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Only recently has the investigation of the second low-lying
O, =7, state in solution become possible with the detection of
the O, (\=tg — 1Ag) 1930 nm emissio&? Unfortunately, due
to the slow response limit of infrared detectors2(us), these
studies were unable to directly resolve the relaxation dynamics
of the 1=*, state. To overcome this barrier, Schmidt and
Bodesheimi® photosensitized ©and monitored the emission
decay within the 765 nm region, which has been attributed, on
the basis of gas phase stud€sp the!=t; — 32§ emission.
Therefore, the time resolution can be achieved by a fast-respons

photomultiplier. Using an interference filter to isolate the d

emission at 765+ 19 nm and applying a multistep analysis
that involved both the subtraction of background as well as
deconvolution, they were capable of extracting a portion
attributed to the!'="y decay. On the other hand, collision
between two @Ay molecules in the gas phase results in dimol
emission with principal maxima at 634 and 703 AnRecently,
many attempts have been made to measw€Ag) dimol
luminescence upon photosensitization in solution. Several
reports of Q(*Ag) dimol emission in solution were attributed
to Ox(*Ag) dimol interacting with photosensitizers and/or their
oxygenation productsl® Based on the @A) dimol sensitiz-
ing tetratert-butylphthalocyanine (PC) luminescence Kras-
novsky and Footé reported the time-resolved study of the
O,(*Ag) dimol. Since the monitored decay dynamics originate
from the Q(*Ag) dimol sensitizing PC luminescence, the
complexity of this system required a nontrivial numerical
solution of the differential equation.

We report here the direct, unambiguous spectroscopic evi-
dence of Q=" emission (765 nm) and Ay dimol

emission (634 and 703 nm) in solution. Consequently, the decay

dynamics of the g{*X ) state and the §'Ag) dimol in solution

can be monitored directly by time-dependent spectral evolution.
In this study, 1H-phenalen-1-one (PP)was chosen as a
sensitizer fofO, generation. PH has been reported to produce
O,(1=ty) and Q(*Ag) states in yields of 0.62 and 0.93,
respectively»* We applied a red-sensitive intensified charge
coupled detector (ICCD, Princeton Instrument, Model 576G/1)
coupled with either an Arlaser (353363 nm) for the steady-
state measurement or a Nd:YAG laser (355 nm, 5 ns) for the

time-resolved measurement. The inset in Figure 1 shows the

non-time-resolved PH-sensitizé®, emission spectrum in the
region of 600-800 nm. Apparently, in addition to a smooth
declining background emission resulting from the PH phospho-
rescence, three narrow-bandwidth humps with maxime6a0,

(1) Chou, P. T.; Frei, HChem Phys Lett 1985 122, 87.

(2) Wang, B.; Ogilby, P. RJ. Phys Chem 1993 97, 193.

(3) Schmidt, RBer. Bunsen-GesPhys Chem 1992 96, 794.

(4) Schmidt, R.; Bodesheim, MChem Phys Lett 1993 213 111.

(5) Schmidt, R.; Bodesheim, M. Phys Chem 1994 98, 2874.

(6) Noxon, J. FJ. Phys Chem 1961, 39, 1110.

(7) (a) Khan, A. U.; Kasha, MJ. Chem Phys 1963 39, 2105. (b) Khan,
A. U.; Kasha, M.J. Chem Phys 1964 40, 605. (c) Khan, A. U.; Kasha,
M. J. Am Chem Soc 197Q 92, 3293.

(8) Krasnovsky, A. A., Jr.; Neverov, K. \Biofizika (Se. Biophys) 1988
23, 884.

(9) Krasnovsky, A. A., Jr.; Neverov, K. \Chem Phys Lett 1990 167,
591.

(10) Neverov, K. V.; Krasnovsky, A. A., JOpt Spektrosk199], 71,

691

(il) Krasnovsky, A. A., Jr.; Foote, C. 3.Am Chem Soc 1993 115
6013.

(12) Oliveros, E.; Suardi-Murasecco, P.; Aminian-Saghafi, T.; Brawn,
A. M. Helv. Chim Acta 1991 74, 79.

3031

~700, and~765 nm were observed. Upon degassing, these
three vibronic peaks disappear accompanying an enhancement
of the PH phosphorescence. Consequently, subtraction of the
PH phosphorescence background between oxygenated and
degassed spectra to resolve g emission spectra is difficult.
Taking the quenching rates of methanol for the 1(2+% and
1Aq states to be 2. 10° M1 s15and 3890 M! s 13 we
calculate that, by adding 5 vol % methan®l99% of O(*=tg)
and~90% of O(*Ag), in CCls will be quenched whereas the
PH phosphorescence intensity changes slightly. As a result,
Figure 1 shows théO, emission spectrum after subtracting the
spectrum with 5 vol % methanol added. Three vibronic
emission maxima at 634, 703, and 765 nm were resolved, which
exactly correspond t#0, dimol ((2Ag)2(0,0)— ((=~¢)2(0,0) and
(*Ag)2(0,0)— (°=7)2(0,1)) emission and 1="4(0) — 3=¢(0))
emission, respectively, in the gas phase.

We have performed the decay dynamics ef®",) and Q-
(*Ag) dimol emissions by monitoring the time-dependent spectral
evolution at 606-800 nm. Figure 2 shows the time-dependent
765 nm emission spectra from 50 ns to 49 A plot of the
65 nm intensity versus the delay time (insert in Figure 2) gives
oth rise and decay components. The formation and decay
ynamics of théX "y state are depicted in Scheme 1 (egs3L
With a pseudo-first-order approximation, the rise and decay of
the 765 nm emission (['=*y)];) can be fitted by eq I.

Scheme 1
hv  intersystem crossing
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PH(T) + 0,27 Ll O('="y) + PH(S) 2)
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In this iterative fitting procedure, the oxygen concentration
([02(3=)]) is taken to be 1.24 1072 M in CCl4 at 1 bar of
oxygen pressur¥. With the best fit, the decay ratg of the
15+, state is calculated to be 8.201(° s™2, which corresponds
to a lifetime of 122 ns. This value is within the same magnitude
as that reported by previous methdds. However, our time-
dependent spectral evolution of the 765 nm emission simulta-
neouslyfrovides both spectral and dynamic evidence of the O
I3ty — 3=74(0) transition in solution. k; is calculated to be
2.0 x 10° s1, consistent with the theoreticat1/9 of the
diffusion-controlled rate of forming a PH- -Ocollisional
complex in CCj.

Both 703 and 634 nm emission bands undergo slower decay
dynamics, and the rate is determined to be 1.20° s™1 (833
us) in CCl. A similar measurement was performed in oxygen-
saturated gFs, and the decay was calculated to be 4:330°
s71 (2.3 ms). We also performed the lifetime study of
— 3574(0) 1270 nm emission in oxygenated GGInd GFs
solution!® Under the same excitation energy as that used in
the O(*Ay) dimol studies the lifetimes are measured to be 1.7
and 4.7 ms, respectively. These lifetimes are approximately
twice as long as the lifetime of {HAy) dimol emission, which
is consistent with Krasnovsky and Foote’s results based on the
O,(*Ag) dimol sensitized PC luminescente.This result can
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af Table 1
6 . Amax NM (fwhm, cnr?)
NL/\ N2y 2Ty (A2 lesslrozled
L PH 1270 (140) 765 (133) 634703 (368) 1:0.63:0.09
ol 2'-acetonaphthone 1270 (138) 765 (135) 633703 (370) 1:0.63:0.1
N , 1'-acetonaphthone 1270 (140) 765(135) 633703 (370) 1:0.63:0.09
A sl — DMN-O2 1273 (140) ¢ 634 703 (370) 1:.0.65
| \ L —. - - e aFor DMN-O, the Nd:YAG laser (266 nm) was used as a
| \ Wavelength (nm) photoelimination source. The ratio of emission intensity for three peaks
b is calculated after correcting the wavelength-dependent responsivity
of our detection systenf.The 765 nm emission was not observed.
| /r\
\

Relative Intensity

Relative Intensity
v

\ N acetonaphthone (or'-2cetonaphthone). One may argue that
( \ / \ c this result may simply indicate a similar interaction between
A e O,(*Ag) dimol species and various sensitizers with the ketone
0 700 750 300 : group. To resolve this inquiry we have studied ¥ emission
Wavelength (nm) gxpelled_ dfro(rB I\mog)%imiga;tingdlt,r?-ttjitwethyln?prﬁhaltene erf1-
: - 2 . operoxide - and found that the spectral features o
Eﬁtjigecléhirtmzsés:gr? sg):;&;u?acgd%(l(sgigsplgd m)trﬁ?g;;'%?gqu the O(*Ag) dimol emission are also identical with those
transition {Ag), — (= o)z, and peak ¢ corresponds to i — 35 measured by the photosensitization method (Table 1). Thus,
single-molecule emission. The PH was excited by a CW Iaser we conclude that 634 and 703 nm emission bands result from
(351-363 nm, 150 mW with a beam diameter of 1.5 mm). The inset a freely solvated @*Ag) dimol but not from a collisional
shows the emission spectrum within the 68D0 nm region before complex between §'Ag) dimol and sensitizers used in this

subtracting the background luminescence (see the text). study. We also performed an experiment using porphyrin-based
sensitizers such as tetraphenylporphine and the dimethyl ester
_ 2o of protoporphyrin 1X. The resulting spectra in the 66800
. 900 . . .
2. 20 1 : nm region are complicated due to the dominant delayed
1 e7ee fluorescence of the sensitizer and possibly the photoproduct. It
~.5e0 is also noteworthy that no 765 nm emission was observed by
2-a0 T 3 00 photoeliminating DMN-Q. This result is consistent with our

previous report that the generation of the &, state by
e e photoeliminating DMN-Qis at least 70 times less than that of
T e T W renr SET the photosensitization methéd®
Taking advantage of our spectral resolutiomef0 cntt in
the CW measurement, the full width at half maximum (fwhm)
of the 765 nm emission was measured to-de85 cnt?, which
oo is nearly the same as that of th&; 1270 nm emission band
7ab. '+ wve. t  7sk. ' sz6. ' sah. (~140 cnrl; see Table 1). Since the;(dAgy) dimol emission
WAUELENGTH - requires a simultaneous transition of thay, state Q molecules,
Figure 2. Time-resolved spectra of O+, at several selected delay  the fwhm of dimol emission is estimated to be in the range of
times: (a) 50, (b) 75, (c) 150, (d) 250, and (e) 1000 ns. The inset 280 cntl. Therefore, the observed fwhm ef370 cnr?! of
shows a plot of the integrated 765 nm emission intensity versus variousthe 635 and 703 nm bands (Table 1) is intriguing. If the
delay times. In this experiment the third harmonic of a Nd:YAG laser interaction energy of @0, pairs is extremely weak, the result
(355 nm, 1.5 mJ with a beam diameter of 2.0 mm) was used as an may indicate that the rate of dissociatidn {) of the Oy(Ay)
excitation source. dimol to the monomer is ultrafast, resulting in the spectral
broadening. Assuming that the additionat5 cnm? broadening
be rationalized by the formation and decay dynamics of the O  for each'A4 emission in the dimol corresponds to(@) 2,
(*Ag) dimol species depicted in Scheme 1 (egs6} Since wherer is lifetime of the dimol specie®,_ac (~1/1) is estimated
dimol formation does not lead to the quenching of fidg to be 8.5x 10125712122 Taking the diffusion-controlled rate
lieftime, Krasnovsky and Foote conclude that the rate of of ~2.0 x 10°s™1 as an upper limit for the raté) of dimol
dissociation k-5 of the 20, dimol to O, monomer should be  formation in CC}, k-5 is more than 2 orders of magnitude
much faster than the rate of dimol formatidggd. Accordingly, faster. The result further supports the assumptiok_gf >
the time-dependent dimol concentration can be expressed as irk, in deriving eq II.
eq (I). Therefore, the dimol signal decay reflects the slow and In conclusion, we report direct, unambiguous spectral evi-
k.J10,]%(t=0) dence of solution-phase photosensitizeg'®'g) and Q(*A)
[(*A),]. = o 2t an dimol emissions in the visible region. The capability of
P (Kot Kgim — 2k,) monitoring dynamics of relaxation and time-dependent spectral
limiting annihilation of two 1A, molecules, which actually evolution simultaneously may provide novel information on the
corresponds to twice the decay rate of g species. photophysics and photochemistry of the solvated singlet mo-
An important scientific problem, raised by Krasnovsky et al., lecular oxygen.

is the exact nature of the emitting dimol species: whether it is .
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clearly shows that the spectral features (e.g., the emission pealg
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