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Photophysical properties of a newly-synthesized porphyrin derivative,护必s・bis(f&rocene carboxylato)- 
(5,10,15,20-tetraphenylporphyrinato)tm(IV) [Sn(TPP)(FcCOO)2] were investigated by means of steady-state 
and fs-time resolved laser spectroscopic techniques, and compared with those of a standard molecule, trans- 
dichloro(5,10,15,20-tetraphenyl-porphrinato)tm(IV) [Sn(TPP)Cb]. The fluorescence spectrum of Sn(TPP)- 
(FcCOO)? was observed to exhibit dual emission bands originating from the S2■아ate and the Si-state, which 
was greatly quenched as compared to those of Sn(TPP)Cb. The fs-time resolved fluorescence and transient 
absorption spectroscopic measurements revealed that the fluorescence quenching is due to formation of the 
long-lived charge transfer state by intramolecular electron transfer from ferrocene to the Se-excited SnTPP in 
addition to the enhanced non-radiative deactivation processes.
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Introduction

Tin(IV) porphyrins have been attracting much attention 
because of many advantages in various applications of the 
particular properties conferred by the highly charged main 
group metal center.1 The large Sn(IV) ion can be accom
modated in the porphyrin core without distorting the 
planarity of the macrocyclic ligand. tin(IV) porphyrins are 
diamagnetic and readily form stable six-coordinate com
plexes with the "欲s・diaxial anionic ligands.撰 The prefer
ential coordination of the Tin(IV) porphyrins to oxyanionic 
ligands has been used to develop the elaborate multi
porphyrin arrays3'7 and porous 아mctures with uniform 
channels.8,9 It has been also applied to develop nano 
materials10'14 as the promising photoelectronic materials 
including photocataly아s'-" and phototherapeutical 
agents. 1爲'6 These applications are based on the excited■아ate 
electron transfer between centered metal ion and ligands 
coordinated to the metal. Actually the photophysical studies 
of some metal-centered porphyrins have revealed that the 
higher excited singlet states of porphyrins are important 
intermediates in the electron transfer. For example, the Zinc 
porphyrin is well known to exhibit electron donating 
character in the S2 state」지응 whereas in case of Sb-por- 
phyrin, Sz-excited state acts as an electron acceptor.19

However, the photophysical properties of the tin(IV) 
porphyrins have not been sy아ematically iiive아igated with 
regard to the excited■아ate electron transfer as compared to 
those of other metal-centered porphyrins even though the 
electrochemical properties have been reported frequent-

fThis paper is dedicated to Professor Sang Chui Shim on the occasion 

of his honorable retirement.

ly.20?21 In the course of the sy아ematic photophysical studies 
of tin(IV) porphyrins, we have synthesized a new tin(IV) 
porphyrin complex, trans-bis (ferrocenecarboxylato) (5,10, 
15,20-tetaphenylporphyrinato) tin(IV) [Sn(TPP)(FcCOO)2],22 
and characterized its molecular 아ructure by X-ray crystallo
graphy as shown in Scheme 1. The cyclic voltammetry for 
Sn(TPP)(FcCOO)? e아Mbits three distinctive redox couples 
consisting of one oxidative wave and two reductive waves 
due to the ferrocenecarboxylato ligands and the porphyrin 
ring, respectively, implying electron transfer between ferro
cene and porphyin. Thus, it is expected that Sn(TPP)- 
(FcCOO)? should exhibit the photoelectronic properties, and 
in this work we examined photophysical properties of the 
newly synthesized [Sn(TPP)(FcCOO)2] in conjunction with 
the electron transfer dynamics by using fs-time resolved

Scheme 1. Molecular structure of Sn(TPP)(FcCOO)2.
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laser spectroscopic techniques as well as steady-state 
spectral measurements.

Experimental Section

Materials. 7J^5-bis(ferrocenecarboxylato)(meso-tetra- 
phenylporphyrinato)tin(IV)[Sn(TPP)(FcCOO)2] was synthe
sized and characterized according to the previou이y reported 
procedures?2 Zra^5-Dihydroxo(meso-tetraphenylporphyri- 
nato)tin(IV) (100 mg, 0.13 mmol) prepared by the reported 
procedures23 and ferrocenecarboxylic acid (59 mg, 0.26 
mmol) (Aldrich) were dissolved in anhydrous CH2O2 (20 
mL). The reaction mixture was stirred at room temperature. 
After 24 h, the solution was filtered through a Celite pad. 
The solvent of the filtrate was evaporated under reduced 
pressure to give a crude product. It was then recrystallized 
from CH2O2/CH3CN solution to afford crystalline solids of 
Zra^5-bis(ferrocenecarboxylato)(meso-tetraphenylporphyri- 
nato)tin(IV) (TPP)Sn(FcCOO)2. The synthesized crystal
line solids have been recognized to be (TPP)Sn(FcCOO)2 by 
means of IR, UV-visible absorption,13C NMR spectro
scopy and MALDI-TOF mass spectroscopy as previou이y 
reported?2 Yield: 100 mg (66%). 0 NMR (500 MHz, 
CDCI3): Q9.25 (s, 8H, ^pyrrolic H,侦Sn田)=143 Hz), 
836 (d, J= 6.76 Hz, 8H, o-Ph)? 7.81 (m, 12H? m-Ph)? 3.19 
(s, 4H, Fc), 2.57 (s, 10H? Fc), 2.13 (s, 4H, Fc). 13C NMR 
(CDCI3): Q 166.5, 147.3, 1413, 135.2, 133.0, 128.6, 127.2, 
12L8? 74.4,68.7,68.5,684 UV-vis (CHzCh, nm):為寫(log 
s) 404 (4.00), 424 (5.16), 521 (2.95), 560 (3.68), 600 (3.41). 
IR (KBr? cm-1): wo 1644. MS (MALDI-TOF): m/z 96L08 
[(^O2CFc)+ requires 96L13]. AnaL Calcd. for C66H4N- 
O4Fe2Sn: C, 66.64; H, 3.90; N, 4.7L Found: C, 66.82; H, 
3.48; N, 4.9L

The standard compound, Zra^5-dichloro (5?10?15?20-tetra- 
phenylporphrinato)tin(IV) [Sn(TPP)Ch] was also synthe
sized by the reported procedures?4

Spectroscopic measurements. The UV-visible absorption 
spectra was recorded on Cary 3E UV-Visible spectrophoto
meter for toluene solution of (TPP)Sn(FcCOO)2. The steady
state fluorescence spectra were measured on a scanning 
SLM-AMINCO 4800 spectrofluorometer

The ps- or fs-time-resolved fluorescence spectroscopy was 
performed by using time-correlated single photon counting 
(TCSPC)'爲 26 and up-conversion techniques,27 respectively 
The excitation source for TCSPC is a self mode-locked Ti: 
Sapphire laser (Coherent Model MiraTM 900) pumped by 
Nd:YVO4 laser (Coherent VerdiTM diode-pumped laser). 
The laser output has -200 fc pulse width with a repetition 
rate, 76 MHz, and it can span the excitation wavelen앙h in 
the range of 235-300 and 350-490 nm by second- and third- 
harmonic generations by means of LBO and BBO crystals, 
respectively The laser pulse power was minimized to be 12 
//W/ pulse by passing through pulse picker The beam area 
on the sample was about L5 mm2. All the standard 
electronics for the TCSPC system were from the Edinburgh 
Instruments. The instrument function was measured by 
detecting the scattered laser pulse of 〜200 fs with quartz 

crystal The up-conversion set-up is described in detail in the 
previ이is report?7 Light source employed for the up-
conversion was the output of a home-made cavity-dumped
Kerr lens mode-locked Ti:sapphire laser at 820 nm. 
repetition rate and pulse energy were adjusted to 500

The 
kHz

and 40 nJ. A pump pulse of 410 nm was generated in 200 
mm thick LBO crystal The residual 820 nm output was used 
as gate pulse. Group velocity dispersion of the gate and the 
pump pulses were compensated by negative chirped mirrors 
and fused silica prism pairs. Width (FWHM) of the 
instrumental response was about 100 fs from the cross 
correlation measurement with a 500 mm thick BBO crystal 
Magic angle detection was used to avoid the effect of 
polarization.

The transient absorption spectra were measured by using a 
fs-transient absorption spectroscopic system which have 
been reported elsewhere?8?29 A light source consists of a cw 
self-mode-locked Ti:sapphire laser (Mira 900 Basic, 
Coherent) pumped by an Ar+ laser (Innova 310, Coherent) 
and a Ti: sapphire regenerative amplifier system (TR 70, 
Continuum) with a Q-switched Nd:YAG laser (Surelight I 
Continuum). The fundamental output from the regenerative 
amplifier (780 nm, 3-4 mJ/pulse, 170 fs fwhm? 10 Hz) was 
frequency doubled (390 nm) and used as an excitation light 
pulse. The energy of the excitation pulse measured with a 
Joule meter (P25, Scientech) was 33 x 10-3 mJ/pulse and its 
spot diameter on the sample was nearly 1 mm, The shot-to- 
shot fluctuation of the energy was less than 10%. The 
residual of the fundamental output was focused into a quartz 
cell (1 cm path length) containing H2O to generate a white
light continuum as a probe pulse. Transient absorption 
intensity was displayed as percentage absorption,29 % A = 
100 x (1 - RRo), where R and R。represent intensity of the 
light of the probe pulse with and without excitation, 
respectively The time resolution of system is less than 1 ps 
for the sample with a large absorption coefficient at the 
excitation wavelen앙 h.

Results and Discussion

The bis(ferrocenecarboxylato)tin(IV) porphyrin complex 
Sn(TPP)(FcCOO)2 was synthesized by the reaction of trans- 
dihydroxo(meso-tetraphenylporphyrinato)tin(IV) complex 
Sn(TPP)(OH)2 with two equivalents of ferrocenecarboxylic 
acid, FcCOOH. The complex Sn(TPP)(FcCOO)2 was fully 
characterized by various spectroscopic methods and 
elemental analysis, and identified to be the same as that 
reported previou 이y「9

Figure 1 shows the absorption spectrum of Sn(TPP)- 
(FcCOO)2 in toluene, which exhibits Soret band around 420 
nm and Q-bands at 560 nm and 595 nm. The intensities of 
these bands are highly hyperchromic (molar absorptivity: s 
=4.0 x IO3 with a slight blue shift as compared to
those of Sn(TPP)C12 {s= L4 x IO3 M-1 -cm-1), indicating that 
FcCOO causes some electronic perturbation of the porphiri- 
nato ligand more effectively than Cl, probably by stronger 
charge-transfer interaction?0 Upon excitation of the Q-band
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Figure 1. UV-Visible spectra of (TPP)Sn(FcCOO)2 (solid line) and 

(TPP)SnCh (dash line) in toluene.

Figure 2. Fluorescence emission spectra of (TPP)Sn(FcCOO)2 

(solid line) and (TPP)SnCb (dash line) in toluene.

of Sn(TPP)(FcCOO)? and Sn(TPP)Cb> fluorescence due to 
the Si t So transition appeared at 605 and 660 nm. On the 
other hand, upon excitation of the Soret band at 410 nm, 
another emission band at 435 nm with a shoulder at 465 nm 
additionally, which is attributed to the S2 T So transition. 
Figure 2 shows the fluorescence spectra measured by 
ad[ju아ing the optical densities of both molecules to be the 
same at the excitation wavelength, 410 nm in order to 
estimate the relative fluorescence quantum yield. It is 
evident from this measurement that both Si- and S2-fluore- 
scence intensities of Sn(TPP)(FcCOO)2 are extraordinarily 
quenched from those of Sn(TPP)Cb. Intere아in이y, the 
relative quenching ratio of Si fluorescence is much larger 
(〜30 times) than that of S2 fluorescence (〜4 times), implying 
that deactivation process of Si 아ate is more efficient than

Sn(TPP)(FcCOO)2
X - 425 nm, X - 660nm ex ' em

= 1.54 ns (11.57 %)
t2= 1.04 ns (88.43 %)

» X2=103
V Rising time = 26.9 ps

Sn(TPP)CI2

孔©乂 = 425 nm, Xem = 660nm 
q = 1.60 ns (20.38 %) 
T2 = 0.83 ns (79.62%) 
X2 = 1.04

, Rising time = 60.6 ps

Figure 3. Si-fluorescence decay profiles of Sn(TPP)(FcCOO)2 (a) 

and Sn(TPP)Cl2 (b) detected at 660 nm.

that of S2 state. In order to explore the deactivation processes 
in detail, the Si- and S2- fluorescence lifetimes of both 
porphyrins are measured by TCSPC and up-conversion 
techniques, respectively. Figure 3 shows the typical Si- 
fluorescence decay profiles of Sn(TPP)(FcCOO)2 and 
Sn(TPP)Cl? detected at 660 nm with excitation at 425 nm, 
fitting to biexponential function, from which two decay 
times (0.8-1.6 ns) originating from two vibronic states. The 
decay times were summarized in Table 1. The S2-fluore- 
scence decay profiles of Sn(TPP)(FcCOO)2 and Sn(TPP)Cl? 
were also measured by means of up-conversion method and 
illustrated in Figure 4, from which S2■아ate lifetimes of 
Sn(TPP)(FcCOO)? and Sn(TPP)Cl? were determined to be 
240 fs and 384 fs, respectively. Although S? emission life 
time of Zn-, Cd-, Al- and Sb-centered TPP have been 
reported,19 31 This is the fir아 observation of S2 emission for 
Sn centered porphyrin. As seen in Table 1, the fluorescence 
decay times of Sn(TPP)(FcCOO)2 are slightly different from

Table 1. Si- and S^state properties (Asi, As2, rsi, rs2), oxidation and reduction potentials of Sn(TPP)(FcCOO)2 and Sn(TPP)C12

Asi As2 0 乓>2 Eox" Eg"

Sn(TPP)(FcCOO)2 605 nm 434 nm 1.04 ns (88.4%) 1.54 ns (11.6%) 240 fs 0.11 V -1.47 V

Sn(TPP)Cl2 606 nm 434 nm 0.83 ns (79.6%) 1.60 ns (20.4%) 384 fs - -

气，& SCE; Ref. 22.
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Figure 4. S2-fluorescence decay profiles of Sn(TPP)(FcCOO)2 (a) 

and Sn(TPP)Cl2 (b) measured by up-conversion technique. 2CX = 
410 nm. '
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Figure 5. fc-Transient absorption spectra (Acx = 390 nm) (a) and 

ns-transient absorption spectra with decay profile of 480 nm 

transient band (inset) (b) of (TPP)SnCl2.

those of Sn(TPP)Cb in spite of the extraordinarily lower 
fluorescence quantum yield of Sn(TPP)(FcCOO)2 as com
pared with that of Sn(TPP)Cb. This indicates that there is an 
additional deactivation process of the Si- and S?-states of 
Sn(TPP)(FcCOO)2 to the radative and nonradiative pro
cesses such as internal conversion and intersystem crossing. 
It is known that the excited SnTPP works as an electron 
acceptor14,32 as in the case of SbTPP, and the additional 
deactivation process in the excited states of Sn(TPP)- 
(FcCOO)? should be an intramolecular electron transfer from 
FcCOO to the excited SnTPR forming an excited charge 
transfer 아ate (CS). Supporting this speculation, the free 
energy changes for the intramolecular electron transfer 
(AGet) vza the Si or S? states can be e아imated to be -0.30 
and —1.34 eV respectively, according to the following 
Rehm-Weller equation 1,

(AGet) = Eox — Ered — Esi ors? (1)

where Esi or S2 is the Si- or S2■아ate energy of Sn(TPP)- 
(FcCOO)? e아imated from the peak position of the Si or S2 
fluorescence, and Eox and Ered are the oxidation and 
reduction potentials of Sn(TPP)(FcCOO)? listed in Table 1. 
The -AGcs^ are in good correlation with measured lifetimes 

of the excited states; the shorter the lifetimes, the larger the 
-AGcs values, indicating that the intramolecular electron 
transfer is more favorable via the S2 아ate than via the Si 
아 ate.

In order to examine formation of the CS, fs-transient 
absorption spectra of Sn(TPP)Cl? and Sn(TPP)(FcCOO)? in 
toluene were measured. Figure 5(a) shows development and 
decay of the transient absorption spectra of Sn(TPP)Cl? as a 
function of decay time upon excitation at 390 nm. Immedi
ately after excitation, the transient absorption band at 450 
nm appeared with a shoulder around 520 nm as well as the 
negative absorption bands at 560 and 595 nm due to 
bleaching of the Q-bands. The 450 nm band disappears after 
5 ps, followed by enhancement of the 520 nm shoulder 
which remains for 〜1 ns, indicating that the 450 nm and 520 
nm band are attributed to the S2 and Si states, respectively. 
Also another band appears at 480 nm from 500 ps which 
remains over 5 ns, and it can be attributed to triplet state 
formed by intersy아em crossing from the Si 아ate as 
confirmed by the nano-second transient absorption spectrum 
as shown in Figure 5(b) exhibiting its decay time of 3.47 «s. 
These observations indicate that the intersy아em crossing is 
the main deactivation process of the excited singlet states of
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Figure 6. fc-Transient absorption spectra of Sn(TPP)(FcCOO)2 

upon excitation at 390 nm.

SnTPPCb. The fs-transient absorption spectral features of 
Sn(TPP)(FcCOO)2 also e아"bits the S?-absorption band at 
435 nm with the Si-absorption band at 520 nm (Figure 6) as 
in the case of SnTPPCb. However, it is noteworthy that the 
decay of the S2 아ate is observed to be accompanied with 
enhancement of the broad transient band around 680 nm, 
which is not observed from the transient absorption spectra 
of Sn(TPP)Cb. The transient bands around 680 nm can be 
attributed to the reduced SnTPP, i.e. SnTPP* as usually 
observed from many other porphyrin radicals」御이 9 弟击_ 

eating formation of the intramolecular CS, [Sn(TPP)*- 
(FcCOO)z새] formed by the intramolecular electron transfer 
from FcCOO to the S2 아ate of SnTPP as in the case of 
Sb(TPP) derivatives?9 Based on assumption that radiative 
and nonradiative rate constants of Sn(TPP)(FcCOO)2 are the 
same as those of Sn(TPP)Cb> the rate constant of the CS 
formation (fcs) vza S2 아ate can be related to the S2 

fluorescence lifetimes according to eq. 2,

fcs =니。S2,Sn(TPPXFcCOO)2 一 1/做, Sn(TPP)C12 (2)

where Ts2,sn(TPP>Fccoo)2 and Ts2,sn(TPP)ci2 are the S2 fluore
scence lifetimes of Sn(TPP)(FcCOO)2 and Sn(TPP)Cl2> 
respectively, and it was estimated to be 1.57 x 1012 s-1. The 
quantum efficiency of CS formation was also estimated to 
be 0.40 according to the following eq. 3.

a)C$ = (l/Ts2,Sn(TPP)(TcCOO)2 一 1/TS2,Sn(TPP)C12)/(TS2,Sn(TPP)(TcCOO)2)

(3)

The estimated fcs and ①cs confirm the efficient CS 
formation of Sn(TPP)(FcCOO)2 via the S2 아ate even in 
nonpolar solvent, despite the short lifetime of the S? state. 
Furthermore, the 680 bands remains up to 1 ns (Figure 6) 
which is much longer than the disappearance time of CS of 
Sb(TPP) derivatives,19 indicating that the charge recombi
nation of the CS of Sn(TPP)(FcCOO)2 is relatively slow. 
Consequently, it is evident that the fluorescence quenching 
of Sn(TPP)(FcCOO)2 is resulted from CS formation by the 
intramolecular electron transfer from FcCOO to the S2- 
excited Sn(TPP) in addition to the nonradiative processes

Sn(TPP)(FcCOO)2

Figure 7. Schematic energy diagram for the deactivation processes 

in competition with the Si- and S2-fluorecence (h均hvfe2) of 

Sn(TPP)(FcCOO)2 including CS formation and charge 

recombination (CR) with internal conversion (IC) and intersystem 

crossing (ISC).

such as internal conversion (IC) and intersystem crossing 
(ISC). Similarly, the fcs and Ocs vza the Si 아ate were 
estimated to 2.4 x 106 s-1 and 〜10-4, respectively, which are 
too small to be competitive with the radiative transition from 
the Si■아ate, indicating that the CS via the S2■아ate is 
negligible. Furthermore, the decay times of the Si-state of 
Sn(TPP)(FcCOO)? are almo아 the same as those of 
Sn(TPP)Cb in spite of the large fluorescence quenching, 
indicating that quenching of the Si-fluorescence may be 
caused by increase of the ISC or IC rate due to enhanced 
vibration of the porphyrin ring ligated with the larger ligand.

From these results, the photophysical behavior of 
Sn(TPP)(FcCOO)2 may be summarized by the schematic 
energy diagram. (Figure 7). Upon excitation to the S2 state, 
both Si and & fluorescence emissions (h均 1 and hv扱)are 
generated in competition with formation ofCS in addition to 
the fundamental nonradiative processes. Particularly the 
radiative decay time of S2 아ate was estimated to be 240 fs 
which was shorter than that of Sn(TPP)Cb (384 fs) because 
of the additional rapid CS process by the intramolecular 
electron transfer from FcCOO to the S2 아ate of SnTPP. On 
the other hand, the radiative decay times of the Si state was 
not much changed, and the additional CS formation via the 
Si 아ate is ne이igible but the nonradiative rate constants 
would be increased by the axial ligation with FcCOO so that 
the Si fluorescence is quenched.

Conclusion

In this work, the Si- and S2-fluorescences of Sn(TPP)Cl? 
were observed to be greatly quenched by sub아ituting Cl 
with FcCOO. The fluorescence quenching was found to be 
due to additional deactivation process to the fundamental 
non-irradiative relaxation such as internal conversion and 
intersystem crossing. The additional deactivation process is 
to form the charge transfer 아ate (CS) very efficiently via 
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intramolecular electron transfer from FcCOO to the S2 state 
of Sn(TPP) as well as the Si state as confirmed by the fs- 
transient absorption spectroscopy as well as the fs-fluore- 
scence spectroscopy The rapidly formed CS is also found to 
be unusually stable for 1 ns, indicating that Sn(TPP)- 
(FcCOO)2 is probably useful for the molecular photoelec- 
tronic devices.
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