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Abstract: In this study, we have investigated the singlet oxygen (*Ag) generation mechanism using
phthalocyaninatosilicon (SiPc) covalently linked to nitroxide radicals (NRs), and we succeeded in increasing
the singlet oxygen quantum yield (®,) by linking the NRs. This originates from both an increase in the
triplet quantum yield and excited-state lifetimes long enough to utilize photochemical reactions. Because
the electron exchange interactions with paramagnetic species were known to result only in very fast excited-
state relaxation, leading to a decrease in photochemical reaction yields, this increase in ®, is an unusual
and precious example for increasing photochemical reaction yields by electron exchange interactions with
paramagnetic species. In addition, our experiments and theoretical analyses show that the spin-selective
energy transfer rate constant is not influenced by linking the NRs and can be evaluated by the product of
spin-statistical factors and matrix elements between the initial and final states.

Introduction “spin catalysis” by Buchachenko et&f° Corvaja et al. reported
that nitroxide-linked fullerene undergoes an electron transfer
reaction with ferrocen&! Hayashi et al. have investigated the
zinc porphyrin-naphthalenediimidenitroxide triad in terms of

the additional radical effects on the charge-separation and
charge-recombination procesdén these photochemical reac-
tions, such as cleavage or electron transfer, electron exchange
interactions with paramagnetic species were found to enhance
the recombination of products, that is, radicals or separated
charges.

Various kinds of spin-dependent processes are known to play
an important role in photophysical and photochemical processes,
such as intersystem crossing (ISC) and radical reactions. Becaus
it is crucial to clarify and control these processes in terms of
photochemistry and spin chemistry, the heavy atom effects and
external magnetic field effects have been investigated not only
in the photophysical ISC process between the singlet and triplet
states, but also in photochemical and enzyme reactions.

On the other hand, while electron exchange interactions with
paramagnetic species were known to result only in very fast (6) (a) Kuzmin, V. A.; Tatikolov, A. S.; Borisevich, Yu. EChem. Phys. Lett.

excited-state relaxatioh’ the influences on chemical reaction

kinetics have recently been investigated. Turro et al. studied
the photolysis ob,L-2,4-diphenylpentan-3-one in the presence
of a nitroxide radical and demonstrated that the recombination
probability of a radical pair is increased by a paramagnetic

1978 53, 52. (b) Kuzmin, V. A.; Tatikolov, A. SChem. Phys. Letl978
53, 606. (c) Watkins, A. RChem. Phys. Letfl98Q 70, 262. (d) Schwerzel,
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Singer, L. A.J. Am. Chem. S0d.974 96, 2730.

nitroxide radicaP and this mechanism has been developed as (7) (a) Gouterman, M. IiThe PorphyrinsDolphin, D., Ed.; Academic: New

(1) Turro, N. J. Modern Molecular PhotochemistryUniversity Science
Books: CA, 1991.
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T.; Grissom, C. BJ. Am. Chem. S0d.995 117, 566. (c) Anderson, M.
A.; Xu, Y.; Grissom, C. BJ. Am. Chem. So2001, 123 6720.
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Chart 1 in ISC enhancements. By comparison between Rla, R1lc, and
R2c, where the electron exchange interactions with NRs are
)@\}1 systematically changeablg,it is demonstrated that the 1SC
N//N "N\Nﬁ( enhancements due to NRs are controllable and useful for
= N/Slli N photochemical reactions. (2) It has been shown that the energy
— NT\EQ( transfer rate constankdr) resulting in singlet oxygentq) is
Lo dependent on spin-statistical factdfg® For instance, while a
pair of T, chromophore and triplet oxygeRy{g) provide nine
Compound| RO R1a Ric R2c sublevels consisting of the quintet, triplet, and singlet states,
S p 5 the energy transfer resulting in a chromophore in the singlet
in’)‘< N N ground (8) state and a singlet oxygefA(;) occurs only from
— L -OH o ik tk the singlet pair, whose probability #%. The linking NRs can
' ¢ ? change both the spin multiplicity in the excited states and the
O spin-statistical factors. Thus, the influences of NRs on the energy
— L, “OH -OH “OH U transfer rate are investigated. Quantum yields pfSiPc and
d singlet oxygen¥A,), as well as energy transfer rate constants,
‘ are examined by transient absorption and near-infrared red (NIR)

luminescence measurements, which are discussed in terms of
Recently, we investigated phthalocyaninatosilicon (SiPc) the spin adduct effects.

covalently linked to nitroxide radicals (NRs) (Chart 1), and we
showed that the excited-state lifetimes of these paramagnetic
molecules are changeable depending on the electronic interac- R0, Rla, Rlc, and R2c were synthesized following the methods
tions between the SiPc and NR moietlé? In contrast to a previously reportefi**°and were purified carefully before the measure-
conventional knowledge that interactions with paramagnetic ments. As the solvent, spectral grade toluene (Nacalai Tesque Inc.)
species result in very fast excited-state relaxation decreasingwas used for all measurements, while a 1:1 mixture of toluene and
photochemical reaction yields, these excited-state lifetimes ~2-methyltetrahydrofuran (Tokyo Chemical Industry Co, Ltd.) was
(0.86-15 us) are relatively long enough to utilize for photo- employed for phosphorescence measurements. For transient absorption
chemical reactions. This motivated us to try to increase and phosphorescence measurements, samples were deaerated by freeze

. . . . pump-thaw cycles or nitrogen bubbling, and then the measurements
prtlotoc?emlca_lthrﬁ;tlon yields using the electron exchangeWere carried out within 1 day.
interactions wi S.

’ ) ) Transient absorption measurements were performed at ambient

In this study, we have investigated an energy transfer betweentemperature by using a monochromator (JASCO CT-25CP) and a
NR—SiPc and molecular oxygen, leading to excited singlet photomultiplier (Hamamatsu Photonics R446) with the continuous wave
oxygen tAg). Because singlet oxygenAg) produced by the of a metal halide lamp (Sigma Koki IMH-250) or a H&le green laser
energy transfer from porphyrinic compounds in the lowest (543.5 nm, Melles Griot}? The signals were integrated using a digital
excited triplet (T) state to triplet molecular oxygedY) is oscilloscope (lwatsu-LeCroy LT342), where T3 resistance was
essential for photodynamic therapy of cante#it is important employed for impedance matching, and thus the time resolution of our
to establish a novel methodology for increasing the singlet '”StL“mel”t V;’]aSVm ns. To gain tfflft_? _Voltagfe,_zcxlfr;asstsnce was
oxygen quantum yield®,). While it was shown that com- used only when an extinction coefficient o triptettiplet absorption

. . . . (eTsipd Was examined for RO.

plexation with paramagnetic metal ions, such a8'Crenders

P hotoi fiv@.16 h dedin | ina ¢ NIR luminescence measurements were performed using a mono-
Cs photonactive;-=we have succeeded Iin increasing Mg chromator (JASCO CT-25CP) and a photomultiplier (Hamamatsu

value using the electron exchange interactions with paramagneticongionics R5509-42), which was cooled at 193 K by a cold nitrogen
NRs. Important features are as follows. (1) By linking the NRs, gas flow system (Hamamatsu Photonics R6544-20). The photon signals
the singlet-triplet ISC of SiPc partially turns into transitions  amplified by a fast preamplifier (Stanford Research SR445) were
between states having the same spin multiplicity, which results measured by the single photon counting method using a photon counter
(Stanford Research SR400).

Experimental Section

(13) (a) Ishii, K-;hTake_UChi, S.; quayf’;lshil,( N. Phys. Chem. ROOlhloa For these measurements, samples were excited by a Nd:YAG laser
2?.4'&(1%%{5S'gé(dbj':"ﬁ%eygz". Fujitsuka, M.} lto, O.; Kobayashi, 8. (Spectra Physics INDI-30; 355 nm; 7 ns fwhm) or a dye laser (Sirah
(14) Recently, we have shown that 5,10,15rpentyl-20-(1,1',3,3-tetra- CSTR-LG532-TRI-T) pumped with a Nd:YAG laser (Spectra Physics

methylisoindolin-2-yloxyl-5'-yl)porphyrinato zinc(ll) exhibits the longest INDI 40; 532 nm; 7 ns fwhm). For the singlet oxygedA)

lifetime (67 us) of any nitroxide-porphyrin system in the lowest excited ) . .

state. Ishii, K.; Bottle, S. E.; Shimizu, S.; Smith, C. D.; KobayashCNem. luminescence and transient absorption measurements, laser powers were
Phys. Lett2003 370, 94. 0.2-2 mJ.

(15) (a) Rosenthal, I.; Ben-Hur, E. Phthalocyanines Properties and Applica-
tions Leznoff, C. C., Lever, A. B. P., Eds.; VCH Publishers: New York,
1989; Vol. I, pp 393-425. (b) Rosenthal, I. IRhthalocyanines Properties
and ApplicationsLeznoff, C. C., Lever, A. B. P., Eds.; VCH Publishers: . . .
New York, 1996; Vol. IV, pp 48%514. (c) Pandey, R. K.; Zheng, G. In Excited-State Properties of RO, R1, and R2To discuss

The Porphyrin Handbogkadish, K. M., Smith, K. M., Guilard, R., Eds.; i _ i i
Academic Press. San iego. 2000; Vol 6. Chapter 43. (d) Douigherty, T. the excited-state dynamics, the excited states of RO, R1, and
J. Photochem. Photobiol1987 45, 879. (e) Ben-Hur, E.; Oetjen, J.;

Theoretical Background

Horowitz, B. Photochem. Photobioll997, 65, 456. (f) Zmudzka, B. Z; (17) (a) Porter, G.; Wright, M. RDiscuss. Faraday Socl959 27, 18. (b)

Strickland, A. G.; Beer, J. Z.; Ben-Hur, Photochem. Photobioll997, Hoytink, G. J.Acc. Chem. Red.969 2, 114.

65, 461. (g) Anderson, C. Y.; Freye, K.; Tubesing, K. A.; Li, Y.-S.; Kenney, (18) Gijzeman, O. L. J.; Kaufman, F.; Porter, I Chem. Soc., Faraday Trans.

M. E.; Mukhtar, H.; Elmets, C. APhotochem. Photobioll998 67, 332. 21973 69, 708.

(h) Lukyanets, E. AJ. Porphyrins Phthalocyanines999 3, 424. (19) (a) Ishii, K.; Hirose, Y.; Kobayashi, N. Am. Chem. So&998 120, 10551.
(16) (a) Allene, C. M.; Sharman, W. M.; Van Lier, J. H. Porphyrins (b) Ishii, K.; Hirose, Y.; Kobayashi, NJ. Phys. Chem. A999 103 1986.

Phthalocyanine®001, 5, 161. (b) Chan, W.-S.; Marshall, J. F.; Svensen, (c) Ishii, K.; Hirose, Y.; Kobayashi, N]. Porphyrins Phthalocyanine999

R.; Phillips, D.; Hart, I. RPhotochem. Photobioll987, 45, 757. 3, 439.
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Figure 1. Excited-state energy diagrams of RO, R1, and R2.

R2 are illustrated, together with their excited-state energy
diagrams in Figure 1. In the lowest excited singlef) (®&gion

of RO located at 1.4% 10* cm™1,2°¢the S, and S, states are
doubly degenerate, which are almost entirely derived from the
Yawgy) and(auseyx) configurations, respectively (thea(r)

and g; (7*) (i = x ory) orbitals denote the HOMO and LUMO
of the Pc ligand, respectively)In the T, region, the Tx and

T,y States are also doubly degenerate, which are almost entirely

derived from the¥(ayyeyy) and3(aweyx) configurations, respec-
tively.” From the phosphorescence spectrum of RO (Figure 2a,
broken line), the Tenergy is evaluated as 8.9010° cm™1.20

For R1, the doublet ground ¢pstate consists of NR in the
Do state {NR) and SiPc in the Sstate {SiPc). A pair of°NR
and SiPc in the Sstate {SiPc*) provide the excited doublet
(Dp) state. The lowest excited doublet jand quartet (Q4)
states are generated by an interaction betvisiéhand SiPc in
the T, state $SiPc*), which have been confirmed by time-
resolved EPR studigga 1921

In the case of R2, the singlet{$and triplet (To") ground
states are generated by an interaction between théNRg 22
The excited singlet (9 and triplet (T,') states are constituted
by 1SiPc* and two?NRs. The interactions betweésiPc* and
two 2NRs result in the lowest excited singlet(Striplet (Ty'),
quintet (QL'), and second lowest excited triplet(lstates3:24

—_

Intensity (a.u.)

A et Wi 1

|
1300/nm

—

Intensity (a.u.) _.

>

Intensity (a.u.)

1
100

200/us
Figure 2. A phosphorescence spectrum of RO (a; broken line), a singlet

Previous steady-state absorption, transient absorption, andoxygen luminescence spectrum (a; solid line), and the decay profile of the

steady-state EPR measurements showed that the electronic?i

(20) To determine the ifenergy of SiPc, phosphorescence measurements were
carried out for RO (Figure 2). Here, a 1:1 mixture of toluene and
2-methyltetrahydrofuran was used as a solvent to prevent aggregation. The
T, energy of SiPc was determined as 8.90 1® cm™! from the
phosphorescence peak at low concentration ([RQJ0-6 M).

(21) Previous time-resolved EPR studies have shown that tlh@®QA states
are formed and that an energy splitting)Between the band QA states
is evaluated as0.1 cnv1.132.1%|shiji, K.; Ishizaki, T.; Kobayashi, NJ.
Chem. Soc., Dalton Trang001, 3227.

(22) An energy splitting (2) between the g and Ty states is evaluated as 9.9
x 1074 cm! by a steady-state EPR spectréif.

(23) Two?NRs exhibit the triplet and singlet characters in theahd T,' states,
respectively. Energies of the'STy', T2/, and Ql' states are calculated as
J—J,—J,—J,and—2] — J, respectively?* Because) (>0.03 cnr?) >
J (~5 x 1074 cm1),13 they are reevaluated ak 0, —J, and —2J,
respectively.

(24) (a) Bencini, A.; Gatteschi, IEPR of Exchange Coupled Systefsringer-
Verlag: Berlin, 1990. (b) Kahn, OMolecular MagnetismWiley-VCH:

New York, 1993.
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nglet oxygen luminescence (b; the inset shows the firgts26f the decay).

he phosphorescence spectrum of RO in toluene/2-methyltetrahydrofuran
(1:1 viv, 108 M) was observed at 77 K, where the photon signals were
counted at 4Qts (gate width= 10 ms) after 650 nm laser excitation. The
singlet oxygen luminescence measurements were carried out in toluene at
ambient temperature, where the spectrum was obtained by counting the
photon signals at ks after 650 nm laser excitation of R1c.

interactions between the NR and SiPc moieties are weak, so
that the SiPc and NR retain their individual properfigé’
Because only the spin quantum number in the excited states
can be changed by linking the NRs, these compounds are
appropriate for investigating the influences of electron spins on
the spin-selective processes.
Free Energy Difference in the Energy Transfer Process.
To investigate the energy transfer procé&Pc* + O, (33 )
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— ISiPc+ O (Ay), the free energy differencé\G) between
the initial and final states is illustrated. First, from the

phosphorescence spectra in Figure 2a, the excited-state energies

of 3SiPc* and singlet oxygert{g) are evaluated as 8.90 10°
and 7.84x 10° cm L, respectively, thereby yielding the enthalpy
difference AH) as—1.06 x 10° cm™1.

The linking NRs change the spin multiplicity in the ground
and excited states, changing the entropy. BecauskAthistate

of molecular oxygen is a doubly degenerate state, the entropy

differences AS) between the initial and final states are evaluated
as follows?®

RO+ 0,(°) < 'RO+0,(*Ay (1a)
[B3x2]x3=18 1x[1x2]=2
TAS= RTIn(2/18)
“R1+0,(°%) < R1+0,(*A)  (1b)

[(24+4)x2]x3=36 2x[Lx2]=4
TAS= RTIn(4/36)

L3R2+0,(°%) YR1+0,('A)

[(1+3+3+5)x2]x3=72 (1+3)x[1lx2]=8
(1c)

-

TAS= RTIn(8/72)

That is, theTASvalue is unchanged by linking the NRs and is
evaluated as-4.5 x 10? cm! whenT = 293 K. Using theAH
value & —1.06 x 10 cm™1), the AG value is calculated as
—6.1 x 10? cm™1, indicating that the energy transfer process is
exothermic.

Spin-Statistical Factors in the Energy Transfer Process.
It has been shown that th&er value is represented as
follows 17:18.26

ker = [(2S+ 1)i/z 25+ l)j]kdiff (2)
]

Here, kit denotes the diffusion-controlled rate constant. The
initial term results in the spin-statistical factor, whose denomina-
tor and numerator denote the total number of initial spin
sublevels and number of initial spin sublevels having the same
spin multiplicity as the final state, respectively (Figure 3). As
described in the Introduction, the spin-statistical factor is known
to be Y/ for the energy transfer process, RO + O, (33 g) —

S RO + O (*Ag). The spin-statistical factors of this energy

transfer process can be changed by linking the NRs, as

summarized typically for R1 in Figure 3. A pair ofy[R1 and
triplet oxygen ¢=4) produce quartet and doublet states. Because
the energy transfer resulting ing[R1 and singlet oxygert4,)
occurs only from the doublet pair, the spin-statistical factor of
D; R1 is evaluated a4, which is 3 times that=1/q) of T; RO.
Because the spin-statistical factor of QR1 is calculated as
1/6, the spin-statistical factor of R1 then becom&s(=; x

Y3 + s x 23) when [D]:;[QA4] = 1:2. In a similar manner,

(25) (a) Firey, P. A,; Ford, W. E.; Sounik, J. R.; Kenney, M. E.; Rodgers, M.
A. J. J. Am. Chem. Sod988 110 7626. (b) Aoudia, M.; Cheng, G.;
Kennedy, V. O.; Kenney, M. E.; Rodgers, M. A. J. Am. Chem. Soc.
1997 119 6029.

(26) Rodgers et al. have shown that tke value depends o\G and is
expressed byYo)kyi/[L + exp(AG/RT)]. In our system, because [+
exp(AG/RT)] ~ 1, theker is represented by eq 2. Ford, W. E.; Rihter, B.
D.; Rodgers, M. A. J.; Kenney, M. B. Am. Chem. Sod.989 111, 2362.

Spin Statistical Factors
Pair Generation|s=5, 5/9| Enerqy Transfer

RO

Quintet
S=1 S=1 Triplet S=0 S=10
T 0, (°z,) S=0, 1/9 So O, ('A,)
Singlet
R1
S=3/2, 416
L—%"| Quartet
S=1/2 S=1 ~~s=1/2, 216 | S=112 S=0
D, 0, (°%,) Doublet Do 0, ("A,)
S=5/2, 6/12
Sextet
@ »(5=3/2, 4112
S=3/2 S=1 Quartet S=1/2 S=0
QA 0, Cx,) [T™s=112, 2112 1
! 2 (%) Doublet Do 9%(4)

Figure 3. Spin-statistical factors in energy transfer processes freR0r
(top), D1 R1 (middle), and QAR1 (bottom), respectively.

the spin-statistical factor of R2 is calculated’as (= 1 x Y1,
+ Yo x 3/10 4 49 x 312+ 315 x 5/1p). Therefore, théer values
of R1 and R2 will be larger than that of ROkt is controlled
by the spin-statistical factors.

Results and Interpretations

Singlet oxygen ¥Ag) luminescence was investigated by the
NIR luminescence measurements. A decay profile of singlet
oxygen tAg) luminescence of R1c monitored at 1275 nm is
typically shown in Figure 2b. The decay profiles of singlet
oxygen tAg) luminescence were analyzed with a single-
exponential function. The lifetime of singlet oxygeh\{) in
toluene was evaluated as 321 us, which is similar to the
previous studie$’28Therefore, the quenching of singlet oxygen
(*Ag) due to the electron exchange interactions with NRs is
negligible in our system ([NR¥ 6 uM).2%30In addition, it has
been reported that a pair of singlet oxygénd) and bacterio-
chlorin derivatives form an exciplex in the early stage after
photoexcitatior?® but this kind of exciplex formation could not
be observed (Figure 2b, inset). From the singlet oxydeg)(
luminescence, singlet oxygen yield®) were determined by
the use of benzophenone(.29), as summarized in Table#432
The @, value increases in the order RO (0.31R1c (0.46)~

(27) (a) Shimizu, O.; Watanabe, J.; Imakubo, K.; NaitoCBem. Lett1999
67. (b) Wilkinson, F.; Brummer, J. G. Phys. Chem. Ref. Dat981, 10,
809

(28) Pineiro, M.; Rocha Gonsalves, A. M. d’A.; Pereira, M. M.; Formosinho,
S. J.; Arnaut, L. GJ. Phys. Chem. 2002 106, 3787.

(29) (a) Bellus, D.; Lind, H.; Wyatt, J. B. Chem. Soc., Chem. Comm@a72
1199. (b) Lin, S. H.; Lewis, J.; Moore, T. Al. Photochem. Photobiol., A:
Chem.1991, 56, 25. (c) Vidaczy, T.; Baranyai, PHelv. Chim. Acta2001,

84, 2640.

(30) Moore and colleagues have shown that the quenching rate constant and
initial luminescence enhancement of singlet oxygéhg) by TEMPO
derivatives were (£6) x 10* M~1stand 6-13 M1, respectively. Using
these values, the quenching rate and initial luminescence enhancement were
evaluated as:0.4 stand <8 x 107°in our system ([NR}< 6 uM), which
are negligible. Belford, R. E.; Seely, G.; Gust, D.; Moore, T. A.; Moore,
A.; Cherepy, N. J.; Ekbundit, S.; Lewis, J. E.; Lin, S. H.Photochem.
Photobiol., A: Chem1993 70, 125.

(31) In thed®, measurements, concentrations of samples we&eM, where
the singlet oxygen'f\) luminescence intensities were proportional to the
optical density at 355 nm. Photon signals were counteduat(@ate width
= 5 us) after 355 nm laser excitation to remove fluorescence influefiees.
The @, value of 0.29 for benzophenone in benzene, which has been most
oftenezufgg, was employed as a standard by considering solvent depen-
dence?’a

J. AM. CHEM. SOC. = VOL. 126, NO. 7, 2004 2085
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Table 1. Excited-State Properties of RO, R1la, R1lc, and R2c
compound RO Rla Rlc R2c
Dr 0.57 0.16 0.21 0.012
Ppac 0.31 0.47 0.46 0.61
Drsipé 0.34 0.54 0.59 0.67
ker/10° M~1s1d 1.9 2.1 2.0 2.0
TTsipdUS 5006 0.86 7.6 3"

ad, measurements were carried out with various laser powers (over 10
times), and the averagk, values were employed.Sample solutions were
bubbled with oxygen gas.Experimental errors were within 15%EXx-
perimental errors were within 10%From ref 13b.f From ref 13a.

Rla (0.47)< R2c (0.61), thereby indicating increases80%
and ~100% as a result of substituting one and two NRs,
respectively. Thus, we succeeded in increasingdhevalue
by linking the NRs.

To clarify this origin, quantum yields 5iPc* (®1sip) were

investigated by transient absorption measurements, where a

broad triplet-triplet absorption band at around 406600 nm
and a bleaching of the ground-state Q absorption bar&B8(Q
nm) were monitored3° The ersipc of RO was determined as
3.1 & 0.3) x 10* dm® mol~1 cm~! at 500 nm using the singlet
depletion method? and then theDdrsipc of RO was evaluated
using (tetraphenylporphinato)zinc as a stand4fin the cases
of R1a, R1c, and R2c, thesipc values of R1a, Rlc, and R2c

0510,1 /1M

0 050,1/hm

were assumed to be identical to that of RO because of the veryFigure 4. Decay profiles of transient absorption signals of R1c with O

weak electronic interaction between the SiPc and NR moiéties,
and thus thebrgipc values were determined by comparison with
RO (Table 1§° The ®1sipcvalue increases in the order RO (0.34)
< Rla (0.54)~ R1c (0.59)< R2c (0.67) and increases by
~50% and~100% through linkage of one and two NRs,
respectively. Thes®rgipcvalues are close to the corresponding
d, values within the experimental errors, indicating that the
energy transfer efficiency is almost 100% even with the linking
NRs. This is consistent with the previous studies on Pc
derivatives?®>37” The similarity in the ®tsipc and @, values

(a) and relationships between transient absorption decay rajear(d
concentration of molecular oxygen (pfor RO (b), R1a (c), R1c (d), and
R2c (e). The concentration of SiPc wad5 uM, while the [Q] values
were changed by bubbling sample solutions with a mixed gas of oxygen
and nitrogen (@N, = 0.20:0.80, 0.15:0.85, 0.10:0.90, and 0.05:0.95,
respectively)® Fitted solid lines were calculated by a least-squares method.

and ®, values of R2c are larger than those of R1a and Rlc,
the increase in number of NRs is efficient for generafi@gPc*
and singlet oxygent{\g).

To investigate the energy transfer process quantitatively,
energy transfer rate constanksy, were examined by transient

between R1a and R1c indicates that the increase in the eleCtroni%bsorption measurements. Because the back energy transfer rate

interaction between the SiPc and NR moieties is invalid for
increasingdrsipcand®,. On the other hand, because thesipe

(32) (a) Gorman, A. A.; Hamblett, I.; Rodgers, M. A. J. Am. Chem. Soc.
1984 106, 4679. (b) Gorman, A. A.; Hamblett, I.; Lambert, C.; Prescott,
A. L.; Rodgers, M. A. J.; Spence, H. M. Am. Chem. Sod 987, 109,
3091. (c) Wilkinson, F.; Helman, W. P.; Ross, A. B.Phys. Chem. Ref.
Data 1993 22, 113.

(33) Using the singlet depletion method, a difference absorption spectrum of
RO measured at 460/50 nm was corrected for bleaching of the ground
state, which resulted in a plausible absolute tripteiplet absorption
spectrum of RO. Thus, thersipc value was correctly evaluated. Thesipc
measurements were carried out with various laser powers-{0raJ).
Carmichael, I.; Hug, G. LJ. Phys. Chem. Ref. Datt986 15, 1.

(34) The ®qsipc value of RO was determined by comparison with (tetraphen-
ylporphinato)zinc {+(470)= 74 000 dnd mol~t cm™1, &1 = 0.83). Hurley,

J. K.; Sinai, N.; Linschitz, HPhotochem. Photobioll983 38, 9.

(35) For determining thérsipcvalues, concentrations of samples wei@uM.

The decay profiles of transient absorption signals were fitted by a least-
squares method, from which the initial intensities were evaluated.

(36) This assumption is reasonable and persuasive because of the following.

i

constantkger, is expressed agrt x exp(—AG/RT) (=0.05 x
ker), the back energy transfer rateKget[ SiPc][Ox(*Ag)]) is
negligibly small as compared to the forward energy transfer
rate Eker[*SiPc*][O2(3% ¢)]) under our experimental conditions,
where [Q] (>0.4 mM) is much larger than [SiPc]l~l5
uM).2538Becausabrsipc &~ Py, the transient absorption decay
rate kq) is expressed as diksipc + Ket[O2] (Trsipc denotes the
lifetime of 3SiPc* in the absence of molecular oxygéh)-or

all of our compounds, thé&y values exhibited a good linear
relationship with [Q], as shown in Figure 4. From these slopes,
the ket values were evaluated as 1910° 2.1 x 10°, 2.0 x
1®, and 2.0x 10° M~ s1 for RO, Rla, Rlc, and R2c,
respectively. These Kf[O2]) values ¢(-60 ns when [@] =
8.54 mM) are much faster than thesipc values ¢0.8 us),

reasons. (1) It is well-known that the transient absorption signals at around indicating the efficient energy transfer. This is consistent with

400-600 nm originate almost entirely from the triptetiplet absorption
of the SiPc moiety, which is consistent with the fact that the transient
absorption spectra are similar between RO, R1a, R1c, and®2f.The
electronic interaction between the SiPc and NR moieties is very small,
because the NR substituents scarcely influence trijtgdlet absorption
and ground-state absorption spectra (the Q-band shifts were within2), cm
respectivelyt319(3) Extinction coefficients in steady-state absorption spectra
are not changed by the NR substituents. For instance; thigerences in
the lsgrlgrp Q absorption bands between RO, R1a, R1c, and R2c are within
3%13%

(37) (a) Bishop, S. M.; Beeby, A.; Parker, A. W.; Foley, M. S. C.; Phillips, D.
J. Photochem. PhotobiglA 1995 90, 39. (b) Pelliccioli, A. P.; Henbest,
K.; Kwag, G.; Carvagno, T. R.; Kenney, M. E.; Rodgers, M. Al.JPhys.
Chem. A2001, 105, 1757.
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the fact that theb, values are close to the correspondigsipc
values. Theéer values evaluated experimentally are independent
of the linking NRs in contrast to the spin-statistical factors
calculated. These results will be investigated in detail in the
following section.

(38) In our experiments, concentrations of molecular oxygen were 0.427, 0.854,
1.28, 1.71, and 8.54 mM, which were changed by bubbling sample solutions
with a mixed gas of oxygen and nitrogen (9, = 0.05:0.95, 0.10:0.90,
0.15:0.85, 0.20:0.80, and 1:0, respectively). Wilhelm, E.; Battin@;fiem.

Rev. 1973 73, 1.



Control of Singlet Oxygen (*A,) Yields ARTICLES

Discussion energy transfer resulting in®R0 and Q (*Ay) occurs only from
the singlet pair. Using the wave functions of RO angsBown
in the Supporting Information, the initial and final singlet states

are represented as follows.

Increase in Singlet Oxygen YieldsWe have succeeded in
increasing theb, value by linking the NRs. This NR effect
can be interpreted by the largersipcand longrrsipc values, as
follows.

(1) In the case of R1, the electron exchange interaction
between the SiPc and NR moieties changes the spin quantum 3
number, such aseS~ Do, S; — Dy, T1 — D1 and QA, which T, + 2 0= { a8y dt T, | + 3 By " [Hv/3 —
has been confirmed by the QAbservations using time-resolved { By, 7, | + 180 Byt 1, | + Byt 7,5 | +
EPR1319Because ISC between the &d T; states of the SiPc |8y B, 7, 7, [}N/12 (4b)
moiety partially turns into the fast/B— D transition, the ISC Wt Ty
enhancements due to the linking NR result in both the increase
in ®rsipc and the decrease in fluorescence quantum yield.

(2) One of the most important features is that our paramag-
netic NR-SiPc compounds exhibit relatively long lifetimes
(=0.87-7.6 us) despite the generation of the; D~ Dg
transition!® while paramagnetic molecules generally exhibit very
short excited-state lifetimes, for example, CulPe«(35 ns)7P Because the probability of singlet pair generationis a
making the compounds photoinacti#®eThese relatively long theoreticaker value was evaluated &K%3 (=C x 3K2 x o)
lifetimes originate from the weak electronic interactions between oy Ro.
the SiPc and NR moieties. Because thesg.values are longer On the other hand, while a pair of,@®yg) and R1 in the

than 1/ker{O]) (~60 ns, when [@] = 8.54 mM), the energy  gxcited states (D QAy) form the excited sextet, quartet, and

transfer_ efficiency is c!os_e to 1QO%. ) doublet states, the energy transfers only via the doublet pair. In
Thatis, the electronic interactions between the SiPc and NR s case, the wave functions of the initial and final doublet

moieties resulting in relatively long lifetimes are suited for both  ¢i4teg (Ms= +1/,) are represented as follows.
the effective generation ofSiPc* and the efficient energy
transfer to molecular oxygen. In general, the electron exchange
interactions with paramagnetic species had been known to result
only in very fast excited-state relaxati®én,which decreases
photochemical reaction yield§ Therefore, this increase i

is an unusual and precious example for increasing photochemical
reaction yields by the electron exchange interactions with

1S, + 1AgD= |8y By T K| (4a)

Using eq 4, the matrix element is evaluated as follows.
B = |8y + AN T, + °S,0F = 3|y g1, * €|, *e,

= 3K? (5)

Do+ *Ag, 1,05 |ay By S, 7| (6a)
Dy + %y, +1,0= { —23y Byt * | + [y ey T | +
|8y BTt 1, * [H3 — { 2|y e T 7, * | —

|a1uégxrnx*ﬁy*| - |éiuegxrnx*ﬁy*| + 2|a1uegxfﬁx*n

y*|_

paramagnetic species. In addition, the value £0.61) of R2c
is close to that£0.54) of ZnPc&"2indicating that interactions

with paramagnetic species are useful for controlling photo-

chemical reaction from the;Tstate, similar to the heavy atom
effects.
Energy Transfer Processlt is found that theker values are

independent of the linking NRs. Because this energy transfer
process is known to depend on the spin-statistical factors

(RO = Yy, R1= 2y, and R2= 7/g), it is noteworthy that the
ket value is not changed by linking the NRs. To clarify this
origin, the energy transfer process between R1 andisO
investigated in detail.

Under another approach for evaluating the energy transfer g2 = |, + Ay, +',/€/r|D, + =, +",0F = K?

|8 By " % | — [3q, 84 7T, * 7, * [}/6 (6b)

QA + %5, +Y,0= |ay 8,07, * 7,* 12 —
{ 1aq gl T, 70, | + |89 Byl 70 T, | + [3g € T, * | +
|8y BT T 71, * | + |8y Byl 7T, 71, | +
|2 8t 7" 7% [HV/ 18 + { |3y By, * 7, * | +
|8y L, % | + |y, B fm " [}/V/18 (6c)

Using egs 6, thed? values of R1 are evaluated as follows.

(7a)

rate, the nonresonance energy transfer rate constant is repre-

sented as follows3:39

ker = (2n/R)FA(2S+ 1)/ Z (2S+1)] 3
]

Here, 32 is the electronic matrix element for mixing between
the initial and final states, anfélis the Franck-Condon factor
for the transition. Because th&®G value is scarcely changed
by linking the NRst31%the (27F/h) value is reasonably assumed
to be a constar€ between RO, R1, and R2. Thus, tievalue

is investigated. In the case of RO, a pair afR0 and Q (33 ¢)

B = |y + *Ag, +,|€MQA, + °Sy, +1,0F = 2K*  (7b)
The electron exchange matrix elements of R1 k#end X2

for the Dy and QA states, respectively, and are smaller than
that =3K?) of T; RO. Using the probabilities of doublet pair
generation¥/z and¥/g for the D, and QA states, respectively),
the theoreticaker value of R1 was calculated &K2/3 (=C x

K2 x Y3 0r C x 2K2 x 1/g), which is the same as thatC x

3K? x Yg) of RO. Thus, the linking NRs do not influence the
energy transfer rates, when the Fran€ondon factor and
electronic wave functions of SiPc are unchanged by linking the

generate the excited quintet, triplet, and singlet states. The\Rs. This originates from the fact that the NRs result in both

(39) (a) Robinson, G. W.; Frosch, R. P. Chem. Phys1962 37, 1962. (b)
Robinson, G. W.; Frosch, R. B. Chem. Phys1963 38, 1187.

the increase in the spin-statistical factors and the decrease in
the electron exchange interaction (Figure 5). Under the Dexter
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RO Pair Generation(s=7, s19| Energy Transfer S1y -IsC T Energy Transfer
Quintet . 1 —

— adp dp AP |y o I 02('a)

by

Triplet S=0 S=0 ab

_ S 0, ('A,)
$=0, 1/9 0 2\ D¢ S =
° 0x%)

| large ®rs;pe With NRs )
ket = C x 3K2 x 1/9 = CK?/3 .

R1 'unchanged ket with NRs ‘
$=3/2, 416 J
L— | Quartet SN
“0y(')
S=1/2 S=1  [™[s=1/2, 26 > S=1/2 S=0 Ji: large @, with NRs
D 0z | [Dowdet J K| Dy 04y 0, (°z,)

ket = C x K2 x 1/3 = CK%/3 long Trsipc €nough to utilize

photochemical reactions

$=5/2, 6/12
Sextet |
S=3/2, 4112 06/
Quartet @
S=3/2 S=1 ) S=1/2 S=0 |
A 3 S=1/2, 212} 2 1 .
QA 0,5, 22| Dy O, 04
=
ket = C x 2K2 x 1/6 = CK?/3
Figure 5. Summary of energy transfer processes fronRU (top), D R1 0.2
(middle), and QA R1 (bottom), respectivelyk? denotes the electron
exchange matrix element described in the text. 0

RO R1a Ric R2c
mechanisnd;*° this energy transfer occurs accompanying elec- Figure 6. Summary of the NR effects on the singlet oxygen generation

mechanism.
tron exchange processeg,€ m,*, m* — aw. Therefore, the

SOMO of NR hardly influences the electron exchange processes,
when the electronic interactions between the SiPc and NR
moieties are small.

generation in radicatchromophore systems will be a novel
approach for exhibiting high photoactivity in the tumor site,
with low photoactivity in other parts of the body.

Conclusion Our experiments and theoretical analyses show that the spin-

In this study, we have investigated the singlet oxygex) selective energy transfer rate constant is not influenced by
generation mechanism in terms of the NR effects, as summarized"king the NRs and can be evaluated by the product of the
in Figure 6. We have succeeded in increasingdhevalue by spin-statistical factors and matrix elements between the initial
linking the NRs, which originates from both the increase in the @nd final states.
triplet quantum yield and excited-state lifetimes long enough Acknowledgment. This work was supported by a Grant-in-
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paramagnetic species. Supporting Information Available: Electronic wave func-
From the viewpoint of photodynamic therapy, because heavy tions of RO, R1, and @(PDF)2 This material is available free

elements are generally harmful to health, our methodology, of charge via the Internet at http://pubs.acs.org.

where the®, value is controllable by paramagnetic species

without heavy elements, is promising. Indeed, the combined

use of a photoradical generation and the efficient singlet oxygen
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