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A variety of porphyrin arrays connected by diverse linkers have been envisaged and prepared for the applications
in molecular photonics and electronics. From a viewpoint of operational requirements, the porphyrin arrays
should have the very regular pigment arrangements which allow a facile light energy or charge flow along
the arrays but do not result in the alteration of individual properties of the constituent pigments leading to
formation of so-called energy or charge sink. In these respects, the directly coupled (orthogonal and fused)
porphyrin arrays without any linkers are ideal, because the conformational heterogeneity mainly arising from
a dihedral angle distribution between the neighboring porphyrin moieties should be minimized. In addition,
the electronic effect of the linker can be disregarded in design strategy of molecular photonic devices, because
the linker can also be considered as a transmission element in electronic communication. Considering these
features, these types (orthogonal vs fused) of porphyrin arrays would be one of the most suitable synthetic
molecular modules for the realization of molecular photonic and electronic devices. To unveil the functionalities
of various porphyrin arrays, starting from the dihedral angle dependence on the photophysical properties of
the porphyrin dimers, we have extended our knowledge to longer orthogonal and fused porphyrin arrays.
Overall, the regularly arranged porphyrin arrays with ample electronic interactions will be promising in the
applications such as molecular wires, sensors, optical nonlinear materials, and so on.

I. Introduction and photochemical properties of porphyrins and their derivatives
make them ideally suited as components of nanostrucfat@s.

During the past decade, there have been a variety of trials to - . e
Continuing efforts to realize the mimicry of solar energy

mimic the natural photosynthetic system at molecular levels to . . ]
develop molecular photonic and electronic devices, which is Narvesting complexes have enabled the design and synthesis of

called molecular electronicd8 Among numerous molecular ~ Various types of covalently linked porphyrin arrays with the
pigments for candidates as building block elements in molecular 90@l of applying these arrays to molecular photonic and

devices, the versatile optical (absorption and emission), redox, €lectronic devices. Multi-porphyrin arrays have been constructed
using several types of shorter linkers that are suitable for
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in order to make multi-porphyrin oligomers with linear, cyclic, meso-meso,S-3, - triply linked porphyrin arrays up to 12
and cross-linked geometries, which include porphyrins joined units (Th, n =1, 2, 3, ..., 12, fused porphyrin array, Chart 1)

by ethené! ethyne!? butadiynet?~1° furan!® enynel® hexa- have been successfully prepafédlthough the long-chain alkyl
trienel p-phenylené, phenylethené® naphthalené? biphen- groups are attached to increase the solubility, the flat molecular
yl,1%20 phenanthren& and ethynylphenylethyAggroups. structure still reduces the solubility significantly which is a main

For the applications as molecular photonic and electronic obstacle in preparing even longer fused porphyrin arrays.
wires, some requirements should be considered for better Based on fundamental understanding of excitonic interactions
performances: (1) ample electronic interactions between neigh-depending on the dihedral angle in the porphyrin dimers (Sn),
boring porphyrin pigments for efficient energy transfer, (2) long We have extended our knowledge on the photophysical proper-
7-electron conjugation length that enhances charge mobility or ties and molecular architecture relationship to the directly meso
optical nonlinearity, (3) well-defined and rigid molecular Meso linked porphyrin arrays (Zand the directly mesemeso,
structures to be void of any energy or charge sink that disrupts -8, 6-p triply linked porphyrin arrays (f). The zh are expected
the energy or charge flow along the array, (4) a high level of t0 be utilized not only to position two active centers at a known
stability and significant solubility for chemical processing, and distance apart and connect them by a medium of known structure
(5) sufficient length which is long enough for linkage between for light signal transmission but as an eff|C|ent_ ph_otqsen5|t|zer
energy donor and acceptor for energy transfer as a molecularthemselves. At the same time, the @re also intriguing not

photonic wire or for linkage of a microelectrode as a molecular Only in view of their potential applications as nonlinear optical
electric wire. materials, infrared (IR) dyes, optical limiters, and optoelectronic

devices but also in view of scientific curiosity how such
extremely conjugatedr-electronic systems behave in their
Sexcited states.

Recently, there is a remarkable progress in synthesizing
capabilities of long rodlike porphyrin arrays in which porphyrin
pigments are directly connected together through meso position
up to 128 units without any linkers (¥ n =1, 2, 3, ..., 128,
orthogonal porphyrin array, Chart 3) The overall orthogonal
conformation between the adjacent porphyrin units in the Sample Preparation and Steady-State Spectroscopic Mea-
orthogonal porphyrin arrays disruptselectron conjugation over ~ surements.The details of synthesis of the porphyrin molecular
the array despite of the very short interporphyrin distance of systems studied here were documented in the relevant previous
8.35 A22|n this regard, the directly linked orthogonal porphyrin  papers12325The absorption spectra were recorded by using a
arrays could provide the prospects as artificial light harvesting Varian Cary 3 spectrophotometer, and fluorescence measure-
arrays and molecular photonic wires because the uniquements were made on a scanning SLM-AMINCO 4800 spec-
photophysical aspect of these molecular arrays arising from trofluorometer, which makes it possible to obtain the corrected
substantial interchromophoric electronic interactions mimics the fluorescence spectra using Rhodamine B as a quantum counter.
facile energy migration processes in biological light harvesting Steady-state fluorescence excitation anisotropy spectra were
assemblies, where electronic delocalization is negligible due to obtained by changing the detection polarization in the fluores-
a lack of direct bond linkage between individual pigment cence path parallel or perpendicular to the polarization of the
molecules? exciting light. Then anisotropy values were calculated as

A successful preparation of long porphyrin arrays raises follows:
fundamental questions regarding exciton couplimglectron
delocalization, and relative orientations between the adjacent = lw — Glyy
porphyrins. As a systematic approach to investigate these I+ 2Gly

interporphyrinic interactions, a control of the dihedral angle of

the mese-meso coupled diporphyrins is an intriguing chal- wherel\y (or Ivy) is the signal intensity when the excitation
lenge?® because it may offer a fine-tuning of electronic |ight is vertically polarized and only vertically (or horizontally)
interactions between the two porphyrins, which may eventually pojarized portion of fluorescence is detected, denoting that the
result in a manipulation of intramolecular excitation energy and subscripts stand for excitation and detection polarization,
electron-transfer processes. The electronic interactions betweerpespectivmy_ The facto® defined byluy/ly corresponds to
the adjacent porphyrin moieties in the mesoeso linked  the ratio of the sensitivities of the detection system for vertically
porphyrin arrays must be minimum at 9@ihedral angle. and horizontally polarized light.
Therefore, tilting of porphyrin ring from 90to < 90° angle Transient Absorption Measurement Setup The dual-beam
causes a symmetry change fré@p; to D> with a simultaneous  femtosecond time-resolved transient absorption spectrometer
increase in the electronic interactions between the porphyrins consisted of a self-mode-locked femtosecond Ti:sapphire oscil-
(the mese-meso linked diporphyrins strapped with a dioxym-  |ator (Coherent, MIRA), a Ti:sapphire regenerative amplifier
ethylene group: & n =1, 2, 3, 4, 8, and 10 whene is the (Clark MXR, CPA-1000) pumped by a Q-switched Nd:YAG
number of carbon atoms in the chain, Chart 1 and Scheme 1),|aser (Clark MXR, ORC-1000), a pulse stretcher/compressor,
which may, in turn, alter a Variety of photophysical properties OPA (|_|ght Conversion’ TOPAS) System’ and an Opticaj
depending on the degree of electronic interactins. detection system. A femtosecond Ti:sapphire oscillator pumped
Long z-conjugated organic molecules inevitably encounter by a CW Nd:YVQ laser (Coherent, Verdi) produces a train of
the ECL (effective conjugation length) effect because of the ~80 fs mode-locked pulses with an averaged power of 650 mW
bond alternation in these molecufég.o realize molecular wires  at 800 nm. The amplified output beam regenerated by chirped
as good conducting organic material and simultaneously over- pulse amplification (CPA) had ca. 150 fs pulse width and a
come the ECL effect, the connection of as many porphyrin power of cal W at 1 kHzrepetition rate, which was divided
molecules as possible with a completely flat structure, as long into two parts by a 1:1 beam splitter. One was color-tuned for
as its synthetic strategy is not so outrageous, should be one ofthe pump beam by optical parametric generation and amplifica-
highly plausible candidates such as graphite, which results intion (OPG-OPA) technique. The resulting laser pulse had a
the maximization ofr-electron conjugation. Up to now, the temporal width of~150 fs in the UV/vis/IR range. The pump

II. Experimental Methods
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CHART 1

E At Ar?

Sn (n=1, 2, ..., 10)

73 n=1 Z12 n=10 :: =;
n:
Z5 n=3 1732 n=30 T6 n=
76 n=4 764 n=62 TS =6
78 n=6 7128 n=126 T12 1=10

beam was focused 2 1 mmdiameter spot, and the laser fluence length spectrograph (Acton Research) through each optical fiber
was adjusted to avoid the damage of sample by using a variableand then detected by a dual-channel 512 channel photodiode
neutral-density filter. The other was focused onto a flowing array (Princeton Instruments). The intensity of the white light
water cell to generate a white light continuum, which was again continuum of each 512 channel photodiode array was processed
split into two parts. The one part of the white light continuum to calculate the absorption difference spectrum at the desired
was overlapped with the pump beam at the sample to probe thetime delay between pump and probe pulses.

transient, whereas the other part of the beam was passed through Femtosecond Fluorescence Upconversion Setuphe am-

the sample without overlapping the pump beam. The time delay plified output of the Ti:sapphire laser is divided by a 1:1 beam
between pump and probe beams was controlled by making pumpsplitter into two parts. One of them was frequency-doubled by
beam travel along a variable optical delay. The white light a 0.5 mm LBO crystal to produce the excitation pulses at 400
continuum beams after the sample were sent to a 15 cm focalnm. The excitation beam was loosely focused onto the sample
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SCHEME 1 (Tennelec), a counter (Ortec), and a multichannel analyzer
(Tennelec/Nucleus); and stored in a computer.

Raman Spectroscopic MeasurementsThe ground-state
resonance Raman spectra of various porphyrin molecules were
obtained by photoexcitation using a cw Ar ion laser (Coherent
INNOVA 90) and a cw Kr ion laser (Coherent INNOVA 70K).
Raman scattering signals were collected in & 96attering
geometry. Various Raman detection systems were used such
as a 1-m double monochromator (ISA Jobin-Yvon U-1000)
equipped with a thermoelectrically cooled photomultiplier tube
(Hamamatsu R94302), a single pass spectrograph (Acton
Research 500i) equipped with a charge-coupled device (Pl LN/
CCD-1152E). The vibrational normal modes of porphyrin
monomers have been extensively studied experimentally and
theoretically. Spiro et al. have provided normal-mode analyses
of nickel tetraphenylporphyrin (NTPPY® and nickel octaeth-
ylporphyrin (Ni'OEPY¥’ based on the isotope frequency shifts
and normal mode calculations with the GF matrix method and
a valence force field using semiempirical parameters. In the
present work, we adopted the B3LYP hybrid density-functional
theory as implemented in the Gaussian 98 suite of progfams
monomer B.- to calculate the optimized geometry and normal modes of the
B,, B, fused porphyrin arrays. The basis set used is the 6-31G set for

carbon, nitrogen, and hydrogen atoms, and Huzinaga’s (14s8p5d)
set contracted to [5s3p2d] for Zn.

[ll. Photophysical Properties of Orthogonal Porphyrin

. . . Arrays: Zn
with a spot size of~1 mm by a concave mirror. The
luminescence was collected and focusedoaatl mm BBO Steady-State Absorption Spectra of Orthogonal Porphyrin
crystal by two identical parabolic mirror§ £ 70 mm,d = 50 Arrays. It has been well established that there is a relatively

mm). The other part of the fundamental laser beam was focusedlarge energy separation in metalloporphyrin monomers between
onto the BBO crystal with a spatial overlap with the focused the $ (B band) and $(Q band) states. These two states are
emission spot. The time-delay between pump and gate pulsesconsidered as a 560 admixture of two excited electronic
was controlled with a computer-driven optical delay line. The configurations'(ai,&;) and*(aeu&) in accidental degeneracy,
up-converted UV light was focused onto the entrance slit of a and the potential energy surfaces of thea®d S states are
monochromator (Jobin-Yvon, HR320). The scattered light was almost parallel especially in meso-aryl-substituted porphyrin
filtered out with a combination of pinhole and appropriate color monomers. The absorption spectra of the directly linked Zn(ll)
filters. The instrumental response was estimated to-B&0 fs porphyrin arrays normalized at 413 nm which corresponds to
from the cross-correlation function between pump and gate the high-energy Soret bands are shown in Figure 1a. As reported
beams. The output current from a photomultiplier tube (Hamamat- previously?? the mese-meso-coupled porphyrin arrays dis-
su) was amplified with a fast preamplifier, and then the output played split Soret bands due to exciton coupling. With an
voltage was fed into a Boxcar averager (SR250). The resultantincrease in the number of porphyrin units, the low-energy Soret
signal modulated by a chopper was phase-sensitively measuredpand is red-shifted, whereas the high-energy Soret band remains
by a lock-in-amplifier (EG&G) and then fed into a personal nearly unchanged, resulting in a progressive increase in the
computer for further data processing. Much care was taken to splitting energy. The relative intensities of split Soret bands also
avoid a possible saturation of photomultiplier tube due to the depend on the number of porphyrin units; the intensity of the
short duration of up-converted UV light even though its average low-energy Soret bands becomes increasingly stronger than that
power is very low. of the high-energy Soret bands. On the other hand, the spectral
Time-Correlated Single Photon Counting Technique. shifts in the Q band region are modest with a gradual increase
Picosecond time-resolved fluorescence experiments were carriedn intensity. Figure 1b shows the absorption spectra of the arrays
out by using the time-correlated single photon counting (TCSPC) with absolute intensity, which may be helpful for recognizing
method. The picosecond excitation pulses were obtained fromthe high absorptivity of longer arrays such as Z64. As the
a cavity-dumped picosecond dye laser (Coherent 702) synchro-number of porphyrin units increases, the extinction coefficients
nously pumped by a mode-locked Nd:YAG laser (Coherent are much enhanced up t10® M~ cm™® for Z64 covering
Antares 76-s). The cavity-dumped beam from the dye laser hadalmost entire visible region. The large extinction coefficients
2 ps pulse width and an average power of ca. 40 mW at 3.8 as well as the wide spectral coverage in longer porphyrin arrays
MHz dumping rate when Rhodamine 6G as the gain dye was provide a prospect that the directly linked porphyrin arrays can
used. The emission was collected af 4fth respect to the be good candidates as the artificial light harvesting complexes
excitation laser beam by 5- and 25-cm focal length lenses, to capture efficiently a wide range of the incident visible light.
focused onto a monochromator (Jobin-Yvon HR320), and The systematic spectral changes of the Soret bands can be
detected with a microchannel plate photomultiplier tube explained by the point-dipole exciton coupling theory developed
(Hamamatsu R2809U). The signal was amplified by a wideband by Kasha®3! The Soret band of Zn(Il) porphyrin has two
amplifier (Philip Scientific); sent to a Quad constant fraction perpendicular dipole components of &1d B, as depicted in
discriminator (Tennelec), a time-to-amplitude converter Scheme 1, which are degenerate in a simple monomer. However,
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Figure 1. (a) Ultraviolet-visible-infrared absorption spectra of por-  the energy difference between the red-shiftgd&nds and the
phyrin monomer and mesaneso-linked porphyrin arrays from Z2 0 \\nheryrhed Band B bands. WhemAE data were plotted
2128. (b) A series of extinction coefficient spectra of the porphyrin - . . . .
arrays up to Z64 in THF. Reproduced with permission from ref 22b. according to eq 1, we obtained a stralgh.t “n? with a slope of
4250 cnt! (V = 2125 cntl) as shown in Figure 2a. The
observed linear relationship indicates that the absorption spectral
shapes are actually influenced by the number of porphyrin units,
and the constituent porphyrin pigments are aligned in a regular
arrangement though some deviation from the linearity was
observed in the region of very long arrays.
In a similar analogy, the exciton coupling strength in the S
state was evaluated. The energy differences between the Q(1,0)

in the case of Z2, parallel Btransitions couple effectively,
whereas other dipole interactions should be virtually zero for
an averaged perpendicular conformation in Z2. Thus, the Soret
band of Z2 is split into a red-shifted \Bcomponent and
unperturbed Band B, components (Scheme 1). Though the
unperturbed Soret transitions observed around 413 nm for all

of the arrays (Z2Z128) suggest an orthogonal conformation, bands of Z1 and the porphyrin arrays (Z216) were plotted

we note that these bands also become broader as the IoorIOhyrIrallccording to eq 1. We obtained the best-fitted lines with a slope

arrays become longer, indicating the increasing conformational of 1140 cnt* (V = 570 cntY) as shown in Figure 2b (solid

heterogeneities gaused by the . d|hedr'all angle distribution, line). If the electronic coupling between porphyrin units is totally
aggregate formation, and partial insolubility, if any, of longer attributed to the dipoledipole interactionV can be estimated

porphyrin arrays. to be ~130 cn1! from the ratio of the integrated absorption
Electronic Coupling Strength of Orthogonal Porphyrin area between the B and Q bandsl(16), and the consequent

Arrays. According to the exciton coupling theof§;3! the energy differences can be predicted as the dotted line in Figure

relationship of the splitting energ\E, is predicted as 2b, which is much deviated from the experimental values,

indicating that there are additional interactions besides the point
AE = 2V cos{ T ) 1) dipole—dipole interaction. These additional interactions are
N+ 1 attributable to the through-bond interaction between porphyrin
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TABLE 1: Transition Properties and Electronic Structures
6=90° |4 of the Lowest 16 Singlet Excited States of mesemeso
8001 Linked Porphyrin Dimers, as Obtained from INDO/S—SCI
Calculations
4004 LD State Doqg D, AE (eV)a o F’(;T(OA))C Wg(%)d
Q (@) 0 = 90°
0 Q. Qx B, By 1.81 0.102 2.1 96.7
' 0 Q E B, 1.82 0.031 1.6 96.7
800 L4 Q; E Bs 1.82 0.031 1.6 96.7
Qo Ay A 1.83 0 0.9 96.6
By B, B, 2.85 3.799 19.0 954
4004 L) o CTy E B, 2.87 0.087 92.3 93.8
CT, E Bs 2.87 0.087 92.3 93.8
CTo Ar A 3.01 0 99.1 98.5
0 0 CTx B, B 3.07 0.590 81.0 97.5
CT\ A B 3.14 0 95.9 89.5
8004 CT¢ B1 A 3.14 0 95.9 89.5
By E B, 3.17 1.885 10.8 93.7
B, E Bs 3.17 1.885 10.8 93.7
4004 F2 ~ CTy E B> 3.34 0.090 92.7 96.3
Q. CT, E Bs 3.34 0.090 92.7 96.3
Q, Bo As As 3.37 0 1.1 89.2
0 ; 0 (b) 6 = 60°
8004 B, 9=60° |4 Q« By 1.76 0.071 5.7 96.8
/ Qy B, 1.77 0.045 6.1 96.8
~ Q. Bs 1.81 0.024 2.6 96.7
400- S AN AR ) Qo Ay 1.83 0 2.2 96.5
~7 |7 N Q By B 2.70 3.631 33.0 94.4
S R Q CT; Bs 2.80 0.063  86.0 92.7
o L e S , 0 cT, B, 282 0266 843 934
8 e CTo A 2.97 0 97.2 98.1
200 : =50° 14 CTx B 3.03 0.119 89.9 97.0
. B, Bs 3.05 0.812 26.1 93.0
P CTy A 3.09 0 86.2 89.4
4004 N A L2 By B 3.12 1.706 42.6 94.3
/BN | Q CT{ B 3.33 0.792 64.7 89.9
,o'l A Q CT, Bs 3.36 0.173 74.7 92.8
0 S S . B , o Bo A 3.39 0 7.6 88.0
4.0 35 30 2.5 2.0 L5 CTy B, 3.46 0.768 42.7 68.0
Photon energy (eV) a Excitation energy® Oscillator strength¢ Interunit charge-transfer

Figure 3. INDO/S—SCI simulated linear absorption spectra of probability. @ Total contribution of transitions within eight-orbitals to
diporphyrins on the basis of B3LYP optimized structures (solid line). the SCI wave function.

The spectra shown by dotted lines are obtained by the dimers with . .
undistorted porphyrin ring (i.e., the geometry optimizedat 90°). In an energy range close to the B bands, we find eight charge-
transfer (CT) states which, together with the LE @@d B)

states, form a complete set of 16 eigenstates resulting from one-

units, which results in a reinforcement of the coupling strefigith, electron excitations within eight orbitals (Table 1). These CT
because the short distance between porphyrin moieti8s36 states are described as one-electron transition fromthera
A) is believed not only to enhance the through-space dipole  a, MO of one unit to one of thegMOs of the other unit (refer
dipole interchromophoric electronic coupling but also to increase to the Appendix 1). As can be seen from thegr values, the
the through-bond interaction. mixing of LE and CT character in the excited states is minimized

Electronic Transitions of Orthogonal Diporphyrin. The for the orthogonal diporphyrin due to nearly prohibitectlec-
states arising from monomer’s Q and B bands are designatedtron delocalization between the porphyrin subunits. The energy
by Q and B, respectively, wheré ( = X, y, 2) stands for the levels of the CT states should strongly depend on the intersub-
orientation of the transition dipole as indicated by the present unit distance (the center-to-center distance of the two porphy-
calculation { = 0 for a dipole-forbidden state). We note that rins), because the Coulomb attraction between electron and hole
the degenerate ,Band B are close in energy to the B band of constitutes an important stabilizing factor. In this regard, it is
a monomer and the ,Band B are split into low- and high- interesting to note that the energies of the,QTT,) and CT

energy sides, respectively (Scheme 1 lnd 90° in Figure 3). states are roughly similar to those of, By, and B states,
The relatively large CT (charge transfer) contribution to the B respectively § = 90° in Figure 3 and Table 1). This feature,
band, which is caused by the through-space, indirezinjuga- which is quite specific to the mesaneso linked diporphyrin

tion, would be responsible for the overestimation of the energy (Z2), is caused by the situation that the two porphyrins are
separation between the Bnd B, (B,) bands. On the other hand, located in a close proximity with the center-to-center distance
all of the Q states have more clear LE (localized exciton) of only 8.35 A. In addition, the calculation has predicted that
character than the B states. The quite sma0.01 eV) energy no CT state except Ghas sufficient oscillator strength to make
separation calculated for the,@nd Q (Q,) states leads to the  any significant contribution to the absorption spectrum of the
assignment of the Q(0,0) band as a superimposition of theseorthogonal diporphyrin (Z2).

transitions and supports the vibronic nature for the shoulder Resonance Raman Spectroscopic Measurements of Or-
(Q(2,0) band) observed on the high-energy side of the Q(1,0) thogonal Porphyrin Arrays. Ground-state RR spectra of
band?3 Zn(Il)porphyrin arrays were obtained by photoexcitation at their
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Figure 4. Series of ground-state RR spectra of the porphyrin arrays from Z1 to Z128. For Z1, the thick solid line represents the RR spectrum
obtained by photoexcitation with 457.9 nm line and the thin solid line the RR spectrum by photoexcitation at 436 nm. For Z2 and Z4, the thick solid
lines represent the RR spectra obtained by photoexcitation in resonance with the low-energy exciton split Soret bands and the thin solid lines are
the RR spectra obtained by photoexcitation at high-energy Soret bands at 416 nm. The RR spectra for 26, Z16, 264, and Z128 were obtained by
photoexciation in resonance with the low-energy exciton split Soret bands. Reproduced with permission from ref 22b.

low-energy exciton split Soret bands; for instance, 457.9, 488.0, at 334, 660, and 1179 crhare weakly observed and the RR
and 496.5 nm for Z2, Z4, and Z6, respectively, and 514.5 nm bands at 381, 1007, 1075, 1352, and 1545%that are totally

for longer arrays, which are shown in Figure 4. The Raman symmetric modes in porphyrin monomer are predominant in
spectrum of Z1 was also obtained by excitation at 457.9 nm the RR spectrur’ These observations indicate that the Raman
for comparison. The Raman bands-at354 and~1544 cntt bands of Z2 by photoexcitation at the high-energy Soret band
in Z1, which can be assigned as the totally symmetsiand originate predominantly from the in-plane porphyrin ring skeletal
v2 modes, respectively, are observed at nearly the same positiormodes localized on the monomeric porphyrin ring. This is
in each spectrurf. Some distinct features, however, become consistent with the electronic nature of the high-energy Soret
manifest in the Raman spectra of the porphyrin arrays. pand that is derived from degenerate, orthogonal, and concomi-
Especially, three Raman bands-a660 cm*, where no band tantly noninteracting Band B, transitions. The similarity in

is observed in Z1, exhibit a systematic decrease in their yhe in-plane porphyrin ring skeletal modes between the constitu-

intensities as the number of porphyrinl units in the arrays ent monomer porphyrin and Z2 indicates that the porphyrin
increases. The Raman band-a1179 cnt shows a similar — acr0cycle remains intact in its structure in the dimer.

e i o crene of PO i 2 SO0 The nique features observed in he AR specta o e
185 cntl, which is contributed by phenylporphyrin inter-ring porphyrm arrays are the new Rama” bands with significant
stretching (195 cmt in Ni(ITPP) 28 gains its intensity with intensities obs.erved by photqucﬂa’qon at the|r low-energy Soret
an increase of porphyrin units in the arrays. The Raman bandPands of which the transition dipoles lie along the long
at 381 cmit also becomes strongly enhanced with a slight blue- Melecular axis. Through the dimerization of porphyrins com-
shift to 386 cmt! with an increase of porphyrin units. The bination of normal modes from each porphyrin unit gives rise
Raman band at 1230 crh which is weak in Z2, gradually {0 new sets of normal modes: for example, totally symmetric
increases with a blue-shift to 1242 ciwith an increase of ~ A1modes and nontotally symmetric Biodes are produced by
porphyrin units. The Raman bands at 1003 and 1064tdm  Symmetric and antisymmetric combination of, Bzg, and E
Z1 are shifted to higher frequencies, and their relative intensity modes of porphyrin monomers, respectively, whereas additional
ratios become reverse as the number of porphyrin units in the E modes are made from,Enodes of porphyrin monomers.
arrays increases. These spectral features constantly appear ifnterestingly these modes are not resonance activated, but only
the RR spectra of longer porphyrin arrays, even in Z¥28. monomeric RR features are observed by photoexcitation at the
We have also observed the ground-state RR spectra ofhigh-energy Soret bands. We regard that if these kinds of Raman
Zn(ll) porphyrin arrays from Z1 to Z4 with excitation at their modes are resonance activated by a certain photoexcitation, the
high-energy Soret bands (Figure 2$® The RR spectrum of  photoexcitation should correspond to the one that has a transition
Z1 is the same as that with 457.9 nm excitation. However, the dipole along the long molecular axis. This is exactly what we
overall Raman spectral features of Z2 and Z4 are very different observed by photoexcitation at the low-energy Soret bands of
from those with low-energy Soret band excitation. They closely which dipoles lie along the long molecular axis. Thus, the
resemble the RR spectrum of Z1, in which the new RR bands appearance of new Raman bands is considered to reveal the
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Figure 5. Fluorescence up-conversion temporal profiles ofaZ various probe wavelengths after photoexcitation at 400 nm. The insets show the
fluorescence decay profiles up to longer delay timeandz, represent the rise and decay time constants, respectively. Reproduced with permission
from ref 22b.

delocalized nature of the low-energy Soret bands throughoutstructures and Raman spectra of the porphyrin arrays. The
the whole porphyrin array®. observation that the RR spectral features of the porphyrin arrays
The appearance of the660 and 1179 cmt bands in the with photoexcitation at both high- and low-energy Soret bands
porphyrin oligomers suggests that these bands are associatedre different from each other indicates that the two Soret bands
with the bridging regions of the oligomers. We assigned the have distinctly different electronic nature even though they

~660 cnr! bands as &-Cyn—C, bending vibrationsdo, ¢o' originate from the same monomeric Soret band.
andgg'") of porphyrin monomet®3°5The symmetric combina- Excited-State Dynamics of Orthogonal Porphyrin Arrays.
tions of these modes with # By, and E symmetries, The potential energy surfaces of the &d $ states in the

respectively, give rise to three totally symmetric Raman bands porphyrin monomer are almost parallel, which definitely retards
with A; symmetry in porphyrin dimei¥zg symmetry). The 1179 the S — S; intramolecular internal conversion processes. The
cm~1 band is attributed to thes; mode of porphyrin monomer.  fluorescence temporal profile of Z1 at the red edge of
The vs; mode itself is dominantly gH bending and ¢Cg fluorescence emission after photoexcitation around 400 nm
stretching, but its combination mode in porphyrin dimer is found exhibits the rise component with1.6 ps time constant, which
to involve the G—C;, stretching by normal mode calculation. corresponds to the,S— S; internal conversion process (not
One remarkable observation is the increasing relative intensi- shown)38-3% Figure 5 shows the temporal profiles of the
ties of the low-frequency Raman bands for photoexcitation fluorescence signal in Z2, illustrating about 300 fs rise and
wavelengths longer than 458 nm in the porphyrin arrays. One subsequent~20 ps decay components. The fluorescence
characteristic feature of Raman modes in the low-frequency temporal profiles of Z3 exhibit about 500 fs rise and subsequent
region is a collective motion of atoms such that the pyrrole ring ~20 ps rise components. As for Z4, we were able to observe a
or peripheral phenyl group moves as one mass unit with almostrise component with an approximately 700 fs time constant,
no internal vibration. In the case of the porphyrin monomer, which appeared to be a saturation value for the initial rise
this feature does not seem to have significant effect on component with an increase in the number of porphyrin units
polarizability change, but when the porphyrin array length in the arrays. The following decay component with-aR0 ps
becomes longer and photoexcitation excites molecules alongtime constant was also found in the fluorescence temporal
the long molecular axis, the collective movements of pyrrole profile. In the case of Z8, a rise component with a 700 fs time
or phenyl rings are likely to contribute accumulatively to constantin the fluorescence temporal profiles was observed with
polarizability changes in an effective manner. Thus, this feature a subsequent rise component with-aR0 ps time constant. As
induces the relatively large enhancement ofithg(220 cnt?) for longer porphyrin arrays such as 216, Z32, Z64, and 2128,
and vg (386 cnTl) modes involving pyrrole movements and the initial decay components with time constants of a few
the relatively weakg1o (300 cnTl) mode involving phenyl picoseconds are clearly seen in the fluorescence decay profiles
movements?® in addition to~700 fs rise and 2030 ps decay components as
Overall, a systematic change in intensity and frequency with observed in Z2Z4 and Z8 (Figure 5§2%Clt is to be noted that
an increase in the number of porphyrin units clearly demon- there exists a long-lived tail due to the Sate emission decay
strates that there is a strong correlation between molecularof the porphyrin arrays in the fluorescence temporal profiles,
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which should appear as a plateau in the time window (Figure
5). Thus, the time constant for this slowest decay process in
the porphyrin arrays was confirmed by the TCSPC technique. 120} ® t(r=1t/0)
In Zn, the internal conversion rates are much accelerated
compared with those of Z1, which could be explained by the
concept of the “ladder” acting as intermediate states. The 80|
splitting of the component levels of the Soret manifold °
establishes a band of intermediate levels between the monomeric  ©
Soret band (B B;) and the exciton-split Soret band,{Bn Zn 0
(Scheme 1 In addition, our INDO/S-SCI calculation has

140 -
100

60 -

revealed that the CT bands are accidentally located in the same 20

energy. Therefore, these Soret and CT states provide a “ladder” 0 by : i L
for sequential relaxations between successive pairs of levels that 1 10 100
are separated by energies much smaller than th&Senergy Number of Porphyrin Units

ap in Z1.
gap . . Figure 6. Plot of the number of porphyrin units in the arrays vs the
Because the 5(B,) states are the delocalized excitonic states yejative natural radiative times obtained by the fluorescence lifetimes

being similar to the §(Q,) states in contrast with the monomeric  and the relative fluorescence quantum yields of Reproduced with
localized electronic feature of the, §B,, B, states? the permission from ref 22b.

electronic coupling between the'&nd S states is suggested .

to be stronger than that between thea8d $' states. Therefore, ~ calculate the coherence lengtc) of porphyrin arrays. The
an excellent correlation between the-S,' energy gap and the homogeneous broadening can be estimated as follows:
formation time of the §state suggest that the rate determining

step in the overall internal conversion processes upon photo- __ 1 _ VAnikgT @)
excitation to the & states in 4 is the $ — S’ internal 4 w(FC), T

conversion process.

In the popu]ation dynamics of excitons j‘aggrega{eS, the where 1 is the reorganization ener@‘;’/.When we consider a
excitation intensity dependence of the exciton lifetime observed half of the Stokes-shift ag, y can be calculated to be 247
at higher excitation densities was explained by exciterciton cm143440n the other hand, by using the spectral bandwidth
annihilation. Likewise, the initial fast decay componentse#l  Of the Q-band of Zn(Il)TPP at 103 K,y can also be estimated
ps time constants observed in longer porphyrin arrays underto be 250 cm*. Thus, the average value 6f250 cnt? is used
the high photoexcitation density are believed to arise from for y. According to the empirical formula for the one-
exciton-exciton annihilation processes, because they exhibit dimensional linear array system developed by Kakitani ép4l.,
the photoexcitation density dependence. The initial fast decay the coherence lengtiNf) can be estimated as follows:
components become increasingly manifest in the porphyrin Vv
arrays longer than Z8 with an increase in the photoexcitation N, =1.38+ 1.33— 3)
density. In the case of shorter porphyrin arrays than Z4, however, 4

the temporal profiles remain relatively unchanged with an By using this formula, the coherence lengith= 4.5 for the $
increase in the photoexcitation density, which suggests that tWo ¢{atas of 2 in the absence of inhomogeneity is obtained. Even
or more excitons are produced in the longer porphyrin arrays \ynen the inhomogeneous effects are incorporated {160
than Z4 at higher excitation densities. cmY), the average coherence length would-bé.

The fluorescence temporal profiles for longer porphyrin arrays  \When the pigments interact with each other and radiate in
were obtained up to longer time delays to confirm the time phase, the radiative decay rate becomes enhanced linearly with
constant and relative contribution of 280 ps rise/decay  the number of pigment units. This radiative coherence length
components to the overall dynamics upon photoexcitation to s defined as the ratio of the radiative decay rates with that of
the S states of the porphyrin arrays (insets of Figure 5). These monomer® To estimate the radiative coherence length of Z
components are believed to arise from the conversion of the natural radiative lifetimes are plotted in Figure 6 as a
nonorthogonal conformers in the; State to a perfectly  function of the number of porphyrin units in the arrays according
orthogonal emitting state of the porphyrin arrdysAs the to the relationship ofr, = 7 /® wheret,, 7, and ® are the
photoexcitation wavelength is red-shifted, these componentsnatural radiative lifetime, fluorescence lifetime, and fluorescence
become manifest in the temporal profiles of fluorescence signals quantum yield of B, respectively#®5° Because the natural
in the porphyrin arrays because of the more preferential radiative decay rate is expected to be proportional to the
photoexcitation of heterogeneous conformers in the ground statecoherence lengthN units) and the radiative decay rate of
at a certain wavelength (not shown). The amplitudes of these monomer Karrays = NKnonome), the crossing point value of
components become larger as the number of porphyrin units ingpproximately 56 porphyrin units seems to be a reasonable
the arrays increases, which suggests that the conformationakstimation of the radiative coherence length in these arrays. This
heterogeneity induced by the dihedral angle distribution between radiative coherence length seems to be compatible with the
the adjacent porphyrins become manifest in longer porphyrin estimated coherence length in thes&tes (4.5 porphyrin units).
arrays. The electronic coupling strength and coherence length of

Coherence Length of Orthogonal Porphyrin Arrays. The antenna complexes in natural light harvesting system are also
coherence length has been a central issue in strongly coupledrery important in understanding the energy transfer efficiency
molecular aggregates or arrays and reflects a collective behaviorand the related excitation energy flow. For example, the Bchl
of the transition dipole moments of pigments aligned within a molecules of B850 ring in LH2 are strongly coupled with
molecular aggregates or arrady}$2With the estimated exciton  each other and the elementary excitation is delocalized over
coupling V) and the homogeneous broadening, (we can several pigments, not localized on the monomer. This excitonic
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CHART 2

Z2A n=0
Z3A n=1
Z6A n=4
Z12A n=10
Z24A n=22

delocalization in the light harvesting system is determined from moiety, bisphenylethynyl substituted porphyrin, being indicative

the inter-pigment coupling strength (constructive factor) and the of facile energy transfer.

line broadening effect such as electrgghonon coupling and A series of transient absorption spectra of Z1224A were

site inhomogeneity (destructive factdf)Numerous theoretical ~ obtained by selective photoexcitation af,Zvhich revealed that

and experimental methods have been utilized to assess the sizéne energy transfer process from photoexcitedt&@ acceptor

of exciton delocalization in LH2. From these studies, it has been component A occurs very fast and quantitatively. The kinetic

demonstrated that the coherence length of the strongly coupledprofiles for transient absorption spectral changes for ZZ24A

B850 ring in LH2 is about 4 Bchh molecules'®>51.52Because represent the energy transfer process. The excitation energy

the coherence length ofnids compatible with that of B850 in  transfer (EET) rates could be estimated from the ground-state

natural light harvesting system, our porphyrin array systems bleaching recovery of donor moieties and the stimulated

suggest to be promising in the framework of mimicking natural emission of acceptor unit, of which photoexcitation and detection

light harvesting arrays. wavelengths are indicated in Figure 7, parts b and d for Z1A
Highly Efficient Energy Transfer System Based on Or- and Z6A as representative examples oA&ystems. The EET

thogonal Porphyrin Arrays. Directly linked porphyrin arrays rate constants were determined to be (2.5b&r Z1A, (3.3

(Zn) as the energy donor are expected to realize fast and highlyps) for Z2A, (5.5 psJy! for Z3A, (21 ps) ! for Z6A, (63 ps)?!

efficient energy transfer owing to the repeated regular arrange-for Z12A, and (108 ps) for Z24A.

ment of porphyrin rings with large electronic interactions. We  To describe the energy transfer dynamics imAZwe have

have investigated the energy transfer processes of @onor employed three theoretical models, that is;gfer mechanism,

acceptor systems as shown in Chart BAZn=1, 2, 3, 6, 12, energy hopping, and a simple quantum-mechanical model. First,
and 24) in which themese-meso-bisphenylethynylated por-  the EET between donor and acceptor is approximately explained
phyrin acceptor is linked to an end meso carbon of Z by point dipole-dipole interactions, the so-called”ister

The absorption spectra of hybrid porphyrin arrays in the mechanisnt3>4assuming that the donor array was considered
Q-band region are essentially given by the sum of the absorptionas one single chromophore in this model, resulting in
spectra of mesemeso linked porphyrin arrays (X and energy
acceptor moiety (A), indicating that electronic interactions in 8.8 x 10 5:2dJ
the ground state are relatively weak, whereas Soret bands are k=——F7F——
considerably affected owing to their large transition dipole n'Rr
moments to yield red-shifted and exciton split absorption spectra 4
(Figure 7, parts a and c). This feature enables a selective I= [Fm)ey " dv (5)
photoexcitation of the donor to track down the energy flow from
the photoexcited donor to the acceptor. In addition, the donor  wheren is the refractive index of the solverR,is the center-
emission and the acceptor absorption are very well overlappedto-center distance between donor and accepdorjs the
with each other, being favorable for the rapid energy transfer. fluorescence quantum yield of donar,is the fluorescence
As shown in the insets of Figure 7, parts a and c, the lifetime of donork is the dipole-dipole orientation factor, and
fluorescence emission ofn& comes only from the acceptor Jis the spectral overlap integral. On the basis of eqs 4 and 5,

(4)
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Figure 7. Absorption spectra and transient absorption spectra of Z1A for (a), (b) and Z6A for (c), (d). The emission spectra of each donor
acceptor and 1:1 mixed system after selective photoexcitation of energy donors are shown in the insets of (a) and (c). The bleaching recovery and
stimulated emission temporal profile of donor and acceptor are shown in the insets of (b) and (d).

the Faster energy transfer rate constants are estimated to beTABLE 2: Fluorescence Data and Observed and Calculated
(5.2 psytfor Z1A, (6.9 ps)for Z2A, (20 ps)t for Z3A, (160 EET Rate Constants

ps)t for Z6A, (2300 ps)! for Z12A, and (49000 ps} for model R(A)?  kops(psY)? ken (PSS ken (PSY)?  ken (pSY)®
Z24A. These slow energy transfer rates stem from the inter- 1 127 25t01 52

molecular distanceR) term, which means that the mesmeso Z2A 169 3.3+0.2 6.9 5.0 3.4
linked porphyrin array cannot be assumed as one chromophore Z3A 21.0 55+05 20 7.5 4.7
and the through-bond contribution via phenylene linkage to the Z6A gg-g %éi ?, %ggo ég %
overall energy transfer fromrzto A will be significant. Thus, Z24A 109 108t 7 19000 60 163

the following two mechanisms are considered.
We considered each porphyrin moiety im ZAs one chro- aCenter to center distances between t_h.e donor ar_1d the acceptor.
mophore. The energy hopping in the donor arrays may be one” EET rate constants measured by the transition absorption spEtifia.
of considerable mechanisms. In this calculation, we employed rate constants calculated from eqY£ET rate constants calculated
. : : . ’ - from eq 6.¢EET rate constants calculated from eq 8 wher 4.
a matrix-formulated eigenvalue/eigenvector approach imple-

mented by Donohoe and co-workéPgsing empirical data to .
y SJsing emp where A* and Z1* represent the local excited state of A and

predict the quantum efficiency. In our case, assuming that the X -
absorption characteristics of each porphyrin unit in the donor 21, respectiv ely. The values calculated from eq 6 are shown in
are identical, the energy transfer scheme was given as follows: 1 aPI€ 2, which does not seem to be so outrageous, though they

still show some deviations from the values observed by transient
absorption method.

Finally, we would like to consider the energy transfer rate
from simple quantum mechanical treatments. In our well-defined
array system, the energy transfer rdig) Can be expressed by
using the time-dependent perturbation theory (refer to the

k k
Zn—eee—Z2%—Z1—A «k—l» Zn—eee—Z2—71*—A —
1
ZN—eee—72—71—A*

The model yields pseudo-first-order rate becakisaould be
much faster thaiy, which is predictable from the fact that the  Appendix 2 for the details)
excitation energy hopping rate im4s estimated to be~0.2 R\3 5
ps)tin the previous femtosecond transient absorption aniso- i 7 K
tropy decay of z and the energy transfer rate from photoexcited R SIn(N n 1”) 1
Zn(Il) porphyrin to free-base porphyrin in the mesmeso
phenylene linked porphyrin heterodimer was evaluated to be whereN is the number of porphyrin units in the donor array
(~3 ps) .22 Thus, we can obtain the following equation: and R, represents the distance between tite donor and
acceptor.

Equation 7 was obtained with the assumption that the lowest
exciton state is coherently coupled with all molecules in the

2 N

x|y

N+ 1|

()

(6)

2
= kZ1* ~ =
2 n

dt
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Wavelength (nm) interactions between the parallel transition dipoles such as the

350 400 450 500 550 600 650 case of H aggregatés.The strong interactions along the
L L L . Lt intermolecular axis give rise to the absorption band at 478 nm,
Tk whereas the higher energy split band is not allowed due to out-

of-phase interference of transition dipoles. In the absorption
spectrum of the most planar S1, three distinct bands are observed
at 395, 425, and 483 nm in the Soret band region. intBe
exciton coupling framework suggests that the dipole-allowed
By + By states should appear at the same position for all of the
strapped diporphyrins, because the Coulombic interactior in B
+ Bx should be independent of the dihedral angle. However,
the exciton split B band of S1 is further red-shifted from 450
to 483 nm, which indicates that the cumulenic resonance
; interaction should be considered to be responsible for the red-
. i _ : Sl shift of the split B band. Along with these changes, the Q bands
28000 26000 24000 22000 20000 18000 16000 display systematic changes including a change from a prominent
-1 Q(1,0) band at 552 nm and a weak Q(0,0) band at 589 nm in
Wavenumber (cm ) S10 to distinct Q(2,0) and Q(1,0) bands at 540 and 572 nm,
Fhigufrle 8. Absorption sp;ectre; ozleligz, ar&mgzl t_oluter|1e. Insetﬂshowhs . and a weak Q(0,0) band at 625 nm in S1.
the fluorescence spectra o s , an In toluene arter oto- . . . .
excitation at 400 nna. Reproduced with permission from ref 23(?. The structures_of ﬁ_;estlr‘_nated by MM2 calculations |nd|cat(_a
that the porphyrin rings in S10 and S8 are almost flat with

donor aggregates, which is acceptable wheis small. When ~ Nnegligible mean plane deviations and arranged roughly in a
N is large, however, the lowest exciton state should be Perpendicular manner with the dihedral angles of 8dd 89,
coherently coupled by only a limited numbkr because the  respectively, along the mesmeso linkage. Foriwith shorter
coherence is easily disrupted at long distance. In this case, thestraps, the dihedral angles have been calculated as followis: 79
lowest exciton states exist by a numberNdf- L + 1 on the  (S6), 75 (S5), 70 (S4), 47 (S3), 4T (S2), and 36 (S1). The
linear array. Let us assume, for simplicity, that the lowest exciton X-ray data of Cu(ll) complexes of Z2, S2, S4, and S8 analogues

Fluorescence Intensity

Absorbance

____________________

states are realized with the same probability oNIA L + 1), have also provided very useful structural information on their
where eq 7 should be replaced by corresponding Zn(ll) porphyrin dimef8.It was revealed that
Z2 (Cu) is composed of two quite planar porphyrin rings (the
ky=k/(N—L+1), whenN>L (8) mean plane deviation of porphyrin ringg = 0.05 A) by

orthogonal conformation. On the other hand, a single structure
The EET rate constant relative to thatZfA (N = 1) is given of S8 (Cu) exhibiting two ruffled porphyrin ringsp(= 0.33
by ki/kn. WhenL was set variable, the most reliable rate constant and 0.35 A) connected by mesmeso bond length of = 1.50
was calculated fok = 4, and the calculated EET rate constants A with the dihedral angles of; = 64.9 and6, = 80° (6, and
are listed in Table 2. We see therein that the calculated resultsf2 are the dihedral angles between porphyrins at strapped and
are in a good agreement with the observed ones. Therefore, thiginstrapped sides, respectively) was observed. In S2 (Cu) and
quantum mechanical theory seems to be most suitable, againS4 (Cu), two different conformers (A and B) packed in a
supporting a view that the excited states of the tightly bound pairwise manner were observed. In the crystal of S2 (Cu), the
porphyrin arrays should be excitons covering a number of A structure exhibitsp = 0.46 and 1.30 Af; = 50.6’, 6, =
molecules coherently. Equation 6 corresponds to a special casé#9.4, andy = 1.52 A and the B structure exhibits = 0.15
of eq 8 forL = 1. Conclusively, all donoracceptor systems ~ and 1.64 Ag; =50.3, 6, = 55.0°, andy = 1.48 A. Similarly,
(znA) illustrate highly efficient molecular photonic wire due  in S4 (Cu), the A structure exhibits = 0.65 and 0.72 A9, =
to large excitonic interactions inrzarising from a close ~ 60.8, 6, = 67.5, andy = 1.53 A and the B structure exhibits
proximity and a lack of energy sink owing to well-defined ¢ = 0.61 and 0.70 Ag; = 53.2, 6, = 58.8, andy = 1.47 A.

orthogonal geometry along the arrays. A and B conformers have nearly the same mean plane deviations
but differ largely in the mesemeso bond length, which is

IV. Photophysical Properties of Strapped Diporphyrins: longer in A and shorter in B.

Sn The inset of Figure 8 shows the steady-state fluorescence

Steady-State Absorption Spectra of Strapped Diporphy- spectrum of S2 in toluene as well as those of Z1 and Z2. It is
rins. Figure 8 shows the absorption spectra of Z1, Z2, and S Worth noting that S2 exhibits a broad fluorescence spectrum
in toluene, indicating that the spectra of &e more complicated ~ €xtended to NIR region with a large red-shif¢{000 cm?),
than those of Z1 and Z2. The dihedral angle between the two Whereas the spectral bandwidth of Z2 is similar to that of Z1

porphyrins in $ decreases by shortening a strap chain length With a little red-shift €-500 cn?). The fluorescence spectrum
(Scheme 1), which is followed by structural distortions and ©Of S2 also reveals a shoulder at 725 nm in addition to the main

drastic absorption spectral changes. In going from S10 to S1, band at 670 nm. The two isomers are expected to have different

the absorption spectra exhibit systematic changes both in thePhotophysical properties, because the conformers have different
B- and Q-band regions, whereas S10 exhibits similar split Soret interporphyrin distances, i.e., the B conformer with a shorter
bands at 414 and 447 nm to those of Z2 except a slight interporphyrin distance is expected to have stronger intermo-
broadening. The intensities of the Sp“t Soret bands around 415|ecular interactions than the A conformer. These results Suggest
and 450 nm decrease’ and the absorption bands around 400 an@lat there exist at least two emissive isomers having different
>460 nm are intensified, particularly in S3, S2, and S1. In S2, Photophysical properties in S2.

the monomeric band at 412 nm is split into two bands at 397  Molecular Orbital (MO) Considerations. To understand the
and 424 nm, which indicates that there exist B B, pair absorption spectra of the strapped diporphyrins, we started with
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a simple quantum chemistry considerab®t and proceeded  CT'y, and CT, states can be ascribed to the enhanced LE
to more sophisticated calculations as described in the following. character in their electronic structures whters 60° (Table 1).
Initially, the strapped diporphyrins are modeled as porphyrin Moreover, this situation can be regarded as a result of config-
dimers with variable dihedral angle8 { between the meso uration mixing between these CT states andi B x, y) states
meso linkage as displayed in Scheme 1. All of the geometries caused by the increased mesoesos conjugation.

were optimized by using the B3LYP hybrid density-functional  |n contrast to the case of the,BB, pair, the calculation
theory as implemented in the Gaussian 98 stiilhe structures  predicts that the (shifts to the low-energy side of the,@s6

of monomer and orthogonal diporphyrin were fully optimized deviates from 9@ Thus, the red-shifted Q(0,0) band observed
underDg4, and Dog symmetrical constraints, respectively, and for Sn would be assigned to a superposition of thea@d Q

have been calculated to gain the minimum energy structurestransitions. Note that, in contrast to the B states, all of the Q
by performing the normal-mode analysis. For the diporphyrins states retain their LE character, even for the twisted geometries
with 6 < 9C°, all of the geometrical parameters excéptere because of their energy separation from the CT states that
optimized assumind, symmetry. The energy minimum is  prohibits efficient configuration interactions among them. This
rather shallow around 90but the B3LYP total energy starts  calculation has shown that the red-shifts of thg@)), By, and

to increase significantly at arour= 60° presumably because B, bands, in going fron® = 90° to 6(°, are 0.05 (0.05), 0.15,

of the increasing steric repulsion between the periphgral and 0.05 eV, respectively, which are in a good agreement with
hydrogens adjacent to the mesmeso linkage. It is noteworthy  the corresponding values of 0.12, 0.18, and 0.08 eV obtained
that this repulsion also induces significant distortion in the from the S10 and S2 spectra.

porphyrin planes. As discussed above, the INDG#SCI calculation has suc-
The absorption spectra of the model diporphyrins were cessfully predicted the significant contribution of several CT
calculated by the single excited configuration interaction (SCI) states (especially the GTand CT,) to the spectral changes
method on the basis of the intermediate neglect of the differential caused by the shortening of the strap length m \8hich are
overlap model for spectroscopy (INDO/S) HamiltonP&rOn accidentally located in energy close to the excitonic transitions,
the basis of SCI, the absorption spectrum was calculated byincluding the B, By, and B bands. Because the simple exciton
the standard sum-over-states forntfilassuming a lifetime coupling theory is insufficient to explain the photophysical
broadening of 0.1 eV for all of the excited states. The energy properties of 8, the INDO/S calculation is quite complemen-
levels of the frontier eight orbitals for the diporphyrins obtained tary, successfully addressing the unique photophysical properties
from INDO/S calculations are formed by combinations of of Sn.
monomer’s four frontier orbital®. The INDO/S-SCI simulated Resonance Raman Spectra of Strapped DiporphyrinsA

absorption spectra for the dimers 6f< 90° are previously  series of RR spectra ofidy photoexcitation at 457.9 and 488.0

displayed in Figure 3 (solid lines) and the transition properties nm are shown in Figure 9 together with the RR spectrum of Z2
of the lowest 16 excited states for the diporphyrin with= for comparison. They show quite different RR enhancement
60° are listed in Table 1, which shows that experimentally pattern depending on the photoexcitation wavelength, which is
observed features are well reproduced. To reveal the influenceattributable to the electronic nature of the relevant absorption

of ring distortion, we have also performed INDG/SCI pand. The RR spectra ofnSy photoexcitation at 488.0 nm
calculations for the dimers composed of flat porphyrin subunits exhibit nearly the identical RR enhancement pattern except a
whose geometries were obtained by changing dhiy the large enhancement of the low-frequency modes below 500 cm

optimized geometry of the orthogonal dimer. The results are in going from S10 to S1. Most of the Raman bands are attributed
plotted by the dotted lines in Figure 3. We note that the spectral o the totally symmetric modes spanning thesfkmmetry under
changes are caused essentially by the dihedral angle, whereaghe D,y point group of Z2 like the Raman bands of S10 by
the ring distortion enhances the absorption on the high-energyphotoexcitation at 457.9 nm. The Raman bands at 1545, 1352,
side of the § band. The symmetry lowering fromzq to D> 1291, 1184, 1005, and 386 ctin the RR spectrum of S10
lifts the degeneracy of the excited states, where the splitting of are attributed to the,, va, vo7, vs1, ve, and vg modes of the
the B,—B; pair follows the exciton coupling scheme with the porphyrin monome?3 The large enhancement of the triple
By carrying more intensity and lying at the high-energy side. bands at around 666 crhthat originate from @CrnC, bending
However, their energy separation is so small (0.07 eV &t vibration is also observed. These typical features are observed
60°) that they would merge into a single band that probably from S10 to S1 by 488.0 nm excitation, revealing a consistency
corresponds to an intense peak around 420 nm in the S3, S2with the MO calculation that the absorption band of S1 at 478
and S1 spectra. On the other hand, as shown in Figure 3, wenm possesses the excitonic nature polarized along the long
find that the absorption appearing on the high-energy side of molecular axig3¢
the B, band (about 400 nm in the S3, S2, and S1 spectra) is The RR spectrum of S10 by photoexcitation at 457.9 nm is
formed by a superposition of the Gnd CTy transitions. AS  pearly the same as that of Z2, exhibiting the dominant
shown in Table 1, these states show remarkable enhancementhancement of the totally symmetrig fodes under thByq
in their oscillator stre.ngths and the GTs significantly blue- symmetry point group of Z2. In going from S10 to S1, however,
shifted at) = 60° relative to the case d¢f = 90°. Inthisregard,  the RR enhancement pattern shows systematic changes. The
it is worthwhile to point out that the ring distortion enhances Raman bands at 1519, 1490, 1444, and 1023checome
the blue-shift of the CT, this may be responsible for the more gradua”y Stronger’ and the |0W_frequency bands such a&the
pronounced peak calculated for the ring-distorted geometry. mode at 387 cmt lose their intensities. The gradual enhance-
In the energy region between the &1d B, bands, we note ment of these RR bands in going from S10 to S1 indicates that
that the oscillator strength of the ¢Btate is significantly the electronic nature of the corresponding transition is quite
enhanced, whereas that of the CGfate is attenuated with a  different from the red-shifted excitonic band at around 480 nm.
decrease in the dihedral angle. In addition, the associated red-The spectral changes can be understood comparatively by the
shifts of these CT states are less prominent relative to that of electronic property changes that the position of the low-energy
the B, band. The above-mentioned intensification of the,CT  exciton transition (B+ By) is shifted from 450 to 480 nm with
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Figure 9. Resonance Raman spectra of Z2 andrSTHF by excitation at 457.9 nm (left column) and those oftfy excitation at 488.0 nm (right
column). Reproduced with permission from ref 23c.

a decrease of the strap length, whereas a newt(@fisition i.e.,, 1.84,1.82,1.77, 1.65, and 1.53 ns for S8, S4, S3, S2, and
appears around 450 nm with considerable intensity. As the low- S1, respectively. Judging from the X-ray data and MM2
energy exciton band is shifted out of the (Cdand, the RR calculations of 8, we can find a trend that the mean plane
enhancement of excitonic nature becomes reduced and that ofleviations become gradually severe in going from S10 to S1.
CT nature becomes manifest. The new spectral features observeth this regard, a systematic decrease in the overall fluorescence
in Sn with a short strap length by 457.9 nm excitation are lifetimes suggests that the porphyrin ring distortions wh3@ve
analyzed in terms of the B-term scattering between the relevanta good correlation with the overall fluorescence lifetimes as
CT transition and nearby strong excitonic transitié#fsThe compared with Z2 having planar porphyrin rings. im 8harge-
transition density matrix calculation revealed that &hd G transfer states are accidentally located in the energy region
atoms have large spatial overlap, which explains successfully spanned by the split Soret bands. However, no charge-transfer
the observed RR bands, for instance, appearing at 1519, 14900r charge-resonance transitions but only Q bands exist in near

and 1444 cml. They are assigned as thg, v11, andvs modes, S, region, which explains why the lowest excited-state decay
respectively. All of them involve large movement o(C,Cg) of Snis not affected much by a change in the dihedral angle as
and/orv(CCp) vibrations?3cHowever, we cannot totally neglect ~ well as the interporphyrin distance.

the contribution from the A-term scattering from the \CT To explore the conformational dynamics, if any, possibly

transition itself considering its considerable, even if relatively occurring in much faster time scale, S2 is suggested to be a
weak, oscillator strength and mixed nature between CT and representative candidate having small dihedral angle with mean
excitonic characters observed in the MO calcula&n. plane deviation and two conformers, because S1 becomes
The RR spectra of Sn obtained by photoexcitation at 406.7 disintegrated slowly under prolonged laser light illumination
nm are nearly the same irrespective of the dihedral angle changeand the conformational effect induced by reduced dihedral angle
(not showny3 The RR spectra exhibit spectral features is suspected to be not so large in S4. To investigate the relaxation
characteristic of the porphyrin monomer, indicating that the dynamics of S2 occurring in a faster time domain, we carried
high-energy Soret bands ofmSargely maintain monomeric  out femtosecond fluorescence upconversion experiment. Figure
character in going from S10 to S1. This supports the MO 10 shows the temporal profiles at the two different probe
calculation showing that theyBind B transitions are still nearly =~ wavelengths of 562 and 668 nm. The global deconvolution at
independent and have substantially monomeric charafers. 562 nm gave the two time constants-e®.5 and 15 ps as decay
Excited-State Dynamics of Strapped Diporphyrins.The and rise components, respectively, whereas the two time
fluorescence decay profiles ohShow similar temporal profiles  constants of~0.5 and 15 ps were obtained at 668 nm as rise
with single-exponential decay, indicating that the lifetimes of components. As shown in the inset, the time constant of 1.65
the lowest excited singlet states af &re quite similar despite  ns was also observed in much slower time interval at 668 nm.
their structural distortions such as mean plane deviations and Figure 11 displays the transient absorption spectra of Z1, S2,
existence of two conformers. However, although the time and Z2 in toluene upon photoexcitation at 400 nm at various
constant of S10 (1.96 ns) is comparable to the fluorescencetime delays. In the NIR region from 700 to 1000 nm, no typical
lifetime (1.98 ns) of Z2, the time constant gradually decreases, spectral structures have been observed for both Z1 and Z2 within
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tional dynamics, whereas it is also suggested that the activation

© S2;4 =400 nm, =668 nm
n e
= 165ns

Sl;xp_=400nm = i . o . .
o A =562nm g ooy barrier for the conformational dymanics in S2 is lower on
[Z03x0lps E oo reaction coordinaté?23 After the Soret band photoexcitation,
,=15+1ps T

g

: Z2 in the excited state in the Franelcondon region proceeds
ID=3!’§:??::' b to reach an equilibrium position on the excited potential energy
“lstlps ’ Tmeeiy g9 | surface, where the probable reaction coordinate could be

e 2 g ascribed to the dihedral angle between the porphyrin macro-
cycles. Unfortunately, however, it is difficult to assign the
reaction coordinate in S2 clearly because of the expectedly
complicate structural changes.

Fluorescence Intensity

V. Photophysical Properties of Fused Porphyrin Arrays:
Tn

Time Delay (ps)

Figure 10. Fluorescence temporal profiles of S2 at 562 and 668 nm Steady-State Absorption Spectra of Fused Porphyrin
after photoexcitation at 400 nm, which were obtained by fluorescence Arrays. Figure 12 shows the absorption spectra of the fused

upconversion technique. The inset shows the fluorescence temporatZN(I1) Porphyrin arrays (W) in CHCl. The fused porphyrin

profile at 668 nm with the time constant of 1.65 ns in longer time arrays display drastically red-shifted, even to the IR region,
window after photoexcitation at 400 nm. Reproduced with permission absorption spectra reflecting extensiwelectron delocalization

from ref 23d. over the array. The absorption bands of the fused porphyrin
arrays are roughly categorized into three distinct well-separated

a delay time of a few hundred picoseconds. On the other hand,Pands, which are marked as, B, and Q bands in near UV,
S2 exhibits a broad band structure of the stimulated emissionVisible, and IR regions, respectively, on the basis of their
at around 650 nm, of which the bandwidth is about four times transition properties revealed by the PFCI calculations®
broader than those of Z1 and Z2, which is consistent with the The bands in the near UV region retain nearly the same positions
steady-state fluorescence spectra shown in the inset of Figureas that of the Zn(Il) porphyrin monomer, but a significant
8. The decay profiles of S2 were observed at 480, 660, and Proadening in their bandwidths occurs. In contrast, the absorp-
900 nm after photoexcitation at 400 nm, which correspond to tion bands in the visible and IR regions continuously shift to
the ground-state bleaching, stimulated emission, and photoin-the red as the number of porphyrin units increases. Along with
duced absorption, respectively (the right side column of Figure @ continuous red-shift in the absorption bands of longer arrays,
11). The stimulated emission decays with the two different time the relative intensities of the,&and Q bands are increasingly
constants of 0.5 and 15 ps, which are similar to those observedstronger as compared with thg Bands. It is also noteworthy
in the fluorescence upconversion experiment (Figure 10). A rise that the absorption in the interval wavelength regions between
component was also observed with the time constant of 0.5 psthree distinct absorption bands becomes enhanced upon elonga-
at 900 nm, which is attributed to the S S; internal conversion  tion of the fused porphyrin arrays, which implies that more
process. Following fast energy relaxation dynamics with the complicated and congested electronic states lie in energy regions
time constant of 0.5 ps, the lowest excited state relaxes slowly between three main bands of longer fused Zn(ll) porphyrin
with the time constant of 1.65 ns. The 0.5 ps time constant of arrays.
S2 is a little slower than that of Z2 (0.3 ps), which is consistent ~ Molecular Orbital (MO) Considerations. The frontier
with a trend that the internal conversion to the lowest excited- orbital energy levels of the Zn(ll) tetraphenylporphyrin monomer
state becomes slower as the exciton split Soret band is more(Zn"TPP) and T2 are shown in Figure 13a as obtained by the
red-shifted, because the energy difference between the monodNDO/S—SCI calculations. As indicated in Figure 13a, the
meric Soret band and the split Soret band incre&&es. highest four occupied and the lowest four unoccupied orbitals
On the other hand, following fast energy relaxation dynamics of T2 are formed by the combinations of the monomer’s “four
with the time constant of 0.5 ps, the 15 ps component was alsoorbitals’® with their significant energy splittings relative to the
observed in the fluorescence upconversion and stimulatedmonomer levels. Because the orbital pattern of these eight
emission decay profiles. A careful inspection shows that the orbitals is essentially the same as that obtained by the previous
component with the time constant of 15 ps increases in the PPP calculatio? only the HOMO and LUMO among them
ground state bleaching signals, as the probe wavelengthare depicted in Figure 13a. It is noteworthy that the LUMO of
decreases from 480 to 420 nm after photoexcitation at 395 nm, T2 exhibits significant bonding amplitudes at all of the three
which is generally opposite to the vibrational cooling pro- linkages (mesemeso and twg—/31), whereas the antibonding
cess£162 The photoinduced absorption signal was observed to contribution is essentially restricted to the mesoeso linkage
have a broad spectral feature in this probe region (Figure 11), for the HOMO in consistent with the much larger energy-shift
indicating that the dynamics in the excited states can be mixedof the former than that of the latter. Therefore, the progressive
with the ground-state bleaching signal. In addition, the com- red-shift of the Q band of Th would be largely attributed to
ponents with the time constant of 15 ps in the ground state such nature of the LUMG?©3
bleaching signals at the same probe wavelength, i.e., 420, 445, ForT2, the INDO/S-SCI calculated absorption spectrum is
and 480 nm, were reduced slightly when the pump wavelength shown in Figure 13b, and the transition properties of the lowest
was changed from 395 to 400 nm. Thus, we suggest that thel8 singlet excited states are summarized in Table 3. Based on
time constant of 15 ps originates from the decay dynamics of the present calculation, the, (B, and B, absorption bands in
the photoinduced absorption, which leads to the conclusion thatthe T2 spectrum are assigned to thg,] 2By, and By, states
the conformational dynamics is the most probable arguments. (in the D2, notation), respectively, indicating that the transition
We note that the conformational dynamics of S26 ps) is dipole moment is parallel to the long moleculaaxis for the
a little faster than that of Z2~20 ps). The existence of two  Qyand B bands, whereas it is aligned along the short molecular
conformers in S2 is largely responsible for the fast conforma- y axis for the B band. Although the splitting of the monomer’s
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Figure 11. Transient absorption spectra of Z1 (top), S2 (middle), and Z2 (bottom) at three time delays after photoexcitation at 400 nm (left). The
transient absorption temporal profiles and fitting results were shown (right). Reproduced with permission from ref 23d.

B band into the Band B, bands is consistent with the exciton-
coupling scheme, the CT character of tHg2and 8B,, states

two absorption bands are detected at ca. 458 and 515 nm. We

assign these absorption bands to tBg,3CTx band) and By,

is significantly enhanced as compared with the corresponding (CTy band) states, respectively. The low-energy intersubunit CT

excited states of mesaneso linked Zn(ll) diporphyrii® For
the SCI expansion of theB}, state (Q band), the contribution
of the HOMO to LUMO transition amounts to 72%, whereas
that of the HOMO-1 to LUMG-1 transition is only 15%. Then,
the overall transition dipole moment of this state is dominated
by that of the former resulting in the markedly intensified Q
band as compared with the Q(0,0) band of the porphyrin
monomer which is very weak due to a mutual cancellation of
transition dipole moments of nearly degenera,, e;) and
Y(azu, &) configurations. The intensification as well as the red-
shift of the Q band of T2 can be attributed to the above-
mentioned orbital splitting which is caused by efficiemt
conjugation through the triple linkage.

In the energy region between thg 8nd B, bands, at least

states are described as a one-electron transition frora e

azy MO of one unit to one of theg MOs of the other unit. In

the previous INDO/S SCI study on mesemeso linked dipor-
phyrin 23 we found that such eight CT states are accidentally
located in the energy region spanned by the split B bands.
Because such a situation should be caused by a close proximity
of the constituent porphyrin subunits, it is also expected for
T2. Although a complete assignment of all eight CT states is
difficult for T2 because of a significant mixing of localized
exciton (LE) and CT nature in the excited states, tBg,Zan

be unambiguously assigned to one of such CT states based on
its Pct and Wg values (Table 3). On the other hand, th&s3
state (CT band) can be hardly described by transitions within
eight orbitals and the contribution of the HOMO-4 to the LUMO
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Figure 13. (a) Energy levels of frontier orbitals of T2 compared with those of the monomer as obtained by the INDO/S calculations. Shown in
the right panel are the orbital patterns of HOMO-4, HOMO, and LUMO of T2. (b) The IND@&/SI simulated electronic absorption spectrum of
T2.

transition amounts to 60% in its SCI description; the orbital admixing of such a low-lying orbital would be due to a
pattern of the HOMO-4 is also depicted in Figure 13a. The significant configuration mixing which is caused by efficient
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TABLE 3: Transition Properties and Electronic Structures

Kim and Osuka

o (a) Exciton Model

of the Lowest 18 Singlet Excited States of T2, as Obtained
from PPP—SCI Calculations. ¢ B Band Expt
— | o B Band PPP
band state AE (eV)? fo Pcr(%)° Ws(%)! comments o ®  Q Band Expt
g o O Q Band PPP
Q¢ 1By 1.41(1.16) 0517¢) 33 96 Q S 20 o
1By 152 0 34 97 Q S © 050,
1By 1.77 0.002y) 21 97 Q S
2A;, 1.98 0 12 96 Q X N=2
2By, 2.24 0 33 81 > 104 ¢ 30y
Bx 2B, 2.65(2.13) 3.922¢ 23 93 Soret o0 . = o 26 8,
37, 2.72 0 68 93 cT g " Wy o
2By, 2.79 0.694Y) 68 93 CT S3) — 17—
3B, 2.88 0.382X) 46 19 CcT 04 05 06 07 08 09 10 1.1
3By 3.04 0 59 52
4p, 3.15 0 81 90 CT cos(n/(N+1))
3By 3.21 0.153Y) 67 92 CT
4By, 3.22 0.215 76 75 CT . .
4Bi: 3.38 0 X 57 52 (b) Particle in a Box MOdCl
5B, 3.61 1.032%) 21 22 e B Band EBxpt
B, 4By 3.64(2.97) 3.415) 9 73 Soret 30004 o B Band PPP 12
5By, 3.68 0 13 69 Soret = ®»  Q Band Expt
5A; 3.68 0 11 83 Soret § 0 Q Band PPP
N
a Excitation energy. The experimental values are listed in parentheses. gﬁ 2000 5 o
b Oscillator strength. The direction of transition dipole moment is & 3
indicated in parenthese%lnterunit charge-transfer probability defined @ A
by Per = Y123 Yrel Y ses Pen(r,9), wherel andJ represent one porphyrin °;>’ 1000 u}
subunit in a dimerd The weight of the transitions within eight-orbitals < 0 e 0 O L] L4
in the SCI wave function® The excited states arising from monomer’s B 4 8 8 o O O 9 O
Q and Soret states are labeled by “Q” and “Soret”, respectively. For L T T T T
the explanation of “CT”, see Appendix 1. 0 2 4 8 10 12

6
o N/(N+1)
Co.nj.uQatlon n T2. For Ionger_arrays, the (.:T state; of both Figure 14. Plots of the energies of the absorption bandsui Q of
origins described above estapllsh a band of |n.termed|ate levelst " as a function of the number of porphyrin units show a good
between the Band B bands with moderate oscillator strengths - correlation between the experimental data and-PS®! calculated
being responsible for the enhanced absorption in the corre-values. The electronic character of the fand is explained by the
sponding energy region (Figure 12). splitting energy of the exciton model (a), whereas that of thé&&nd
Electronic Transitions of Fused Porphyrin Arrays. The is well fitted by a particle in a box model (b). Reproduced with
extensiver conjugation is evident for Tin view of more red- permission from ref 25e.
shifted absorption spectra and very flat molecular shapes that
ensure the coplanarity of the orbitals of the constituent  around the Bband position (Figure 12). Although thg Band
porphyrin subunits. The observed linear plot of the energy basedis dominated by a single excited state up to T4, we find that its
on eq 1 indicates that the absorption spectral shapes are actuall{CT character is progressively enhanced with an increase in the
influenced by the number of porphyrin units and the constituent number of porphyrin subunits based on e, plot for these
porphyrin pigments are aligned in a regular arrangement in the excited states. For T6, T8, and T12, theland clearly exhibits
series (Figure 14&P On the contrary, the plot of the,®ands resonant feature in consistent with the enhancement of CT
deviates strongly from the exciton coupling scheme. Instead, contribution. ThePe-n plot for the B, states of T8 exhibits
the plot based on a free electron model (a particle in a box intermediate CT character among the main twelve component
model) gives rise to a well-correlated straight line, indicating states. On the basis of the average over the component states,
that the excited state corresponding to thg b@nd can be we can say that the CT character of the Band is more
characterized by the extensive conjugation throughout the  significant than that of the Bband.
entire porphyrin arrays (Figure 148)In addition, our calcula- As seen from theP.p plot, the Q states of T can be
tion shows that the Bband comprises several dominant characterized by a charge-transfer exciton being qualitatively
transitions and the Bband consists of many absorption bands similar to the case of the lowest dipole-allowed singlet excited
especially for longer arrays. These computational results arestate of wz-conjugated polymers such as pghghenylene
consistent with more significant broadening observed for the vinylene) (PPV$* Thus, Th does not show any indication of
By and B, bands (especially the former) as compared with the ECL effect, suggesting further lowering of the band gap energy
Q« band. These spectral features indicate efficierglectron in even longer arrays.
delocalization in the porphyrin arrays, because a simple dipole Resonance Raman Spectra of Fused Porphyrin Arrays.
dipole interaction between the Soret transitions on the adjacentThe RR spectra of a series of fused porphyrin arrays with
chromophores should lead to much sharper bandwidth. photoexcitation at 457.9 nm, which is in resonance with the
The P, plots for the excited states of Z8 and T8 are shown CTy (3Bg,) transitions, are displayed in Figure 16. At first glance,
in Figure 15, showing how much each state has the CT the overall RR spectra ofrfTare quite complicated especially
character. As expected, all three bands of Z8 exhibit largely in high-frequency region (10801700 cn1?) as compared with
the LE nature (Figure 15a). Essentially, the LE nature of the B the porphyrin monomer and change quite differently from the
state of T8 with less significant contribution of long-range CT RR spectrum of T2 with an increase of the number of porphyrin
is clearly evidenced by the._n, plot (Figure 15b). Then, itmay  units in the array® The overall spectral features become
be considered that significant configuration interaction between simplified in going from T2 to T6, showing mostly polarized
LE and CT configurations gives rise to many excited states RR bands. This reflects that the red-shift of the absorption
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Figure 15. PPP-SCI calculated charge-transfer probabilRy.n(r,s), which is defined by eqs A1-2 and Al-3, for the excited states contributing

to the Q, By, and B bands for Z8 (a) and T8 (b). The shading at each grig) (epresents the probability of simultaneously finding an electron
atrth atomic site and a hole ath site. The numbering of atomic sites for T8 is also indicated and the numbering way for Z8 is the same as that
for T8. Reproduced with permission from ref 25e.

maximum becomes closer to the resonance excitation lineas representing geometry changes with an increase of the
resulting in the RR enhancement of predominantly polarized porphyrin array length.

Raman bands. At the same time, the enormously broadened Most of the RR bands of Texcept thev, (1270 cnml), vag
spectral features explain the observation of a few depolarized (1565 cnt?), andve (1610 cnT?) modes show frequency shifts

RR bands, which are definitely caused by the Herzbdrejler as the number of porphyrin units increases. Becauseyttmode
scattering involving relatively weak CT transitions. The dimin- is localized on meso-carbons parallel to the short molecular axis
ishment of the strongest RR band at 1366-&mm T2 with an and the other two modes are localized on the bridge carbons of

increase of the porphyrin array length is consistent with the very the dimeric porphyrin ring (Figure 17a), the influence by

weak RR enhancement of this band in the RR spectrum of T2 addition of another porphyrin unit seems to be not so signifi-
by the 416 nm excitation (not shown) that is close to the cant On the other hand, the RR bands showing frequency
absorption maximum of the,Band. The diminishment of the  shifts such as thei7, v11, andvs modes include Gs—phenyl

RR bands at 1004, 1270, and 1610@pwhich are very strong Cps—Cpas stretching, and g-H bending vibrations (Figure

in the RR spectrum of T2 by the 416 nm excitation, is regarded 17b)8% The frequency shifts of these Raman modes can be
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guantum chemical calculations provide a clear picture on the
electronic transitions in relation to the molecular structures of
Tn.

Excited-State Dynamics of Fused Porphyrin Arrays.To
explore the excited-state dynamics af, e carried out the
femtosecond pump/probe experiments for~T®. Figure 18
shows a series of temporal profiles with a systematic change in
the pump wavelengths to be in resonance with the®l Q
states. The bleaching recovery processes at {heaBds thus
monitored are in a good agreement with each other and similar
to those by the Bexcitation (not shownj¢indicating that the
internal conversion processes from thet® Q, states through
the B state are extremely fast. The femtosecond IR pump/IR
probe experiments were also conducted. The temporal profiles
of T3 probed at 1400 nm with photoexcitation at the same
wavelength show a similar decay to that monitored at 670 nm.
However, the measurement of the recovery times of the IR
bleaching signals of the porphyrin arrays longer than T4 was
severely perturbed by the enhanced transient absorption signal
in the IR region. For even longer porphyrin arrays such as T8
and T12, an oxidative decomposition of these arrays at room
temperature is likely to prohibit obtaining the reliable transient
absorption data.

As the arrays become longer, the number of Soret and CT
states increases in proportion to the number of porphyrin
subunits in . Because the CT bands are essentially located in
the high-energy side of theyBhand, the density of states is
much higher in the energy region between theaBd B, bands
than that between the \Band Q bands (Table 3). These
computational results are consistent with the absorption spectra
; i i i i i i . i of Tn which shows more significantly enhanced absorption in

200 400 600 800 1000 1200 1400 1600 1800 the interval wavelength region between thg @d B bands

Wavenumber /cm-1 than that between the,ind Q bands. Therefore, on the basis
Figure 16. Resonance Raman spectra afifi THF by photoexcitation of the orientation of the transition dipoles of the electronic
at 457.9 nm. For each set of spectra, the top and bottom spectratransitions and the PPFSCI calculations, the rate determining
correspond to the parallel and perpendicular polarizations to the incident step in the overall internal conversion processes upon photo-
polarization, respectively. excitation of the B states in T is likely to be the B — Q

internal conversion process as observed by the transient absorp-

explained by environmental changes gt3,CCss, and Gus tion anisotropy measurement in ¥2However, it becomes more
positions (mostly outer carbons of the dimeric porphyrin ring) difficult to determine the bottleneck step in the internal
as the number of porphyrin units increases from T2 to T6. The conversion process as the array becomes longer, because the
v17 (1223 cnmd), vq1 (1411 cnrd), andvg (1531 cntl) modes energy gap between thg Bnd Q states becomes reduced and
in the RR spectrum of T2 are moderately enhanced. However, the intermediate states between the two states increase as
these RR bands become gradually stronger in going from T2 observed in the absorption spectra.
to T6. It is noteworthy that these modes involve the vibrations  The energy relaxation dynamics of the lowest excited states
of mese-meso carbons connecting two porphyrin rings as well of Tnare much accelerated as the number of attached porphyrin
as adjacent @ carbons. The G—Cmi—Ceu bending motion units increases, which is consistent with the energy gap law
yields a normal mode that is delocalized over the fused (Figure 18bf’ The lowest excited electronic state of T2 decays
porphyrin dimer. This feature leads to an enhancement of this 0 the ground state with the time constant of 4.5 ps, which is

mode because of an increase of polarizabffit@n the contrary, much f:?\ster than that of 'the orthogonal dime.r (2.98 ns). Upon
the 1610 cm’ band involving the G—Cpy stretching vibration elongation of the porphyrin arrays, the decay times of the lowest

maintains its intensity as the number of porphyrin units excited electronic states decrease significantly, 2.3 ps for T3,

. - ) . 0.4 ps for T4, 0.3 ps for T5, and 0.3 ps for T6. In sharp contrast,
Increases. Accordlngly, _bec_ause tha ECsy st_retchmg vibra- the lifetimes of the lowest excited electronic states ofZ6
tion is localized on the linking part of T2, this mode does not

) MY X . are in a range of 2.551.66 ns. The decay rates of the fates
contribute to the delocalization of the molecular vibrations ¢ T are enhanced as the, Gtate energies are lowered,
throughout the fused dimer (Figure 17a). Itis interesting to note igjcating that there is a strong correlation between the ordering
that the low-frequency RR bands below 800 €rare largely  of the Q state energies and that of their lifetimes.

d|m|n|shed in the RR spectra of Tn. In the RR spectrum of the e absorption spectra ofiEhow that the absorption tail of
porphyrin - monomer, most of the low-frequency RR bands the Q band becomes gradually wider, indicating the increased
involve out-of-plane modes of porphyrin macrocycle. The lack density of states near the lowest excited states (Figure 12). In
of out-of-plane vibrational modes innlis likely to arise from addition, the absorption-00 band downshifts from 9400 crh

the completely flat molecular structures ai. TCollectively, our for T2 to 5300 cm! for T6. Thus, the combination of the
data from the RR spectroscopic measurements as well as theeduced energy gap and the increased density of states near the

T2 (457.9 nm)
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Figure 17. Axis notation and the atomic labeling scheme (top). Representative vibrational eigen vectors of T3 without phenyl substituents (bottom).

lowest excited states is likely to facilitate the electronic monomer units (Figure 20). As the number of monomer units
deactivation processes from the lowest excited state to theincreases in @and T, the optical nonlinearity at first increases
ground state asrTbecomes longer. At the same time, because but quickly becomes saturated at8 monomer units. One can
the energy difference between the lowest excited and groundconsider the optical nonlinearity per monomer unit im &hd
states becomes significantly reduced m the vibronic coupling  Tn as a measure of-electron delocalization along the neigh-
process becomes enhanced. This process provides more effectivBoring units. The results show that the optical nonlinearity per
nonradiative deactivation channels for longer arrays because theymonomer unit remains nearly constant throughout 2~8,
have rich vibrational motions that can couple to the electronic ndicating thatr electrons cannot move too much beyond the
states as the electronic energy levels become lowered. neighboring units at 1064 nm excitation. This is similar to the

Optical Nonlinear Materials Based on Porphyrin Arrays. case ofz-conjugated polymer showing the saturation effect in
Not only as nonlinear optical materials but also as molecular nonjinear susceptibility. For instance, thevalues of thiophene
electric wires and IR sensorspTould open up new opportuni-  qjigomers were reported to increase with an increase in
ties in molecular electronics. Thus, nonlinear optical properties thiophene units, but thes value per unit is saturated at
of Tn as well as &1 were comparatively investigated using a approximately 4 monomer unité.

Z-scan method, in which a single Gaussian beam was employed . .
W "9 LSSl W Py Unlike the 1064 nm case, both types of the porphyrin arrays

for inducing and probing light-induced complex refractive index
g P 9'g P had large linear absorption coefficients at 532 nm. Unfortunately,

change. L .
Figure 19 shows the typical data for open-aperture (upper), it is suspected thatTbecame disintegrated or aggregated by

and closed aperture (lower) Z-scan measurements for rfa) T Ia}ser light and permanently stuck to the cuvette wall dqring a
and (b) zh. The results for the real part of nonlinear refractive Single Z-scan measurement even under the lowest laser intensity

units in Th and Zh. The y value of the porphyrin monomer ~ Thus the Z-scan experiment was done only foraZ 532 nm

was reported to be on the order ofl0~3! esu at 532 nrf® (Figure 20). For the same number of porphyrin units in the array,
Thus, it is expected to be much smaller at 1064 nm, further the nonlinearity at 532 nm is roughly 2 orders of magnitude
away from the absorption band, and we observedytivalue larger than that at 1064 nm, and the numbers are in a good
of the order of ~1073* esu, of which even the sign is agreement with the previous resuitsThe y value at this
undeterminable due to the detection limit. wavelength also increases with the number of porphyrin units

Tn exhibits the optical nonlinearity values larger by about and becomes slowly saturated aroundnat= 6. The per-
an order of magnitude thannZwith the same number of = monomery shows a similar behavior as in the 1064 nm case,
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(a) T2; =580 nm, A= 570 nm (b) 4 T2;2,,=1100 nm, 2 =570 nm
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T T T T T - T T T T
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ol T4; A= 730 nm, &= 700 nm =I T4:2,71500 nm, 2, =7000m
= ©,= 0:4£0.05ps(90%), 13£1ps(10%) < 7= 0.4+0.05ps(94%), 13+1ps(6%)
< ~
N’ H
3 <
4 T T v T T T T T
7 T5; A= 770 nm, A= 740 nm TS_; %,,=1680 nm, 1;740 nm .
1,=0.3+0.05ps (91%), S=1ps (9%) 1= 0.30.05ps(88%), 5+1ps(12%)
T T T ' T T T T T
A T6; A_=795 nm, A_= 760 nm T T6; kpu=1870 nm, k“=760 nm
pu pr
7,= 0.3£0.05ps(80%), 5+1ps(20%) 1 7= 0.3+0.05ps (89%), S+1ps(11%)
a T T T T T B T T T
0 5 10 15 0 5 10 15
Time Delay (ps) Time Delay (ps)

Figure 18. (a) Ground-state bleaching recovery dynamics of T2 (top) to T6 (bottom) probed aj Henés after photoexcitation at the Bands.

The ground state bleaching recovery time is gradually accelerated in going from T2 to T6, showing a saturation effect in the arrays longer than T4.
The time constants and pump/probe wavelengths are depicted in the inset. (b) Ground-state bleaching recovery dynamics of T2 (top) to T6 (bottom)
probed at the Bbands after photoexcitation at the Rands. The ground state bleaching recovery time is gradually accelerated in going from T2

to T6, showing a saturation effect in the arrays longer than T4. The time constants and pump/probe wavelengths are depicted in the inset. Reproduced
with permission from ref 25e.
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Figure 19. (a) Open-aperture Z-scan data (upper) and closed-aperture Z-scan data (loweir) HF at 1064 nm. (b) Open-aperture Z-scan data
(upper) and closed-aperture Z-scan data (lower) friZTHF at 1064 nm.

indicating the extension of-electron delocalization should be this regard, we have comparatively measured the electrical
within a few porphyrin units nearby irrespective of the array transport properties of Z48 and T8 to investigate the influence
length. of electronic interactions between the adjacent porphyrin
Electrical Conduction through Linear Porphyrin Arrays. molecules. To measure the electrical transport properties of
The electronic structure of porphyrin arrays is closely related porphyrin arrays directly, two kinds of Au/Ti nanoelectrodes
to the electronic overlap betweericonjugated system8.In were prepared. For the orthogonal porphyrin array with a length
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Figure 20. (a) Molecular nonlinear susceptibility (upper) andy per monomer unity’) (lower) vs the number of monomer units fonZand Th
at 1064 nm. (b) Molecular nonlinear susceptibiljtyupper) andy per monomer unity(’) (lower) for Zn at 532 nm.

of about 40 nm, the nanoelectrodes with a spacing of about
20—30 nm were fabricated by electron-beam lithography and (@) sf
r 248

double-angle evaporation technique onto degenerately doped
silicon substrate with a top SiQayer of 0.5um. On the other
hand, for the fused porphyrin array with about 7 nmin its length,
the Au/Ti nanoelectrodes with a spacing of less than 7 nm were
prepared by utilizing the electromigration induced break-junction
technique’! Electrical contact between porphyrin arrays and
metal electrodes was made using the electrostatic trapping
method’® A drop of porphyrin solution (3 nmol) was positioned 1L
on the top of the electrode gap. Then, a voltage of up to 5 V 0 g}
was applied to the electrodes. After trapping the porphyrin array ' : . : :
between the electrodes, the sample was dried under nitrogen ’
purging and characterized using a semiconductor characteriza-
tion system (Keithley 4200). All electrical transport measure-
ments were performed in a vacuum to eliminate the effect of
water on the conductance. T8
Figure 21a displays thd—V curve measured at room
temperature for Z48 trapped between two nanoelectrodes. It
exhibits the diode-like behavior and the hysteresis depending
on the voltage sweep direction. We have also measurdd-iie
curve under illumination with a red LED (not shown). The
conductance was enhanced under illumination. Similar photo-
current effects have been also observed by Liu e® ah
porphyrin films. However, the hysteresis was found in HetW
curves. Although the origin of the observed hysteresis is not
clear, we speculate that it is probably attributed to the rotation
about the mesemeso G-C .bond in the ortholgonal porphyrin Figure 21. (a)l—V curves of Z48 trapped between two metal electrodes
array, because the theoretical AM1 calculation has shown thatmeasured at room temperature. (b) TheV curves of T8 trapped
the dihedral angle between porphyrin rings varies approximately petween two metal electrodes measured at various temperatures.
from 70° to 11C at room temperature and the electrical
conductivity is expected to depend on the distribution in the
dihedral angle between the adjacent porphyrin rings. We haveheterogeneity arising from the dihedral angle distribution. In
also measured the-V curve as the temperature decreases. The addition, the conductance decreased very rapidly with lowering
hysteresis was observed to disappear at 200 K, supporting outemperature and no current was measured in the voltage range
speculation that the hysteresis is due to the conformational from —5 to +5 V even at 180 K.

I(nA)

N WA 0O ~
T

T=300 K

-5 0 5
V(V)
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Figure 21b shows thd—V curve measured at several
temperatures for T8. In contrast to Z48, it is nearly symmetric
without any hysteresis, implying that the rotation about the
mesoe-meso C-C bond is hindered in the fused porphyrin array.
Moreover, the higher conductivityand the smaller voltage gap

were found compared with Z48. These results indicate that the

strongerst conjugation of T8 results in the better electrical
conduction because of the smaller HOMOUMO band gap.

Kim and Osuka

unperturbed lowest exciton state specified diycan be written
as a linear combination of each excited staiglof the nth
porphyrin in the donor molecules as follows:

. JT
sm(
N+1

N

2
N
N+ 151

n)|nD (A2-1)

As the temperature decreases, the conductance decreases aMdiereN is the number of porphyrin units in the donor. Its energy
the voltage gap widens. However, it should be noted that the €igenvalue i) is given by

temperature dependence is much slower than that of Z48.

VI. Conclusions

A variety of porphyrin arrays have been prepared and
investigated for the applications in molecular photonics and
electronics. The elucidation of the interporphyrinic interactions
in diporphyrins by controlling the dihedral angle between the
two porphyrin planes has provided a firm basis for a deep
understanding of the excitonic interactions in long porphyrin
arrays. A failure of the exciton coupling scheme in explaining
the absorption spectra ohSuggests the existence of the charge-

transfer transitions residing at the similar energy regions to the

exciton Soret bands ofrSIn Zn and Th the contributions of

CT transitions to the absorption spectra are responsible for the

E,=E,+2A cos( (A2-2)

T
N+J
where Ep is the excited energy of the isolated porphyrin
monomer, and\ is the interaction energy of the neighboring
porphyrins.

The final state of energy transfer is written [, which
represents the excited state of the acceptor molecule. The
Hamiltonian for the excited states on the array is given by

N
H=§:MmmHﬂMM)

n=1

(A2-3)

broad excitonic bands and the enhanced absorption in thewhere J, is the electrostatic interaction betweeth donor

intermediate regions between the excitonic bandsszromis-
ing in the application as a photonic wire because of the

exceptionally strong excitonic interactions between the neigh-

boring porphyrin moieties arising from a close proximity with
a reasonably long length. On the other hand h@s proven to

be a good optical nonlinear material induced by extensive
m-electron delocalization throughout the entiren &rrays.
However, the preparation of even longerarrays is still highly

desirable for the real application as optoelectronic devices in

the future.

Appendix 1
Within the SCI scheme, the atomic-orbital (AO) representa-

tion, which is equivalent to the site representation under the

PPP approximatioPf of the transition density matrix corre-
sponding to an excited state is given by

b= Bl3, 2Jg7= V2T ¥ YEC,Cyy (ALD)
1 a

wherea, * creates an electron ath AO, e represents the SCI
excited state, and is the Hartree-Fock ground stateY;3(e) is

the SCI expansion coefficient associated witbccupied MO)

to a (unoccupied MO) transition an@;; is the LCAO (linear
combination of AO) coefficient iith MO. To characterize each
excited state in terms of charge-transfer (CT) nature, we
calculate the charge-transfer probabilRyy, (r,s) defined by

Py (1,9) = pys 12 (AL-2)

which represents the probability of simultaneously finding an
electron atr and a hole a.5* Note that the orthonormalization
of AOs assumed in the present scheme enspre®e n(r,s) =

0. We define the interunit CT probability by

Per= ; ; ; Pen(r9)

wherel andJ represent each porphyrin subunit in a dimer.

(A1-3)

Appendix 2

The simple quantum mechanics treats the energy transfer
processes with the time-dependent perturbation theory. The

molecule and acceptor in the EET state. Becaudgeis
proportionate with the third power of the distance in the dipole
dipole calculationJ, is given by

=3l
n— an

whereR, represents the distance betwea#h donor molecule
and acceptor. The EET interaction between the initial state and

the final state is given by

2 N
J=@H|dO= 4/ —— z J,sin n

N+1.%& N+1
2 N [R)? T
Nt Z —]| sin

N+1 R, N+

According to the time-dependent perturbation theory of quantum

n=1
mechanics, the well-known expression for the transition rate
constant* is

(A2-4)

JT

n| (A2-5)

2

W=

P [1,(0)Ly(v) dv (A2-6)

wherel(v) andLy(v) is the spectral distribution of absorption

of acceptor and fluorescence of donor, respectively, and they
are normalized. Equation A2-6 is the other representation of
Forster formula, in which energy transfer operates via Coulom-
bic interaction between transition dipole moments and therefore
requires no direct contact between energy donor and acceptor,
the rate of singlet energy transfer can be expressed in terms of
the center-to-center distanc®)(between the two transition
dipole moments. Here, the number dependency of fluorescence
was boldly ignored from the eqs A2-5 and A2-6. Finally, the
energy transfer rate is depicted as follows:

R

2
sin(
N+

Ky

2

T

(A2-7)
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Equation A2-6 appears to be similar torbter's formula in

terms of its dependence on the spectral overlap integral betwee
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