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Abstract—The ratio of dissociation rate k., versus the radiative decay rate ky, of the 'O, ('4,) dimol has been

(214

determined 1o be 1.5 X 10° by its relaxation dynamics in combination with a two-step O, (!4,) sensitizing tetra-
tert-butylphthalocyanine luminescence. Conscquently, with a known kp value of 1.2 X 10% 87,/% & has been

cxtracted to be 1.8 x 10 s in CDCl,.

INTRODUCTION

Recently, attempts to obtain photophysical properties such
as quantum yield, radiative lifetime, etc. of the 'O, (!4,) dimol
(simplified as ('4,);) in solution phase become feasible
through the direct, seminal spectroscopic detection of (4,),
— (2",), 634 and 703 nm vibronic peaks.’~ Using the dimol
(4, — (% ",), eMission intensity versus the tetra-tert-
butylphthalocyanine (PC) delayed fluorescence induced by
a two-step energy transfer from the '0, (4,) state. * we have
determined the ratio between radiative decay, kp,, and dis-
sociation rate, k., of the 4, dimol in CCl,.5 However, since
kp, cannot be solved independently in CCl, we simply take
a kp, value of 10 s! obtained in a 4K argon matrix isolated
system” and extract a lower-limit & value of 5.2 x 100 g
lin CCl,." We realized however that significant uncertain-
ty might be introduced because the &, value measured in CCl,
is expected to be different from that in the argon matrix due
to different intermolecular perturbations. Very recently, we
have applicd Nile Blue A (NBA) as an erergy acceptor and
provided the first evidence® of the one-step dimol energy-
transfer mechanism proposed by Khan and Kasha three
decades ago.’ Based on this mechanism, we have then per-
formed a series of measurement to study the ratio ol the dimol
cmission intensity versus that of the delayed NBA fluores-

+ To whom the correspondence should be addressed.

« In reference 6 a faclor of 2 in the denominator of eq. (1)
has to be deleted. Accordingly, the estimated & ... value of
2.6 % 10" "' in CCl, is changed to 5.2 x 10" s,

#In this study the lifetime of the 'O, dimol, depending on
the laser power, is in the range of 1.0 to 2.5 ms. There-

fore, a gate window of 20 ms should sufficiently acquire
> 99 % of the emission intensity.

§ In a typical experiment when a concentration of Cg, was
prepared so that the absorbance 1s 0.5 at 514 nm, an upper-
limit value of 1.0 X 10® M for 'O, production was esfi-
mated upon 514 am (50 mW, 300 gs duration time) exci-
tation.
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cence as a function of the NBA concentration. As a result,
a ky value of 1.2 X 10° ! in CDCl, was deduced,’® which
is ~ two orders of the magnitude larger than that deduced
from an argon matrix. This result implies that in addition
to the geometry perturbation, the dimol may be suscepti-
ble 1o certain polarization perturbation which is apparently
stronger than that in an argon matrix, resulting in a sig-
nificant enhancement of the electric-dipole transition. In
this study we have made a further attempt to resolve the
dimo] dissociation rate, k., via determining the ratio of
k.. versus ky in CDCl, based on a two-step energy trans-
fer mechanism.”® The result leads to a reasonable estimation
for the 'O, dimol dissociation rate in CDCl,.

MATERIALS AND METHODS

Materials  PC was synthesized according to the previously
reported method.”/ The tinal product was purified by column
chromatography (eluent: CHCI;). 1-H-phenalen-1-one (PH,
Aldrich) was purified by column chromatography (n-hexane: ethyl
acetate 1:1 v/v) followed by twice recrystallization from methanol.
Cg was purified by chromatography on nentral alumina accord-
ing 1o the previous report.”? CDCl, (99.8 %, Merck) free from
trimethoxysilane, a standard reagent for the proton NMR which
quenches 'Q, significantly, was used right after received. For
the O,('4,) sensitizing PC experiment, C, was used as a pho-
tosensilizer to generate O,('4,,). Normally, an optical density of
0.5 was prepared at 514 nm, corresponding 10 a concentration
of Cyy 0f 5.5 X 104 M (&5, = 960 ! mol-'em” in CHCL,). PC
was prepared in the absorbance range of 0.1-1.67 at 700 nm,
corresponding to a concentration in the range of 6.0 X 107 to
1.0 X 105 M (&g, = 1.67 X 10° / mol''cm! in CDCly). Under
such concentrations, the optical density of PC is between 5 X
10+ and 7.5 x 107 at 514 nm. Therefore, the PC prompt flu-
orescence interference resulting from the direct 514 nm exci-
lation is small and can be completely eliminated from the sen-
sitized PC fluorescence at a delay time of 10 gs (sec the next
section for details). The sample cuvette was excited at the edge
of the fluorescence cell to avoid the inner filter effect.

Method The spectral detection in the region of 600-800 nm
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was accomplished by a red-sensitive intensified charge coupled
detector (ICCD, Princeton Instrument, Model 576G/1) coupled
with a polychromator in which the grating is blazed with a max-
imum at 700 nm. Varable time delay and window duration select-
ed to gate the ICCD was achieved by a high-voltage pulse ampli-
fier (Princeton Instrument, PG 200). In this study, an Ar* laser
(coherent Innova 5W, 362 or 514 nm) was modulated by a
mechanic chopper (Standard Research System, model 540) in
which the space between two blazes has been modified to
achieve a 3 Hz, 200 us square pulse output. Therefore, the lumi-
nescence can be acquired at variable delay times to eliminate
the prompt fluorescence of the sensitizers upon direct excita-
tion. The low power Ar* laser significantly reduces the power-
dependent photochemical production of '0, quenchers in the halo-
genated solvents.’*/7 As a result, the lifetime of the O,('4,)
species increases, enhancing the dimol emission intensity. In this
study, the gate of the ICCD was open at a delay time of 10 #
¢ and a window duration was typically set as wide as 20 ms 10
gliminate the prompt fluorescence but still cover the entire
decay region (> 99 %) of the delayed Juminescence in CDCl,.*
For steady-state measurements in the region of 1000-1700 nm,
we applied a Fourier transform technique in which the sample
was excited by an Ar ion laser (Coherent Innova 90) pumped
dye laser (Coherent 599-01A) under a [ront-face excitation
configuration. The emission was sent through a ncar-IR inter-
ferometer (Bruker Equinox 55) and detected by a liquid nitro-
gen cooled Ge detector (403X, Applied Detector Corporation).
For the time-resolved measurement of the O, ('4,) emission a
liquid nitrogen cooled Ge photodiode (Applied Detector Cor-
poration model 403HS) was used. The output signal was ampli-
fied by a linear amplifier (Stanford Research System, model 445)
and then sent through a 2.5 GHz bandwidth transient digitizer
(Leeroy 9361) for the lifetime analysis.

RESULTS AND DISCUSSION

Scheme 1 depicts the generation and relaxation of the 'O,
dimol, [(4,),], in a typical dye sensitization mechanism
where the rise kinetics of the O, ('4,) state is neglected due
to the much faster formation rate than the decay of O, ('4,)
in CDCL.

Applying a steady-state approximation, the time-dependent
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Scheme 1.

'0, dimol concentration, [('4,),], concentration can be
cxpressed as 1(4,))= 7"%[‘49]?-,8"’"’.’0 Accordingly, the integrat-
ed 0, ('4,) dimol cmission intensity, T, can be expressed as

(I-1

where ais the instrument factor, including sensitivity, align-
ment, etc. of the detecting system. &, is the O, ('4,) dimol
radiative decay rate, which may be distinguished from K amol
shown in Scheme I by knowing k., = kp + k,, where knr
is the sum of overall nonradiative decay processes except for
k.
Fig. 1 shows the ('4,), — ('), dimol transition as well
as the time-dependent O, ('4,) sensitizing PC delayed fluo-
rescence in CDCI,. The decay rate of the PC delayed fluo-

55
a b 1
100 50
[ g
r'[ ) 45
i g a0 '
0754 i o5
Z L 20
2 P . g
2 ) \ 0000 0002 0004 D 006
£ 0504 ] | Delay Time  (second)
® ool
= i
-— i |
o ! t
& 0254 | \
P
/ \ )
T BIPOE. =

600 5%0 6410 GéD SéO 700 7é0 7&‘10 ' 7é0 7éD
Wavelength (nm)

Figure 1. a. (—) The spectrum of the Cgy (5.5 x 10* M) sensitized
0, (!4,) dimol emission obtained at a delay time of 10 s with a gate
window open as large as 20 ms. b-f. (—) Similar conditions as a.
except that the PC concentration of 6.0 x 107 M was added. The spec-
tra were obtained at a delay time of b. 50 #s, ¢. 1.0 ms, d. 2.5 ms, e.
4.0 ms, f. 5.5 ms and with a gate width of 200 gs. In this study, a
chopped 514 nm Ar* laser line (200 gs pulse, 40 mW) was used as
an excitation source. The solution was air aerated at 1.0 atm, 298 K.
Note that spectrum a. has been normalized 1o the same intensity as
spectrum b. Insert: the logarithm of the integrated PC emission inten-
sity as a function of the delay time.

rescence has been reported to be twice as fast ag the decay
rate of O, ('4,), and its rclaxation dynamics can be well
explained by a two-step energy-transfer mechanism** depict-
ed as follows
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Scheme 2.
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Accordingly, the time-dependent ['4,], [*PC] and ['PC*]
can be expressed in sequence by (2-1), (2-2) and (2-3), respec-
tively.

d[A I —klpcla ) k2 PeCl-m[PCla, -k, + &, [PCD [4,] (2-1)

—[d—]—k [a, lpc)-&,[=; [P pC)- k[ ag ] PC]-2,[PC] (2-2)
A2 puca, o, L] (2-3)

For the case of PC, k/k, has been estimated to be ~ 2.0
X 107 based on the energy difference between *PC and O,
('4,) states (vide infra). In addition, O,[%",] was prepared
to be 2.05 X 102 M in the aerated solution,’® which is >
0, ['4,] produced (<1.0 X 10¢ M9 in this study. As a
result, ky[33,] is > k,['4,] during the reaction, and a steady-
state approach can be applied for [*PC] shown in (2-2) to
obtain

ky [PC][IAg]_(kz [3E;]+k3[]Ag]+k4)[3PC]= 0

k[Pl ag]
ks |+ k[ Agl+ £,

- [pc]= (2-4)

We have also performed a triplet-triplet transient absorption
study of PC under a degassed condition and determined £, to
be ~ 6.2 X 10* s in room temperature CDCl,. On the other
hand, due to the highly exothermic *PC + 32",;&» PC+4}4
1920 and *PC + '4, & 'PC* + 3¢ processes, it is reasonable
to assume k; to be a diffusion controlled rate which is 1.34 X
10" M-'s”! calculated from the Debye equation. &, can be treat-
ed as a typical sensitization rate constant to produce ('4,) which
is theoretically taken to be 1/9 of the diffusion controlled rate,
i.e. 1.5 X 10? s' in CDCl,. Due to the small 'O, production,
it is apparent that k,[3",] is much greater than k;['4,] + &,
Consequently, (2-4) can be further simplified to

Plugging (2-5) to (2-1) we obtain
dl'A, kk[PC]'A, :
Ll _JET;[‘]_F(" ebeal

(2-6) can be solved by applying the Bernoulli equation to
obtain

(e, +x,[rc s,

[a.J- Kok, [PC ke, [PC ] (27)
[(k + k[0 D)+ ﬁ[Au]‘,Je"’—%m[’Aﬂ]ﬂ

Since [PC] was prepared in the range of 6.0 X 107 to 1.0
kkPCl'a, |

A

x10° M, an upper limit of was estimated to

be 2.1 X 10 which is much smaller than (k, + k,[PC]) mea-
sured in CDCl;." Therefore, (k, + k,[PC]) is >
kk [PCTA, |,
% [32_] , and (2-7) can be further simplified to
H -4

[ Ag]ﬂ ki [FCTE

klz]

Plugging (2-8) to (2-3) and using an ordinary, homoge-
neous first order differential equation to solve ['PC"], we
obtain

Fo.Je o, Lerrms ana )42 %)

ke Mlfa
k22 |k, -2k, +k,[PC))

e-z(lcp +ky [PC [}z

[pc+] - —e*| @9)

Since &; is >> (k;, + k [PC]), (2-9) can be simplified to (2-
10) at the decay time of intercst (e.g. > 10 us).

M 2kt [P

[ipc+]~ TS

(2-10)

Consequently, the integrated emission intensity of ['PC']
can be expressed as

kz ks PO A
F,

= pe g iati
S P P where ki is the radiative

decay rate of 'PC".

Under an identical experimental configuration, ie. the
same @ value and number of photons being absorbed, the ratio
of the sensitized PC fluorescence intensity versus the dimol
emission intensity can be expressed as

k2 kb PCT e
Fpe = 2k, + kg[PC‘])jc,/”kZFE;]

The value of i is equivalent to the fluorescence yield
of PC, which was determined in this study to be 0.75 in CDClL,.
ki/k, 1s simply the equilibrium constant between ('4.,) and
PC (T,), which has been determined to be 1.5 X 10 based
on the T,-S, phosphorescence energy gap measured in the
77K methyltetrahydrofuran (MTHF) glass.? Since the fluo-
rescence maximuin of PC only reveals slight solvent-polari-
ly dependence, which is red shifted from 702 nm in MTHF
to 705 nm in CDCl,, it is reasonable to predict a similar
bathochromic shift in the triplet state.” 2 Accordingly, a T)-
S, energy gap of 9120 cm'! was estimated in CDCl,, giving
rise 1o a k,/k, value of 2.0 X 10, Furthermore, it is reasonable
to assume that both k; (vide supra) and k. are diffusion con-
trolled processes and can be canceled out. Giving the O,(%)
coneentration to be 2.05 x 10 M in the aerated CDCl,, (2-
[1) can be simplified to

Fre oo 73( * J{LJ[P( ]
Id.\mol D k [PC]

(2-11)

p (2-12)
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Figure 2. The plot of [';EL VErsus % [PC] from [PC] of a. 6.0 %107,

drm
b. 1.2 % 10° ¢. 2.0 x 10%, d. 5.0 X 10 and e. 1.0 % 10 M, and
its best least-square filted line (see the text for the detailed descrip-
tion).

The quenching rate constant k; of PC to O,('4,) has been
determined to be 2.6 x 10¥ M-'s in CHCI,.¢ ° Therefore,
it seems relatively straightforward to obtain the value of k/(k,
+ k,[PC}) once [PC] and k, are known. However, since k,
in CDCl, is dependent on the laser intensity,® this procedure
seems to be complicated in a power-dependent study. Alter-
natively we simply applied a Stern-Volmer relationship
using ('4,) — %, (0.,0) 1273 nm emission intensity shown
in eq. (2-12) to replace k,/(k, + k,[PCI)

Fi_ Ec_ L
el

dimn ol

(2-13)

where I, and I denote the PH sensitizing 4, 1273 nm emis-
sion in CDCI, and CDCI, containing PC, respectively. Exper-
imentally, the Fo/Iy,., value, within the experimental error,
was found to be linearly proportional to [ j 1 % [PC] when
the PC concentration varied from 6.0 X107 to 1.0 X 10°M
(see Fig. 2), consistent with the theoretical approach depict-
ed in eq. (2-13). The slope in Fig. 2 was determined to be 1.1
X 10° M, This gives a k/kp valoe of 1.5 X 10°. Since k,
in CDC, has been determined to be 1.2 x 10° s71,/? a & value
of 1.8 x 10 s was then deduced. This calculated 7. (=
1/k.,.) of ~ 550 fs is about one order of magnitude faster than
the estimated dissociation rate in the gas phase of few
picoseconds.?’ On another approach, based on the dissocia-
tion of the dimol yielding singlet sigma oxygen, the dimol
dissociation rate of 3.5 x 10" s has been estimated in CCl,,”
indicating a possibility that the solvent polarization may play
a role in assisting the dissociation of the dimol species. The
generalization of k. value as a [unction of the solvent prop-
erties requires further works on the solvent-dependence for
both k; and k. values. Unfortunately, the study of solvent-
dependent kp, is not feasible at this stage due to the sparse

solubility of NBA in many halogenated and/or deuterated sol-
vents where the dimol emission is detectable due to the long
life span of the 'O, emission. Focus on the synthesis of NBA
derivatives in order to improve its solubility is currently in
progress.
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