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A set of four porphyrin trimers1—4) consisting of an energy-accepting 5,15-diphenylethynyl-substituted
Zn(I)-porphyrin core flanked by two energy-donating peripheral Zn(ll)-porphyrins have been prepared as a
new efficient energy-transfer functional unit. The peripheral porphyrin donor is either a TPP-type Zn(ll)-
porphyrin forl and2 or a OEP-type Zn(ll)-porphyrin foB and4 and the diphenylethynyl substitution axis

of the core porphyrin is aligned either orthogonalliand 3 or parallel in2 and4 with respect to the long

axis of the trimeric arrays. Femtosecond transient absorption spectroscopy and femtosecond up-conversion
fluorescence measurement have revealed the very efficier&®nergy-transfer reactions in these porphyrin
trimers. The $S; energy transfer is faster in the parallel trim@and4 than in the orthogonal trimers

and 3, reflecting larger electronic coupling in the former pair. The peripheral porphyrstede lifetime is
considerably shortened -4, which has been ascribed tg-SS, energy transfer. Probably the strong Soret-
transitions of both the donor and acceptor lead to large Coulombic interactions, thereby rendei®ag S
energy transfer effective enough to compete with rapid internal conversiagrstats. These results encourage

a new strategy for construction of porphyrin-based supramolecular artificial photosynthetic antenna.

Introduction important role by transferring the captured light-energy to the

S,-state of chlorophyll presumably through dipeldipole

Many elqborate porphyrin arrays have been ;yntheSized_ 8SCoulombic interactiod? Interestingly, the other biological roles
their potential uses for photonic devices such as light harvesting ¢ arotenoids are fulfilled by other excited states: the photo-

f“”C“OT‘?" subu_nité, _chaarge separating _subun}té,a signal- protective role of dissipating the excitation energy of the triplet
transmitting qpt|cal _vwré, an optoele(_:tronlc ggﬁ?,and ultrafast chlorophylls is performed by ifstate of most of carotenoids
molecular swn.cheé;n which porphyrms.are directly conngcﬁed and the effective light intensity at the reaction center is regulated
or covale7nt!y linked by a variety of conjugated or unconjugated by Si-state of some carorenoidfs! Such a multiple use of the
spacers:’ Since the light-harvesting process as well as the signal pigment will be a next important target of the artificial systems,

transmission processes rely on the rate and_ efficiency of since it will pave a way for the design and synthesis of a single
excitation energy transfer process, understanding of the keymolecule as a multiply functional component, which must be

g’}iﬂs ggi\é?égltngnttt;ir?:?;g?/etcrﬂlr;srfzr;?ecr;icg r/(\:(reltlh;srri?)llléiﬂi);r useful for construction of more sophisticated molecular system
Y Y close to the natural photosynthetic reaction centers.

photonic devices. Equally important is the development of a . .
novel efficient energy-transfer functional unit that can rival the N the design of the energy transfer from-sates, zinc(l)
key natural energy-transfer components such as carotenoid-tonesetetraphenylporphyrin (Zn(l)-TPP) is an exceptional mol-
bacteriochlorophyfland B850 in LH2 Such very fast energy- ecu_le since its Sstate has a relatlve_ly long Ilfet]mg of 2:8.5
transfer functional units will be useful in view of their PS in various solvent§:*3The relatively long lifetime of the
incorporation into supramolecular multi-porphyrin arrays. Sy-state of Zn(I)-TPP may be ascribed to a large energy gap
The major aim of the present investigation is to construct an and poor Fr_anck_Condon factor between thQ-_Stat_e and §
effective energy-transfer functional unit that can be easily state. Despite this favorable feature, the _reallzatlon of energy
incorporated into supramolecular photosynthetic model systems.tranSfer from the Sstate has been not straightforward. Energy
To explore the possibility of driving intramolecular energy transfer. from the pstate qf.OEP-typaG-.octaalkyI Zn(ih
transfer from the upper excited state is another challenging goal.PorPhy“l';dW"“'d be more (.j'ff'cu“ due 1o its exiremely shorlt
Usually, the upper excited states such asi® too short-lived !lfetlme._ Nevertheless it is to _be n(_)ted that the Coulombic
to be involved in energy-transfer or electron-transfer reactions Interactions petween the transition Q|pole moments should be
due to extremely rapid internal conversion to the lowest excited ”?UCh larger in the Sstate of porphynn;_owmg to the strongly
singlet state. In the natural photosynthesis, however, it has beerfliPole-allowed nature of Soret-transition. However, use of

now recognized that Sstates of some carotenoids do play an Strongdly dipole-allowed Soret ¢S S,)-transition of porphyrins
for realization of the energy transfer fromx&ate has been quite

t Department of Chemisir rarel* Another important issue in the design of an efficient state-
% Degaﬂmem of Chemica?/'pmcess Engineering. to-state energy trqnsfgr is to avoid the exciton coupling case in
8 Department of Polymer Science and Engineering. which the excitation is well delocalized over the donor and
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acceptor. Furthermore, deleterious electron-transfer quenchingCHART 1: R = CgH13, Ar; = 3,5-Dioctyloxyphenyl, and
reactions should be also avoided in the molecular design. Ar, = 3,5-Di+tert-butylphenyl

On the other side, ultrafast laser technology has been
expanding the temporal region we can access and has allowed
the measurement of extremely fast energy-transfer reactions.
Actually, several examples have been reported on the electron
transfer and energy transfer from the upper excited states in
recent yeard!1314Here, we used the femtosecond transient
absorption spectroscopy and fluorescence up-conversion mea-
surement.

In this paper, we examined the singlsinglet energy-transfer
processes in four trimeric porphyrin arralys4 with a particular Ay
intention of exploring the energy transfer from thg 8xcited
state. It is interesting to note that such energy transfer from = m O—= w = w Arz 2
S,-excited state would be very difficult for frequently studied
Zn(l)—free base hybrid diporphyrifs2’ since there is only
little energy difference between the twg-Sates. In this sense,
mesomesebisphenylethynyl substituted Zn(ll) porphyrin is an
attractive energy acceptor unit, since its-skate is lying
substantially lower than that of the normal Zn(ll)-porphy#n.
Recently meseethynyl-substituted porphyrins have been ex-
tensively studied by Therief,Arnold,'® Milgrom,*” Anderson'?
and other several groupdue to their fascinating optical and
electrochemical properties. The lower lying-8ate of Zn(ll)
meseethynyl-substituted porphyrins is also interesting in light A
of the energy transfer in the;State manifold. Nevertheless, N w s _
only scattered attention has been paid to the use of this o =—O w An 4
component as an energy acceptor toward normal Zn(ll)- R R Ar R R
porphyrins even in the ;Sstate manifolcf®

Results O .
Ary ro
Molecular Design and SynthesisThe structures of porphyrin I w * 6

trimers1—4 and reference moleculés 6, and7 are shown in Arz
Chart 1. The trimers consist of an energy-accepting Zn(ll) 5,- An m »
15-diphenylethynyl-substituted porphyrin core flanked by two ‘ ' A A
energy-donating peripheral Zn(Il)-porphyrins. To examine the Il 5 o .
effect of the connectivity of the diethynyl-linked porphyrin core O ><o O w A

R R

with the peripheral porphyrins, the diphenylethynyl-substitution
axis of the core porphyrin is set orthogonal with respect to the
long trimer axis in1 and 3 and parallel in2 and 4. Energy dipyrrylmethané® to provide 1,4-phenylene-bridged porphyrin
transfer from $-state is more conceivable lhand2 owing to trimer 12. Attachment of two ethynylphenyl group at the central
a longer lifetime of the gstate of Zn(Il)-TPP type energy  meseposition was carried out by following the Therien’s
donor!213Comparison of the energy-transfer reactions between proceduré4 NBS-bromination ofL.2 gave dibromidel3, which
1vs3and2 vs 4 would provide insight into the effects of the was converted into all Zn(ll)-metalated trim&4 via demeta-
porphyrin orbital characteristics in controlling the energy-transfer lation and remetalation with Zn(OAgvith an overall yield of

processest 45% from12. Subsequent Pd(0)-catalyzed Sonogashira coupling
The synthesis of the modelsand3 is shown in Scheme 1.  reactio® of 14 with phenylacetylene gavé in 60% yield.

We employed synthetic routes involving Cu(ll) completés- Trimer 3 was prepared via the similar route.

13 by following two reasons. First the acid-catalyzed condensa- The synthesis of the modeksand4 is shown in Scheme 2,

tion of formyl-substituted porphyrinlO with 2,2-dipyrryl- where Pd(0)-catalyzed coupling reaction of 4-ethynylphenyl-

methane led to a very poor yield of porphyrin trimer, probably substituted porphyrins2@ or 24) with 5,15-diiodo porphyrin
due to strongly electron accepting property of protonated free 21 provided2 and 4 in 60 and 57% yield, respectively.In
base porphyrin that reduces the reactivity of the formyl group. these coupling reactions, homo-coupled ding3and25were
This effect may be mitigated by using an appropriate metal formed as a side product. The 5,15-diiodo porphyinwas
complex such ag& 1% Second, NBS-bromination of porphyrin  prepared bymeseiodination with the combined use of AgRF
trimers was quite troublesome for all Zn(ll) complexes, I, and pyridin€® Compounds5—7 were also prepared as
particularly in the case gf-octaalkyl-substituted porphyrins.  reference molecules. All the compounds were fully characterized
Actually, the NBS-bromination of all zinc-metalated compound by 500 MHz 'H NMR and FAB MS and MALDI-TOF MS
19led to extensive decompositi6fThe electron rich peripheral  methods.

Zn(ll) p-octaalkylporphyrin seemed to be unstable under these Absorption and Fluorescence SpectraFigure 1A shows
bromination conditions. This obstacle may be also circumvented the absorption spectra df, 5, and 6 along with a simple
with trimers bearing two peripheral Cu(ll)-porphyrins such as absorbance sum &and6 (1:2) taken in THF. The absorption
12 and16. Therefore, formyl-substituted Cu(ll)-porphyrri22 spectrum of the diphenylethynyl-linked porphyfnshows a
prepared by the known procedure was condefigéaith 2,2- red-shifted Soret band at 449 nmo(S> Sy-transition) and
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SCHEME 1: Synthesis of 1 and 3
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aR = CgHiz, Arp = 3,5-dioctyloxyphenyl, and Ar= 3,5-ditert-butylphenyl. Conditions: (a) LiAld THF; HCI; (b) PCC; (c) Cu(OAg) (d)
2,2-dipyrrylmethane, TFA, CECly; DDQ; (e) NBS, CHCY, pyridine; (f) TFA, (g) Zn(OAc); (h) Phenylacetylene, Pd(PHiCl,, Cul, toluene,

EtN; (i) TFA, 10% H,SO4, CH,Cl,.

Q-bands at 595 and 649 nmy(S- S;-transition) as reported
previously® A meseethynyl group provides a strong effect to
porphyrin z-conjugated ring, and the conjugation is well

nm red-shifted and intensified in comparison to thab @Figure
2A). The absorption spectrum 8fdisplays a split Soret band
at 449 and 459 nm and unperturbed Q-band for the diphenyl-

expanded over the diphenylethynyl substituents, resulting in the ethynyl-linked porphyrin at 651 nm (Figure 3A), while the

removal of the degeneracy of the porphyrinl&JMO orbital.
This effects thex- andy-polarized transitions inequivalent and
intensifies the quasi-allowed Q-band by intensity-borrowing
from the Soret-transitior®. In fact, the Soret band is broader
(fwhm = 735 cnm?) in THF at room temperature and becomes
a clearly split band at 453 and 461 nm at 77 K in MTHF matrix.
Both of the S-state and Sstate of 5,15-diphenylethynyl-
substituted Zn(ll) porphyrin are lying, respectively, at lower
energies in comparison to those of the TPP-type Zn(ll)-
porphyrin like6 (Table 1). The linear analysis of the absorption
spectrum ofl in terms of a simple sum of the appropriate models

indicates that the Q-bands are negligibly affected when the
pigments are linked to form this array, whereas the perturbation
of the Soret-bands is substantial. In the absorption spectrum of

1, the Soret band of the diphenylethynyl-linked porphyrin is

observed as a split band at 449 and 462 nm, probably through
the exciton interaction with the peripheral porphyrins. The Soret
band of the peripheral porphyrins is observed as a single band

at 424 nm, being nearly the same wavelengtt® ¢425 nm),
but its bandwidth is certainly spread (fwhm655 cntl) than
that (fwhm= 465 cnm?) of 6.

The absorption spectrum @fis different from that ofl, in
that the Soret band of the diphenylethynyl-linked porphyrin is

absorption spectrum of displays an intensified single Soret
band at 455 nm and a red-shifted and intensified Q-band at 658
nm for the diphenylethynyl-linked porphyrin (Figure 3B). From
the analysis of the absorption spectra, it is interesting to note
that we can selectively excite the energy donor porphyrin at
540-560 nm into its $state or at 4086430 nm into its &
state in1—4.

Figure 1B shows the steady-state fluorescence spectta of
5, and 6 taken for excitation at 550 nm. Concentrations were
adjusted to be Xk 107® M for 1 and5 and 2x 1076 M for 6.
Excitation into 550 nm corresponds to preferential population
of the S-state of the peripheral porphyrin energy donor but the

fluorescence ofl is only coming from the Sstate of the

diphenylethynyl-linked porphyrin unit with almost complete

fluorescence quenching of the peripheral porphyrins, indicating

efficient §—S; energy transfer. Upon excitation of the above
solutions ofl and5 at 550 nm, the fluorescence intensityIof

was ca. 7.5 times larger than that 5f indicating that the

absorbed light by the peripheral porphyrins is transferred to the
core porphyrin. The steady-state fluorescence spectrugh of
shown in Figure 2B also exhibits that the emission is coming
only from the diphenylethynyl-linked porphyrin and the fluo-
rescence intensity &f is ca. 13 times larger than that 8fThe
observed red shift of the fluorescence peak is in line with its

observed as a broad single band at 455 nm and its Q-band is &ed-shifted Q-band. The trimer8 and 4 also exhibit the
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SCHEME 2: Synthesis of 2 and &
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a R = CgH13, Ar; = 3,5-dioctyloxyphenyl, and Ar= 3,5-ditert-butylphenyl. Conditions: (a)) AgPFs, pyridine, CHC}; (b) Pd(PPH).Cl,, Cul,
toluene, EiN.

fluorescence spectra only coming from the diphenylethynyl- at 640 nm due to the ground-state Q absorption band and a
linked porphyrin core (Figure 3A,B, insets), indicating the broad dip around 710 nm due to the induced emission in accord
occurrence of the similarly efficient;SS; energy transfer. with the previous studj2® In an analogous manner with the
Estimation of Energy Levels. Table 1 summarizes the related molecule®3'the spectrum 06 shows positive absor-
absorption and fluorescence data and the estimated energy levelbance at 455 nm and bleachings at 550 and 590 nm and a broad
of the excited singlet states of the chromophore. The energiesdip around 650 nm, and that @fshows positive absorbance at
of the S-states were determined from the midpoint of the 460 nm and bleaching at 540 and 575 nm and a broad dip at
fluorescence and absorption (0,0) band. The energies obthe S 640 nm, respectively. Figure 5 shows the transient absorption
states were estimated solely from the absorption data. On thespectra ofLl—4 at 20 ps delay time upon excitation at 532 nm.
basis of these estimations, energy diagrams can be predictedAlthough the excitation at 532 nm results in selective population
for the all trimers as shown in Scheme 4. In addition to the of the peripheral porphyrin donor, the transient absorption
S,—S; energy transfer, there is also a substantial energy gradientspectra ofLl—4 revealed strong bleaching at 640650 nm due
from the peripheral porphyrin donor to the diphenylethynyl- to depletion of the ground-state diphenylethynyl-substituted
linked porphyrin acceptor in the,State manifold, which may  porphyrin core, indicating the energy transfer. In addition,
allow the $—S; energy transfer ii—4. bleachings due to the Q-bands of the peripheral porphyrin energy
Transient Absorption Spectroscopy.As described above,  donors were observed distinctly in the transient spectrd of
the steady-state fluorescence spectra-od taken for selective and4.
excitation at the peripheral porphyrin exhibit the emission only ~ To obtain the rates of;SS; energy transfer, the femtosecond
coming from the diphenylethynyl-linked porphyrins, indicating kinetic measurements were applied for the transient absorbance.
the S—S; energy transfer. Fast dynamics of the-S,; energy As the pump source, the 5460 nm laser pulse was used for
transfer were first studied by the transient absorption spectros-the selective excitation of the peripheral porphyrin donor. Time
copy?® To minimize the effects of the solvent dynamics and profiles were monitored at 546650 nm (the Q-bands of the
relaxation processes, all the ultrafast measurements were carrie@nergy donor and the positive absorbance dug-&t&e of the
out in benzene solutions. Figure 4 shows the transient absorptiorenergy acceptor) and at 64660 nm (the Q-bands of the energy
spectra ob, 6, and7 at 100 ps delay time taken for excitation —acceptor). The pulse duration obtained by the cross correlation
at 532 nm. The spectrum & shows positive absorbance at between pump and probe pulses at the sample position was 0.16
480 nm due to the S—~ —S, absorption and strong bleaching ps.



4826 J. Phys. Chem. A, Vol. 105, No. 20, 2001 Nakano et al.

. @ S1) was performed for the time region longer than ca. 0.3 ps in
] order to avoid the overlap of the coherent artifact signal. The
transient absorption signal at 540 nm increases with a time
constant of 0.56 ps and a time constant of 0.44 ps was obtained
for the growth of the bleaching signal at 640 nm which
corresponds to depletion of the core porphyrin ground state.
Since the fluorescence lifetime of the donor moiety is 0.45 ps
as will be described below, the time constant of 6:0466 ps

has been assigned to the-S5, energy transfer i2. Examining

both the time profiles of the energy donor and acceptor in a

—-
1

molar extinction coefficient & / 10° M'em™

ey similar manner, the time constants for the-S, energy transfer
"0 e0 700 800 have been determined to be 5.0 ps and 0.750.84 ps for
wavelength / nm 3 and4, respectively (Supporting Information, Figures S2 and

S3). The rates of the energy transfer rates calculated by eq 1
are listed in Table 2. We used 1.45 ns of thestte lifetime
of 7 asts in the calculation ok; for 3 and4.

Fluorescence Lifetime MeasurementsAs shown in the
previous section, the energy transfer evens in thet&e take
place in the time regior<10 ps. Hence, the femtosecond up-
conversion methad was mainly used for their direct detection.
This measurement used the laser pulses with 80-fs pulse width
in the range of 396420 nm, which pumped the peripheral
porphyrin donors into their Sstate and allowed us to observe
s the subsequent excited-state dynamics. In the cask tfe

600 700 800 energy donor is a TPP-type Zn(ll)-porphyrin which is known
wavelength /nm to have $— fluorescence emission around 43660 nm and
reference compounds in THF. A simple absorption sun® @ind 6 Sl—Soquorescencg emission at 600 nm., and the energy acgeptor
(1:2) is also shown asalc_1 Fluorescence spectra are taken for is a Zn(Il) 5,15-diphenylethynyl-substituted porphyrin which

excitation at 550 nm. Concentrations are« 1106 M for 1 and5 and has §—S emission at 647 nm. Although,S, fluorescence
2 x 1078 M for 6. emission of the acceptor is not detected in the steady-state

fluorescence spectrum, it is expected to appear at the mirror
image of the strong Soret band, thus around-4800 nm, which

flusrescence intensity

o .-
L e B e e

Figure 1. Absorption (A) and fluorescence (B) spectralofnd its

Figure 6 shows the time profile of the transient absorbance
qf L exmt_ed at 55.0 nm and monitored at 545 and_ 640 nm. '_I'he has been actually monitored by the present femtosecond time-
time profile monitored at 545 nm shows the slight negative resolved fluorescence measurements
absorbance around the time origin, followed by the increase of " i
the positive signal. As mentioned above, this slight negative ~ Figure 7A shows the fluorescence time profile at 460 nm
absorbance around the time origin corresponds to the bleachingVhich corresponds to the,SS, fluorescence of the TPP-type
due to the peripheral porphyrin energy donor and the positive Peripheral porphyrin donor in the trimdr The time profile
absorbance is due to the-State of the acceptor. Since the time Wwas satisfactorily fit with a biexponential function of a rise
profile around the time origin involves the signal due to the component withr = 0.05 ps and a decay component witk-
coherent artifact, which is phenomenologically attributed to the 0.15 ps33 Considerably shortened-State fluorescence lifetime
four-wave mixing, the analysis of the time profile was performed suggested the energy transfer occurring from thast8te. At
for the time region longer than ca. 0.3 ps following the time 500 nm (the $emission of the acceptor), the fluorescence decay
origin at the present investigation. A rising time constant at 545 profile at 500 nm was analyzed in terms of a biexponential
nm was obtained to be 1.6 ps on the basis of the first-order function of a rising component of 75 fs and a decaying
kinetics. The time profile monitored at 640 nm shows that the component of 0.15 ps. The 0.15 ps time constant was again
instantaneous appearance of the transient absorbance is followe@hserved as a decaying component instead of the rising one
by the decrease with a time constant of 1.4 ps. In contrast, the(supporting Information, Figure S4A). Failure of the observation
transient absorption signal of the reference acceptiiowed of a rising component withr = 0.15 ps at 500 nm may be
no such temporal evolution in this time region. With these results gypained in terms of (1) there is still substantial overlap of the
of the kinetic transient absorption measurements and theSg—Soemission of the energy donor and the decaying amplitude
fluorescence lifetime (1.7 ps) of the peripheral porphyrin donor 5 qer than the rising component or (2) the depleting rate of
as de_scr!bed below, we assigned the perlp_heral porphyfin S the acceptor Sstate is larger than its formation rate, which
state lifetime {sj) to be 1.4-1.7 ps. On the basis of these results, causes a formation time constant of the accepiestate to be

;’;lznzfz:ﬁlcal;ﬂ;tﬁ; etgel.rate constant of the-S; energy observed as a decaying component. The lifetime of the S
o ’ emission of5 at 470 nm has been determined to be ca. 0.46 ps
k, = llrg, — 1/T310 1) by the fluorescence up-conversion method, and it is plausible
that the $-state of the diphenylethynyl porphyrin acceptod.in
where 750 is the lifetime of the $state of the reference  may have an additional energy transfer channel to thet&e
porphyrin, for which we used the;State lifetime of6 (2.1 of the peripheral TPP-type porphyrirky{, Scheme 4) or
ns). accelerated internal conversion to thestate kao, Scheme 4),
Similar analysis of the time profiles of the transient absor- eventually decaying with a time constant larger than its
bance of2 at 540 and 640 nm (Supporting Information Figure formation time constant. Although the analysis of these very
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TABLE 1: Absorption and Fluorescence Data in THF

S,-state leveleV S-state leveleV
compounds absorption data/nm fluorescence data/nm donor acceptor donor acceptor
1 424, 449, 462, 558, 599, 651 656, 716 2.92 2.68 2.07 1.90
2 425, 455, 558, 598, 657 654 2.92 2.73 2.07 1.90
3 416, 449, 459, 546, 581, 651 655 2.97 2.70 2.13 1.99
4 416, 455, 546, 580, 658 663, 726 2.97 2.73 2.13 1.88
5 449, 595, 649 654, 715 2.74 1.90

6 425, 556, 596 600, 652 2.92 2.07
7 416, 546, 578 583, 637 2.97 2.13

aThe energy levels of the,Sand S-states are estimated on the basis of the fluorescence and absorption data.
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Figure 2. Absorption (A) and fluorescence (B) spectradénd its
reference compounds in THF. A simple absorption sunb @fnd 6 . . .
(1:2) is also shown asalc_2 Fluorescence spectra are taken for Figure 3. Absorption and fluorescence (inset) spectr@¢h) and 4

excitation at 550 nm. Concentrations are cax 1076 M for 2 and5 (B) along with their reference7f and calculated spectruncglc_3
and 2x 10°¢ M for 6. calc_4 5+7, 1:2) in THF. Fluorescence spectra are taken for excitation
at 550 nm.

fast excited-state dynamics is complicated, we interpreted here_. .
the 0.15 ps time constant for the-Eetime of the peripheral T 19ure S5). The fluorescence decay at 450 nm (Figure SSA)
donor. which can be nicely fit with a single-exponential function with

7 = 0.14 ps has been assigned to the lifetime of the peripheral
. e . porphyrin $-state. A time constant of 0.45 ps was found both
which corresponds to the emission mainly from thestate of in the fluorescence decay at 600 nm as a decaying component

decay curve was anaiysed on he assumpiion that he flore (19uE SSB) and at 710 nm a5 a ising component (Figure S5C).
y y P his time constant has been assigned to the Sp energy

cence decay should contain the rise and decay components o . o ;
y Y P ransfer, since it is in reasonable accordance with the results

the _E‘z-_stat_e emission, since the _decay curve was obtained onobtained by the transient absorption spectroscopy (8.4%6
excitation into the gstate. Accordingly, the fluorescence decay ps)

was deconvoluted with a sum of four exponential functions with . . o

the two lifetimes fixed. Obtained results are summarized in _On the basis of the obtained "fet"T‘es’ we have cglculated

Table 3. The main decaying component has a 1.7 ps timethe rates of the 5-5; energy transfer il and2 by eq 2:

constant, which is consistent with the transient absorption result

of a 1.4~ 1.6 ps time constant. The main rising component of k, = 1/t, — 1htgy 2

the fluorescence at 710 nm which corresponds to the emission

from the S-state of the acceptor porphyrin has a 1.5 ps time wherezrs; is the lifetime of the $state of the energy donor in

constant (Supporting Information, S4B). the trimers andsZ is the lifetime of the Sstate of the reference
The fluorescence d® was monitored at 450, 500, 600, and porphyrin (1.4 ps, fob).3* Calculated rate constants are 61

710 nm in the similar manner (Table 3, Supporting Information, 102 and 6.4x 10% s™! for 1 and 2, respectively.

Figure 7B shows the fluorescence decayloat 600 nm,
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SCHEME 3: Exciton Coupling at the Soret Bands: (A)

Nakano et al.
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SCHEME 4 : Energy Diagram and Energy-Transfer
Scheme: (D) the Energy Donating Peripheral Porphyrin
and (A) the Energy Accepting Central Porphyrin
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While the trimersl and2 have a TPP-type Zn(ll)-porphyrin 3 ool /”“""""‘"’"vm#w
energy donor with relatively long.Sifetime, it is curious to =R \/ 1
examine the possibility of similar,SS, energy-transfer reac-
tions in3 and4 bearing an OEP-type Zn(ll)-porphyrin energy b i
400 500 600 700 800 900

B)

30.0: (’\*‘V"\
R

donor which has an extremely shod-I8etime. Recently, we
determined the Sstate lifetime of 5,15-diaryB-octaalkyl Zn-
(1) porphyrin like 6 to be ca. 0.15 ps in benzene solution by
the fluorescence up-conversion measurerk&rideconvoluted
results of the fluorescence decays ®fand 4 (Supporting
Information, Figures S5 and S6) were also summarized in Tablereference gstate lifetime of 0.15 ps, suggesting the energy
3. The fluorescence decays ®fat 430 nm and} at 450 nm, transfer in the Sstate.

which correspond to the peripheral porphyripstate, can be
fit with a single-exponential function of = 0.07 ps and =
0.12 ps, respectively (Supporting Information, Figures S6 and  The energy-transfer processes can be roughly classified into
S7). These time constants are somewhat shorter than thethree cases depending on the magnitude of the electronic

Wavelength / nm

Figure 5. Picosecond transient absorption spectrd ¢f), 2 (B), 3
(C), and4 (D) at 20 ps delay time taken for excitation at 532 nm in
benzene.

Discussion
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r T y y T T T T T 7 distances through an indirect electronic coupling involving lower
I ‘ gt mmn -'.".Z lying molecular orbitals of the spacer that bridges a donor and
] an acceptof® In covalently linked donoracceptor pairs, the

j electronic exchange interaction is usually mediated by through-
] bond coupling® In this indirect and mediated case, the

] electronic coupling depends on the energy level of unoccupied
L . ] orbital of the spacer as well as on the orbital characteristics of
Co ] the donor and acceptor involved in the energy transfer,
ottt o s . s I . . d particularly at the atoms attached to the spacer. Lindsey et al.
have synthesized various porphyrin arrays using 5,10,15,20-
tetraphenylporphyrin (TPP) type components linkedyy-

' i " " T ' ' ' diarylethyne linker at the porphyrimesepositions and have
presented interesting results on the effect of the porphyrinic
molecular orbitals on the energy transfer réte.

Important information on the electronic coupling between the
donor and acceptor is obtained by the examination of the
_ absorption spectra. We thus first discuss the absorption spectra
of 1—4. It is apparent that the absorption spectra are similar
for 1 and3 and for2 and4, indicating that the connectivity of
the diphenylethynyl porphyrin core in the trimeric arrays is a

Time / ps dominant factor for their spectral characteristics. The absorption
Figure 6. Time-profiles in femtosecond transient absorption spectra spectra ofl—4 can be qualitatively explained in terms of the
0f 1. (A) Zex =550 NM,Lops = 545 nm, fitting withz = 1.6 ps, (B)ex exciton coupling theo as follows. When we consider two
= 550 M, Agps = 640 nm, fitting withz = 1.4 ps. pairs of two transition dipole momentsy, and m, for the

coupling between a donor and an acceptor: (1) the strong Peripheral porphyrin, antily andM, for the central porphyrin,
coupling case, (2) the intermediate coupling cases, and (3) thewhich are re.s,pectlvely.perpendlcular and parallel to thg long
limit of the weak coupling cas®. The strong coupling corre- ~ Molecular axis of the trimer (Scheme 3).1rand3, My that is
sponds to the exciton case where the Frar€kndon state of along the dlphenylethynyl substituents and thus perpendicular
the donor is well distributed over the acceptor and thus the t0 the long axis of the trimers should be larger thanMutual
spectra of the donor and acceptor are significantly influenced. €xciton coupling betweemy and My leads to blue shift and
In the limit of the weak coupling case known as thadter that betweenm, and My leads to red shift, thereby giving rise
mechanism, the energy transfer occurs after completing theto @ split band, while the other dipetelipole interactionsr(y
vibrational relaxation in the excited-state manifétdThe andMy, andm, andM,) should be canceled due to the orthogonal
intermediate coupling cases may be further categorized into two; @rangements. In comparison of the exciton couplingioénd
one is the partial exciton case in which the energy transfer occursMx versusm, and My, the former coupling should be orienta-
with partly retaining the oscillatory coherent feature but quickly tionally weaker but the oscillator strength Wk is larger than
loses its coherence due to incoherent perturbations such aghat of My, giving rise to a split Soret band with comparable
collisions and vibrations, and the other one is the hot transfer intensities. Ir2 and4, the effective conjugation can be expected
mechanism in which the energy transfer occurs incoherently between the porphyrin and the phenylethynyl substituent but
during the vibrational relaxatio:3”We cannot observe a state-  the steric interaction causes a significant tilt of the peripheral
to-state energy transfer in the exciton case. porphyrin with respect to the phenyl bridge. Thus the placement
The electronic coupling can be provided by Coulombic Of the transition dipole moments as shown in Scheme 3B is
interaction and electron exchange interaction, although the appropriate for consideration of their absorption spedig.
relative contributions differ case by ca¥&® The Coulombic ~ aligned to the long axis of the trimers is larger thdpand is

Time/ps

0...,“/

0

interaction can be approximated in terms of dipefpole coupled strongly withm, and the coupling oMy andm, should
interaction for donoracceptor pairs with sufficiently large  be much weaker. Consequently, the red-shifted transition would
separations, resulting in the'ister eq 33 be more intense than blue-shifted transition and is probably

covering the small blue-shifted transition. In these cases also,

_ 8.8x 10 *%°® the bandwidth of the Soret bands of the peripheral porphyrins

k n‘rRr ®) and central diphenylethynyl-substituted porphyrin are spread as
a result of the exciton coupling. The observed distinct spectral
_ -4 changes such as red shift and intensification of the Q-bands in
J IF(U)G(U)U dv ) 2 and4 imply the stronger electronic couplings than thosé in
in whichn is the refractive index of the solverR,is the center- ~ and3.
to-center distance between donor and accepforjs the The comparison of the;SS; energy transfer rate constants

fluorescence quantum yield of the donoiis the fluorescence ~ among these four trimer systems indicates their strong correla-
lifetime of donor, andc is a dipole-dipole orientation factor. ~ tion with the electronic coupling which is determined by
Also, J is the spectral overlap integrdt(v) is the normalized connectivity of the central diphenylethynyl-linked porphyrin.
fluorescence spectrum of the energy donor, a(g is the As mentioned above, the ground-state absorption in the Q-bands
absorption spectrum of the energy acceptor with molar extinction of the central porphyrin showed red shift by the introduction
coefficient (M~cm™1) unit. Only through-space interaction is  of the peripheral porphyrins i& and4, while it was scarecely
taken into account in the Ester mechanism. On the other hand, affected inl and3. These results may be interpreted from the
the electron exchange interactions can be provided throughviewpoints of ther-conjugation among trimers which is related
short-range direct orbital overlap or over relatively long to the conformation of the spacers.lmand3, the 1,4-phenylene
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TABLE 2: Summary of Energy Transfer in Benzene
compound
1 2 3 4

Tolps 0.15 0.14 0.07 0.12

kP 6.1x 102s1 6.4x 10251 7.7x 10%2st 1.7 x 102s7t

T/ps$ 1.6 0.45 4.6 0.48

kyd 6.3x 10t st 2.2x 102s1 2.2x 101st 2.1x10%2st

T/ps 1.4-1.6 0.45-0.56 4555 0.75-0.80

kyf (6.3-6.7) x 101 st (1.8-2.2) x 1012571 (1.8-2.2) x 101 st 1.3x 101251

a Fluorescence lifetime of donon.S S,—S,; energy transfer ratek{) determined by eq 2 using the valuested, 1.4 ps forl and2, and 0.15
ps for3 and4. ¢ Fluorescence lifetime of donor S' S;—S,; energy transfer ratek{) determined by eq 1 using the valueste$s, 2.1 ns forl and
2, and 1.45 ns foB and4. ¢ Lifetime of donor $ measured by transient absorption spect&—S,; energy transfer ratek{) determined on the basis
of the transient absorption spectra.
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weaker electronic coupling in theig SS; energy transfer which
may be considered in terms of thérEt@r mechanism.

Comparison of the models with the same connectivitys
3 and 2 vs 4, is interesting in view of assessment of the
molecular orbital effects and thus the relative importance of
the through-bond and through-space interactions on th&S
energy transfer. The;SS; energy transfer proceeds with similar
rate in2 and4 but is faster inl than3. It is well established
that OEP-type Zn(ll) porphyrins havg,aHOMO orbital and
TPP-type Zn(Il) porphyrins have,@HOMO orbital?+4° The
apy orbital has substantial electron density on thesecarbon
atoms, where the 1,4-phenylene spacer is appended, while the
ayy orbital has negligible electron density at tinesepositions.
This leads to an expectation for faster energy transfer in TPP-
type Zn(ll)-porphyrin than OEP-type porphyrin appended to
spacer via theneseposition, as extensively studied by Lindsey,
Holten, and Bociai! Therefore, nearly the same energy transfer
rates in2 and4 suggest smaller contribution of such molecular
orbital effects via through-bond interaction.

On the basis of eqs 3 and 4, we have calculated thist&io
energy transfer rate ih and3 as follows; the spectral overlap
integrals are estimated from the absorption spectruii afid
the fluorescence spectrum of an energy donor porphyrin
monomer. In the numerical calculation, we used the values of
0.049 and 0.029 fob, and 2.10 and 1.45 ns farof 6 and?7,
respectively. The center-to-center distariRdjas been estimated
to be 12.5 A by semiempirical MO calculatiéh As to the
orientation factors«?), we only consider the Q-transition along
the diphenylethynyl-substitution direction, since they almost
constitute the energy-accepting transition dipole moments.

4
Time / ps
Figure 7. Fluorescence decay profile &f Aex = 393 nm, (A)dem =

460 nm, (B)lem = 600 nm. Dashed line indicates the instrument
response.

Therefore, the orientation factor is at most 1 foand3. The
spectral overlap integrals are calculated to bex2.20-13 cmf
mmol~! for the both trimers, and the Fsier energy transfer
rate constants are calculated to be quite similar,213'! and

2.0 x 10" s~1for 1 and3, respectively. The calculated ver
spacer is prohibited to take planar conformation with respect energy transfer rate is nearly the same as the experimentally
to the porphyrin plane because of the steric hindrance. Theobserved rate ii3. This equality may be incidental but it can
deviation from the planar structure relative to the porphyrins be said that the electronic interaction must be the minimum in
seems to be more pronounced3mue to the steric repulsion 3 due to its unfavorable connectivity and the OEP-type energy
between the phenylene spacer and the franking peripheral methydonor that is unfavorable for through-bond electronic interac-
substituents. Thus, the 1,4-phenylene spacer disrupts the effections. Deviation between the observed and calculatedSs
tive conjugative interactions between porphyrins. On the other energy transfer rate fdk suggests the substantial contribution
hand, in2 and4, the introduction of the ethynyl group in the  of the through-bond electronic interaction.

bridges may cause less steric hindrance for the phenylene group. One of the major findings is the considerably shortened
Actually, the red-shifted ground-state absorption of the Q-bands lifetime of the peripheral porphyrin,State, which suggests the
of 2 and4 support the presence of the effectiveconjugation occurrence of the 5 S, energy transfer from the peripheral
between the central porphyrin and the peripheral moieties porphyrin to the central diphenylethynyl porphyrin. Normally
through the phenylethynyl spacers. This ground-state absorptioninternal conversions of Sstates to $states are quite rapid and

spectral changes i and 4 indicate that their 5-S; energy
transfer should not be treated in terms of thiesfer mechanism
alone while the almost unaffected Q-bandsliand3 suggest

the energy-transfer reactions frorg-8ates are rather difficult
to occur due to their extremely short lifetimes. As noted above,
however, TPP-type Zn(ll) porphyrins have relatively long-lived
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TABLE 3: Fluorescence Decay Curve Analyses (Picoseconds)

J. Phys. Chem. A, Vol. 105, No. 20, 2004831

compound decay analyses
1 Aex (NmM) 410 420
Aem (NM) 460 500 600 710
0.050 (-0.90) 0.075¢0.95) 0.075 (0.59) 0.20 (-0.57)
0.15 (1.00) 0.15 (1.00) 0.15-0.199 1.5 (-0.12p
1.7 (0.43) 2000 (1.00)
2000 (0.07)
2 Aex (Nm) 393 420
Aem (NM) 450 500 600 710
0.14 (1.00) 0.08+0.99) 0.14 ¢0.92) 0.13 ¢0.27)
0.10 (1.00) 0.45 (0.72) 0.45-0.60y
2.0(0.19) 5.8 (0.25)
2000 (1.00) 2000 (1.00)
3 Aex (NM) 393 420
Aem (NM) 430 470 590 710
0.07 (1.00) 0.0740.97) 0.10 ¢0.61) 0.07 ¢0.48p
0.13 (1.00) 1.2 (0.59) 0.13 (0.01)
4.6 (0.41) 4.6 £0.50p
2000 (0.99)
4 Aex (NM) 393 420
Aem (NM) 450 500 585 710
0.017 (-1.00) 0.10 ¢0.89) 0.10 (0.80) 0.30 (-0.76)
0.12 (1.00) 0.12 (1.00) 0.12 (-0.64y 0.50 (—0.24y
0.48 (0.20) 2000 (1.00)
2000 (0.000

aValues in parentheses are the relative amplitudes in multiexponential funttidatime components were fixed during deconvolution.

S,-states (23 ps), being favorable for;S S, energy transfer. ! 2

The S—S; energy transfer has been also suggeste@ ftoid4
on the basis of the shortened lifetime of the peripheral porphyrin
S,-state but is difficult to substantiate due to the intrinsic
extremely short glifetime of the OEP-type energy donor.
Close proximity of the donor and acceptor is prerequisite to
the $S—S; energy transfer. Moreover, strongly dipole-allowed
transitions to &state (Soret-transition) of both the peripheral
porphyrin donors and the central porphyrin acceptor should be
responsible for the present energy transfer. The Coulombic
interaction U;) depends on the magnitude of the transition
dipole moments as written by eq 5.
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Figure 8. Spectral overlap in S S; energy transfer irl in benzene.

(a) Absorption spectrum of. (b) Calculated Soret band df (c)

Fluorescence spectrum 6f

In general, Soret bands of porphyrins have large oscillator

strength and the mutual Coulombic interactions of these strongly S,—S; energy transfer. In other words, the-S5, energy transfer

dipole-allowed transitions may lead to large electronic coupling. in these trimeric porphyrin arrays is mainly facilitated by the

Simple estimation on the basis of the relative magnitudes of extremely large Coulombic interaction provided by the strong

the oscillator strength has provided ca. 9 times large Coulombic Soret absorption bands. Under such conditions the electronic

interaction for the 5 S, energy transfer versus the-S5; exchange interactions, which are a function of the connectivity

energy transfer in the moddl. Obviously, these electronic  and the identity of the donor porphyrin (TPP vs OEP), would

coupling causes the spectral changes in the Soret bands of botlplay only a minor role.

the donor and acceptor ir-4. Under these conditions, the Soret Other curious findings are the distinct bleachings of the

bands of the donors and acceptors were observed at differeniperipheral porphyrin donors in the transient absorption spectra

wavelength, indicating that the-States are strongly perturbed of 3and4 at 20 ps delay time (Figures 5C,D). Such indications

but retain their identities. The latter feature is crucial for the were also noted for the spectra bfand 2 (Figure 5A,B). In

state-to-state energy transfer and relatively large differencesline with these results, a long-lived luminescent component from

between the Sstate excitation energy (0.19.27 eV, Table the peripheral porphyrin was commonly detected for4

1) are also important for the present-, energy transfer not  (Figure 7B and Supporting Informatiofd.

only for the reaction exothermicity but also for avoidance of  In conclusion, we demonstrated that the energy-transfer

the exciton case. Finally, large spectral overlap between the TPP+eactions proceed from the peripheral porphyrin to the central

type Zn(ll) porphyrin donor and the diphenylethynyl-linked Zn-  diphenylethynyl-substituted porphyrin in both the s$ate and

(I1) porphyrin acceptor is also favorable for the-S5, energy S,-state manifolds. Strongly dipole-allowed-SS,-transitions

transfer (Figure 8). of the porphyrin donors and porphyrin acceptor make a state-
In contrast to the 5-S; energy transfer, the rate constants to-state $—S; energy transfer effective enough to compete with

of the $—S; energy transfer are similar frand2. This implies the very fast internal conversion to the-8ate. meseEthynyl-

that the through-space Coulombic interaction is dominant in the substituted porphyrin unit is an excellent energy accepting unit
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