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Abstract

Tetraphenylporphyrinatoantimony(V) complexes, linked to boron-dipyrrin chromophores on axial ligands, were synthesized. The flu-
orescence spectra dfa, 1b and 1c (3-[4-(N,N'-difluorobornyl-5-dipyrrinyl)phenyl]propoxo(methoxo)antimony(V) tetraphenylporphyrin
bromide (a); 6-[4-(N,N'-difluorobornyl-5-dipyrrinyl)phenyl]hexyloxo(methoxo)antimony(V) tetraphenylporphyrin bromit pis{3-[4-
(N,N'-difluorobornyl-5-dipyrrinyl)phenyl]propoxgantimony(V) tetraphenylporphyrin bromidéd)) were analyzed under the excitations of
N,N'-difluorobornyl-5-dipyrrinylphenyl (Bdpy) and tetraphenylporphyrinatoantimony(V) (Sb(TPP)) chromophores. Under the irradiation of
Bdpy chromophore, the excitation energy was transferred from Bdpy chromophore to the Sb(TPP) moiety at 0.13—-0.40 of the quantum yields,
even in a polar solvent. On the other hand, the emission of Sb(TPP) chromophores was quenched by Bdpy chromophores at rate constants
of 10°-10°s™%, independent of on the solvent polarity. Under the excitation of the Bdpy chromophaoe(8[4-(N,N -difluorobornyl-5-
dipyrrinyl)phenyl]propoxo(phenyloxo)antimony(V) tetraphenylporphyrin bromide) involving both the Bdpy and the phenoxy chromophores
on the axial ligands, the excited singlet state of the Sb(TPP) chromophore generated by the energy transfer from the Bdpy chromophore was
quenched by the phenoxy ligand via non-radiative processes involving electron transfer. However, rapid back electron-transfer may occur
because no absorption of the anion radical of Sb(TPP) was observed by nanosecond laser photolysis.
© 2004 Published by Elsevier B.V.
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1. Introduction electron and energy-transfer proceq48e4 6]. Previous stud-
ies on theinteraction between the porphyrin chromophore and
Metalloporphyrin chromophores play important roles as the second chromophores have focused on the electron and
energy-harvest pigments in natural photosynthgs® and energy-transfer processes in a horizontal direction to a por-
the photosensitizer operating under visible light irradiation phyrin plang5-16]. However, little is known about electron
[3,4]. The photophysical properties of a number of metallo- and energy transfers between the porphyrin chromophore and
porphyrin complexes linked with some second chromophoresthe second chromophores linked on axial ligafitis-20]
have received much attention in relation to the intramolecular Many studies on electron and energy transfer in a vertical di-
rection to a porphyrin plane are restricted in the capped-type
* Corresponding author. Tel.: +81 985 58 7313; fax: +81 985 58 7315, POrphyrin compounds linked to the second chromophore at
E-mail addressyasuda@cc.miyazaki-u.ac.jp (M. Yasuda). the rim of the porphyrin ring with a spacg1-25]
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On the other hand, it is well known that the por- chromator(Action Research, SpectraPro 150) as an excitation

phyrin complexes of 14 and 15 groups high-valent met- source, and a detector, respectivly,45] Lifetimes were

als, such as @¥, sV, PV, AsV, and SN connect co-  evaluated with software attached to the equipment.

valently with axial ligandg26—29] Recently, the energy Nanosecond transient absorption measurements were car-

and electron transfers of phosphorous porphyrin complexesried out using SHG (532 nm) of a Nd:YAG laser (Spectra-

having a second chromophore on axial ligands have beenPhysics, Quanta-Ray GCR-130, 6 nsfwhm) as an excitation

reported[30—34} Our attention has been devoted toVSb  source. For transient absorption spectra in the near-IR region

porphyrin complexes, which are able to connect cova- (400-1200nm) and the time-profiles, monitoring light from

lently with axial ligands through oxygef85—39] nitro- a pulsed Xe-lamp was detected with a Ge-APD (Hamamatsu

gen [40], and sulfur atomg41], resulting in a highly Photonics, B2834|45,46] For spectra in the visible region,

stabilized complex compared with other six-coordinated met- a Si-PIN photodiode (Hamamatsu Photonics, S1722-02) was

alloporphyrin complexes prepared so far. Moreover, two used as the detect(#5,46].

axial ligands can be unsymmetrically introduced into the

Sb” porphyrin complexes. Therefore, we have focused on 2.2. Materials

the vertical direction energy-transfer between the antimony

porphyrin chromophore and the second chromophores on Spectral-grade benzene, toluene, and dichloromethane

unsymmetric axial ligands. Recently, we have elucidated were used without further purification. 1,4-Dioxane and

that energy transfer from the axial ligand to the porphyrin tetrahydrofuran were distilled from Na before use. MeCN

chromophore in (2-naphthoxy)polyoxalkyloxoantimony(V) was distilled from BPOs and then Cabl meseTetraphenyl-

tetraphenylporphyrinato complexes occurred with 17-24% porphyrin (HbTPP, TPP =tetraphenylporphyrinato group),

efficiency in such non-polar solvents as toluef]. antimony bromide, and 18-crown-6 ether were purchased

A boron-dipyrrin chromophore (Bdpy) group is a good from Wako Chemicals.

energy-donating group that can absorb visible light

[42,43] In order to achieve efficient energy transfer be- 2.3. Preparation of alkyloxo(bromo)tetraphenyl-

tween the axial second chromophore and metallopor- porphyrinatoantimony(V) bromide ([Sb(TPP)

phyrin chromophore, we have investigated the synthesis (OR)BI]"Br~)

of tetraphenylporphyrinatoantimony(V) complexes linked to

Bdpy chromophore on axial ligands and their spectroscopic  Dibromo(tetraphenylporphyrinato)antimony(V) bromide

analysis. ([Sb(TPP)Bp]*Br~) was prepared according to the reported
method[47]. An MeCN—-MeOH solution (1:1, v/v, 80 ml) of
[Sb(TPP)Bp]™Br— (300 mg; 0.31 mmol) was refluxed un-

2. Experimental til the Soret band shifted from 427.8nm to 423.7 nm. Af-
ter evaporation, the crude [Sb(TPP)(OMe)®Bi~ was pu-
2.1. Instruments and spectral measurement rified with a column chromatography on silica gel (Fuii

1 13 . Silysia BW 300) using CHG-MeOH (10:1, v/v). The prepa-
H and™°C nuclear magnetic resonance (NMR) spectra ration of [Sh(TPP)(OPh)BfBr~ was performed by heat-

were taken in CDGlusing MeSi as an internal standard on  jng MeCN solution (40 ml) containing [Sb(TPP)3t Br—
a Bruker AC 250P spectrometer at 250 MHz and 62.9 MHz, (200 mg; 0.21 mmol), phenol (968 mg; 10.3 mmol), and pyri-
respectively. MS (SIMS) spectra were obtained on a Hitachi dine (3 ml) at 65C until the Soret band shifted from 427.8 nm
M2000A spectrometer. UV spectra were measured on a Hi-tg 423.5 nm. After the evaporation, the @&, solution of
tachi U2001 spectrometer. Oxidation and reduction poten- the residue was poured into hexane (300 ml) to give the pre-
tials were measured for an MeCN solution Id, 1b and cipitate. The crude [Sb(TPP)(OPh)BBr— was purified by
1c(1x 1072 M) in the presence of a supporting electrolyte 4 column chromatography on silica gel using Ck@leOH
(EtsNBF4; 0.1 M) at a scan rate of 0.3 V/s at 23 on a BAS (10:1, V/v).
cyclic voltammetry using a platinum-disk working electrode, In a similar way, the hydrolysis of [Sb(TPP)BtBr-
acarbon counter electrode, and an Ag/AgiN€ference elec- (300 mg; 0.31 mmol) was refluxed in MeCN»8 solution
trode. The half-peak of oxidatiorEg,) and the half-peak  (1:1, v/v, 80ml) until the Soret band shifted to 417.6 nm.
of reduction potentialsl(’f/%) versus Ag/AgNQ were mod- The resulting crude [Sb(TPP)(O4)) Br~ was used for the
ified to those versus SCE by the addition of +0.23V. The following procedure without further purification.

MM2 calculation was performed using SPARTAN on a Sili- [Sb(TPP)(OMe)BriBr—: yield 95%. UV-vis (MeCN)
con Graphics O2 workstation. Amax (nmM) (loge) 424 (5.55), 556 (4.16) and 596 (4.02); MS
The time-resolved fluorescence spectra were measured bySIMS) m/z: 844 [M*]; 1H NMR: §=—2.04 (3H, s), 7.8-8.0

a single-photon counting method using the second harmonic(12H, m), 8.31 (4H, dJ=7.0Hz), 8.39 (4H, dJ=7.0Hz),
generation (SHG, 410 nm) of a Ti:saphire laser (Spectra- 9.58 (8H, s).

Physics, Tsunami 3950-L2S, 1.5 ps fwhm) and a streakscope [Sb(TPP)(OPh)B/Br—: yield 91%. UV-vis (MeCN)
(Hamamatsu Photonics, C43334-01) equipped with a poly- Amax (nm) (loge) 423 (5.54), 555 (4.16) and 596 (4.07); MS
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(SIMS)m/iz 907 [M*]; *H NMR: §=1.62 (2H, dJ=7.5Hz),
5.76 (2H, t,J=8.3Hz), 6.06 (1H, tJ=7.4 Hz), 7.804-8.00
(12H, m, Ph), 8.18 (4H, dJ=6.3Hz, Ph), 8.35 (4H, d,
J=6.0Hz, Ph), and 9.552 (8H, s, pyrrole).
[Sb(TPP)(OH)]*Br~: yield 95%. UV-vis (MeCNW\max
(nm) (loge) 417 (5.72), 550 (4.34), 590 (4.07); MS (SIMS)
m/'z 767 [M*]; 'H NMR §=-4.19 (2H, br s), 7.89-7.84
(12H, m), 8.41 (8H, ddJ=8.1, 1.9 Hz), 9.40 (8H, 12H).

2.4. Preparation of (N,Ndifluorobornyl-5-
dipyrrinyl)phenylalkanol (Bdpy-O-(CfJ,-OH)

A mixture of 4-hydroxybenzaldehyde (0.5 g; 4.09 mmol),
pyrrole (10ml), and CECO;H (0.3 ml) was stirred for 1 h
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K2COg3 (0.58 mmol), and 18-crown-6 ether (0.004 mmol).
The follow-up process was performed in a similar way to
1a, 1band1d.
3-[4-(N,N'-Difluorobornyl-5-dipyrrinyl)phenyl]propoxo-
(methoxo)antimony(V) tetraphenylporphyrin bromidea);
yield 32%; UV—vis (MeCN)Amax (nm) (loge) 418 (5.57),
551 (4.23) and 591 (3.98); MS (SIM&yz 1106 [M*]; 1H
NMR: §=-2.40 (2H, t,J=5.6Hz, Ch), —2.19 (3H, s,
OCHg), —1.19 (2H, t,J=5.6 Hz, Ch), 0.88 (2H, m, CH),
6.14 (2H, d,J=8.5Hz, GHy), 6.55 (2H, d,J=3.8Hz,
pyrrole), 6.78 (2H, d,J=3.8Hz, pyrrole), 7.30 (2H, d,
J=8.5Hz, C6H4), 7.92 (3H, s, pyrrole), 7.92—7.98 (12H, m,
Ph), 8.32 (8H, m, Ph), 9.52 (8H, s, pyrrole).
6-[4-(N,N'-Difluorobornyl-5-dipyrrinyl)phenyl]hexylo-

at room temperature. The crude product was subjected toxo(methoxo)antimony(V) tetraphenylporphyrin  bromide

column chromatography on silica gel using CgaeOH
(10:1, viv) as an eluent. The resulting dipyromethane
(1.92¢g; 8.06 mmol) was reacted with 2,3-dichloro-5,6-
dicyanobenzoquinone (DDQ; 1.82 g; 8.06 mmol) in toluene
(200 ml) for 5min. EtN (8.4 ml; 0.06 mmol) and B&EL,O
(7.6 ml; 0.06 mmol) were added to the solution, which was
allowed to stand for 1h. After the treatment of aque-
ous KOH solution (100ml), the toluene layer was sepa-
rated. After the removal of the solvent, the crude product
was purified by the column chromatography on silica gel
using CHC}—MeOH (10:1, v/v) as eluent to gival,N'-
difluoroboryl-5-(4-hydroxyphenyl)dipyridin (Bdpy-OH) in
11% yield.

K2COs3 (0.49 g; 3.52 mmol) and 3-bromopropanol (1 ml)
were added to a DMF solution of Bdpy-OH (0.5g;
1.76 mmol) and then the solution was heated at°ID@or
24 h. After extraction with ChHIClo/H20, the CHCI, so-
lution was evaporated, resulting in the cruda, which
was purified by column chromatograph on silica gel using
CHCIz—MeOH (10:1, v/v) as an eluent. The preparatioBof
was performed by heating a DMF solution including Bdpy-
OH (0.59; 1.76 mmol), KCO3 (0.49 g; 3.52mmol), and 6-
bromohexanol (2 ml) at 10CC for 28 h. The follow-up pro-
cess was performed in a manner similar to the caga.dh a
similar way, the reaction of Bdpy-OH with Br(ChsBr gave
2c.

2.5. Preparation of 4-(N,Ndifluorobornyl-5-
dipyrrinyl)phenylalkyloxoantimony(V)
tetraphenylporphyrin bromidelé, 1band1d)

An MeCN solution (30ml) containing [Sb(TPP)
(OMe)Br*1Br~ (50mg; 0.05 mmol), Bdpy-O-(C}j3OH

(1b): yield 32%; UV-vis (MeCN)Amax (nm) (loge) 418
(5.57), 551 (4.23) and 591 (3.98); MS (SIM8)z 1148
[M*]; 'H NMR: §=-2.54 (2H, t,J=5.6 Hz, CH), —2.19
(3H, s, OCH), —1.95 (2H, m, CH), —1.51 (2H, m, CH),
—0.08 (2H, m, CH), 0.89 (2H, m, CH), 3.49 (2H, t,
J=5.6Hz, CH), 6.53 (2H, dJ=4.0Hz, pyrrole), 6.78 (2H,
d, J=8.6Hz, GH4), 6.92 (2H, dJ=4.0Hz, pyrrole), 7.44
(2H, d,J=8.7 Hz, GHy), 7.91 (2H, s, pyrrole), 7.92-7.98
(12H, m, Ph), 8.33 (8H, m, Ph), 9.57 (8H, s, pyrrole).

Bis{3-[4-(N,N'-difluorobornyl-5-dipyrrinyl)phenyl]pro-
poxofantimony(V) tetraphenylporphyrin  bromide 1d):
yield 58%; UV—vis (MeCN)Amax (M) (loge) 423 (5.49),
552 (4.10) and 592 (3.98), 497 (4.80); MS (SIMSE: 1424
[M*]; 'H NMR: §=—2.42 (4H, t,J=5.6 Hz, CH2),—1.21
(4H, t, J=5.6 Hz, CH2), 0.88 (4H, m, CH2), 6.14 (4H, d,
J=4.0Hz Ph), 6.55 (4H, dl=4.0 Hz, pyrrole), 6.77 (4H, m,
pyrrole), 7.31 (4H, m, Ph), 7.95 (4H, s, pyrrole), 9.90-8.01
(12H, m, Ph), 8.32 (m, 8H, Ph), 9.49 (8H, s, pyrrole).

3-[4-(N,N'-Difluorobornyl-5-dipyrrinyl)phenyl]propoxo-
(phenyloxo)antimony(V) tetraphenylporphyrin  bromide
(1d): yield 32%; UV-vis (MeCN)Amax (nm) (loge) 418
(5.57), 551 (4.23) and 591 (3.98); MS (SIM8yz 937
[M*]; *H NMR: §=—2.20 (2H, t,J=5.6 Hz, CH), —1.19
(2H, t, J=5.6 Hz, Ch), 0.88 (2H, m, CH), 1.67 (2H, d,
J=7.8Hz, PhO), 5.73 (2H, d=7.8 Hz, PhO), 6.04 (1H, t,
J=7.8Hz, PhO), 6.18 (2H, d]=8.5Hz, GH4), 6.55 (2H,
d,J=3.8Hz, pyrrole), 6.78 (2H, d=3.8 Hz, pyrrole), 7.30
(2H, d,J=8.5Hz, C6H4), 7.92 (2H, s, pyrrole), 7.88-7.96
(12H, m, Ph), 8.13 (8H, dJ=4.0Hz, Ph), 8.38 (8H, d,
J=4.0Hz, Ph), 9.49 (8H, s, pyrrole).

2.6. Measurement of fluorescence spectra of

(2a and 2b; 2.56 mmol), and pyridine (2ml) was refluxed The fluorescence spectra of argon-purged solutions under
under nitrogen atmosphere at G5 until the absorption  the excitations of Bdpy chromophore at 490 nm and por-
spectra shifted to nearly 423 nm. Then the crude product phyrin chromophore at 420 nm were measured at room tem-
was subjected to column chromatography on silica gel using perature on a Hitachi F4500 spectrometer. The concentrations
10:1 (v/v) CHCE—MeOH as an eluent to givia, 1band of solutions ofl were adjusted so that absorbance would be
1d. The preparation ofic was performed by refluxing a less than 0.08 at the excitation wavelength. According to the
MeCN (25ml) solution containing [Sb(TPP)(O]Br— reported method48], quantum yields for the fluorescence
(20mg; 0.02 mmol), Bdpy-O-(CH3Br (2¢; 0.31 mmol), were determined. As an actinometer, an MeCN solution of



290

zinc(ll) tetraphenylporphyrin with a fluorescence quantum
yield of 0.029[49] was used for the excitation of porphyrin
chromophore at 420 nm. The quantum yield2afin MeCN
under excitation at 470 nm was determined to be 0.052 using
an MeOH solution of Rhodamin B with the quantum yield of
0.4 under excitation at 470 nm.

3. Results
3.1. Preparation of fuctionalized Sb(TPP) complexis (

Alkyloxo(bromo)antimony(V) tetraphenylporphyrin bro-
mide ([Sb(TPP)(OR)B#Br—; TPP denotes tetrapenyl-
porphyrinato group) is a key precursor in our synthetic
route to unsymmetric axial-ligand coordinated porphyri-
natoantimony(V) complexesSE¢heme L The [Sb(TPP)-
(OR)BI]*'Br— (R=Me, Ph) were prepared very smoothly
by heating dibromoantimony(V) tetraphenylporphyrin
bromide ([Sb(TPP)B]Br~) with ROH (R=Me, Ph)
in MeCN. 4-(,N-Difluorobornyl-5-dipyrrinyl)phenoxy-
alkyloxo(alkyloxo)antimony(V) tetraphenylporphyrin bro-
mide (Lla, 1b and 1d) were prepared by the alcoholysis of
[Sb(TPP)(OR)BrIBr— with 3-[4-(N,N'-difluorobornyl-5-
dipyrrinyl)phenoxy]propanol @) and 6-[4-(,N’-difluoro-
bornyl-5-dipyrrinyl)phenoxyl-hexanol2p) under refluxing
in MeCN (Scheme 1 The preparation afc was performed
by the alkylation of [Sb(TPP)(OH)*Br— with 3-[4-(N,N'-
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Fig. 1. Absorption and fluorescence spectra2af (0.01mM) and3a
(0.01 mM) in MeCN. Excitation wavelength was 420 nm &arand 470 nm
for 2a, respectively.

difluorobornyl-5-dipyrrinyl)phenoxy]propyl bromide2¢).
The structures ofla and 1d were confirmed by MS and
NMR spectra. The redox potential&(2) in MeCN are
summarized irmable 1

3.2. Steady-state absorption spectra

Fig. 1shows the absorption and fluorescence specta of
and [Sb(TPP)(OMe]*Br~ (3a) in MeCN. The absorption
spectra ofl are a superposition of the spectra3afwith a
peak at 495 nm anglawith a Q-band at 550 and 590 nm with
a strong Soret band at 415 nm, indicating no interaction in the

OH OH
1) DDQ
( \ Br-(CHy),-OH .O- J
+ 2 i — > Bdpy-OH r(—z)”._ dei‘f o (CHZ)rL OH
CF3CO5H 2) NEt5 (11%) K;COy 2at n=3 (17;5)
' H  3) BF;0Et DMF 2b: n = 6 (21%)
CHO - N
\_NH W Br-(CHanBr _  Bpy-O-(CH,)y-Br
o, KzCO3 2c (9%)
e DMF

ROH [Sh(TPP)(OR)Br,]*Br 2
MeCN R = Me (95%)
R=Ph (91%) Byt
py—0—(CHy)
3 Va
, R=Me
O [Sb(TPP)Bry] Br ' A= Me
TPP: Tetraphenylporphyrinato group » R=Ph
2c
[Sb(TPP)(OH)]*Br T g\l )
K —Q— _s =7 o—
() 18-crown-6 DA (CHa)s~
MeCN

(58%)

Scheme 1. Preparation b, 1b, 1candld.
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Table 1

Characterization ofa, 1b, 1cand1din MeCN

1 E9,2 (V) EF3P (V) Amax (M) (loge)° Amax (N (z/nsf r (A)f
Sh(TPPY Bdpy" Sh(TPPY Bdpy"

la 1.56 —0.52 419 (5.3) 495 (4.2) 594 (1.31) 520 (0.29) 6.53
550 (3.9) 648
589 (3.6)

1b 1.56 —0.52 419 (5.3) 495 (4.2) 595 (1.16) 520 (0.023) 8.08
550 (3.9) 647
590 (3.6)

1c 1.56 —0.51 420 (5.3) 495 (4.2) 597 520 6.53
552 (3.9) 649
592 (3.7)

1d 1.56 —0.46 421 (5.3) 495 (4.2) 594 520 6.53

0.93 552 (3.9) 649

592 (3.7)

2 Half peak of oxidation potentials of Bdpy chromophorelin

b Half peak of reduction potentials of Sb(TPP) chromophorg in

¢ Absorption maxima.

d Emission maxima.

€ The fluorescence lifetimes.

T Distance between C-5 of Bdpy and Sb atom calculated by MM2.
9 For the porpyrin chromophore.

P For the Bdpy chromophore.

I Half peak of oxidation peak for axial phenyloxo ligand.

ground state. In polar solvents, these absorption ban8a of crease of solvent polarity measured By (30), as shown
and the Sb(TPP) moiety itg, 1b, 1candldwere very sharp.  in Table 2 On the other hand, the quantum vyields 3z
On the other hand, when the absorption spect@apia, 1b (P3a) were almost the same when the solvent polarity was
andlcwere measured in toluene and benzene, these spectrathanged.
shapes were remarkably destroyed. Also, when using PF Under the selective excitation of the Sb(TPP) chro-
instead of Br as a counter anion, the spectral shapes were mophores ofla, 1b, 1c and1d at 420 nm, the fluorescence
destroyed even in polar solvents. These results were probablycoming from the Sb(TPP) chromophores was commonly ob-
due to the aggregations 8&and the Sb(TPP) moiety ita, served neakmax 595 and 650 nm in the solvent used. The
1b, 1cand1ld. fluorescence quantum yield®{) of Sb(TPP) chromophore
under the excitation of the Sh(TPP)XH, 1b, 1lcandld were
about a half ofp35 of 33, as summarized ifable 3

Fig. 2shows the fluorescence spectrd aflb, andld un-
der selective excitation of the Bdpy moiety with 470 nm light.
In the case ola, the relative intensity of the Bdpy moiety at

3.3. Steady-state fluorescence spectra

As shown inFig. 1, the fluorescence spectrum 24 at
520 nm is a mirror image of the absorption at 495 nm. Also,
the fluorescence bands3dat 595-640 nm are nearly mirror - 1apje 2
images of the absorptions at 550-590 nm. Although fluores- Fluorescence quantum yields2d and3a
cence peaks of thda and the Sb(TPP) moiety itha, 1b,
1c and1d were very sharp in polar solvents, these spectral

Solventé Er (30) cbggpyc P30

shapes were remarkably destroyed, as well as the absorp- 107 1072
tion spectra in a non-polar solvent, due to the aggregation TL 339 1.80 2.88
of 3aand the Sb(TPP) moiety iba, 1b, 1candld. There- B2 2‘;'3 ﬂg g-gi
fore, the flqorescence spectra f(_)r quantitative analysis were. 391 183 565
measured in chloroform (CF), dichloromethane (DM), ace- pwm 411 1.06 3.08
tonitrile (AN), and methanol (ME)3a and 2a were used AN 46.0 0.47 3.28
as a model compounds for the analysis of the excited statesVE 55.5 0.52 2.93
of the Sb(TPP) and the Bdpy chromophores without the in- 2 TL: toluene, BZ: benzene, TF: tetrahydrofuran, CF: chloroform, DM:
teraction of another Chromophore, respectiveyﬂeme 2 dighloromethane, AN: acetonitrile, ME: methanol.
Table 2summarizes the quantum yields for the fluorescence  EMPirical solvent parameter. -

. bdpy. bdpy Fluorescense quantum yield & under the excitation at 470 nm.
emission of2a (®,,) and 3a (®3a). The @,,™ values, d Fluorescence quantum yield for [Sb(TPP)(OM&Rr— (3a) under the

which are in the range of 0.052—-0.183, decrease with the in- excitation at 420 nm.
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Scheme 2. Kinetic parameters for the analysis of fluorescence parameter.

520 nm is much smaller than that of the Sb(TPP) moiety at
610 and 655 nm, suggesting efficient quenching of the Bdpy
moiety. Forlb, the ratio of the fluorescence intensity of the
Bdpy moiety is about a half of the Sh(TPP) moiety, indi-
cating that the Bdpy moiety quenching is less efficient than

Fluorescence Intensity (a.u.)

600
Wavelength (nm)

700 800

Fig. 2. Fluorescence spectradd, 1b and1c under the excitation of Bdpy
chromophore at 470 nm in MeCN. These spectra were normalized by the
intensity oflaat 600 nm.
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Fig. 3. Time resolved fluorescencelsH (0.01 mM) in MeCN after 410 nm
laser irradiation.

that of 1a. This may be more related to the long methylene
chain of1b (n=6) than that ofLa (n=3). Althoughld has

the same chain length ds, the fluorescence intensities of
both Bdpy and Sb(TPP) moieties were weak compared with
la. Itis noteworthy that such a large difference was observed
only by changing the axial ligand from the methoxy group
to the phenoxy group. Under the excitation of Bdpy chro-
mophores at 470 nm, the quantum yields of the fluorescences
from the Sb(TPP) chromophore@) and the Bdpy chro-

mophores ¢2°™) were estimated, as shownTable 3 The
(btl’dpy values ofla, 1b, 1candld are about 1/100 dta.

3.4. Time-resolved fluorescence spectra and lifetime

Fig. 3 shows the time-resolved fluorescence spectra of
la in MeCN. Although complete selective excitation of
Bdpy moiety was impossible with our laser equipments,
the rapid decay of the fluorescence of Bdpy chromophores
was observed? " = 0.29 ns), which is faster tharyo™ =
0.53ns. From the decay rate of the fluorescence of Bdpy
chromophore, the rate constant for phenomenon occurring
from the excited singlet state of the Bdpy chromophores was
evaluated. With the decay of the fluorescence of Bdpy chro-
mophores, the rise of the fluorescence intensity of Sb(TPP)
chromophores was observed, suggesting that energy transfer
takes place from the excited singlet state of Bdpy moiety to
Sb(TPP) chromophore. After reaching a maximum, the flu-
orescence of the Sb(TPP) chromophoré&anlb, 1candld
begins to decay with lifetimerf® = 1.3) slightly shorter
than that oBa(r33=1.7 ns), suggesting some extra processes
may occur between the excited singlet state of the Sb(TPP)
and the Bdpy chromophores. In the caseldf some ex-
tra processes may occur between the excited singlet state of
Sb(TPP) chromophores and the axial phenoxy group.

3.5. Nano-second transient absorption spectra

In order to elucidate the participation of the electron trans-
fer quenching, a nanosecond laser flash photolysis tech-
nigue was employed. It is well known that the excitation
of [Sb(V)TPP(OMe)]*Br~ (34a) resulted in the characteris-
tic transient absorption due to the excited triplet state where
intense sharp absorption appeared in the 400-500 nm region
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Table 3
Quantum yield and quenching rate constant for the fluorescerice db, 1cand1d
1 Solvents ®1/10722 (ky/1° s71)P @3%Y/1072¢ (k] /101051y ®1/1073¢ Dent (kend10° s~1)9 k) /10° s71h
la CF 1.85 (0.25) 0.26 (3.65) 6.13 0.33(12.0)
DM 1.60 (0.54) 0.19 (2.88) 6.16 0.38 (11.0)
AN 1.25 (0.96) 0.16 (1.49) 5.00 0.40 (5.96)
ME 1.27 (0.77) 0.21 (1.25) 4.85 0.38 (4.75)
1b CF 2.27 (0.10) 0.91 (1.01) 8.07 0.36 (3.62)
DM 2.27(0.21) 0.60 (0.88) 7.36 0.32 (2.81)
AN 1.91(0.42) 0.33(0.52) 7.41 0.39 (2.03)
ME 1.70 (0.43) 0.43 (0.76) 4.86 0.29 (2.25)
1c CF 2.19 (0.12) 0.30 (3.16) 2.83 0.13 (4.08)
DM 1.51 (0.61) 0.18 (3.06) 4.07 0.27 (8.22)
AN 0.87 (1.63) 0.12 (2.02) 3.04 0.35(7.02)
ME 0.74 (1.74) 0.15 (1.78) 2.64 0.36 (6.36)
1d CF 0.44 (2.95) 0.33 (3.20) 0.72 0.16 (5.12) 2.45
DM 0.60 (2.43) 0.20 (3.06) 0.54 0.09 (2.75) 1.27
AN 0.62 (2.52) 0.05 (5.45) 0.14 0.02 (1.09) 0.78
ME 0.42 (3.52) 0.10(3.00) 0.27 0.06 (1.80) 1.54

2 Fluorescence quantum yield from Sb(TPP) chromophore under excitation at 420 nm.

b k= (P31 — 1)ltza

¢ Fluorescence quantum yield from Bdpy chromophore under excitation at 470 nm.

d k; _ (¢gdpy/¢>lzdpy7 1)/r123dpy.

€ Fluorescence quantum yield from Sb(TPP) chromophore under excitation of the Bdpy chromophore at 470 nm.
f Quantum yield for energy transférens = @7/®1.

9 Rate constant for the energy transfer from Bdpy group to the porphyrin chromophqre: Pentk,,.

h The quenching rate constants for the fluorescence of Sb(TPP) chromophore by axial phenoxy ligand determined by the foIIowin@;eq:lJ(atﬁg;;!?Pld -
1)/71; wherer; =1.31ns.

and broad absorption appeared from 600 to 900 nm, as showrformed via the intersystem crossing from the singlet ex-
in Fig. 4A. Fig. 4B shows the transient spectra excitation of cited state of the Sb(TPP). However, a comparison of the
3ain MeCN in the presence of electron-donating substrates region of 600—850 nm iffrig. 5 with pure triplet—triplet ab-
such ad\,N,N',N'-tetramethylbenzidine (TMB; MeNCgH4- sorption band irFig. 4A shows that the peaks at 700 and
CsHsNMey) under excitation at 524 nm. The excitatiorBaf 800 nm seem to be overlapped, suggesting the formation of
induce electron transfer from TMB Bavia the triplet state of ~ [SbY(TPP)(OMe)]" moiety or SB (TPP)(OMe) moiety.

3a, giving the intense absorption of the cation radical of TMB Three peaks in the 400-600 nm rangelofvere different

at 1040 and 900 nm (lifetime =j5s) and relatively weak ab-  from the absorption spectra of the excited triplet stat8aof
sorptions at 700 and 800 nm. The latter can be attributed to(Fig. 4A). However, the electron transfers from Bdpy to ex-
the one-electron reduced complex of Y§BPP)(OMe)]*, cited singlet state of the Sb(TPP)1a, 1b, 1cand1ld were
which can be expressed in the forms of'§FPP)(OMe) as slow as competition with the formation of the triplet state
and/or [SH (TPP)(OMe}]" [44]. In order to avoid the over-  of 1.

lapping of absorption of donor cation radical, therefore, laser-

flash photolysis o8awas performed in the presence of di-

ethylaniline (DEA) acting as electron dondtig. 4C). With 4. Discussion

the disappearance of the absorption bands of the triplet state

of 3a, new peaks at 700 and 800 nm were observed. Since4.1. Estimation of free energy changes in the electron

the radical cation of DEA may appear shorter than 420 nm, transfer between two chromophores

the observed transient peaks at 700 and 800 nfFign4C

can be unambiguously attributed to [§BPP)(OMe}]" or The free energy changeAG) required for the electron
SuY(TPP)(OMe}) formed by the electron transfer from DEA  transfer between two chromophores are calculated by the
to the triplet state oBa. Rehm—Weller equation (Eq1)) [50] using the half-peak

On the other hand, the transient spectra@flb, and1ld of oxidation potential of the Bdpy chromophorgf;), the
under excitation of the Sb(TPP) moiety at 524 nm showed half-peak of reduction potential of the Sb(TPP) chromophore
broad absorption in the 600—900 nm region and sharperthree(Erleg), and the excitation energieEX °) for the Sh(TPP)
absorption peaks in the 400—-600 nm region; the appearanceand the Bdpy chromophores, which were 2.08 and 2.44 eV,
of broad absorption in the 600-900 nm region suggests thatrespectively Table ). The AG's for the electron transfer
the triplet excited state of the Sb(TPP) moiety Iirwas from the excited singlet state of the Sb(TPP) chromophore
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Fig. 4. Transient spectra 8 (0.1 mM): (A) in the absence and (B) in the
presence of tetramethylbenzidiene (TMB; 0.2 mM); (C) in the presence of Fig. 5. Transient spectra dfa, 1b, and 1d under excitation of Sb(TPP)
N,N-dimethylaniline (DEA; 5 mM) in MeCN after 532 nm laser irradiation.  chromophore at 524 nm in MeCN.

to the Bdpy chromophore ofa, 1b and 1c were nearly culated to be exoergonic. The energy diagrams are shown in
zero, whileAG was slightly exoergonic for the case bd. Scheme 3

The AG's for the electron transfer from the excited singlet AG = E%, _ gred _ p0-0 1)
state of the Bdpy moiety to the Sb(TPP) moiety were cal- -T2 T2

3.0— + ¥ * *
Bdpy~O-Sbl-OR Bdpy~O-{Sbl-OR o OH
> — k' k
[} q o S — ent
2.08 eV (1a-c) et e }
2.0 —.siow 244eV(1a 9 " s
M ; a <
2.02 eV (1d) ~ e 2086V “a'dNdey 0 OPh
1.45 eV (1d)
1.0—
0.0
@ k110%" k110" k0%
R 1a 096 1.49 0.40 -
B ib 042 0.52 0.39 -
F N 1ic 163 2.02 0.35 2
[ 1id 252 5.45 : 0.78
in MeCN

Scheme 3. Energy diagram for the reactive specidsiofb, 1cand1d.
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4.2. Fluorescence under the excitation of Sb(TPP) singlet state to Sb(TPP) chromophores was determined by
chromophore Eq.(4). The®eptwas 0.33-0.40 fotaand 0.29-0.36 fotb,
regardless of the solvent polarity. Sirvdlpwas larger in the

The shapes andnaxin the UV-vis and the emission spec-  wvo orders than the other decay pathways (e/gg‘?y), the

tra of 1a, 1b and1cwere the same as those3d, revealing  r5te constantiGn) for the energy transfer can be calculated
an absence of interaction between the two chromophores iNpy Eq.(5).

both the ground and excited states. The fluorescence life-

times (1) of Sb(TPP) chromophore were determined to be (pgdpy/gp?dpy_ 1

1.31and 1.16 ns in MeCN fdrmand1b, respectively. These k= —  bdpy 3)

values were very close to the fluorescence lifetime3af 2

(t3a), which were 1.5-1.8 ns in the solvent used. Under the %

excitation of Sb(TPP) chromophore at 420 nm, the fluores- Pent= " (4)
. 1

cence quantum yieldgy ) were the constancy of the solvent;

0.0125-0.0185fdtaand 0.0170-0.0227 fdb. The quench-  kent= qbemk; (5)

ing rate constantsg) of the excited singlet state of Sb(TPP) )
chromophore by the Bdpy chromophore were calculated by ~ The kent value should be affected by the distance be-
Eq. (2) using the observeds, 3, (1.7 ns for MeCN), and ~ tween the Bdpy and the Sb(TPP) chromophores. Rdie
@34 for 3a Thekq values predicted that the quenching of the value decreased as the length of the methylene bridge in-
excited singlet state of Sb(TPP) by the Bdpy chromophore créased Table 3. Also, the kent value of la decreased,

would be very slowky < 10P°s . as the solvent polarity increasetiaple 3. Solvent polar-
ity might affect the conformation of axial Bdpy ligands.
k= P3a/P1—1 @) The favorable conformation dfa and1b calculated by the
1 T3a MM2 program took the structure where the Bdpy group was

bent over the porphyrin chromophore rather than being lo-
cated perpendicular to the porphyrin chromophore. Since the
Sb(TPP) moiety was cationic, solvation with a polar sol-

vent might disturb the approach of the Bpdy chromophore
to the Sb(TPP) chromophores, resulting in a larger distance

mophores oflaandl1b. Therefore, it can be concluded that .
o . between the two chromophores. There were apparent differ-
the participation of the electron-transfer process in quench- . .
ences inkent and ®ent betweenla and 1c¢ having two ax-

ing the excited singlet state of Sb(TPP) chromophore with the ial Bdov lioands. As a result. the excitation enerav of the
Bdpy chromphore is very small it These results contrast Py fig ' ' gy

; . Bdpy chromophores was transferred to the Sb(TPP) chro-
those in the case of (2-naphthoxy)polyoxalkyloxoantimony moohores with hiah efficienc — 0.35-0.40 forla. 1b
tetraphenylporphyrin complexg&l], where the fluorescence P 9 Yent=0. ' 4

. andl1cin MeCN. The excited singlet states of the Sb(TPP)
quenchmg of Sb(TPP)'chromophore by the naphthgxy group chromophore were very slowly quenched by the Bdpy chro-
was rapid, as was the increase of the solvent polarity and in-

—oE_ "1
crease of the distance between the two chromophores. In themophore kg=2.5-9.6x 10°s™%) (Table 2.

latter case, the dependencekgfon solvent polarity and the ) ] ] )
distance between the two chromophores was attributable to-4- Fluorescence dfdinvolving axial phenoxy ligand
the occurrence of the electron-transfer process.

Thekqy value did not depend on either the solvent polar-
ity or the length of the methylene bridg&able 3. More-
over, the transient absorptions of '$fTPP) species were
not clearly observed under excitation of Sb(TPP) chro-

The fluorescence study afl, involving Sb(TPP), Bdpy,
and phenoxy chromophores, was performed. Since the three
chromophores ofld are isolated from each othetd was
subjected to the same analysis ls The excited singlet
state of the Sb(TPP) was quenched by both the Bdpy and
phenoxy chromophores. The Bdpy quenching rate constant
(kg) for 1d was assumed to be the samekgdor 1a, that
is 2.5-9.6x 108 s1. However, theky value determined by

4.3. Fluorescence under the excitation of Bdpy
chromophore

The fluorescence quantum yields (™) from the Bdpy
chromophore ot under the excitation of Bdpy chromophore
at 470nm were 0.0016-0.0026 ftta and 0.0033—0.0091
for 1b, much smaller than the fluorescence quantum yield of Kinetic treatment was 2.43-3.521° L, which is larger

Zatlagd)gdpy = 0.047—0.183)[42,43] Moreover, thelifetimes 1 that ofLa. Therefore, the occurrence of electron-transfer
(7™ of the Bdpy chromophore dfaand1bwere 290ps  quenching by phenoxy group should be taken into account.
and 23 ps, respectively, which were much shorter than the  The quenching rate constar};ﬁ;l of the fluorescence of
lifetime of2a(rgdpy: 1.9ns)42,43] The quenchingratecon-  Sb(TPP) by phenoxy group was determined by comparison
stants k;) of the excited singlet state of Bdpy chromophore of @, betweerlaandld according to Eq(6), where®1,and

by the Sb(TPP) chromophore was calculated by(By.The @1qare the fluorescence quantumyield of the porphyrin chro-
k; values were 18 s~1 order. The quantum yieldsny) for mophore oflaand1d under excitation ofth(/n7 porphyrin chro-
the energy transfer from Bdpy chromophores in the excited mophore, respectively. According to E{a),kq7 was estimated
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to be 0.78-2.45 10° s~1. The quenching process of the ex-

cited singlet state of porphyrin by the phenoxy chromophores
might be mainly an electron-transfer process, since the pro-
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