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Abstract: Ultrafast intramolecular excitation transfer has been studied with linear and crossed-
linear porphyrin arrays by means of femtosecond time-resolved fluorescence spectroscopy.
Excitation transfer from peripheral donor to a center part of acceptor occurs directly from the
S, state of initially photoexcited donor to the acceptor S, state in time scales of 120-150fs,
competing with the internal conversion S, — S; (150 fs). The ordinary S;—S; energy transfer
is much longer time scale of 100 ps. The rate constants of S,—S, and S;—S; energy transfers
were in acceptable agreement with the theoretical estimation.

INTRODUCTION

Photochemical processes such as electron transfer and excitation transfer are expected to occur very
fast in highly organized molecular systems in which reacting molecules are located with close proximity
and optimal orientation. Molecules in such systems can be coupled to an adjacent molecule with
relatively strong intermolecular interaction, and therefore they may undergo ultrafast photochemical
reaction with its time scales ranging in the order of ten femtosecond to several hundred femtosecond.
Then the reaction might compete with or exceeds over the intramolecular energy relaxations such
as internal conversion (IC), vibrational relaxation (VR) and internal vibrational redistribution (IVR) in
each constituent molecule. It has long been recognized that these intramolecular relaxation processes
are extremely fast in condensed matters like solution and solid states [1]. Very few information is
available concerning the time scale of these processes. However recent progress of femtosecond time-
resolved spectroscopies has revealed that the time scales of IC, IVR and VR are in the order of 0.1 ps
and 10 ps at most.

On the other hand, recent studies on photophysical processes in organized molecular systems have
demonstrated that the photoinduced electron transfer and excitation transfer occur in the time scales
comparable to the intramolecular relaxation processes [2-5]. When the molecule is photoexcited into
a higher excited state like S,, then the reaction becomes involving a direct process from S, state before
IC and VR in S; vibrational manifold. Furthermore, it might be possible that the reaction rate
is exceeding over the energy dissipation with environments, and that the reaction proceeds with the
quantum coherency being conserved during the reaction. We met these situation in several examples of
photosynthetic reaction centers and some artificial macromolecules.

In the present paper, ultrafast intramolecular excitation energy transfer is discussed with linear and
crossed-linear arrays of porphyrins as shown in Fig. 1. In this type of molecular systems, the energy levels
of the center part of the system are slightly lower than those of peripheral porphyrin by addition of
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arylethynyl groups at the center porphyrin. Then the excitation absorbed at the peripheral porphyrin
transfers toward the center part of the system. We are concerned with nonequilibrium excitation transfer
which occurs between the S, states of donor and acceptor before IC and thermal equilibration through VR.

Ar-H-Ar
Crossed Hexamer

Ar-T-Ar
Linear Trimer

Fig. 1 Molecular arrangements of zinc porphyrins; a linear array Ar-T-Ar (left) and a crossed-linear array
Ar-H-Ar (right).

EXPERIMENTAL

The two types of porphyrin arrays, a linear array (hereafter referred to as Ar-T-Ar) and a crossed-linear
array (Ar-H-Ar), were synthesized by the methods described in previous papers [6,7]. Fluorescence decay
curves were measured with a femtosecond fluorescence up-conversion system described in detail
elsewhere [8]. The peripheral porphyrin (donor) was excited with the second harmonic of a Ti:Sapphire
laser (Spectra-Physics, Tsunami, 840nm, 80 MHz) pumped with a diode-pumped solid-state laser
(Spectra-Physics, Millennia X). To avoid polarization effects, the angle between the polarizations of the
excitation and probe beams were set to the magic angle by a 1/2\ plate. The instrumental response
function exhibited a 200fs (FWHM) pulsewidth. In order to reconstruct the transient spectra, the
fluorescence intensities in a wavelength region of 520-620 nm were corrected using the correction factors
that were obtained for matching the integrated fluorescence up-conversion signals of [B-carotene with
its steady-state fluorescence. All measurements were carried out at room temperature.

RESULTS
Absorption and fluorescence spectra

The absorption and fluorescence spectra of Ar-T-Ar and Ar-H-Ar in benzene solutions are shown in
Figs 2 and 3 along with those of constituent moieties as donor and acceptor.

Donor monomer

Absorption spectrum consists of B-band (Soret band) in near-UV (A,,x =412.0nm) and Q band in a
visible region (A.x = 538.5 and 572.9 nm). Two peaks in the Q band are assigned to Q(1,0) and Q(0,0),
respectively. The fluorescence spectrum of donor monomer displays intense fluorescence originating
from the first excited singlet state, S, (Q state). This S; fluorescence has two peaks at 578.8 nm (Q(0,0))
and 633.0nm (Q(0,1)). In addition to the S; fluorescence, a weak S, fluorescence is also observed that
is =400 times less intense than the ordinary S; fluorescence, suggesting a significantly short lifetime.

Ar-T-Ar

The absorption band of the center part of the system (acceptor) is located at much longer wavelength than
those of the donor monomer (Fig. 2). It can be seen that the absorption spectrum of the whole system is
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Fig. 2 Absorption and fluorescence spectra of Ar-T-Ar. (a) Donor monomer, (b) acceptor (center part) and
(c) entire molecular system.

simply a sum of those of donor and acceptor parts, indicating that the interchromophore interaction is
not so large (=100cm™"). One can find a large spectral overlap between the donor S; fluorescence and
the acceptor absorption (Q band). Similarly, another large spectral overlap can be seen between the donor
S, fluorescence and the acceptor S, absorption (B band), which means a possibility of a direct excitation
transfer between the S, states of donor and acceptor.

Ar-H-Ar
Similar spectra were obtained for the crossed linear hexamer array (Fig. 3). The absorption spectrum
of the center part of acceptor is similar to the case of Ar-T-Ar for Q band, while for B band it splits

into two bands due to the exciton interaction of porphyrin dimer. The absorption intensity at the B band
is significantly large associated with increasing number of peripheral porphyrin rings.

In these two cases, Ar-T-Ar and Ar-H-Ar, one can photoexcite the B band of donor selectively at
420 nm, and examine the excitation transfer kinetics by monitoring the S, and S; fluorescence of the
donor and acceptor. It is expected that the femtosecond time-resolved fluorescence spectrum exhibits
the donor fluorescence in earlier time, particularly at very short time the donor S, fluorescence, and then
goes to the acceptor S; fluorescence.

Fluorescence decay kinetics of the donor monomer

When the donor monomer is excited at 420 nm (B band), it emits two fluorescence emissions from S,
and S, around 430 and 600 nm, respectively. The intensity ratio of the two emissions are 1:400. The
fluorescence signal of the B band (470nm) is represented by a monoexponential decay with a time
constant of 150 = 10 fs. In contrast to the S, fluorescence, the fluorescence monitored at 580 nm (Q(0,0)
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Fig. 3 Absorption and fluorescence spectra of Ar-H-Ar. (a) Donor monomer, (b) Acceptor (center part) and
(c) entire molecular system.

band) is best represented by a sum of a rise of 150 = 10fs and a decay of 1.5 ns. The fast rise component
shows a good correlation between the B state population decay and the Q state population rise. The time
constant of 150 fs can be associated with the S, — S; internal conversion. This time constant is in rough
agreement with the intensity ratio of S, and S, fluorescences.

Time-resolved fluorescence spectra

Fluorescence lifetimes are summarized in Table 1. In Ar-T-Ar, the donor S, emission exhibits a short
decay with the decay constant of 74 fs, and the acceptor S, emission includes a rise component and also a
very short decay at 470 nm. Note that the S, fluorescence of donor monomer decays with the time
constant of 150 fs which corresponds to the internal conversion. It follows that the S, fluorescence decay
time of donor in Ar-T-Ar is reduced to a half in the absence of the acceptor. This means that the IC
process (S, — S;) competes with a direct energy transfer between the S, states of donor and acceptor. In
Ar-H-Ar, similar decay kinetics are obtained.

The S, fluorescence decay profiles in both two cases depend on monitoring wavelength, and includes
fast and slowly decaying components. The short decay components indicate vibrational relaxation in
the S, vibrational manifold.

Figs 4 and 5 show the time-resolved fluorescence spectra of Ar-T-Ar and Ar-H-Ar, respectively. In
the two cases, the spectra changes within 2 ps. Four kinds of emission bands are involved in the spectra:
the donor S, — S, fluorescence (shorter than 500 nm) mixed with the acceptor S, fluorescence, the
donor S;—» S; hot fluorescence (500-570 nm), the donor S; fluorescence (580-630nm) and the acceptor
Sy fluorescence (630700 nm). The donor S, fluorescence disappears within 200 fs and then the donor S;
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Table 1 Fluorescence decay curve analyses: the lifetimes and amplitudes of components of exponential decays

Monitoring wavelengths

S, fluorescence

S, fluorescence

Compounds 430 nm 470 nm 590 nm 650 nm
Donor monomer 150 fs 1.5ns
Ar-M-Ar 81fs (—0.95) 113 fs (0.42) 570 fs (—0.87)
(Center part) 455fs (1.0) 1.8ps (0.22)
1.0ns (0.06) 1.5ns (1.0)
Ar-T-Ar 741s 70fs (—0.61) 102 fs (—0.61) 102 fs (—0.99)
130fs (1.0) 1.2 ps (0.59) 2.0ps (0.49)
4.6ps (0.41) 1.5ns (0.51)
Ar-D-Ar 67 fs 278 fs (0.63) 250fs (—0.47)
(Center part) 1.9ps (0.28)
1.5ns (0.09) 1.5ns (1.0)
Ar-H-Ar 28 fs (—0.47) 49 fs (—0.99) 82fs (—0.91) 94 fs (—0.76)
68 fs (1.0) 541fs (1.0) 1.3 ps (0.55) 2.4 ps (0.46)
6.0ps (0.45) 22 ps (0.54)

and acceptor S; fluorescence rise in the same time region. One should note that the acceptor S;— Sg hot
fluorescence appears also in this time region. Combining these spectral changes with the decay constants
mentioned above, we analyzed quantitatively the kinetics of the excitation transfer and the relaxation
processes on the basis of a reaction scheme given in the next section.

DISCUSSION
Fluorescence decay analyses

In order to derive rate constants of the reaction processes involved in the photoexcited molecular
assemblies of Ar-T-Ar and Ar-H-Ar, the fluorescence decay curves were analyzed on the basis of a
reaction scheme shown in Fig. 6. The rate equations for the energy transfer and the relaxation processes
can be expressed in the following forms:

d[ZZ] =MD, M=k + kD 4k N
d[dAf] = k(D3] = No[As], Ny = kyy +kiy + kgz ()
d[zl] = kgo[Dy] + ky[A] = M[Dyl, N3 =kpy + kg + kg .
d[dAtl] = KoalAs ]+ ki [Dy] = NIA L Ny = Ky + ki =~ K, .

where [D;] and [D,] ([A;] and [A;]) are the concentrations of excited donor (acceptor) molecules in S;
and S,, respectively, and k’s are the rate constants for the processes shown in Fig. 6. The general solutions
of the differential equations Eqns 1-4 can be obtained as follows:

(4] = bye ™™ + by

—N\at

[D;] = aje™", (5 and 6)

[D] = clef)‘" + cye + c3ef)‘3’, [A] = dlef)‘" + dze%’ + d3ef)‘3’ + d4e7)‘4’ (7 and 8)

Taking the initial conditions, [D;] =ay, [A2] =[D{]=[D,] =0 at t =0, we obtain the solutions with
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Fig. 4 Time-resolved fluorescence spectra of Ar-T-Ar. The excitation wavelength is 420 nm. Absorption and
steady-state fluorescence spectra are shown in the top.

the coefficients:

b= ka1 = Ap) by = kaayO — Np) ™! (9 and 10)
(1]()\2 - )\g) D D
¢ = kokyy — (Nf — M) (kpr + K 11
1 ()\1 _ )\2)()\1 — )\3){ 2K21 N 2k Qz)} (11)
al()\l — )\3)
2= Kok 12
? =M, — Ay ! (12)
a (N — N
3= 1( 1 2) {k2k21 + ()\2 — )\;)(k?z =+ ng)} (13)

=M= M)
Substituting the fluorescence lifetimes into Eqns 5-13, one can obtain the rate constants. The
fluorescence lifetimes used here are listed in Tables 1 and 2.

The results of numerical analyses are summarized in the right half of Table 2 for ky, k, and ky;.
A striking feature is that the excitation transfer between the S, states of donor and acceptor is much
faster than those between the S, states by a factor of 30 in Ar-T-Ar and by a factor of 8 in Ar-H-Ar; the
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Fig. 5 Time-resolved fluorescence spectra of Ar-H-Ar. The excitation wavelength is 420 nm. Absorption and
steady-state fluorescence spectra are shown in the top.

time scales are 145 fs and 124 fs, respectively. The rest of the relaxation process from S, state proceeds
through the internal conversion S,—S], followed by the vibrational relaxation in the S; vibrational
manifold in 600 fs from the vibrationally hot ST state. Then the ordinary S;—S; excitation transfer occurs
in longer time scales, 6 ps in Ar-T-Ar and 4.6 ps in Ar-H-Ar.

The experimental finding that the excitation transfer occurs directly from the S, state is supported
from the theoretical estimation of the transfer rates. According to the usual Forster mechanism, the rate
constant for the dipole-dipole energy transfer is given by the following equation:

9000«* In 10 J foea®)
v

T 128Tn'NTR ) . Kk =cosdpy — 3c0sdpCos by (14)

DA

where v is wavenumber, €(v) is molar extinction coefficient, f(v) is the normalized spectral distribution
of donor fluorescence, N is Avogadro’s number, T is the natural fluorescence lifetime of donor, n is
refractive index of solvent, and R is the distance between donor and acceptor. In the orientation factor k,
bpa is the angle between the transition moments of donor and acceptor, by, and ¢4 are the angles between
the respective transition moments and the distant vector R. We calculated the transition moments and
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Fig. 6 Energy levels of donor and acceptor parts, the processes of excitation transfer and energy relaxation, and
the symbols of their rate constants. Solid lines are radiative processes and broken lines are nonradiative processes.
D, (D)) and A, (A;) denote the S, (S;) states of donor and acceptor, respectively.

Table 2 Fluorescence decay curve analyses: The lifetimes and amplitudes of components of exponential decays

Fluorescence lifetimes (ps) Rate constants (1012571
Molecules ! ) a) ! ! ky a1 ki
Ar-T-Ar 0.074 0.130 4600 1.5%10° 6.85 1.0 0.22
Ar-H-Ar 0.068 0.054 6000 22 8.04 0.17 1.06

the natural lifetimes for the B band and the Q band. The calculated kp,’s are 8.4 X 10'2 57! for the S-S,
transfer and 0.8x10'2s™! for the S,-S, transfer in Ar-T-Ar, and 3.4x 10'?s™! for the S,—S, transfer
and 0.7x 10" s for the S;—S, transfer in Ar-H-Ar. It is found that the relative magnitude of the rates
between the S,—S, and S-S, transfers is in acceptable agreement with the experimental results listed
in Table 2.

It is worth noting that the time scales of the S,—S, excitation transfers might be comparable to those
of IVR with reference to the previous studies shown in [2—4]. In our previous paper [9], we reported
excitation delocalization in circular arrangements of zinc porphyrins, which occurs in 80-500 fs in the
higher excitonic states. The present study provides another example of photophysical process among
higher excited states.
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