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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-th® ns monomer fluorescence lifetimexa

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 1], withlans 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-81 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 @6} ps)* and < (180 ps)* for energy transfer between
nearest neighbor and next nearest neighbor porphyrins in the tetramer.

Introduction 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 1) it could be concluded that at low temperature, a self-
ssembled 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 Il reports the kinetics of

She processes involving the first excited singlet state of the

tetramer using time-correlated single photon counting (TCSPC)
s well as streak camera detect#®ithe latter method has some

Energy transfer in photosynthetic light-harvesting complexes
is extremely efficient even over long distanéésAlthough
much progress has been made in describing the photophysic
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 th
energy transfer processes in natural syst&nsin particular,
self-assembled aggregates of metalloporphyrin arrays have bee

used as building blocks for artificial light harvesting systems distinct advantages, i.e., a time-resolution almost 10 times as

and Yarlous molecular electron!c devicés:® high as the TCSPC method, which allows resolving fluores-
_This work focuses on porphyrin tetramers as models for plant ¢ence- and fluorescence anisotropy decay times of less than 1
pigments, such as chlorophyll organized in various protein s Also, the kinetics of the whole spectrum is detected instead
complexes because, similar to these complexes, the tetramergy 4t a single wavelength, as with TCSPC. For streak camera
have a fixed, defined structure and show fast energy transfermeasurements, the solution needs to be circulated limiting the
from a particular excited porphyrin to one or more of itS eyperiments to nonviscous and noninertial solvents (e.g.,
neighbors and loss of excitation energy by relaxation to the to|yene) and excluding viscous solvents. For this reason, all

ground state [Part I]. Unlike photosynthetic pigment complexes, measurements on viscous PS/Tol solutions had to be done using
in porphyrin tetramers, these processes can be studied in isolate¢he TCSPC method.

units in a time domain, which is experimentally much more
accessible than that in the natural systems, which often exhibit

extr.em.elyljisgt excited-state dynamics in response to optical joscence anisotropy measurements, we also investigated un-

exutgtlon. . . substituted zinc tetra{phenyl)porphyrin (ZnTPP) and its

~ This study is part of a research program aimed at understand-pyrigine-ligated analogue as reference compounds under the

ing how the concepts of the molecular basis of photosynthesis same experimental conditions, but without forming aggregates.

In view of its structure (Figure 1, Part 1), the fluorescence
*To whom  correspondence should be addressed. Tel: lifetime of the cyclic tetramer should be close to that of pyridine

;2?&1\/7\’:32344- Fax+ 31-317482725. E-mail: Tjeerd.Schaafsma@ |igated ZnTPP. Furthermore, note that energy transfer between
1On leave from Department of Systems Analysis, Belarusian State the porphyrin units of the tetramer does not affect this lifetime

University, 4, F. Scoryna Ave., Minsk, 220050, Belarus. because all monomer units of the tetramer are identical. Thus,
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To understand the photophysical properties of ZnPyP tet-
ramers, resulting from time-resolved fluorescence- and fluo-
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Figure 1. Experimental total fluorescence decays measured 4C55 ] ] i ]
(a,H) and 10°C (b, ®), and fitted (solid lines) curves for ZNPyPsx. Figure 2. Experimental B,®) and fitted (solid) curves of (A, C):
= 435 nm andiget = 625 nm. ZnTPP and (B, D): ZnPyP fluorescence anisotropy in toluene (A, B)

and PS/Tol (C, D) detected at 3% (a,®) and 10°C (b, ®); Aexc =
energy transfer processes within the porphyrin tetramer can435 nm;4gec = 595 Nnm andiget = 625 nm.
conveniently be studied by investigating the fluorescence

anisotropy decay. were associated with their corresponding anisotropies, yielding
For porphyrin monomers the time dependent fluorescence rmRP(t) and cersRP(t) of the monomers and tetramers, respec-

anisotropyr(t) is only determined by rotational diffusion tively. Global analysis has also been applied to streak camera

data, yielding a time constant that describes the depolarization

rit) = rMRD(t) Q) due to energy transfer within the tetramer. By associating the

fluorescence anisotropy with the spectral properties of the
where ryRP(t) is the rotational diffusion anisotropy of the tetramer, its anisotropy deca§'(t) could be resolved in two
monomer. On the other hand, for a porphyrin complex in time domains: one with a short decay time due to energy
solution the time dependent fluorescence anisotrgf)yan be transfer within the tetramer and a second one with a relatively
written as a product of two independent depolarization processedong decay time due to the rotational diffusion of the tetramer.
The rate constants for singlet energy transfer within the tetramer
r(t) = rET(t)rTRD(t) (2) were extracted from the fluorescence anisotropy de&aft)
using Monte Carlo simulation, yielding the rate constants for
whererET(t) and riRP(t) represent energy transfer within the energy transfer and -relaxation processes in a rather straight-
complex and rotational diffusion of the complex itself. forward mannetl 224
The steady-state fluorescence anisotrop§T() =
limi— r&7(t) = c which is a time-independent constant and Experimental Section
equals 0.025 for the tetramer in PS/Tol solution [see Part I].

The fluorescence anisotropy deaa$P(t) in eq 2 results from Materials. ZnPyP and ZnTPP were prepared following
fully spherical rotational diffusion of the tetramer, and decays standard proceduré826 For further details, see Part I.
to zero in toluene solution fdr— c. Considering the size of Time-Resolved Methods. TCSPC InstrumentationThe

the tetramer, for high viscosity solvents such as PS/Tol we may experimental setup for TCSPC has previously been de-
safely assume that the energy transfer in the tetramer is muchscribed?427.28 A mode-locked continuous wave Nd:YLF laser
faster than rotational diffusion. Then, for>  the fluorescence ~ (Coherent model Antares 76-YLF, equipped with a LBO
anisotropy of the tetramer is given Io{t) = cryRP(t). frequency doubler (Coherent model 7900 SHGTC) and BBO
We applied global analysis to the TCSPC fluorescence decayfrequency tripler (Coherent model 7950 THG) was used to
components of ZnPyP in the 2C — 55°C temperature range.  synchronously pump a continuous wave dye laser (Coherent
The monomer and tetramer fluorescence lifetime componentsradiation model CR 590). As a dye Coumarin 460 (Exciton Inc.)
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§ Figure 4. Schematic diagram for the measurement and simulation of
£ parallel and perpendicular fluorescence components. The molecular
2’ coordinate systemx(}y’,Z) has a random orientation with respect to
n ' the laboratory systenxy,2).
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Figure 3. Species associated spectra (SAS, arbitrary units, sedl§ 0 § i
resulting from the global analysis of the polarized streak camera data 2 0.08
sets applying an associative model (see text). (A) Temperatut€ 55 5 0.06-
excitation wavelength 550 nm. Solid line: component of unclear origin
with 83 ps isotropic lifetime; dotted line: monomers, with a 1.9 ns 0.04+
fluorescence lifetime and a 67 ps (amplitude 0.08) fluorescence P
anisotropy lifetime; dashed line: IRF-limited contribution representing 0.027
Raman scattering by the solvent. (B) Temperatur€@Qexcitation 0.00 : . .

wavelength 565 nm. Solid line: tetramers, with a 1.6 ns fluorescence 0 50 100 150

lifetime and a 31 ps (amplitude 0.07) fluorescence anisotropy lifetime; Time, ps

dotted line: monomers, with a 2.1 ns fluorescence lifetime and a 0.61

ns (amplitude 0.13) fluorescence anisotropy lifetime; dashed line: IRF- g2 1

limited contribution representing Raman scattering by the solvent. @5 k== — i - * s '..
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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 g

pulse rate to 594 kHZ The final pulse duration of the excitation EEO0y 7,
pulses was-4 ps fwhm and the maximum pulse energy was §:§’ 00
~100 pJ. To obtain a dynamic instrumental responsg0(ps § 0.2

fwhm) for deconvolution purposes, the fast single-exponential _ ) ) )
fluorescence decay of Erythrosin B in water was used as aﬁa%ﬂézci'nchgrwsp;terz of dﬂ?“';“;”'ﬁajgg r‘:“n:a Of_tgiztﬁtﬁger
reference. The data presented were collected in a multichanneL Do 0. Py CECEYR for= e =

analyzer (MCA board from Nuclear Data model AccuspecB,
in a PC) with a time window of 4096 channels at 2.5 ps/channel. selective for monomers), which were generated at a 125 kHz

The excitation wavelength was 435 nm and the emission repetition rate using a Titanium: sapphire based oscillator
wavelengths were selected by a cutoff filter (Schott KV 500) (Coherent, MIRA), a regenerative amplifier (Coherent, REGA)
and line filters of 595 and 625 nm with a 16 nm bandwidth. and a double pass optical parametric amplifier (Coherent, OPA-
The TCSPC method has been applied tq:®0solutions of 9400). The pulse energy was typically 25 nJ. The polarization
ZnTPP in toluene, toluene/pyridine, and PS/Tol, and te&RD of the exciting light was alternated between horizontal and
solutions ZnPyP in toluene and PS/Tol. The sample temperaturevertical. The vertically and horizontally polarized fluorescence
was adjusted to 10, 15, 25 and 85, using a cold nitrogen gas  components were detected using a Hamamatsu C5680 synchro-
flow from an Oxford ITC4 temperature controller. scan streak camera equipped with a Chromex 250IS spec-
Streak Camera Detectioifhe experimental setup for streak trograph. The instrument response function (IRF) was Gaussian
camera detection has been previously describez uM shaped with a fwhm width of3.5 ps. The spectral resolution
solutions of ZnPyP in toluene were containedai 1 cmpath was 8 nm. One streak image measured 315 nm in the spectral
length glass cuvette and were thermostated either at 10 or 55domain (1018 pixels) and 200 ps or 2.2 ns (1000 pixels) in the
°C. The sample was refreshed using a small magnetic stirrer.time-domain.
The sample was excited with 100 fs pulses at 565 nm°(,0 Time-Resolved Decay AnalysiSTCSPC The experimental
relatively selective for tetramers) or 550 nm (85, relatively time-resolved fluorescence decalt)=l;(t) + 2l(t)) was
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TABLE 1: Fluorescence and Anisotropy Decay Parameters of ZnP Monomers in Toluene (Tol) and PS/Tol Solvents at

Different Temperatures Using egs 3-5

T55°C T10°C
sampledge 7,NS B1 ¢1, NS P ¢2, NS B ¢1, 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 [1.55;1.62] [0.067;0.071] [0.06;0.08] [0.073;0.079] [0.08;0.10]
625 nm
ZnP/Tol 2.05 0.072 1.44 0.022 16.00 0.101 21.00
with Pyridine [2.04;2.07] [0.071;0.073] [1.38;1.52] [0.021;0.023] [14.00; [0.094;0.108] [20.00¢]
597 nm
ZnP/PS/Tol 1.61 0.076 1.62 0.024 17.00 0.098 24.00
with Pyridine [1.60;1.62] [0.075;0.077] [1.46;1.74] [0.023;0.025] [16.00; [0.092;0.105] [22.00%]
625 nm

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

globally analyzed over a 1TC to 55°C temperature range and

was estimated by the exhaustive search metAddhe quality

detection at 597 and 625 nm by simultaneously fitting to a sum of the fit was judged by thg? statistical criterion and by visual

of exponentiald-32

N
I(t) = ) p, exp(- t/7)

®3)

where p; and 7; are the amplitude and lifetime of thieth
fluorescence component, respectivalyjs the number of the
fluorescence exponentials.

The parameters of the anisotropy decgy) = [l(t)—
(][] () +21(t)] * were retrieved using a nonassociative as

well as an associative exponential model for the time-resolved
fluorescence anisotropy. For the nonassociative model the

fluorescence intensitie$;(t) and Ip(t) contributing to the
anisotropy can be written as

N M

()= > A exp(- tr)[1+ ZZﬁj expt—tg)]  (4)
i= =

N

M
It = ZAi exp(- t/z)[1 — Zﬂ,— exp(—tg)]  (5)
i= =

wheref; and¢; are the amplitude and the rotational correlation
time of the j-th exponential of the fluorescence anisotropy
component, ang, = Zjleﬁj is the initial fluorescence aniso-
tropy; M is the number of the anisotropy exponentials. For the
associative model,(t) andl(t) intensity components take the
form

N M;

I, = ) Aexp(- t/z)[1 + ZZﬁij exp(— t/gy)] (6)
i= =

Mi

N
I5(t) = » A exp(- tr)[1 — Zﬁij exp(—tgy)]  (7)
=

whereM,; is the number of anisotropy exponentials contributed
by thei-th fluorescence component, agg is the rotational
correlation time of theg-th exponential of the fluorescence
anisotropy contributed by thieth fluorescence component. The
total initial anisotropy ig8o = SN, Boi, With Boi = ZJ-M:'1 Bi the
initial anisotropy of the-th fluorescence component.

Global analysis was applied to the TCSPC data using
Fluorescence Data Processor Softwidréhe accuracy of the

inspection of the time-dependent weighted residuals and their
autocorrelation function®

Streak CameraThe data were globally analyzed using an
associative model with two components decaying independently,
each possessing its own anisotrépyhus, the data for parallel
and perpendicular detection are described by

2
h(® = Zéi(l)(l + 284 exp(- tig))exp(— t/z) ® IRF(t)
(8)

2

Zéi(i)(l — Boexp( Uy))exp( tr) ® IRFE) (9)

I5(t) =

wheres;, Boi, ¢i, andr; represent the species-associated spectra,
the initial anisotropy, the anisotropy decay time constant and
the fluorescence lifetime of component respectively; ®
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 witpy = 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 5& with ¢ = 1.44 nsg, = 16.00 ns
and a single exponential at 2G with ¢, = 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 lifetimethe
initial anisotropieg?; andf,, and the rotational correlation times
¢1 and g, for the ZnTPP monomers in toluene and PS/Tol are
collected in Table 1.

Ligated MonomersThe same analysis of ZnTPP in the
presence of excess pyridine as a ligand yielded a lifetime of
1.58 nsin toluene and 1.61 ns in PS/Tol. A fit of the anisotropy
decay of ZnTPP/pyridine shows a single exponential with
= 70 ps /90 ps at 58C/10°C in toluene as a solvent and with
two exponentials at 55C with ¢; = 1.62 ns¢, = 17.00 ns; a
single exponential was found at 2@ with ¢; = 24.00 ns in

fluorescence and anisotropy decay parameters from this analysi$®S/Tol as a solvent. As expected, the initial anisotropy value
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TABLE 2: Fluorescence- and Fluorescence Anisotropy Decay Parameters of ZnPyP in Toluene (Tol) and PS/Tol Solvents at
Different Temperatures

T55°C T10°C
p'n P2 p'1 p'2
samplelget 71, NS s % % 1 ¢1, NS po ¢ NS % P ¢1, NS % P ¢$21, NS
ZnPyPinTol 1.97 153 61 39 0.067 0.08 - 7 0.075 0.10 93 0.020 1.00
625nm  [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 2.22 156 48 52 0.076 1.05 0.025 21.00 16 0.100 26.00 84 0.025 90.00

PS/Tol  [2.05;2.37] [1.48;1.61] [0.075;0.077] [0.97;1.48] [0.025;0.026] [18-90; [0.090;0.110] [24.00%] [0.023;0.025] [80.00+]
625 nm

The confidence intervals of the parameters, shown in square brackets, are estimated at the 95% level. The 'hiredieatés 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°&hdri) at 55
associatively (eqs 6 and 7) at 10. The relative contributiong’, i = 1,2, to the total fluorescence introduced by different fluorescence components
are calculated using the g = (pim)/(p1t1 + p2t2), | = 1, 2. The standard deviations of tpe values do not exceed 5% of their values.

of ZnTPP/pyridine is temperature-independent, and equals MonomersFigure 3A shows the results of the measurements
~0.07 in toluene and-0.1 in PS/Tol. The lifetime, the initial at 55°C. The dominating contribution has a spectrum (dotted
anisotropy valueg; andf,, and the rotational correlation times  curve) which peaks at 642 nm. The fluorescence lifetime of
¢1 and ¢, for ZnTPP/pyridine in toluene and PS/Tol are this componentis 1.2 0.2 ns, whereas the rotational correlation
collected in Table 1. time is 67+ 7 ps. These combined data are a clear indication
Tetramers Assuming that the lifetime of the lowest singlet that this component represents the monomers. A sl ps
excited state of both ligated and nonligated ZnPyP is indepen-rising component (solid curve) was also necessary to obtain a
dent of temperature in the £C to 55°C range, the fluorescence  good fit of the data, the nature of which is presently unknown.
decay parameters of the mixture of monomers and tetramers The monomer species, corresponding to the spectrum in
were determined by global analysis. Two fluorescence expo- Figure 3B, detected at 1T (dotted curve) with a peak around
nentials were found to nicely fit to all temperature-dependent g5 nm, has a fluorescence lifetime of 210.2 ns and a
ZnPyP experimental decay curves. A fit to a single exponential \oiational correlation time of 0.6 0.06 ns, with an amplitude
gave less satisfactory results and fitting with more than two ¢ 313+ 0.01. The dashed component in Figure 3A ar,
exponentials did not lead to significant improvement either. The |, 1i-py peaks at 656 and 677 nm, respectively, represents a pulse-

two global fluorescence components of ZnPyP in toluene havelimited contribution, assigned to a Raman scattering line of
1.97 ns and 1.53 ns lifetimes, and 2.22 ns and 1.56 ns for PS/, ! g g

. = > 'toluene 2900 cmt red shifted with respect to the excitation
Tol as a solvent. In toluene and PS/Tol the relative contribution P

wavelength.
of the 1.53-1.56 ns fluorescence component to the total T Fi 3B sh h . iated
fluorescence reaches 90% and 84% at@@nd 39% and 48% ¢ etrame.rs ||gure SNows thg rs]peues-assomate spectra
at 55 °C, respectively. Figure 1 shows two experimental ©' ZnPyP in toluene at 10C, at which temperature monomers

fluorescence decays detected at 625 nm at@@nd 55°C and tetramers coexist. To record intramolecular energy transfer

and the result of the global analysis using two exponentials. N the tetramers 565 nm was used for excitation, which is
The ZnPyP anisotropy associated with the different fluorescence'€latively selective for this species. The solid line in Figure 3B
components measured at %0 could be appropriately analyzed ~€Presents a spectrum with maxima around 612 and 652 nm of
using single exponentials with rotational correlation tinjes & SPecies with a 1.& 0.2 ns fluorescence lifetime ance81

= 100 ps/26.00 ns angh; = 1.00/90.00 ns in toluene and PS/ PS rotational correlation time with a 0.0% 0.01 relative

Tol for the 1.97-2.22 ns and 1.531.56 ns lifetime components, ~ amplitude. The fluorescence spectrum and lifetime of this
respectively. The ZnPyP anisotropy decay atG3vas analyzed ~ SPecies were basically identical to those found in the TCSPC
using an associative as well as a nonassociative model, of whicheasurements, indicating that this species is the tetramer. We
only the latter gave reliable results, yielding a single exponential therefore conclude that the 31 ps anisotropy decay reflects
(¢1 = 80 ps) in toluene and two exponentials (= 1.05 ns energy transfer within the tetramer. The relative amplitude of
and¢, = 21.00 ns) in PS/Tol. The initial anisotropy value of this decay component agrees with the expected initial anisotropy
the 1.972.22 ns fluorescence component is 0.076 and 0.1 in of 0.1. The small contribution with-0.02 relative amplitude

toluene and PS/Tol, respectively, whereas the initial anisotropy of the anisotropy decay in the nanosecond region due to
value of the 1.531.56 ns fluorescence component was con- rotational diffusion, that was observed in the TCSPC measure-

siderably lower, i.e., 0.020 and 0.025 in toluene and PS/Tol, ments, was not resolved by the streak-camera measurements.

respectively. The results of the fits of the anisotropy decay of
the ZnPyP in toluene and PS/Tol at 10 and°B5are shown in Discussion
Figure 2B and 2D. The results of the fluorescence global
analysis with associative as well as nonassociative anisotropy TCSPC Results ZnTPP MonomersThe 1.95-2.05 ns
for ZnPyP in toluene and PS/Tol are presented in Table 2.  lifetimes for monomeric, nonligated ZnTPP collected in Table
Streak Camera Measurements.Using the streak camera 1 are in good agreement with literat#e3° The slight increase
faster kinetics of the tetramer is accessible than with the TCSPCof the lifetime in PS/Tol as compared to that in toluene is
method, including energy transfer within the tetramer. Because considered to be a medium effect. The fluorescence anisotropy
the streak camera measures the time evolution of the wholedecayr(t) of ZnTPP in toluene is a single exponential (Table
fluorescence spectrum rather than at single wavelengths, thel), in agreement with published resLiés'®2 However, the
monomer and tetramer spectra associated with different fluo- fluorescence anisotropg(t) of ZnTPP monomers in PS/Tol
rescence- and fluorescence anisotropy lifetimes could be cannot be fitted to a single exponential at 85. In viscous
resolved. These species-associated fluorescence spectra fasolutions the fluorescence anisotrogft) of a planar molecule
ZnPyP in toluene at 10C and 55°C are shown in Figure 3.  such as the ZnTPP monomer is givertby
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r(t) = B, [0.25exp6Dt)+0.75 The anisotropy associated with the 1.53 ns lifetime is also a
XD(—(2D.. +4D 1 single exponent_lal in toluene _at I(_J: but now w_lth a Iong;bgl_ '
exp(-(2D, 0] (10) = 1.00 ns rotational correlation time, which is characteristic
. . for rotation of the aggregate, assuming that the energy transfer
whereD; and Dy are the in-plane and out-of-plane rotational s mych faster then rotational diffusion. From the associative
diffusion coefficients. Equation 10 is a double exponential and analysis of the anisotropy decay of ZnPyP in toluene atCL0
fits the experimental data of ZnTPP in PS/Tol at %5 very we conclude thag,;, associated with the 1.53 ns fluorescence
well. The best fitted parameters collected in Table 1 show that component, is about 10 times longer than of the monomer
the preexponential factofh andf3; are close to those ineq 10.  4¢ the same temperature (Table 1). Describing the rotational

The upper limits of the 95% confidence intervals of the gynamics of porphyrin monomers and -tetramers in toluene by
rotational correlat_lon tlm_es cor_re_spondlng to the Iar@es'alut_e single 11 and¢»1 values and approximating the tetramer as a
cannot be determined with sufficient accuracy because in wscoussphere its effective rotational radigse can be related to that

solution the correlation times are longer than the 8 ns experi- of the monomepy as follows from the StokesEinstein-Debye-
mental time window. The ZnTPP anisotropy decay measured pgyrin relatiofi®

in PS/Tol solution at 10C can be approximated by a single

exponential. The second slower anisotropy component is not Pretr= (¢11/¢21)71/3PM (11)
found at 10°C presumably again due to the 8 ns experimental

time window and the slowing down of the rotation at this The radius of the solvent cavity in which the tetramer rotates is
temperature. The initial anisotropy valgg for the ZnTPP in  calculated to be almost twice that of the porphyrin monomer
PS/Tol is~0.1 in good agreement with both the predicted and quite close to the radius calculated from the tetramer vacuum
valueg344and published data’* We found a somewhat lower  structure using the Chem-X prograAlthough this finding
value of 0.07-0.08 for f3 for the porphyrin monomers in the  may not be considered as unambiguous evidence for a tetrameric
nonviscous solvent toluene, resulting from the relatively fast aggregate, it certainly points to a cyclic, closed structure. The
rotational diffusion with a 86100 psS correlation time in this same conclusions as for ZnPyP in toluene apply to the PS/Tol

solv_ent. o o solution, i.e., that (i) the anisotropy decay parameters of ZnPyP
Ligated ZnTPP MonomersLigation of ZnTPP to pyridine  associated with the 2.22 fluorescence component closely agree
results in shortening of the fluorescence lifetime to =581 with those for ZnTPP; (ii) the rotational correlation time

ns in both solvents. The slight increase of the lifetime in PS/ associated with the 1.56 fluorescence component is longer than
Tol as compared to that in toluene is again ascribed to a mediumthat for ZnTPP monomers; (iii) the rotational correlation time
effect. Ligation of ZnTPP with pyridine does not significantly  of the tetramer in PS/Tol solution is less accurate than in toluene
change the anisotropy decay parameters (Table 1), so that thexs a result of the 8 ns experimental time window. The ZnPyP
previous discussion of the results for nonligated ZnTPP also anisotropy at 55°C analyzed with a nonassociative model
applies to its ligated analogue. reflects almost the same anisotropy parameters as for the ZnTPP
ZnPyP Monomers and TetramerSollowing the previous monomers in both solvents (cf. Tables 1 and 2).
analysis of the monomer fluorescence- and fluorescence ani- The initial 11 anisotropy value of the ZnPyP monomer in
sotropy decay of ZNnTPP monomers in toluene and PS/Tol, we PS/Tol at 1(°C, associated with the 1.92.22 ns fluorescence
now apply the same method to the porphyrin tetramer. Note component is~0.075-0.100 in both solvents, in good agree-
that the anisotropy decays in both solvents are expected to bement with the ZnTPP monomer values (cf Tables 1,2 and Figure
affected by the energy transfer processes within the tetramer,2). Thef3,; value of 0.025, associated with the 1-5B56 ns
and thus by the porphyrin aggregate structure. fluorescence component at 1G, is approximately four times
Using global analysis to retrieve the ZnPyP fluorescence smaller than for the porphyrin monomer in toluene and PS/Tol
components, we attribute the 1:92.22 ns lifetime to the (cf Tables 1,2 and Figure 2). From this finding, we may
nonligated monomers in view of the results for ZnTPP in Table conclude that fast internal energy transfer occurs between the
1. The 1.53-1.56 ns fluorescence lifetime is close to the 95% porphyrin units within the tetramer, resulting in effective
confidence interval of the lifetime of pyridine-ligated ZnTPP, fluorescence depolarization. This is also noticeable for toluene
and thus likely corresponds to the ligated ZnPyP unit in the as a solvent but less unambiguous than for PS/Tol, since
tetramer. Similarly, the increase of the relative contribution of rotational motion may also affect the anisotropy decay. Taking
the 1.53-156 ns fluorescence component to 84% and 93% in into account that energy transfer processes are at least one order
toluene and PS/Tol, respectively, by lowering the temperature faster than the 1.58 ns lifetime and its associated rotational
to 10 °C can be explained by the temperature-dependent correlation time, then the observed initial anisotrgy is
intramolecular ligation of the porphyrin units resulting in expected to reflect the relative orientations of the porphyrin
formation of a cyclic tetramer as shown in Figure 5 (cf. Part ). molecules in the aggregate. Following Figure 6 of Part | the
At 55 °C ligated porphyrins in toluene and PS/Tol still contribute theoretical value fof,; is calculated to be 0.025, in very good
39% and 52%, respectively, to the total fluorescence. This accordance with the experimental results (Table 2) and the
relatively large contribution, even at 5%, results from the steady-state anisotropy (Part I, Figure 4B).
fact that the excitation was around 435 nm, closest to the Soret Streak Camera ResultsZnPyP Monomers and Tetramers.
band maximum of the ligated species at 430 nm, whereas theJust as with the TCSPC method, lifetimes of 1.6 and .95
fluorescence was detected at 625 nm, again corresponding t@2.10 ns were found for the ZnPyP tetramer and the monomer
the ligated species. The increase in the fraction of the ligated by applying the global analysis to the fluorescence decays. The
species changing the solvent from toluene to PS/Tol reflects 67 ps rotational correlation time associated with the monomer
the lower solubility of porphyrins in the latter solvent. spectrum at 55C agrees with that previously observed for the
The ZnPyP rotational correlation tingg; = 100 ps in toluene monomers using the TCSPC method. At 10 a 0.61 ns
at 10 °C associated with the 1.97 ns lifetime is of the same rotational correlation time is found, definitely higher than the
order as that of ZnTPP under the same experimental conditions100 ps value from TCSPC measurement. This long anisotropy
and therefore is assumed to reflect the monomer anisotropy.component is most likely resulting from a less accurate
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resolution of the associated long rotational correlation times. 6 of Part |. The probabilities for excitation hopping between
Taking into account that at 1T the tetramer concentration is  neighboring units are denot&,, and between units at opposite
much higher than that of the monomers and noting the relation sides of the tetrameP. With P, the probability for fluores-
BMong Mon ~ fTetgy et for the anisotropy parameters, the 0.61 cence emissiorRy, Pa, P; are related byPy + Pa + P, = 1.
ns correlation time actually constitutes the mean value of the The Monte Carlo random walk starts by generating an initial
monomer and tetramer rotational correlation times weighted with orientation of the tetramer, in particular an orientation of the
their relative contributions, basically in agreement with the initially excited moleculd with its coordinate systenx(y’,z);
results of TCSPC data analysis. The 31 ps component, that only48 in the laboratory coordinate systemy(z). Next, excitation
could be observed at the higher time resolution of the streak hopping is simulated using a random numbers generator and
camera, obviously must be assigned to energy transfer withinintroducing starting values for the probabiliti®, Pa, P:.22
the tetramer. The procedure is repeated until the event of fluorescence
Following this critical evaluation of the various TCSPC- and emission. At the last step of the simulation run the total time
streak camera results, now the rate constants for energy transfept elapsed after a number of energy transfer hops following
processes within the tetramer can be quantitatively determined.one excitation is stored either as the “parallel” or the “perpen-
This is done by analyzing the experimental time-resolved dicylar” component using egs 4528 yielding two histograms,
fluorescence anisotropy decay detected at 612 nm making us@yhich are the source for the simulated anisotropy decay.
of Monte Carlo sn_nu_latlons and adopting a hopping model for Finally, we note that the probabilitié®,, Pa, P, are inversely
en'argy transfer W.'thm the tetramer. . proportional to the corresponding energy transfer hopping times
onte Carlo SimulationsThe Monte Carlo algorlthm for 7ET,, 76T, and the tetramer fluorescence lifetime", respec-
generating the fluorescence- as well as the anisotropy decaytivel We simulated 10 excitation runs. which ensured a
closely follows previously developed proceduté4® Figure 4 y. W i g .
combination of an acceptable signal-to-noise ratio, stable values

schematically presents the basic principles for collecting the 5 ; o
. . of 2, and a reasonably short simulation time. Isolated monomer
parallel and the perpendicularly polarized components of the . . .
porphyrins were excluded from the simulations because as-

porphyrin monomer fluorescence. It is important to note that - - . . e
this monomer scheme can be extended to that for the tetramelsoc'at've anisotropy analysis showed a negligible contribution
of the monomers to the total emission under the experimental

by assuming four connected porphyrin monomers fixed in a - - ~ ) _
molecular coordinate system attached to one of the monomersfond'ft'or;)S tf/\%o C’t;extc t_ 565 nm’(ﬁ;‘ _'G%tnlmt). Er)ﬁ'rlgy
in the aggregateThe contributions of the tetramer to the ransfer between the tetramers and the sirgltglet annihila-

fluorescence intensitiels and I for the initially excited and tion are als_o not considgrec_j because of the low molar porph_yrin

next nearest porphyrin within the tetramer is given by c_oncentranon and e>.<C|tat|qn rates. Bgcausg thg analysis is

limited to a 200 ps time window rotational diffusion of the

Py~ 3/4 (1— sir? o sir? ¢) (COS¢ coso. coSE — teEtTramers need not be considered since bBdfifnand presumably
T5TA < ¢rer ~ 1 ns (Table 2).

The lifetimes 78Ty, 574, and ™" were used to fit the
simulated anisotropy decay to the experimental decay curve,
employing a published fitting algorithi$:5° The 95% confi-
dence intervals of the simulated decay parameters were esti-
mated using the method of asymptotic standard efors.

As shown in Figure 5, the experimental tetramer anisotropy

sing sin& + cos¢ sina)? (12)
Py~ 3/4 (1— sin a sirf ¢) (— sino cosé + cosa)® (13)

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

P, ~ 3/8 (1— sirf o sir? ¢) (v/3cos¢ cosa cosE — decay at 612 r.WSTCOEld be nicely fiétTed_with the following set
) ) o of parameters:t&Ty = 26 &+ 4 ps, 5" = 190 ps, implying
\/:_35'”4) sin& + cos¢ sina)” (14) that the rate constant for energy transfer across the tetramer is
. - ] ) bounded as G kETy < (180 psj?, and7®*®" = 1.5+ 0.1 ns.
Py~ 3/8 (1~ sin’ o sin’ ¢) (—v/3sina cosé + cosa) Note, however, that the value of (190 ps)for the ¢ETa )1
(15) rate constant may have an uncertainty due to cross-correlation

with the rotational correlation timey; of the tetramer. As
expected, the rate constant for energy transfer between neigh-
boring porphyrins is found to be much larger than across the
ttetramer, explaining the fast depolarization in the initial part of

where P, and P denote the probabilities of thie and I
fluorescence components;andg are the spherical coordinates

to the_labor_atory coordinate systeﬁf:s_a third angle d_efining the anisotropy decay.
the orientation of the molecular coordinate system with respect » . )

to that of the laboratory. In general, the anisotropy decay is 'S @n additional test of the simulations we calculate the
determined by the geometry of the tetramer by the rotational &MSOLropy of a nonrotating tetramer in the 8 ns time window,
diffusion coefficientsD;o¢, Dro?”, Dro? and the energy transfer implying D = Dy = 0. The Monte Carlo simulations of
rate constants. For the monomer porphyig* = Do’ = Dy, experiments ungjer these conditions r(_asult inan |n|_t|al anlsc_)tr_qpy
and D,? = Dy for rotational diffusion around the, y, 7 va!ue of 0.025, in close agreement with the experimental initial
molecular coordinate axes. anisotropyf (Table 1).

The simulation of the energy transfer processes in the tetramer If all four porphyrin planes in the tetramer are indeed
is based on random hopping of the excitation energy. Starting perpendicular, as shown in Figure 6 of Part I, then there is no
from an initially excited molecule, the excitation visits the overlap between the-orbitals of any two porphyrin monomers,
porphyrin monomer units in the tetramer until the event of and consequently no energy transfer by the exchange mecha-
emission. The time spent by the hopping excitation from the nism. Then the rate constants for energy transfer coming out of
moment of initial excitation till emission is considered as one the Monte Carlo simulations should agree with those calculated
run in the simulation procedure. The schematic diagram of with a Faster type of energy transféf.Using a point dipole
excitation hopping in the tetramer has been presented in Figuremodel the energy transfer rate constat follows from
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ke = I(Z‘L'il(RO/R)G (16) anisotropy. The anisotropy decay parameters are shown to be
in accordance with a tetrameric structure of the aggregate.
o It follows from Monte Carlo simulations, that the rate
constants for energy transfer between nearest and next nearest
_ B neighbors are-(26 ps)* and~(190 psJ?, respectively. These
Roe =9x10 25Qn “ (17) rate constants are in agreement with ‘aster energy transfer
mechanism and support a tetramer structure with all four
wherex is the orientation factor; is the lifetime of the energy ~ porphyrin monomers mutually perpendicular.
donor, Ry is the critical transfer distance (Fter radius)R is o This work demonstrates that Monte Carlo simulation of
the center-to-center distance between energy donor-and time-resolved fluorescence and anisotropy data is powerful tool
acceptorQ is the absolute excitation yield of the unquenched to determine the structure and the excited state kinetics of self-
energy donorn is the solvent refractive index, antlis the assembled porphyrin aggregates in solution. Because this method
overlap integral of the donor fluorescence spectrum with the is not limited to solutions, it is expected to be generally
acceptor absorption spectrum. Using the absorption and emissiorapplicable to interacting dyes including solid dye films.
spectra of ZnPyP at 1TC, the overlap integral was calculated
to be ~8.510715 M~Icm1. With Q = 0.0432 and nyjuene = Acknowledgment. The authors want to thank Prof. V. V.
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