in ZnP
(ca. 0 cm-1), compared with ca. 500 cm-1 for ZnOEP when
exciting at 400 nm.

We conclude that strong S2-S1 coupling is present in ZnOEP
and therefore attribute its much larger S2 radiationless decay
rate to a larger electronic coupling constant. The source of this
strong coupling and whether strong coupling is characteristic
of all �-substituted metalloporphyrins is discussed below.

Global Analysis and Conclusions

Several general conclusions may be drawn from analyzing
all the S2 spectroscopic and relaxation data presented above and
in the first paper in this series.

First, the major S2 population decay pathway is S2-S1 internal
conversion in all molecules. The superimposability of the
absorption and the corrected, normalized fluorescence excitation
spectra of these metalloporphyrins obtained by exciting in either
the Q or B bands and observing Q-band fluorescence indicates
that no important excitation wavelength-dependent process is
occurring in any of these metalloporphyrins in solution. This
conclusion is consistent with the observation that the radiation-
less decay rates of the S2 states of these molecules are not a
function of their initial vibrational energy content at vibrational
energies up to ca. 3500 cm-1 (in some compounds). Moreover,
the quantum efficiency of S2-S1 internal conversion is large,
approaching 1.0 in all the systems studied in this paper except
CdTPP where it is 0.69.

Second, the rate of S2 fluorescence decay is equal to the rate
of S1 fluorescence rise (within a measurement error of ca. 50
fs). The temporal S2 population decay profiles are well-
represented by single exponential functions in all compounds
examined to date. This observation is in agreement with those
of Mataga et al.14 and Gurzadyan et al.32 We thus cast some
doubt on one previous measurement by Yu et al.,13 who reported
that the rate of decay of the S2 fluorescence of ZnTPP in benzene
was measurably slower than the rate of rise of S1 fluorescence.
In the small number of cases, such as CdTPP9 and two
metallocorroles,33 in which the quantum efficiency of S2-S1

internal conversion is significantly less than 1.0, the S2 and S1

decay and rise times remain equal, indicating that any dark state
responsible for an internal conversion efficiency of <1.0 in these
molecules is populated in a parallel not a sequential S2 relaxation
process.

Third, the S2-S1 electronic energy gap plays at least some
role in determining the rate of S2-S1 internal conversion in most
of these d0 and d10 metalloporphyrins. This observation is not
new; many groups (including ours) have previously attempted
to use energy gap law correlations to rationalize S2 relaxation
rates in these and other similar metalloporphyrins.9,13,18,31,32,34

The data presented in Tables 1 and 2 do, however, enable us to
establish the fundamentals of how the S2-S1 gap changes with
solvent and macrocycle polarizability and thereby influences
the rate of S2 decay, as we shall discuss below.

We have previously shown9,11 that the S2-S1 energy gap is
a linear function of the solvent’s Lorenz-Lorentz polarizability

Figure 4. Temporal S2 and S1 fluorescence upconversion profiles of
ZnOEP in ethanol at room temperature. Measurements are for λex )
400 nm and the central observation wavelength shown. For the S2

fluorescence upconversion signal, the solid line gives the best fit of
the data to a Gaussian instrument response function with fwhm ) 400
fs and S2 population decay time, τ(S2) ) 24 fs. For the S1 fluorescence
signal, the solid line gives the best fit to an S1 population rise time,
τ(S1 rise) ) 30 fs. (See ref 9 for details.)
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function, f1 ) (n2 - 1)/(n2 + 2) where n is the refractive index
of the solvent, for both MgTPP and ZnTPP. (This result is
similar to that found earlier by Renge35 for H2TPP.) In fact,
these two plots have almost the same slopes, and both
extrapolate well to the values of ∆E(S2-S1) for the isolated
molecules (i.e., at f1 ) 0) obtained from their fluorescence
excitation spectra in supersonic expansions.36 Fortunately, the
fluorescence excitation spectrum of ZnTBP has also been
measured in a supersonic expansion,29 and a similar plot (Figure
5) of ∆E(S2-S1) versus f1 including the datum for the isolated
molecule reveals that the S2-S1 energy gap in this extended
macrocycle is much more sensitive to changes in solvent
polarizability than is ZnTPP itself. The spectra of H2P, H2TPP,
and ZnOEP have also been measured previously in the gas phase
and in a variety of noncoordinating solvents,37 yielding ad-
ditional values of ∆E(S2-S1) as a function of f1. In fact, for
the limited data set available, the gradients of plots of
∆E(S2-S1) versus f1 are almost identical for all metallopor-
phyrins possessing the same macrocyclic framework, irrespec-
tively of meso-aryl or �-alkyl substitution. The gradient of
∆E(S2-S1) versus f1 is a linear function of the total number of
π electrons in the macrocycle framework and passes through
the origin, as shown in Figure 6, if all π electrons, including
those on the pyrrole N atoms, are included (i.e., ZnTBP has 42
π electrons, and all others examined here have 26). These
observations are consistent with the previous interpretation9,35

that dispersive interactions control the magnitude of the solva-
tochromic shifts in the spectroscopically measured energies of
both the S2 and S1 states, and hence of ∆E(S2-S1), in solution.

The larger π system of ZnTBP results in proportionally larger
polarizabilities of both its S2 and S1 states and thus a greater
sensitivity of ∆E(S2-S1) to solvent polarizability than that of
ZnTPP, MgTPP, and ZnP. Moreover, the meso-substituted
phenyl groups play no substantial role in determining the
sensitivity of this energy spacing to the strength of dispersive
solute-solvent interactions.

Finally, the most important general conclusion to be drawn
is that of all the metalloporphyrins examined to date, only
MgTPP exhibits S2 relaxation rates that can properly be
described by the weak coupling case of radiationless transition
theory and its energy gap law corollary. All of the d10

metalloporphyrins, the photophysics of which are described
above or in Part I of this series,9 exhibit S2-S1 interactions
that are best described by either strong or intermediate coupling.
The energy gap law as formulated in the weak coupling case
therefore does not apply in general, and the magnitude of
∆E(S2-S1) in some cases is at most a minor controlling factor
in determining the S2-to-S1 decay rate.

We conclude therefore that when considering different d0 and
d10 metallated tetrapyrroles, the magnitude of the S2-S1

interstate coupling energy, C, is the most important determinant
of the S2 state’s radiationless decay rate. Whether weak or strong
coupling10 is involved, knr is proportional to C2, and C needs to
vary by a factor of about an order of magnitude to account for
the >100-fold difference in radiationless decay rates found for
the metalloporphyrins studied here. If we use the weak coupling
energy gap law dependence of knr on ∆E(S2-S1) for MgTPP
as a standard9 and attribute any increase in kic for other
compounds at the same energy gap to a proportionately larger
value of C2, we can then calculate the values of C from the
available data. The procedure is illustrated in Figure 7, and the
values of C are collected in Table 2. Here, kic ) ηic/τS2, where
ηic is taken as 1.0 for all compounds except CdTPP, for which
ηic ) 0.69 has been measured.9 (Note that this ignores the small
deviations of ηic from 1.0 measured in some other compounds.)
For each metalloporphyrin/solvent pair, the value of kic associ-
ated with weak vibronic coupling is calculated by using the
energy gap law correlation for MgTPP at the applicable values
of ∆E (Table 2) for which S2 lifetime measurements have been
obtained. That is, the previously determined9 empirical energy
gap law relationship for MgTPP,

log10(k'ic)) 14.38- 4.1 × 10-4∆E (3)

(where ∆E is in cm-1) is used to obtain k′ ic for each
metalloporphyrin solvent pair. Such values of k′ ic are those that
would be found if the metalloporphyrin were to exhibit the same

Figure 5. Plots of ∆E(S2-S1) versus the solvent polarizability function
f1 ) (n2 - 1)/(n2 + 2) for ZnTBP. The data for MgTPP and ZnTPP
from ref 9 and the values of ∆E(S2-S1) for the isolated molecules
from supersonic jet spectroscopy (refs 29 and 36) are also plotted.

Figure 6. Gradients of ∆E(S2-S1) versus f1 plots (Figure 4 and other
gas-phase data, see text) versus the number of π electrons in the fully
conjugated macrocycle framework.

Figure 7. Global analysis of factors controlling the S2-S1 internal
conversion rate in d0 and d10 metalloporphyrins.
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weak vibronic coupling as MgTPP. The value of C for each
compound, X, is then obtained from its measured values of
kic(X) by using

kic(X) ⁄ k'ic(X)) (CX ⁄ CMgTPP)2 (4)

where the value of CMgTPP is 76 cm-1, as determined previously.9

Quantitative evidence for variations in the S2-S1 interstate
coupling energy may in principle be obtained from the absorp-
tion spectra. Ohno et al.30 have previously shown that for some
metalloporphyrins, the ratio of the intensities of the 0-0 and
1-0 bands in the S1-S0 (Q) absorption spectra, εQ(0-0)/
εQ(1-0), provides a measure of the vibronic B-Q coupling
energy. Ohno et al.30 suggest that the nominally forbidden
Q(0-0) band borrows its intensity from the strongly allowed
B band when the accidental degeneracy of the 1(a2ueg) and
1(a1ueg) excited-state configurations is lifted. (In Gouterman’s
commonly used four-orbital model,38 these two configurations
interact, with vector summation of the resulting transition
moments, to give the separate Q (weak, scalar subtractive) and
B (strong, scalar additive) transitions.) They propose30 that

εQ(0-0) ⁄ εQ(1-0)) a(δE)2 (5)

where δE is the energy difference between the two excited-
state electron configurations and a is a constant. The quantity
εQ(0-0)/εQ(1-0) is easily measurable from the absorption
spectra and is a weak function of the nature of the solvent for
a given metalloporphyrin but a relatively strong function of the
nature and pattern of the porphyrin’s substituents. Data for the
compounds investigated here are given in Table 1. If ∆E(S2-S1)
for the isolated molecule (obtained by using only the limited
data provided by gas phase or supersonic jet measurements) is
taken as a measure of δE, εQ(0-0)/εQ(1-0) is seen to be a
strong function of the configuration interaction energy (actually
much stronger than the quadratic dependence predicted by eq
5). Note, however, that many factors could influence the relative
intensities of the 0-0 and 1-0 bands when the data are taken
from solution spectra at room temperature. In particular, as for
pyrene, naphthalene, and benzene, the Ham effect39 will be
operative in those D4h metallopyrroles the Q bands of which
are weak (and pseudoforbidden) because of offsetting transition
moments. The origin of the Q-band system will be allowed,
however, if themetalloporphyrinlosesitscenterofsymmetry-when
significantly nonplanar, for example.

A second feature of the absorption spectra that could be
correlated with the S2-S1 coupling energy is the fraction of
the total oscillator strength of the Q-X and B-X transitions
that resides in the Q-X transition, fQ/(fQ + fB), which can be
obtained from the integrated absorbances of the two band
systems.40 Such data will be less strongly influenced by the
overlapping band structure characteristic of spectra taken in
solution at room temperature. Again, these data (Table 1) exhibit
a relatively weak dependence on solvent (for at least noncoor-
dinating solvents) and a stronger dependence on the metal-
loporphyrin substitution pattern.

In seeking a correlation between the nonradiative decay rates
of the entire set of Soret-excited compounds and εQ(0-0)/
εQ(1-0) and/or fQ/(fQ + fB), we plotted log(CX) versus log[εQ-
(0-0)/εQ(1-0)] and versus log[fQ/(fQ + fB)] to determine the
power dependence of CX on each quantity. Although CX tends
to increase with both εQ(0-0)/εQ(1-0) and fQ/(fQ + fB) when
considering a limited set of similar compounds, both correlations
are poor when data for the entire set of metalloporphyrins are
included. Consider for example the data for ZnOEP and ZnTBP
where the values of C2 differ by a factor of about 100, whereas

the values of εQ(0-0)/εQ(1-0) are almost identical and those
of fQ/(fQ + fB) differ by no more than a factor of 5. Thus, the
correlation between εQ(0-0)/εQ(1-0) and (δE)2 proposed by
Ohno et al.30 does not extend to a correlation between εQ(0-0)/
εQ(1-0) and CX

2 when the data for the entire set of metal-
loporphyrins are considered.

Finally, Hochstrasser41 has shown that the bandwidths of
electronic transitions can be used as an approximate measure
of the vibronic coupling energy between electronic states. For
the fwhm of an electronic absorption band involving a transition
to a higher electronic excited-state vibronically coupled to a
lower excited-state, he derives

∆E1 ⁄ 2 )Ev
2FF (6)

where Ev is the vibronic coupling energy defined for each normal
mode that has the proper symmetry to allow the two states to
interact, F is the Franck-Condon factor, and F is the density
of vibronic accepting states. This approach can be easily adapted
to the absorption spectra of metalloporphyrins by considering
the fwhm of the main Soret absorption band and noting that
gerade vibrations will be effective in these cases because both
interacting states are of 1Eu symmetry (in D4h). At the same
electronic energy gap and for the same macrocycle, F and F
will be approximately constant, and under these circumstances,
the fwhm of the main Soret band should be a measure of Ev

2,
to the extent that vibronic coupling is responsible for the spectral
broadening.

In solution at room temperature, however, the bands in the
absorption spectra are inhomogeneously broadened and quasi-
Gaussian in shape rather than the Lorentzian band shapes that
are appropriate for application of Hochstrasser’s theory.41

Nevertheless, the ratios of the full widths at half maximum of
the Soret bands of the metalloporphyrins to that of MgTPP
(weak coupling) might reasonably be expected to scale as the
ratios of the squares of the interstate coupling energies, if
vibronic coupling is the dominant mode of interaction. The
fwhm of the Soret bands do increase qualitatively with increas-
ing C2, but the predicted correlation between the ratios of the
fwhm of the B bands to the ratios of C2 is not found. The
absence of a good correlation between any single spectroscopic
observable and C2 therefore suggests that none of the vibronic
coupling models employed in these correlations is appropriate.
Direct electronic interaction between the two coupled states,
both of which are of 1Eu symmetry (in D4h), is indicated.

One solution phase spectroscopic observable that might signal
the magnitude of direct S2-S1 coupling is the difference in the
Stokes shifts of the B- and Q-band radiative transitions. (See
Table 2 for Stokes shift, SS, data.) If the Stokes shifts were
similar for the two bands, this would indicate that the two upper
state surfaces are displaced by similar amounts relative to the
ground state; if the Stokes shifts were dissimilar, one excited
state would be expected to be displaced more than the other, a
situation that could lead to increased direct interaction at
vibrational energies in S1 near the zero-point energy of S2. Such
a qualitative trend is observed in the data of Table 1.
Unfortunately however, it is not possible to obtain accurate
measures of the Stokes shifts from spectra taken in fluid solution
at room temperature. The B- and Q-band Stokes shifts of the
rigid, more highly fluorescent metalloporphyrins are small (ca.
100-200 cm-1) in comparison with the widths of the bands,
and the differences between them are smaller still. The Stokes
shifts obtained from the steady-state spectra of the weakly
fluorescent (from S2) molecules are considerably larger but are
subject to much greater error. In addition, the B-band Stokes
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shifts of the most weakly fluorescent compounds will be
somewhat time-dependent because the time scales of intramo-
lecular vibrational relaxation and interstate population decay
are comparable. We conclude that only a qualitative correlation
between C2 and the Stokes shifts obtained from steady state
solution spectra is possible in these systems.

Finally, we can summarize the trends found in the data
gathered in this study. There is no single solution-phase
spectroscopic observable that can be readily correlated with the
rates of S2 radiationless decay. Nevertheless, the following trends
can be seen. First, the extent of �-alkyl substitution has the effect
of increasing the magnitude of S2-S1 coupling. �-Octaalkyl
porphyrins exhibit strong coupling with S2 lifetimes equal to
macrocycle stretching frequencies. Conical intersection of the
S2 and S1 states is likely. Second, meso-aryl substitution has
the effect of reducing the S2-S1 electronic energy spacing
somewhat but also reducing the S2-S1 coupling energy. The
pattern of meso-aryl substitution has little effect. Compounds
that have both �-alkyl and meso-aryl substitution exhibit
intermediate coupling energies. (Note in this regard Akimoto
et al.42 who report an S2 population decay time of 150 fs for a
�-tetraethyl-meso-diaryl-substituted zinc porphyrin; its value of
C ) 315 cm-1 calculated as described above falls squarely in
the intermediate coupling regime.) Third, nonplanar tetrapyrroles
such as ZnTPP(F20), CdTPP, and the metallocorroles33 exhibit
larger interstate coupling energies than their planar counterparts.
We note, however, that nonplanarity may not of itself be the
source of increased coupling, as described in detail by Di-
Magno.22 Fourth, benzo-annulation of the pyrrole rings increases
the polarizability of the excited states in proportion to the
number of π electrons in the extended macrocycle and increases
the intrinsic S2-S1 electronic energy spacing but also increases
the sensitivity of the S2-S1 spacing to narrowing by dispersive
solvatochromic interactions.
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