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Excited-state kinetics of complexes of a functionalized zinc tetraphenylporphyrin (ZnTPP) derivative, zinc
mono(4-pyridyl)triphenylporphyrin (ZnPyP) in toluene and polystyrene/toluene mixtures have been investigated
by time-resolved fluorescence spectroscopy. In addition to the∼2.0 ns monomer fluorescence lifetime, a≈
1.5 ns component was found by applying global analysis to the time-resolved fluorescence decay. The 1.5 ns
component is assigned to a cyclic porphyrin tetramer [Part I], with a≈ 1 ns rotational correlation time at 10
°C. The initial fluorescence anisotropy of the monomer is found to be 0.1. In the tetramer an additional
depolarization process occurs with a correlation time of∼31 ps, resulting in a further decrease of the anisotropy
from 0.1 to 0.025. This additional depolarization is ascribed to singlet energy transfer between the porphyrin
units that constitute the tetramer. The intramolecular energy transfer processes have been simulated using the
Monte Carlo method, yielding rate constants of (26( 4 ps)-1 ande (180 ps)-1 for energy transfer between
nearest neighbor and next nearest neighbor porphyrins in the tetramer.

Introduction

Energy transfer in photosynthetic light-harvesting complexes
is extremely efficient even over long distances.1,2 Although
much progress has been made in describing the photophysics
of such complex systems, the understanding of their excited-
state dynamics is still far from complete. Many synthetic model
systems have been synthesized to obtain a better insight in the
energy transfer processes in natural systems.3-12 In particular,
self-assembled aggregates of metalloporphyrin arrays have been
used as building blocks for artificial light harvesting systems
and various molecular electronic devices.13-16

This work focuses on porphyrin tetramers as models for plant
pigments, such as chlorophyll organized in various protein
complexes because, similar to these complexes, the tetramers
have a fixed, defined structure and show fast energy transfer
from a particular excited porphyrin to one or more of its
neighbors and loss of excitation energy by relaxation to the
ground state [Part I]. Unlike photosynthetic pigment complexes,
in porphyrin tetramers, these processes can be studied in isolated
units in a time domain, which is experimentally much more
accessible than that in the natural systems, which often exhibit
extremely fast excited-state dynamics in response to optical
excitation.17-19

This study is part of a research program aimed at understand-
ing how the concepts of the molecular basis of photosynthesis

can be used to construct artificial devices, in particular solar
cells with a high photovoltaic efficiency.

From the steady-state absorption- and fluorescence spectra
(Part I) it could be concluded that at low temperature, a self-
assembled aggregate of ZnPyP is formed in toluene and viscous
polystyrene/ toluene mixtures (PS/Tol) with a cyclic, tetrameric
structure (Figure 5, Part I). This Part II reports the kinetics of
the processes involving the first excited singlet state of the
tetramer using time-correlated single photon counting (TCSPC)
as well as streak camera detection.20 The latter method has some
distinct advantages, i.e., a time-resolution almost 10 times as
high as the TCSPC method, which allows resolving fluores-
cence- and fluorescence anisotropy decay times of less than 1
ps. Also, the kinetics of the whole spectrum is detected instead
of at a single wavelength, as with TCSPC. For streak camera
measurements, the solution needs to be circulated limiting the
experiments to nonviscous and noninertial solvents (e.g.,
toluene) and excluding viscous solvents. For this reason, all
measurements on viscous PS/Tol solutions had to be done using
the TCSPC method.

To understand the photophysical properties of ZnPyP tet-
ramers, resulting from time-resolved fluorescence- and fluo-
rescence anisotropy measurements, we also investigated un-
substituted zinc tetra(p-phenyl)porphyrin (ZnTPP) and its
pyridine-ligated analogue as reference compounds under the
same experimental conditions, but without forming aggregates.
In view of its structure (Figure 1, Part I), the fluorescence
lifetime of the cyclic tetramer should be close to that of pyridine
ligated ZnTPP. Furthermore, note that energy transfer between
the porphyrin units of the tetramer does not affect this lifetime
because all monomer units of the tetramer are identical. Thus,
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energy transfer processes within the porphyrin tetramer can
conveniently be studied by investigating the fluorescence
anisotropy decay.

For porphyrin monomers the time dependent fluorescence
anisotropyr(t) is only determined by rotational diffusion

where rM
RD(t) is the rotational diffusion anisotropy of the

monomer. On the other hand, for a porphyrin complex in
solution the time dependent fluorescence anisotropyr(t) can be
written as a product of two independent depolarization processes

where rET(t) and rT
RD(t) represent energy transfer within the

complex and rotational diffusion of the complex itself.
The steady-state fluorescence anisotropyrET(∞) )

limtf∞ rET(t) ) c which is a time-independent constant and
equals 0.025 for the tetramer in PS/Tol solution [see Part I].
The fluorescence anisotropy decayrT

RD(t) in eq 2 results from
fully spherical rotational diffusion of the tetramer, and decays
to zero in toluene solution fort f ∞. Considering the size of
the tetramer, for high viscosity solvents such as PS/Tol we may
safely assume that the energy transfer in the tetramer is much
faster than rotational diffusion. Then, fort f ∞ the fluorescence
anisotropy of the tetramer is given byr(t) ) crT

RD(t).
We applied global analysis to the TCSPC fluorescence decay

components of ZnPyP in the 10°C - 55 °C temperature range.
The monomer and tetramer fluorescence lifetime components

were associated with their corresponding anisotropies, yielding
rM

RD(t) andc•rT
RD(t) of the monomers and tetramers, respec-

tively. Global analysis has also been applied to streak camera
data, yielding a time constant that describes the depolarization
due to energy transfer within the tetramer. By associating the
fluorescence anisotropy with the spectral properties of the
tetramer, its anisotropy decayrET(t) could be resolved in two
time domains: one with a short decay time due to energy
transfer within the tetramer and a second one with a relatively
long decay time due to the rotational diffusion of the tetramer.
The rate constants for singlet energy transfer within the tetramer
were extracted from the fluorescence anisotropy decayrET(t)
using Monte Carlo simulation, yielding the rate constants for
energy transfer and -relaxation processes in a rather straight-
forward manner.11,21-24

Experimental Section

Materials. ZnPyP and ZnTPP were prepared following
standard procedures.25,26 For further details, see Part I.

Time-Resolved Methods. TCSPC Instrumentation. The
experimental setup for TCSPC has previously been de-
scribed.24,27,28A mode-locked continuous wave Nd:YLF laser
(Coherent model Antares 76-YLF, equipped with a LBO
frequency doubler (Coherent model 7900 SHGTC) and BBO
frequency tripler (Coherent model 7950 THG) was used to
synchronously pump a continuous wave dye laser (Coherent
radiation model CR 590). As a dye Coumarin 460 (Exciton Inc.)

Figure 1. Experimental total fluorescence decays measured at 55°C
(a, 9) and 10°C (b, b), and fitted (solid lines) curves for ZnPyP;λexc

) 435 nm andλdet ) 625 nm.
Figure 2. Experimental (9,b) and fitted (solid) curves of (A, C):
ZnTPP and (B, D): ZnPyP fluorescence anisotropy in toluene (A, B)
and PS/Tol (C, D) detected at 55°C (a, 9) and 10°C (b, b); λexc )
435 nm;λdet ) 595 nm andλdet ) 625 nm.

r(t) ) rM
RD(t) (1)

r(t) ) rET(t)rT
RD(t) (2)
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was used for excitation at 465 nm. A setup with electrooptic
modulators in a dual pass configuration was used to reduce the
pulse rate to 594 kHz.29 The final pulse duration of the excitation
pulses was∼4 ps fwhm and the maximum pulse energy was
∼100 pJ. To obtain a dynamic instrumental response (∼50 ps
fwhm) for deconvolution purposes, the fast single-exponential
fluorescence decay of Erythrosin B in water was used as a
reference. The data presented were collected in a multichannel
analyzer (MCA board from Nuclear Data model AccuspecB,
in a PC) with a time window of 4096 channels at 2.5 ps/channel.
The excitation wavelength was 435 nm and the emission
wavelengths were selected by a cutoff filter (Schott KV 500)
and line filters of 595 and 625 nm with a 16 nm bandwidth.

The TCSPC method has been applied to 20µM solutions of
ZnTPP in toluene, toluene/pyridine, and PS/Tol, and to 20µM
solutions ZnPyP in toluene and PS/Tol. The sample temperature
was adjusted to 10, 15, 25 and 55°C, using a cold nitrogen gas
flow from an Oxford ITC4 temperature controller.

Streak Camera Detection. The experimental setup for streak
camera detection has been previously described.30 22 µM
solutions of ZnPyP in toluene were contained in a 1 cmpath
length glass cuvette and were thermostated either at 10 or 55
°C. The sample was refreshed using a small magnetic stirrer.
The sample was excited with 100 fs pulses at 565 nm (10°C,
relatively selective for tetramers) or 550 nm (55°C, relatively

selective for monomers), which were generated at a 125 kHz
repetition rate using a Titanium: sapphire based oscillator
(Coherent, MIRA), a regenerative amplifier (Coherent, REGA)
and a double pass optical parametric amplifier (Coherent, OPA-
9400). The pulse energy was typically 25 nJ. The polarization
of the exciting light was alternated between horizontal and
vertical. The vertically and horizontally polarized fluorescence
components were detected using a Hamamatsu C5680 synchro-
scan streak camera equipped with a Chromex 250IS spec-
trograph. The instrument response function (IRF) was Gaussian
shaped with a fwhm width of∼3.5 ps. The spectral resolution
was 8 nm. One streak image measured 315 nm in the spectral
domain (1018 pixels) and 200 ps or 2.2 ns (1000 pixels) in the
time-domain.

Time-Resolved Decay Analysis.TCSPC. The experimental
time-resolved fluorescence decay (I(t)dI||(t) + 2I⊥(t)) was

Figure 3. Species associated spectra (SAS, arbitrary units, scale 0-1)
resulting from the global analysis of the polarized streak camera data
sets applying an associative model (see text). (A) Temperature 55°C,
excitation wavelength 550 nm. Solid line: component of unclear origin
with 83 ps isotropic lifetime; dotted line: monomers, with a 1.9 ns
fluorescence lifetime and a 67 ps (amplitude 0.08) fluorescence
anisotropy lifetime; dashed line: IRF-limited contribution representing
Raman scattering by the solvent. (B) Temperature 10°C, excitation
wavelength 565 nm. Solid line: tetramers, with a 1.6 ns fluorescence
lifetime and a 31 ps (amplitude 0.07) fluorescence anisotropy lifetime;
dotted line: monomers, with a 2.1 ns fluorescence lifetime and a 0.61
ns (amplitude 0.13) fluorescence anisotropy lifetime; dashed line: IRF-
limited contribution representing Raman scattering by the solvent.

Figure 4. Schematic diagram for the measurement and simulation of
parallel and perpendicular fluorescence components. The molecular
coordinate system (x′,y′,z′) has a random orientation with respect to
the laboratory system (x,y,z).

Figure 5. Examples of simulation-based fit (b) of the tetramer
fluorescence anisotropy decay (-); λexc) 465 nm,λdet) 612 nm;D||
) D⊥) 0.
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globally analyzed over a 10°C to 55°C temperature range and
detection at 597 and 625 nm by simultaneously fitting to a sum
of exponentials31,32

where pi and τi are the amplitude and lifetime of thei-th
fluorescence component, respectively;N is the number of the
fluorescence exponentials.

The parameters of the anisotropy decayr(t) ) [I||(t)-
I⊥(t)][ I||(t)+2I⊥(t)]-1 were retrieved using a nonassociative as
well as an associative exponential model for the time-resolved
fluorescence anisotropy. For the nonassociative model the
fluorescence intensitiesI||(t) and I⊥(t) contributing to the
anisotropy can be written as

whereâj andφj are the amplitude and the rotational correlation
time of the j-th exponential of the fluorescence anisotropy
component, andâ0 ) ∑j)1

M âj is the initial fluorescence aniso-
tropy; M is the number of the anisotropy exponentials. For the
associative model,I||(t) andI⊥(t) intensity components take the
form

whereMi is the number of anisotropy exponentials contributed
by the i-th fluorescence component, andφij is the rotational
correlation time of thej-th exponential of the fluorescence
anisotropy contributed by thei-th fluorescence component. The
total initial anisotropy isâ0 ) ∑i)1

N â0i, with â0i ) ∑j)1
M i âij the

initial anisotropy of thei-th fluorescence component.
Global analysis was applied to the TCSPC data using

Fluorescence Data Processor Software.33 The accuracy of the
fluorescence and anisotropy decay parameters from this analysis

was estimated by the exhaustive search method.32 The quality
of the fit was judged by theø2 statistical criterion and by visual
inspection of the time-dependent weighted residuals and their
autocorrelation functions.34

Streak Camera. The data were globally analyzed using an
associative model with two components decaying independently,
each possessing its own anisotropy.35 Thus, the data for parallel
and perpendicular detection are described by

whereεi, â0i, φi, andτi represent the species-associated spectra,
the initial anisotropy, the anisotropy decay time constant and
the fluorescence lifetime of componenti, respectively;X
indicates the convolution with a Gaussian shaped instrument
response function IRF(t).

Results

TCSPC Measurements.Monomers. For ZnTPP, a single
fluorescence lifetime of 1.95 ns in toluene and 2.05 ns in PS/
Tol was found. The best fit of the anisotropy decay of ZnTPP
is found with a single exponential withφ1 ) 70 ps/90 ps at 55
°C/10°C for toluene as a solvent; for PS/Tol as a solvent there
are two exponentials at 55°C with φ1 ) 1.44 ns,φ2 ) 16.00 ns
and a single exponential at 10°C with φ1 ) 21.00 ns. The initial
fluorescence anisotropy of ZnTPP monomers (which do not
aggregate in the temperature and concentration range of our
experiments) is∼0.07 in toluene and∼0.1 in PS/Tol. The fits
of the anisotropy decays of ZnTPP in toluene and PS/Tol at 10
and 55°C are shown in Figure 2A and 2C. The lifetimeτ, the
initial anisotropiesâ1 andâ2, and the rotational correlation times
φ1 andφ2 for the ZnTPP monomers in toluene and PS/Tol are
collected in Table 1.

Ligated Monomers. The same analysis of ZnTPP in the
presence of excess pyridine as a ligand yielded a lifetime of
1.58 ns in toluene and 1.61 ns in PS/Tol. A fit of the anisotropy
decay of ZnTPP/pyridine shows a single exponential withφ1

) 70 ps /90 ps at 55°C/10°C in toluene as a solvent and with
two exponentials at 55°C with φ1 ) 1.62 ns,φ2 ) 17.00 ns; a
single exponential was found at 10°C with φ1 ) 24.00 ns in
PS/Tol as a solvent. As expected, the initial anisotropy value

TABLE 1: Fluorescence and Anisotropy Decay Parameters of ZnP Monomers in Toluene (Tol) and PS/Tol Solvents at
Different Temperatures Using eqs 3-5

T 55 °C T 10 °C
sample/λdet τ, ns â1 φ1, ns â2 φ2, ns â1 φ1, ns

ZnP/Tol 1.95 0.070 0.07 --- --- 0.073 0.09
597 nm [1.94;1.97] [0.068;0.072] [0.06;0.09] [0.071;0.078] [0.08;0.11]

ZnP/Tol 1.58 0.068 0.07 --- --- 0.075 0.09
with Pyridine
625 nm

[1.55;1.62] [0.067;0.071] [0.06;0.08] [0.073;0.079] [0.08;0.10]

ZnP/Tol 2.05 0.072 1.44 0.022 16.00 0.101 21.00
with Pyridine
597 nm

[2.04;2.07] [0.071;0.073] [1.38;1.52] [0.021;0.023] [14.00;∼] [0.094;0.108] [20.00;∼]

ZnP/PS/Tol 1.61 0.076 1.62 0.024 17.00 0.098 24.00
with Pyridine
625 nm

[1.60;1.62] [0.075;0.077] [1.46;1.74] [0.023;0.025] [16.00;∼] [0.092;0.105] [22.00;∼]

The confidence intervals of the parameters, shown in square brackets, are estimated at the 95% level. The marker “∼” indicates undefined upper
values of the anisotropy decay parameters. The marker “- - -” indicates the absence of a calculated parameter.

I||(t) ) ∑
i)1

2

εi(λ)(1 + 2â0i exp(- t/φi))exp(- t/τi) X IRF(t)

(8)

I⊥(t) ) ∑
i ) 1

2

εi(λ)(1 - â0iexp(- t/φi))exp(- t/τi) X IRF(t) (9)

I(t) ) ∑
i)1

N

pi exp(- t/τi) (3)

I||(t) ) ∑
i)1

N

Ai exp(- t/τi)[1 + 2∑
j)1

M

âj exp(- t/φj)] (4)

I⊥(t) ) ∑
i)1

N

Ai exp(- t/τi)[1 - ∑
j)1

M

âj exp(- t/φj)] (5)

I||(t) ) ∑
i)1

N

Ai exp(- t/τi)[1 + 2∑
j)1

Mi

âij exp(- t/φij)] (6)

I⊥(t) ) ∑
i)1

N

Ai exp(- t/τi)[1 - ∑
j)1

Mi

âij exp(- t/φij)] (7)
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of ZnTPP/pyridine is temperature-independent, and equals
∼0.07 in toluene and∼0.1 in PS/Tol. The lifetimeτ, the initial
anisotropy valuesâ1 andâ2, and the rotational correlation times
φ1 and φ2 for ZnTPP/pyridine in toluene and PS/Tol are
collected in Table 1.

Tetramers. Assuming that the lifetime of the lowest singlet
excited state of both ligated and nonligated ZnPyP is indepen-
dent of temperature in the 10°C to 55°C range, the fluorescence
decay parameters of the mixture of monomers and tetramers
were determined by global analysis. Two fluorescence expo-
nentials were found to nicely fit to all temperature-dependent
ZnPyP experimental decay curves. A fit to a single exponential
gave less satisfactory results and fitting with more than two
exponentials did not lead to significant improvement either. The
two global fluorescence components of ZnPyP in toluene have
1.97 ns and 1.53 ns lifetimes, and 2.22 ns and 1.56 ns for PS/
Tol as a solvent. In toluene and PS/Tol the relative contribution
of the 1.53-1.56 ns fluorescence component to the total
fluorescence reaches 90% and 84% at 10°C and 39% and 48%
at 55 °C, respectively. Figure 1 shows two experimental
fluorescence decays detected at 625 nm at 10°C and 55°C,
and the result of the global analysis using two exponentials.
The ZnPyP anisotropy associated with the different fluorescence
components measured at 10°C could be appropriately analyzed
using single exponentials with rotational correlation timesφ11

) 100 ps/26.00 ns andφ21 ) 1.00/90.00 ns in toluene and PS/
Tol for the 1.97-2.22 ns and 1.53-1.56 ns lifetime components,
respectively. The ZnPyP anisotropy decay at 55°C was analyzed
using an associative as well as a nonassociative model, of which
only the latter gave reliable results, yielding a single exponential
(φ1 ) 80 ps) in toluene and two exponentials (φ1 ) 1.05 ns
andφ2 ) 21.00 ns) in PS/Tol. The initial anisotropy value of
the 1.97-2.22 ns fluorescence component is 0.076 and 0.1 in
toluene and PS/Tol, respectively, whereas the initial anisotropy
value of the 1.53-1.56 ns fluorescence component was con-
siderably lower, i.e., 0.020 and 0.025 in toluene and PS/Tol,
respectively. The results of the fits of the anisotropy decay of
the ZnPyP in toluene and PS/Tol at 10 and 55°C are shown in
Figure 2B and 2D. The results of the fluorescence global
analysis with associative as well as nonassociative anisotropy
for ZnPyP in toluene and PS/Tol are presented in Table 2.

Streak Camera Measurements.Using the streak camera
faster kinetics of the tetramer is accessible than with the TCSPC
method, including energy transfer within the tetramer. Because
the streak camera measures the time evolution of the whole
fluorescence spectrum rather than at single wavelengths, the
monomer and tetramer spectra associated with different fluo-
rescence- and fluorescence anisotropy lifetimes could be
resolved. These species-associated fluorescence spectra for
ZnPyP in toluene at 10°C and 55°C are shown in Figure 3.

Monomers. Figure 3A shows the results of the measurements
at 55°C. The dominating contribution has a spectrum (dotted
curve) which peaks at 642 nm. The fluorescence lifetime of
this component is 1.9( 0.2 ns, whereas the rotational correlation
time is 67( 7 ps. These combined data are a clear indication
that this component represents the monomers. A small∼83 ps
rising component (solid curve) was also necessary to obtain a
good fit of the data, the nature of which is presently unknown.

The monomer species, corresponding to the spectrum in
Figure 3B, detected at 10°C (dotted curve) with a peak around
645 nm, has a fluorescence lifetime of 2.1( 0.2 ns and a
rotational correlation time of 0.61( 0.06 ns, with an amplitude
of 0.13( 0.01. The dashed component in Figure 3A and-B,
which peaks at 656 and 677 nm, respectively, represents a pulse-
limited contribution, assigned to a Raman scattering line of
toluene 2900 cm-1 red shifted with respect to the excitation
wavelength.

Tetramers. Figure 3B shows the species-associated spectra
for ZnPyP in toluene at 10°C, at which temperature monomers
and tetramers coexist. To record intramolecular energy transfer
in the tetramers 565 nm was used for excitation, which is
relatively selective for this species. The solid line in Figure 3B
represents a spectrum with maxima around 612 and 652 nm of
a species with a 1.6( 0.2 ns fluorescence lifetime and a∼31
ps rotational correlation time with a 0.07( 0.01 relative
amplitude. The fluorescence spectrum and lifetime of this
species were basically identical to those found in the TCSPC
measurements, indicating that this species is the tetramer. We
therefore conclude that the 31 ps anisotropy decay reflects
energy transfer within the tetramer. The relative amplitude of
this decay component agrees with the expected initial anisotropy
of 0.1. The small contribution with∼0.02 relative amplitude
of the anisotropy decay in the nanosecond region due to
rotational diffusion, that was observed in the TCSPC measure-
ments, was not resolved by the streak-camera measurements.

Discussion

TCSPC Results. ZnTPP Monomers.The 1.95-2.05 ns
lifetimes for monomeric, nonligated ZnTPP collected in Table
1 are in good agreement with literature.36-39 The slight increase
of the lifetime in PS/Tol as compared to that in toluene is
considered to be a medium effect. The fluorescence anisotropy
decayr(t) of ZnTPP in toluene is a single exponential (Table
1), in agreement with published results.36,40-42 However, the
fluorescence anisotropyr(t) of ZnTPP monomers in PS/Tol
cannot be fitted to a single exponential at 55°C. In viscous
solutions the fluorescence anisotropyr(t) of a planar molecule
such as the ZnTPP monomer is given by36

TABLE 2: Fluorescence- and Fluorescence Anisotropy Decay Parameters of ZnPyP in Toluene (Tol) and PS/Tol Solvents at
Different Temperatures

T 55 °C T 10 °C

sample/λdet τ1, ns τ2, ns
p′1,
%

p′2,
% â1 φ1, ns â2 φ2, ns

p′1,
% â11 φ11, ns

p′2,
% â21 φ21, ns

ZnPyP in Tol 1.97 1.53 61 39 0.067 0.08 --- --- 7 0.075 0.10 93 0.020 1.00
625 nm [1.93;2.03] [1.50;1.56] [0.065;0.070] [0.06;0.09] [0.071;0.082] [0.09;0.12] [0.010;0.030] [0.95;1.42]

ZnPyP in 2.22 1.56 48 52 0.076 1.05 0.025 21.00 16 0.100 26.00 84 0.025 90.00
PS/Tol
625 nm

[2.05;2.37] [1.48;1.61] [0.075;0.077] [0.97;1.48] [0.025;0.026] [18.00;∼] [0.090;0.110] [24.00;∼] [0.023;0.025] [80.00;∼]

The confidence intervals of the parameters, shown in square brackets, are estimated at the 95% level. The marker “∼” indicates undefined upper
values of the anisotropy decay parameters. The marker “- - -” indicates the absence of a calculated parameter. Fluorescence decay parameters have
been obtained using global analysis approach. The anisotropy decay parameters have been retrieved non-associatively (eqs 4 and 5) at 55°C and
associatively (eqs 6 and 7) at 10°C. The relative contributionspi′, i ) 1,2, to the total fluorescence introduced by different fluorescence components
are calculated using the eqp′i ) (piτi)/(p1τ1 + p2τ2), i ) 1, 2. The standard deviations of thepi′ values do not exceed 5% of their values.
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whereD|| andD⊥ are the in-plane and out-of-plane rotational
diffusion coefficients. Equation 10 is a double exponential and
fits the experimental data of ZnTPP in PS/Tol at 55°C very
well. The best fitted parameters collected in Table 1 show that
the preexponential factorsâ1 andâ2 are close to those in eq 10.
The upper limits of the 95% confidence intervals of the
rotational correlation times corresponding to the largestâ2 value
cannot be determined with sufficient accuracy because in viscous
solution the correlation times are longer than the 8 ns experi-
mental time window. The ZnTPP anisotropy decay measured
in PS/Tol solution at 10°C can be approximated by a single
exponential. The second slower anisotropy component is not
found at 10°C presumably again due to the 8 ns experimental
time window and the slowing down of the rotation at this
temperature. The initial anisotropy valueâ0 for the ZnTPP in
PS/Tol is ∼0.1 in good agreement with both the predicted
values43,44and published data.7,45 We found a somewhat lower
value of 0.07-0.08 for â0 for the porphyrin monomers in the
nonviscous solvent toluene, resulting from the relatively fast
rotational diffusion with a 80-100 ps correlation time in this
solvent.

Ligated ZnTPP Monomers. Ligation of ZnTPP to pyridine
results in shortening of the fluorescence lifetime to 1.58-1.61
ns in both solvents. The slight increase of the lifetime in PS/
Tol as compared to that in toluene is again ascribed to a medium
effect. Ligation of ZnTPP with pyridine does not significantly
change the anisotropy decay parameters (Table 1), so that the
previous discussion of the results for nonligated ZnTPP also
applies to its ligated analogue.

ZnPyP Monomers and Tetramers. Following the previous
analysis of the monomer fluorescence- and fluorescence ani-
sotropy decay of ZnTPP monomers in toluene and PS/Tol, we
now apply the same method to the porphyrin tetramer. Note
that the anisotropy decays in both solvents are expected to be
affected by the energy transfer processes within the tetramer,
and thus by the porphyrin aggregate structure.

Using global analysis to retrieve the ZnPyP fluorescence
components, we attribute the 1.97-2.22 ns lifetime to the
nonligated monomers in view of the results for ZnTPP in Table
1. The 1.53-1.56 ns fluorescence lifetime is close to the 95%
confidence interval of the lifetime of pyridine-ligated ZnTPP,
and thus likely corresponds to the ligated ZnPyP unit in the
tetramer. Similarly, the increase of the relative contribution of
the 1.53-156 ns fluorescence component to 84% and 93% in
toluene and PS/Tol, respectively, by lowering the temperature
to 10 °C can be explained by the temperature-dependent
intramolecular ligation of the porphyrin units resulting in
formation of a cyclic tetramer as shown in Figure 5 (cf. Part I).
At 55 °C ligated porphyrins in toluene and PS/Tol still contribute
39% and 52%, respectively, to the total fluorescence. This
relatively large contribution, even at 55°C, results from the
fact that the excitation was around 435 nm, closest to the Soret
band maximum of the ligated species at 430 nm, whereas the
fluorescence was detected at 625 nm, again corresponding to
the ligated species. The increase in the fraction of the ligated
species changing the solvent from toluene to PS/Tol reflects
the lower solubility of porphyrins in the latter solvent.

The ZnPyP rotational correlation timeφ11 ) 100 ps in toluene
at 10 °C associated with the 1.97 ns lifetime is of the same
order as that of ZnTPP under the same experimental conditions
and therefore is assumed to reflect the monomer anisotropy.

The anisotropy associated with the 1.53 ns lifetime is also a
single exponential in toluene at 10°C but now with a longφ21

) 1.00 ns rotational correlation time, which is characteristic
for rotation of the aggregate, assuming that the energy transfer
is much faster then rotational diffusion. From the associative
analysis of the anisotropy decay of ZnPyP in toluene at 10°C,
we conclude thatφ21, associated with the 1.53 ns fluorescence
component, is about 10 times longer thanφ11 of the monomer
at the same temperature (Table 1). Describing the rotational
dynamics of porphyrin monomers and -tetramers in toluene by
singleφ11 andφ21 values and approximating the tetramer as a
sphere, its effective rotational radiusFTetr can be related to that
of the monomerFM as follows from the Stokes-Einstein-Debye-
Perrin relation46

The radius of the solvent cavity in which the tetramer rotates is
calculated to be almost twice that of the porphyrin monomer
and quite close to the radius calculated from the tetramer vacuum
structure using the Chem-X program.47 Although this finding
may not be considered as unambiguous evidence for a tetrameric
aggregate, it certainly points to a cyclic, closed structure. The
same conclusions as for ZnPyP in toluene apply to the PS/Tol
solution, i.e., that (i) the anisotropy decay parameters of ZnPyP
associated with the 2.22 fluorescence component closely agree
with those for ZnTPP; (ii) the rotational correlation time
associated with the 1.56 fluorescence component is longer than
that for ZnTPP monomers; (iii) the rotational correlation time
of the tetramer in PS/Tol solution is less accurate than in toluene
as a result of the 8 ns experimental time window. The ZnPyP
anisotropy at 55°C analyzed with a nonassociative model
reflects almost the same anisotropy parameters as for the ZnTPP
monomers in both solvents (cf. Tables 1 and 2).

The initial â11 anisotropy value of the ZnPyP monomer in
PS/Tol at 10°C, associated with the 1.97-2.22 ns fluorescence
component is∼0.075-0.100 in both solvents, in good agree-
ment with the ZnTPP monomer values (cf Tables 1,2 and Figure
2). Theâ21 value of 0.025, associated with the 1.53-1.56 ns
fluorescence component at 10°C, is approximately four times
smaller than for the porphyrin monomer in toluene and PS/Tol
(cf Tables 1,2 and Figure 2). From this finding, we may
conclude that fast internal energy transfer occurs between the
porphyrin units within the tetramer, resulting in effective
fluorescence depolarization. This is also noticeable for toluene
as a solvent but less unambiguous than for PS/Tol, since
rotational motion may also affect the anisotropy decay. Taking
into account that energy transfer processes are at least one order
faster than the 1.58 ns lifetime and its associated rotational
correlation time, then the observed initial anisotropyâ21 is
expected to reflect the relative orientations of the porphyrin
molecules in the aggregate. Following Figure 6 of Part I the
theoretical value forâ21 is calculated to be 0.025, in very good
accordance with the experimental results (Table 2) and the
steady-state anisotropy (Part I, Figure 4B).

Streak Camera Results.ZnPyP Monomers and Tetramers.
Just as with the TCSPC method, lifetimes of 1.6 and 1.95-
2.10 ns were found for the ZnPyP tetramer and the monomer
by applying the global analysis to the fluorescence decays. The
67 ps rotational correlation time associated with the monomer
spectrum at 55°C agrees with that previously observed for the
monomers using the TCSPC method. At 10°C a 0.61 ns
rotational correlation time is found, definitely higher than the
100 ps value from TCSPC measurement. This long anisotropy
component is most likely resulting from a less accurate

FTetr) (φ11/φ21)
-1/3FM (11)

r(t) ) â0 [0.25exp(-6D⊥t)+0.75

exp(-(2D|| +4D⊥)t)] (10)
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resolution of the associated long rotational correlation times.
Taking into account that at 10°C the tetramer concentration is
much higher than that of the monomers and noting the relation
âMonφrot

Mon ≈ âTetrφrot
Tetr for the anisotropy parameters, the 0.61

ns correlation time actually constitutes the mean value of the
monomer and tetramer rotational correlation times weighted with
their relative contributions, basically in agreement with the
results of TCSPC data analysis. The 31 ps component, that only
could be observed at the higher time resolution of the streak
camera, obviously must be assigned to energy transfer within
the tetramer.

Following this critical evaluation of the various TCSPC- and
streak camera results, now the rate constants for energy transfer
processes within the tetramer can be quantitatively determined.
This is done by analyzing the experimental time-resolved
fluorescence anisotropy decay detected at 612 nm making use
of Monte Carlo simulations and adopting a hopping model for
energy transfer within the tetramer.

Monte Carlo Simulations.The Monte Carlo algorithm for
generating the fluorescence- as well as the anisotropy decay
closely follows previously developed procedures.22,48 Figure 4
schematically presents the basic principles for collecting the
parallel and the perpendicularly polarized components of the
porphyrin monomer fluorescence. It is important to note that
this monomer scheme can be extended to that for the tetramer
by assuming four connected porphyrin monomers fixed in a
molecular coordinate system attached to one of the monomers
in the aggregate. The contributions of the tetramer to the
fluorescence intensitiesI|| and I⊥ for the initially excited and
next nearest porphyrin within the tetramer is given by

and for the nearest neighbors to the left and right of the initially
excited porphyrin unit

where PI|| and PI⊥ denote the probabilities of theI|| and I⊥
fluorescence components;R andφ are the spherical coordinates
of either one of the degenerate emission moments with respect
to the laboratory coordinate system;ê is a third angle defining
the orientation of the molecular coordinate system with respect
to that of the laboratory. In general, the anisotropy decay is
determined by the geometry of the tetramer by the rotational
diffusion coefficientsDrot

x′, Drot
y′, Drot

z′ and the energy transfer
rate constants. For the monomer porphyrinDrot

x′ ) Drot
y′ ) D⊥,

and Drot
z′ ) D|| for rotational diffusion around thex′, y′, z′

molecular coordinate axes.
The simulation of the energy transfer processes in the tetramer

is based on random hopping of the excitation energy. Starting
from an initially excited molecule, the excitation visits the
porphyrin monomer units in the tetramer until the event of
emission. The time spent by the hopping excitation from the
moment of initial excitation till emission is considered as one
run in the simulation procedure. The schematic diagram of
excitation hopping in the tetramer has been presented in Figure

6 of Part I. The probabilities for excitation hopping between
neighboring units are denotedPN, and between units at opposite
sides of the tetramerPA. With Pτ, the probability for fluores-
cence emission,PN, PA, Pτ are related byPN + PA + Pτ ) 1.
The Monte Carlo random walk starts by generating an initial
orientation of the tetramer, in particular an orientation of the
initially excited moleculei with its coordinate system (x′,y′,z′)i
48 in the laboratory coordinate system (x,y,z). Next, excitation
hopping is simulated using a random numbers generator and
introducing starting values for the probabilitiesPN, PA, Pτ.22

The procedure is repeated until the event of fluorescence
emission. At the last step of the simulation run the total time
∆t elapsed after a number of energy transfer hops following
one excitation is stored either as the “parallel” or the “perpen-
dicular” component using eqs 12-15,48 yielding two histograms,
which are the source for the simulated anisotropy decay.

Finally, we note that the probabilitiesPN, PA, Pτ are inversely
proportional to the corresponding energy transfer hopping times
τET

N, τET
A, and the tetramer fluorescence lifetimeτtetr, respec-

tively. We simulated 107 excitation runs, which ensured a
combination of an acceptable signal-to-noise ratio, stable values
of ø2, and a reasonably short simulation time. Isolated monomer
porphyrins were excluded from the simulations because as-
sociative anisotropy analysis showed a negligible contribution
of the monomers to the total emission under the experimental
conditions (10°C, λexc ) 565 nm; λdet ) 612 nm). Energy
transfer between the tetramers and the singlet-singlet annihila-
tion are also not considered because of the low molar porphyrin
concentration and excitation rates. Because the analysis is
limited to a 200 ps time window rotational diffusion of the
tetramers need not be considered since bothτET

N and presumably
τET

A , φtetr ≈ 1 ns (Table 2).
The lifetimes τET

N, τET
A, and τTetr were used to fit the

simulated anisotropy decay to the experimental decay curve,
employing a published fitting algorithm.49,50 The 95% confi-
dence intervals of the simulated decay parameters were esti-
mated using the method of asymptotic standard errors.34

As shown in Figure 5, the experimental tetramer anisotropy
decay at 612 nm could be nicely fitted with the following set
of parameters:τET

N ) 26 ( 4 ps, τET
A ) 190 ps, implying

that the rate constant for energy transfer across the tetramer is
bounded as 0e kET

A e (180 ps)-1, andτtetr ) 1.5 ( 0.1 ns.
Note, however, that the value of (190 ps)-1 for the (τET

A )-1

rate constant may have an uncertainty due to cross-correlation
with the rotational correlation timeφtetr of the tetramer. As
expected, the rate constant for energy transfer between neigh-
boring porphyrins is found to be much larger than across the
tetramer, explaining the fast depolarization in the initial part of
the anisotropy decay.

As an additional test of the simulations we calculate the
anisotropy of a nonrotating tetramer in the 8 ns time window,
implying D|| ) D⊥ ) 0. The Monte Carlo simulations of
experiments under these conditions result in an initial anisotropy
value of 0.025, in close agreement with the experimental initial
anisotropyâ21 (Table 1).

If all four porphyrin planes in the tetramer are indeed
perpendicular, as shown in Figure 6 of Part I, then there is no
overlap between theπ-orbitals of any two porphyrin monomers,
and consequently no energy transfer by the exchange mecha-
nism. Then the rate constants for energy transfer coming out of
the Monte Carlo simulations should agree with those calculated
with a Förster type of energy transfer.51 Using a point dipole
model the energy transfer rate constantkET follows from

PI|| ∼ 3/4 (1- sin2 R sin2
φ) (cosφ cosR cosê -

sinφ sin ê + cosφ sin R)2 (12)

PI⊥ ∼ 3/4 (1- sin2 R sin2
φ) (- sin R cosê + cosR)2 (13)

PI|| ∼ 3/8 (1- sin2 R sin2
φ) (x3cosφ cosR cosê -

x3sinφ sin ê + cosφ sin R)2 (14)

PI⊥ ∼ 3/8 (1- sin2 R sin2
φ) (-x3sinR cosê + cosR)2

(15)
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with

whereκ is the orientation factor,τ is the lifetime of the energy
donor,R0 is the critical transfer distance (Fo¨rster radius),R is
the center-to-center distance between energy donor and-
acceptor,Q is the absolute excitation yield of the unquenched
energy donor,n is the solvent refractive index, andJ is the
overlap integral of the donor fluorescence spectrum with the
acceptor absorption spectrum. Using the absorption and emission
spectra of ZnPyP at 10°C, the overlap integral was calculated
to be ∼8.5•10-15 M-1cm-1. With Q ) 0.04,52 and ntoluene )
1.4953 in eq 18 it follows thatR0 ≈ 19 Å. The center-to-center
distancesR between neighbor and next nearest neighbor
molecules in the tetramer were determined from a molecular
model to be 10 and 14 Å. Substituting these data in eq 16 and
usingκ|| ) 1 andκ⊥ ) 0.5 for parallel (||) and perpendicular
(⊥) transition dipole moments wrt the 4-fold symmetry axisz
(Part I, Figure 6), the Fo¨rster rate constantskET are calculated
to be∼(32 ps)-1 and∼(190 ps)-1 for energy transfer between
molecules I-II/I -IV and I-III, respectively. Note that the (190
ps)-1 rate constant is the result of the sum of two rate constants
(240 ps)-1 and (960 ps)-1 calculated with orientation factorsκ
) 1 andκ ) 0.5, respectively (Part I, Figure 6) for the transition
moments of molecules I and III.

The ∼(32 ps)-1 rate constant is close to that of the Monte
Carlo simulations, whereas the (190 ps)-1 calculated using eq
16, equals the abovementioned simulated upper limit. The total
rate constant for energy transfer from a particular excited
porphyrin in the tetramer to any of the other porphyrins, is
calculated to be (23( 3 ps)-1 using the Monte Carlo
simulations. This result is in fair agreement with the averaged
(31 ps)-1 rate constant, which we already calculated by global
fitting of the experimental anisotropy decays at 10°C.

The porphyrin units in the tetramer structure of Figure 5 of
Part I are in fact so close, that one may wonder whether the
point dipole model, used to calculate the Fo¨rster rate constants
is justified at all. We found that the use of the extended-dipole
model54 does not significantly alter the conclusions of this work
and changes the abovementioned results by no more than 10%.
The good agreement between the experimental and calculated
Förster energy transfer rate constants nicely confirms the
tetramer structure presented in Figure 5 of Part I.

Conclusions

• Lowering the temperature of solutions of ZnPyP in toluene
and polymer/toluene results in formation of cyclic tetramers via
zinc-pyridyl ligation as can be concluded from the ligation shifts
and splitting of the Soret band in the visible absorption spectra
(Part I). Consistent with this observation, the monomer fluo-
rescence with a 1.95-2.22 ns lifetime is accompanied by a
1.53-1.56 ns lifetime component, assigned to ligated porphyrin
units. The 1.5 ns fluorescence component is associated with a
rotational correlation time of∼1 ns, as compared to∼100 ps
for the monomer, in agreement with the tetramer/monomer size
ratio.

• Both the steady-state anisotropy spectrum and the fluores-
cence anisotropy decay of ZnPyP at 10°C are in agreement
with internal energy transfer resulting in fluorescence depolar-
ization and a static value of 0.025 for the fluorescence

anisotropy. The anisotropy decay parameters are shown to be
in accordance with a tetrameric structure of the aggregate.

• It follows from Monte Carlo simulations, that the rate
constants for energy transfer between nearest and next nearest
neighbors are∼(26 ps)-1 and∼(190 ps)-1, respectively. These
rate constants are in agreement with a Fo¨rster energy transfer
mechanism and support a tetramer structure with all four
porphyrin monomers mutually perpendicular.

• This work demonstrates that Monte Carlo simulation of
time-resolved fluorescence and anisotropy data is powerful tool
to determine the structure and the excited state kinetics of self-
assembled porphyrin aggregates in solution. Because this method
is not limited to solutions, it is expected to be generally
applicable to interacting dyes including solid dye films.
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