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ABSTRACT: A series of dendritic multiporphyrin arrays
(Pz,Tz-nPgg; n = 2, 4, 8) comprising a triazole-bearing focal
zinc porphyrin (P,,) with a different number of freebase por-
phyrin (Pgg) wings has been synthesized, and their photoinduced
energy transfer process has been evaluated. UV/vis absorption,
emission, and time-resolved fluorescence measurements indicated
that efficient excitation energy transfer takes place from the
focal Py, to Pgg wings in P, Tz-nPgg’s. The triazole-bearing Py,
effectively formed host—guest complexes with anionic species by
means of axial coordination with the aid of multiple C—H hydro-
gen bonds. By addition of various anionic guests to P, Tz and
P, Tz-nPgy’s, strong bathochromic shifts of Py, absorption were
observed, indicating the HOMO—-LUMO gap (AEyono-rLumo)

. Energy flow

/

, Energy flow

of Py, decreased by anion binding. Time-resolved fluorescence measurements revealed that the fluorescence emission
predominantly takes place from P, in P, Tz-nPgg’s after the addition of CN™. This change was reversible because a
treatment with a silver strip to remove CN™ fully recovered the original energy transfer process from the focal Py, to Pgp

wings.

B INTRODUCTION

Natural photosynthetic systems convert solar energy to chemical
energy with extremely high energy conversion efficiency.'””
Photosynthesis is initiated when light is absorbed by light
harvesting antenna complexes (LHCs), which are composed
of three-dimensional arrays of a large number of porphyrin
derivatives.”’ The elegant architecture of LHCs enables effective
light absorption as well as excitation energy transfer to the
reaction center.’ Such structural uniqueness as well as the
extraordinary high energy conversion efficiency offer strong
motivations to synthetic chemists upon the molecular designing
in photofunctional materials. For example, as the mimicry of
LHCs, various types of multiporphyrin arrays have been
synthesized to investigate their light energy transduction.'*™"¢
Typically, porphyrin-based dendritic architectures have attracted
much attention because their gradient structures contributed to
the directional energy transfer from the periphery to the focal
core."™" Such directional energy transfer processes would be
one of the key factors in the high energy conversion efficiency of
natural light harvesting systems.' > Natural directional energy
transfer phenomena have inspired the designs of artificial
photofunctional devices, including photovoltaic,"’ ™' electro-
luminescent,”””*' and biomedical devices.”””*¢ Although
directed energy transfer can be achieved by simple conjugation
of donor—acceptor pairs, natural photosynthetic systems involve
much more complicated mechanisms than artificial ones for
the precise regulation of light—energy conversion processes.
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LHCs possess various molecular accessories for the regulation of
energy transduction by the formation of supramolecular com-
plexes with specific proteins or ionic species.””” >’ The binding
of molecular accessories to LHCs can turn on or off the major
function of light harvesting. For example, under strong sun light
conditions, plants modulate their energy transfer pathways to
protect their light harvesting system from photodamage.”

We recently reported porphyrin-based molecular tweezers
with a bisindole bridge, which exhibits excellent switching of
energy transfer direction in response to the coordination of a
metal ion with the bisindole bridge.”® Using this metal—bisindole
coordination process, we have controlled the energy transfer
process between two heterogeneous systems, namely, a zinc
porphyrin and the bisindole bridge.

In the present study, we attempted to develop new artificial
light harvesting dendritic multiporphyrin arrays in which guest
binding to the center of the dendritic architecture can modu-
late the energy transfer process. A series of multiporphyrin
dendrimers (P, Tz-nPgg; n = 2, 4, 8, Chart 1), composed of a
triazole-bearing focal zinc porphyrin (Pg,) with different
numbers of freebase porphyrin (Pgg) wings, was synthesized
and their photoinduced energy transfer process was evaluated.
Structural fragments of P, Tz-nPgg, namely, Pz, Tz and Pgg-OH,
were also prepared for control experiments (Chart 1).
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Chart 1. Chemical Structures of Multi-Porphyrin Dendrimers (P, Tz-nPgg) and Their Structural Fragments (P, Tz and Pg-OH)
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B EXPERIMENTAL SECTION absorption spectra and fluorescence emission spectra were taken on

JASCO V-660 and JASCO FP-6300 spectrometers, respectively. All

Materials and Measurements. All commercially available reagents ’ i
steady-state measurements were carried out by using a quartz cuvette

were reagent grade and used without further purification. Dichloro-

methane (CH,Cl,) and tetrahydrofuran (THF) were freshly distilled with a path length of 1 cm at ambient temperatures. 'H and ’C NMR
before each use. All anions were used as a form of tetrabutylammonium spectra were recorded on a Bruker Advance DPX 250, DPX 400 spec-
salt, which was used as received from Sigma-Aldrich. Steady-state electronic trometer at 25 °C in CDCl;, THF-dg, and DMSO-ds. MALDI-TOF-MS
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was performed on a Bruker Daltonics LRF20 instrument with dithranol
(1,8,9-trihydroxyanthracene) as the matrix. Recycling SEC was per-
formed on a JAI model LC9021 instrument equipped with JAIGEL-1H,
JAIGEL-2H, and JAIGEL-3H columns using CHCl, (J. T. Baker) as the
eluent.

Time-Correlated Single Photon Counting Measurement.
Time-resolved fluorescence lifetime experiments were performed by
the time-correlated single-photon-counting (TCSPC) technique. As an
excitation light source, we used a Ti:sapphire laser (Mai Tai BB, Spectra-
Physics) which provides a repetition rate of 800 kHz with ~100 fs pulses
generated by a homemade pulse-picker. The output pulse of the laser
was frequency-doubled by a 1 mm thickness of a second harmonic
crystal (f-barium borate, BBO, CASIX). The fluorescence was collected
by a microchannel plate photomultiplier (MCP-PMT, Hamamatsu,
R3809U-51) with a thermoelectric cooler (Hamamatsu, C4878) connected
to a TCSPC board (Becker & Hickel SPC-130). The overall instrumental
response function was about 25 ps (the full width at half-maximum
(fwhm)). A vertically polarized pump pulse by a Glan-laser polarizer was

irradiated to samples, and a sheet polarizer, set at an angle complementary
to the magic angle (54.7°), was placed in the fluorescence collection path
to obtain polarization-independent fluorescence decays.

Computational Method. Quantum mechanical calculation was
performed with the Gaussian 09 program suite.”" All calculations were
carried out by the density functional theory (DFT) method with Becke’s
three-parameter hybrid exchange functional and the Lee—Yang—Parr
correlation functional (B3LYP), employing the 6-31G(d,p) basis
set.”»> The oscillator strength was calculated by performing time
dependent (TD)-DFT calculation.

Synthesis. The synthetic procedures of P;, Tz and P, Tz-nPgy
are outlined in Scheme 1. Hydroxy-group-bearing porphyrin
(Pgg-OH), bromide-bearing porphyrin (Pgg-Br), dipyrromethane,
and 2-((trimethylsilyl)ethynyl)benzaldehyde (1) were synthesized
according to the literature procedure.’*™* The synthetic procedures
of compounds 2—11 are shown in the Supporting Information.

Pz,Tz. CuSO,-SH,0 (479 mg, 1.9 mmol) and sodium ascorbate
(373 mg, 1.9 mmol) were added to a mixture of 6 (148 mg, 0.19 mmol)

Scheme 1. Synthesis of P;, Tz-nPg (n =2, 4, 8)
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Figure 1. Absorption (solid line) and fluorescence (dotted line) spectra of (a) Pgg-OH (red, 2.0 uM) and P, Tz (black, 2.0 uM), (b) P, Tz-2Pgg
(2.0 uM), (c) P2, Tz/2P-OH (2.0 uM P, Tz), (d) Pz, Tz-4Pgg (1.0 uM), (e) P2, Tz/4Prs-OH (1.0 uM P, Tz), (f) P, Tz-8Pg (0.5 M), and
(g) P2, T2/8Pgs-OH (0.5 uM P,, Tz) in CH,Cl,, where A, = 400 (red) and 430 nm (blue).

and methyl 4-(azidomethyl)benzoate (310 mg, 0.94 mmol) in 20 mL of
THE/H,O0 (1:1). The reaction mixture was stirred for 5 h at 50 °C, and
then poured into CH,Cl, (100 mL). The organic layer was separated.
After evaporation of the solvent under reduced pressure, the residue was
purified using column chromatography with 1% MeOH/CH,Cl, as the
eluent to give P, Tz as a purple powder (147 mg, 67%): 'H NMR
(400 MHz, DMSO-dg, 25 °C) 6 = 8.75—8.74 (d, 4 H, J = 4.0 Hz), 8.63—
8.62 (d, 4 H, ] = 4.0 Hz), 8.59—-8.57 (d, 2 H, ] = 8.0 Hz), 8.13-8.11
(d,2H,J=8.0Hz),8.01-7.99 (d,4 H,J=8.0Hz),7.97—7.95 (t, 2 H, ] =
8.0 Hz), 7.80—7.78 (t,2 H, ] = 8.0 Hz), 7.33—7.31 (d, 4 H, ] = 8.0 Hz),
7.03—7.01 (d, 4 H, ] = 8.4 Hz), 5.72—5.70 (d, 4 H, ] = 8.4 Hz), 4.71
(s,2 H), 4.40 (s, 4 H), 4.04 (s, 6 H), 3.78 (s, 6 H). *C NMR (100 MHz,

996

CDCl,, 25 °C) & = 165.82, 159.52, 150.90, 149.88, 147.52, 139.94,
138.60, 135.64, 134.93, 134.60, 132.93, 131.57, 129.14, 129.03, 128.54,
127.47, 126.68, 125.76, 122.07, 121.17, 119.40, 112.43, 55.77, 52.22,
51.98,0.21. MALDI-TOF-MS, m/z: calcd for C4qHoN(O4Zn, 1168.57
[M]*; found, 1166.60.

P, Tz-2Pgg. A dry THF solution (6 mL) of 7 (60 mg, 0.0525 mmol),
Pgg-Br (90 mg, 0.110 mmol), K,CO; (29 mg, 0.210 mmol), and
18-crown-6 ether (1.4 mg, 0.00525 mmol) was refluxed under N, for
14 h and subsequently evaporated. The residue was dissolved in CH,Cl,
(100 mL) and washed with water (100 mL X 3), and then evaporated.
The residue was chromatographed on silica gel using 1% MeOH/
CH,CIl, as the eluent, and the product was collected, evaporated to
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dryness, and freeze-dried with benzene to give P, Tz-2Pyg as a purple
powder in 87% yield (119.1 mg): 'H NMR (400 MHz, CDCl,, 25 °C)
§=10.35 (s, 4 H), 9.45—9.41 (m, 8 H), 9.23—9.22 (d, 4 H, ] = 4.8 Hz),
9.19-9.18 (d, 4 H, ] = 4.8 Hz), 9.06—9.05 (d, 4 H, ] = 4.0 Hz), 8.93—
892 (d,4H,J=4.0Hz),8.75-8.73 (d,2 H, ] = 8.0 Hz), 8.43—8.41 (d, 4
H, ] =8.0Hz),821-8.19 (d, 4 H, ] = 8.4 Hz), 8.19-8.17 (d, 2 H, ] =
8.0 Hz), 8.11-8.09 (d, 4 H, J = 8.0 Hz), 8.00—7.96 (t,2 H, ] = 8.0 Hz),
7.79—7.75 (t,2 H, ] = 8.0 Hz), 7.63—7.60 (d, 4 H, ] = 8.4 Hz), 7.44 (s, 4
H), 6.94—6.92 (m, 6 H), 5.76—5.74 (m, 8 H), 4.55 (s, 2 H), 4.30 (s, 4
H), 4.19-4.15 (t, 8 H, ] = 8.0 Hz), 3.78 (s, 6 H), 1.93—1.86 (m, 8 H),
1.42—1.25 (m, 40 H), 0.89—0.86 (t, 12 H, ] = 4.0 Hz), —3.11 (s, 4 H).
13C NMR (100 MHz, CDCl;, 25 °C) 6 = 165.94, 159.06, 158.80, 151.05,
150.10, 147.73, 147.26, 145.55, 145.39, 143.24, 141.57, 140.01, 138.73,
136.65, 135.90, 135.40, 135.07, 133.11, 131.93, 131.84, 131.47, 131.20,
129.30, 127.70, 126.83, 126.71, 125.94, 122.17, 121.31, 119.70, 119.32,
118.80, 114.75,113.63, 105.55, 101.10, 70.71, 52.40, 52.22, 32.04, 29.64,
29.48, 26.36, 22.89, 14.34, 0.22. MALDI-TOF-MS, m/z: calcd for
C6sH;54N3010Zn, 2602.47 [M]*; found, 2599.77.

P,Tz-4Pgg. A dry THF solution (1 mL) in a Schlenk tube of 11
(57 mg, 0.049 mmol), Pg-OH (154 mg, 0.21 mmol), and PPh; (54 mg,
0.21 mmol) was stirred at 0 °C under N, for 30 min, and 0.11 mL (40%
in toluene 1.9 M, 0.21 mmol) of DEAD was added to the reaction
mixture at 0 °C. After stirring for 12 h, the mixture solution was washed
with water (100 mL) and the organic layer was evaporated in vacuo. The
residue was purified by column chromatography with 1% MeOH/
CH,Cl, and recycling SEC with CHCI, as the eluent. Then, after short
column chromatography, P, Tz-4Pgg was obtained by recrystallization
as a reddish powder: 'H NMR (400 MHz, CDCl,, 25 °C) § = 10.24
(s,8H),9.37-9.36 (d, 8 H, ] = 4.4 Hz), 9.28—9.27 (d, 8 H, ] = 4.4 Hz),
9.25-9.24 (d, 4 H, ] = 4.8 Hz), 9.21-9.20 (d, 8 H, ] = 4.8 Hz), 9.09—
9.08 (d, 8 H, ] = 44 Hz), 8.97-8.95 (d, 4 H, ] = 44 Hz), 8.31-8.29
(m, 10 H), 8.09—8.07 (d, 2 H, J = 7.6 Hz), 7.97-795 (d, 8 H, ] =
7.6 Hz), 7.80 (s, 4 H), 7.51 (s, 2 H), 7.44—7.43 (d, 8 H, ] = 2.0 Hz),
7.43—741(d,2H,J=7.6 Hz),7.39-7.35 (t, 2 H, ] = 6.8 Hz), 6.93—6.92
(t,4H,J=2.0Hz), 6.75—6.73 (d,4 H, ] = 8.0 Hz), 5.67—5.63 (m, 8 H),
4.69 (s,2 H), 4.16—4.10 (m, 24 H), 3.64 (s, 6 H), 1.91—1.84 (m, 16 H),
1.53—1.46 (m, 16 H), 1.39—1.25 (m, 64 H), 0.88—0.85 (t,24 H, ] =
6.8 Hz), —3.13 (s, 8 H). *C NMR (100 MHz, CDCl,, 25 °C) 6 = 170.99,
165.74, 158.82, 158.52, 150.50, 150.38, 147.77, 147.31, 147.18, 145.50,
145.36, 144.69, 143.25, 141.47, 140.03, 138.48, 136.59, 135.39, 133.11,
133.08, 133.03, 132.15, 132.08, 132.05, 131.85, 131.43, 131.10, 129.44,
129.21, 126.60, 126.16, 122.09, 121.20, 119.86, 119.32, 118.74, 115.80,
115.75, 115.69, 114.88, 114.85, 114.79, 114.72, 105.50, 101.19, 77.44,
70.70, 68.63, 52.26, 32.03, 29.93, 29.62, 29.46, 26.35, 22.87, 14.31, 0.22.

Table 1. Association Constants K for the Complex Formation
of P, Tz” with Various Anionic Guests” at 298 K in CH,(Cl,

B
10.2

CI
4.06

Br™ I~
0.21

OAc™
6.46

“The concentration of P, Tz was 2.0 uM. bAll guests were in the form
of tetrabutylammonium salts.

CN™
15.3

anion

K/10°

N3~

0.02 7.46

MALDI-TOF-MS, m/z: calcd for C,,H,6N,40,6Zn, 4096.43 [M]*;
found, 4096.76.

12. 3,5-Dihydroxy benzyl alcohol (83.8 mg, 0.59 mmol), Pgp-Br
(990 mg, 1.2 mmol), K,CO; (411 mg, 3.0 mmol), and 18-crown-6-ether
were mixed in a 100 mL two-neck round bottomed flask. The flask was
degassed under high vacuum and backfilled with N,. Acetone (9 mL)
and dry DMF (3 mL) were added under nitrogen. The reaction mixture
was refluxed for 12 h. The solution was quenched with water and
removed with acetone. The mixture was dissolved in CH,Cl, and
washed with water. The organic layer was separated. After evaporation of
the solvent under reduced pressure, the residue was purified using
column chromatography with CH,Cl, to give 12 (860.4 mg, 90%):
'"H NMR (400 MHz, CDCl,, 25 °C) § = 10.30 (s, 4 H), 9.40—9.39
(d,4H,J=4.8Hz),9.38—9.37 (d,4 H, ] = 44 Hz), 9.20-9.19 (d, 4 H,
J =48 Hz), 9.14-9.13 (d, 4 H, ] = 44 Hz), 8.37-8.35 (d, 4 H, ] =
8.0 Hz), 7.97—7.95 (d, 4 H, ] = 8.0 Hz), 7.44—743 (d, 4 H, ] = 2.0 Hz),
7.03—7.02 (d, 1 H,J=2.0 Hz), 6.99—6.98 (d,2 H, ] = 2.0 Hz), 6.93—6.92
(t, 2H,]=2.0Hz),5.55 (s, 4 H), 4.89—4.87 (d, 2 H, ] = 6.0 Hz), 4.18—
4.14 (t, 8 H, ] = 8.0 Hz), 1.89—1.83 (m, 8 H), 1,54—1.48 (m, 8 H), 1.40—
1.28 (m, 32 H), 0.88—0.85 (t, 12 H, ] = 6.4 Hz), —3.11 (d, 4 H). MALDI-
TOF-MS, m/z: calcd for C,ogH;1NgO,, 1602.09 [M]*; found, 1602.28.

P,Tz-8Pgg. A dry THF solution (2 mL) in a Schlenk tube of 11
(29 mg, 0.025 mmol), 12 (158.2 mg, 0.099 mmol), and PPh; (25.9 mg,
0.099 mmol) was stirred at 0 °C under N, for 30 min, and 0.05 mL (40%
in toluene 1.9 M, 0.099 mmol) of DIAD was added to the reaction
mixture at 0 °C. Then, after stirring for 12 h, the mixture solution was
washed with water (100 mL) and the organic layer was evaporated in
vacuo. The residue was purified by column chromatography with
EtOAc/CH,Cl, and recycling SEC with CHCI; as the eluent. P;, Tz~
8Prp was obtained as a purple solid: 'H NMR (400 MHz, CDCl,, 25 °C)
=998 (s, 16 H), 9.22—9.20 (d, 4 H, ] = 4.0 Hz), 9.17-9.16 (d, 16 H,
] =4.0 Hz), 9.12-9.11 (d, 16 H, ] = 4.0 Hz), 9.05-9.04 (d, 16 H, ] =
4.0 Hz),891-8.90 (d, 16 H, ] = 4.0 Hz), 8.87—8.86 (d, 4 H, ] = 4.0 Hz),
8.43—8.41 (d,2 H, ] = 8.0 Hz), 8.10—8.08 (d, 16 H, ] = 8.0 Hz), 7.94—
7.92 (d,2 H, ] =8.0 Hz), 7.77-7.73 (t, 2 H, ] = 8.0 Hz), 7.72 (s, 4 H),
7.69=7.67 (d, 16 H, ] = 8.0 Hz), 7.61—7.57 (t, 2 H, ] = 8.0 Hz), 7.38
(s,4H),7.37 (5,20 H),6.97 (s,8 H), 6.93 (5,4 H), 6.88 (s, 10 H), 6.34—
5.32(d,4H,]=8.0Hz),5.34 (s, 16 H), 5.01—4.99 (d, 4 H, ] = 8.0 Hz),
4.63 (s,2H),4.09—4.05 (t,32 H, ] = 6.4 Hz), 3.52 (s, 6 H), 3.41 (5,4 H),
1.82—1.79 (m, 32 H), 1.48—1.40 (m, 32 H), 1.25—1.23 (m, 128 H),
0.84—0.81 (m, 48 H), —3.27 (s, 16 H). MALDI-TOF-MS, m/z: calcd for
Cis6Hs0aN4,05,Zn, 7508.83 [M]*; found, 7513.75.

B RESULTS AND DISCUSSION

Absorption and emission spectra of all of the compounds studied
here were acquired in CH,Cl,: Py, Tz, Pgg-OH, P, Tz-nPgy’s,
and 1:n mixtures of Pz, Tz and Ppg-OH (P, Tz/nPps-OH)
as noncovalent references for P, Tz-nPgy (Figure 1). P, Tz
exhibited a strong Soret absorption peak at 423.5 nm and two
Q-band absorption peaks at 550.5 and 589.5 nm. The Soret absorp-
tion peak of Ppg-OH appeared at 407.5 nm, a slightly shorter
wavelength region than that of P;,Tz. The Q-band absorptions
of Ppg-OH appeared at 502.5, 536.5, 575.0, and 630.0 nm.

Abs,

T T
420 460

Wavelength / nm

Wavelength / nm

Figure 2. UV—vis response of P;, Tz (2.0 uM) to various anions (10 equiv) in CH,CL,.
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Figure 3. Fluorescence spectra changes without CN™ (solid line) and with CN™ (dotted line) in CH,CL. (a) P,,Tz (2.0 uM); (b) Pgg-OH (2.0 uM);
(c) P2, Tz-2Pgg (2.0 uM); (d) P2, Tz/2Pgg-OH (1:2 mixture) (2.0 uM); (e) Pz, Tz-4Prg (1.0 uM); (f) P2, Tz/4Ppz-OH (1:4 mixture) (1.0 uM); (g)
P, Tz-8Pyg (0.5 uM); (h) P,,Tz/8Pg5-OH (1:8 mixture) (0.5 uM). A, = 400, 430, and 440 nm. [CN~]/[host] = 10 equiv.

The lowest excitation energy of Pgg-OH was slightly smaller than
that of P,, Tz. Because the emission band of P, Tz overlaps with
the absorption band of Pgg, the excitation energy of the focal P,
unit is expected to transfer efficiently to the Py wings.

As expected, the fluorescence emissions of P, Tz-nPgg and
P, Tz/nPgy-OH differed considerably. Upon 400 nm excitation,
corresponding to the absorption of Pgg, Pz, Tz/nPgs-OH exhibited
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emission peaks at 634.0 and 696.0 nm, consistent with the emis-
sion of Prg-OH alone. Upon excitation at 430 nm, corresponding
to the absorption of Py, P, Tz/nPgz-OH exhibited emission
peaks at 600.5 and 648.0 nm, consistent with the emission of P,
alone. In sharp contrast, P;, Tz-nPgg exhibited emission peaks
at 634.0 and 696.0 nm, being well matched with the emission of
Pps-OH (Figure 1 and Table 2). Notably, the shape of the
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Table 2. Wavelengths of Fluorescent Emission of P, Tz, Ppg-OH, P, Tz-nPgg, and P, Tz/nPgs-OH

without CN™ with CN™
400° 430 400 440

P, Tz 600.5,” 648.5 628.5, 685.0
Pps-OH 634.0, 696.0 634.0, 696.0

P, Tz-2Ppy 634.0, 696.0 634.0, 696.0 631.5, 689.5 631.5, 689.5
P, Tz-4Py, 634.0, 696.0 634.0, 696.0 632.0, 690.5 632.0, 690.5
P, Tz-8Pp; 635.0, 697.0 635.0, 697.0 634.0, 696.0 634.0, 696.0
P, Tz/2P,-OH 634.0, 696.0 600.5, 648.0 634.0, 696.0 628.5, 685.0
P, Tz/4Pp;-OH 633.5, 695.5 600.5, 649.0 633.5, 695.5 628.0, 685.0
P, Tz/8Py,-OH 633.5, 695.5 600.5, 647.0 634.5, 696.5 629.0, 686.5

“o/nm. %A, /nm.

t/ns

D.|i

0.01

1E-34

t/ns

Figure 4. Time-resolved fluorescence decay profiles of P, Tz-2Pgg (2.0 uM) in CH,Cl, upon the addition of CN™ (0, 1, 3, and S equiv). Each decay
profile was monitored at 700 nm with photoexcitation at (a) 400 nm and (b) 445 nm.

Table 3. Best-Fit Parameters of the Fluorescence Decay
Profiles of P, Tz-2Pg“ with Various Concentrations of
Titrated CN~ ? in CH,(Cl,

400° 445
[CN7]? 7,/ns 7,/ns 7,/ns 7,/ns
0 8.20 nd.? 7.80 n.d.
1 819 (51%) 204 (49%) 68 (11%)  1.80 (89%)
3 7.45 (2%) 170 (98%)  nd. 173
5 7.50 (1%) 173 (99%)  nd. 175

“The concentration was 2.0 uM. °[CN~]/[P,,Tz-2P;] = 0, 1, 3, S.
“l/nm. “Not detected. Relative errors of 7 values are less than
+0.06 ps.

emission spectrum was not varied by changing the excitation
wavelength, reflecting efficient energy transfer from Py, to Pgy.
Therefore, when we excite the focal Py, unit in P, Tz-nPgg, the
emission takes place predominantly from Pgg wings.

P, Tz can effectively form host—guest complexes with anionic
species by means of axial coordination with the aid of multiple
C—H hydrogen bonds provided by triazole groups.”>* Table 1
summarizes the association constants for associations between
various anionic species and P Tz. Binding of F~, N;~, and
CN~ to P, Tz was typically strong. Axial coordination of guest
species onto the porphyrin induces bathochromic shifts in the
absorption spectra, the degree of which depends on the electron-
donating ability of the guest species: CN™ > N;~ > CI” > F~ >
AcO™ (Figure 2). The addition of I” and Br™ led to an appearance
of shoulders in the absorption spectra, but saturated binding
by these weakly binding guest species would require that they
should be present in large excess. The absorption spectrum of
P, Tz (2.0 uM in CH,Cl,) exhibited strong bathochromic shifts
with clear isosbestic points by addition of CN™ in the form of
tetrabutylammonium salt (Figure S1).*” The 'H NMR spectrum
of P, Tz showed downfield shift of triazole protons by addition
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of CN~ (Figure S2). The continuous variation method (Job’s
plot) indicated the formation of 1:1 host—guest complexes
(Figure S1). The bathochromic shift again confirmed the CN~
binding in P, Tz-nPgy (Figures S4 and SS). The addition of
anionic guests caused the absorption originating from the focal
P,, to shift to long-wavelength regions, whereas the peaks
originating from the Py wings did not change at all.

Because absorption shifts indicate changes in the HOMO—
LUMO gap (AEyomo-Lumo), the binding of anionic guests may
influence the energy transfer process in Py, Tz-nPgg. The
bathochromic shift of the focal Py, unit in P, Tz-nPgg indicates
decreased AEyopmo-Lumo- If the AEgomo-Lumo ©f the focal Py,
unit becomes smaller than that of the Ppg wings, the energy
transfer should take place from Pgg wings to the focal P, Tz unit.
Because the greatest bathochromic shift of Pz, Tz occurred by
CN™ addition, we investigated the influence of CN™ coordina-
tion to the focal Py, unit on the vertical transition energy
and AEyomo-rumo by using DFT calculations at the B3LYP/
6-31g(d,p) level based on geometry-optimized structures
(Figure S6). The calculated AEyopo-rumo of PzaTz (2.82 eV)
was slightly larger than that of Pry (2.76 eV). However, the
AEyomo-rumo of Pz, Tz became smaller than that of Pgg upon
coordination with CN™ (2.64 eV), reinforcing our hypothesis that
the energy transfer direction can be reversed by addition of CN™.

Fluorescence spectra of P, Tz, Pgy-OH, P, Tz-nPgg, and
P, Tz/nPgs-OH were measured again in the presence of CN™
(10.0 equiv) (Figure 3). Figure 3 shows the spectral changes of
P, Tz-2Pgg and P, Tz/2Ppg-OH emission by the addition of
CN". The emission peaks of P, Tz, originally observed at 600.5
and 648.0 nm, were shifted to 628.5 and 685.0 nm by the addition
of CN7, again indicating the reduced AEy;op0_1umo- In contrast,
the emission bands of Pgz-OH, observed at 634.0 and 696.0 nm,
were not changed at all regardless of the addition of CN™ (Table 2).
For the case of P, Tz-2Pgg, while its emission spectrum coincided
with that of Pgg-OH without CN™ addition, the emission
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Figure 5. Time-resolved fluorescence decay profiles of (a, b) P, Tz-2Pgg (2.0 uM), (c, d) P, Tz-4Pgg (1.0 uM), and (e, f) P,, Tz-8Pgg (0.5 uM) with
(blue circles) and without (black circles) 10 equiv CN~ addition in CH,Cl,. Each decay profile was monitored at 630 nm with photoexcitation at (a, ¢, e)

400 nm and (b, d, f) 445 nm.

Table 4. Best-Fit Parameters of the Fluorescence Decay Profiles of P, Tz-nPgg with and without 10 equiv CN~ Addition in CH,Cl,

400°
7,/ns

P, Tz-2Pgy 82

P, Tz-2Pgg + CN™ 6.5 (1%)

P, Tz-4Pgy 8.3

P, Tz-4Pgy + CN™ 6.5 (14%)

P, Tz-8Pp; 7.4 (71%)

P, Tz-8Pp; + CN™ 4.7 (40%)

% o/nm. "Not detected.

445
7,/ns 7,/ns 7,/ns
nd? 82 n.d.
1.7 (99%) n.d. 17
n.d. 8.3 n.d.
2.0 (86%) 4.8 (8%) 1.9 (92%)
1.9 (29%) 7.4 (72%) 1.9 (28%)
1.6 (60%) 43 (51%) 1.2 (49%)

bands of P, Tz-2Pgg were slightly hypsochromically shifted and
decreased in intensity upon the addition of CN™. Similar features
were observed for P, Tz-4Ppy and P,,Tz-8Pg; (Figure 3).
Here, the emission spectra of P, Tz-nPgz with CN™ addition
corresponded to that of the CN™ complex of P, Tz, indicating
that the addition of CN™ causes energy transfer from Pgg to Py,
to take place in P, Tz-nPgg.

To investigate quantitatively the energy transfer dynamics
in Py, Tz-nPgg, time-resolved fluorescence decay profiles
were obtained by the time-correlated single photon counting
technique. The fluorescence decay profile of P, Tz was fitted
well by a time constant of 1.7 ns and a similar singlet state lifetime
of 5,10,15,20-tetrakis aryl zinc porphyrin. Pgg-OH exhibited a
single exponential decay profile with a time constant of 8.2 ns, a
slightly shorter singlet state lifetime than that of $5,10,15,20-
tetrakis aryl freebase porphyrin.*’ Interestingly, whether the
Pgg wings or the focal Py, moieties were excited selectively,
the fluorescence decay profiles of P, Tz-2Pgg showed the same
singlet state lifetimes of 8.2 ns (Figure 4 and Table 3). No short
decay component arising from the singlet state of the P,
moieties was observed, indicating efficient intramolecular energy
transfer from Py, to Ppg moieties in P, Tz-2Pgg. Similarly,
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P, Tz-4Pygg also showed only the singlet state lifetime of 8.3 ns,
indicating efficient energy transfer from P, to Pgz moieties
(Figure S). The fluorescence decay curve of P, Tz-8Pgy was
fitted by two time components 7.4 (71%) and 1.3 (29%) ns,
indicating the energy transfer efficiency is lower than those of
P;,Tz-2Ppg and Pz, Tz-4Ppg due to the increased distance
between P, and Pgy’s by the additional hydroxymethyl benzyl
linker in P,,Tz-8Pgg (Figure S and Table 4).

By addition of CN™ to Py, Tz-nPgg, intriguing features were
observed in a series of fluorescence decay profiles. An additional
short decay component of about 1.7 ns was observed upon the
addition of CN~ to P,,Tz-2Pgy (Figure 4 and Table 3). Because
this lifetime constant was consistent with that of Pz, Tz, we
presumed that this newly observed fast decay component
originated from the focal P, moiety. Therefore, it can be again
inferred that anionic binding of the P, moiety with CN™ lowers
the lowest energy state of P, leading to a reversal in the direction
of intramolecular energy transfer. Moreover, as the concentration
of CN™ was increased, the short-lifetime component became
dominant, eventually reaching 99% for the addition of S equiv of
CN™. Similarly, the fluorescence decay component of 1.9 ns
became predominant with 10 equiv of CN™ addition to P, Tz-
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Figure 6. Absorption changes of P, Tz-2Pgy by treatment with CN™
and silver strip: (a) UV/vis spectral changes; (b) absorption monitored
at 424 nm (black, solid line) and 440 nm (blue, dotted line).

4Py (Figure S and Table 4). Consequently, we concluded that the
coordination of CN™ to the focal P, almost completely reversed
the energy transfer direction. In the case of P, Tz-8Pgg, the ratio
of the short lifetime component increased by addition of CN™
(Figure S and Table 4). As aforementioned, the energy transfer
efficiency from Py, to Pgg moieties in P, Tz-8Pgy was relatively
lower than those of P, Tz-2Pgz and P, Tz-4Pgz due to the
increased distance from Py, to Pgg’s in P, Tz-8Pgg. Therefore, the
efficiency of reverse directional energy transfer from Pgg moieties to
the focal P, would also be lower than those of P, Tz-2Pgy and
P, Tz-4Pgg. Although the energy transfer efficiency of P, Tz-8Pgy
was not as greatly high as that of Pz, Tz-2Pgg and P, Tz-4Pgg, the
directional control of energy transfer was observed within
porphyrin-based artificial light harvesting dendrimers.

The energy transfer direction in P, Tz-nPgg can be controlled
in a reversible manner. Initially, the excitation energy in P, Tz-
nPgg flows from the focal Py, to the Py wings. After the addition
of CN7, the excitation energy of Py wings flows to the focal Py,
Owing to the high affinity of silver to CN~, we could remove CN™~
from the solution by treating with a silver strip. The changes in the
absorption spectra of P, Tz-2Pgg observed after CN™ addition
were reversed after subsequent treatment with silver (Figure 6);
the effect on fluorescence emission was similar (Figure S7).
Therefore, the energy transfer direction in P, Tz-2Pgg can be
reversibly controlled by treatment with CN™ and silver.

B CONCLUSION

As a mimicry of light harvesting antenna, we have designed
multiporphyrin dendrimers comprising a triazole-bearing focal
zinc porphyrin with a different number of freebase porphyrin
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wings. By addition of various anionic guests, we could control the
HOMO-LUMO gap of the focal zinc porphyrin. Therefore, the
energy transfer pathway in the artificial light harvesting den-
drimer could be modulated by guest bindings. Such a guest-
induced modulation of energy transfer pathway possibly provides
a new strategy toward molecular-based photonic switches or
molecular machinery.
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