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Abstract

Time-resolved near-IR emission and optoacoustic calorimetry studies were carried out on the aromatic ketones phenalenone, benzanthrone,
4-phenylbenzophenone and the benzophenone-naphthalene (0.1 M) system in order to assess their adoption as solvent-independent standards
for singlet molecular oxygen O,('A) photosensitization. All compounds show quantum yields of Oy( 'A,) production ( ¢,) in the range 0.9~
1 in cyclohexane. Increasing solvent polarity or protic character reduces the ¢, values for all sensitizers except phenalenone. Laser-induced
optoacoustic calorimetry was used to obtain the absolute ¢, values for the latter compound by applying both maximum amplitude and
deconvolution methods. The former yields highly precise results (3%-5% uncertainty) and has been chosen for standardization purposes.

The deconvolution method yields both kinetic and quantum yield data, albeit with lower precision (10%-15% uncertainty).
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1. Introduction

Photo-oxygenation processes mediated by singlet molec-
ular oxygen O,('A;) continue to attract the attention of the
scientific community owing to their application in various
areas, such as the synthesis of novel compounds, purification
of wastewaters, photodegradation of polymers and photody-
namic therapy of different diseases. Fer a large number of
compounds, considerable efforts have been devoted to the
quantification of the ability to act as Ox( 'A,) photosensitiz-
ers. Recently, a compilation of O,('4;) production quantum
yields (¢h,) has been published [ 1]. Data originating in dif-
ferant laboratories on a given compound show a high degree
of scatter. In most cases, this scatter can be traced to real
differences in the system variables, e.g. solvent, temperature,
excitation wavelength, etc. In others, however, the scatter
originates from the method of measurement.

Quantum yields of 02(‘Ag) production can be measured
by optical, chemical and calorimetric methods. Of these, the
methods of choice are those involving optical techniques as
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these directly monitor O,('A,). Optical methods are bascd
on the comparison between the O,('A,) phosphorescence in
the near-IR region (1270 nm) produced by a sample and a
reference sensitizer, i.c. a substance whose ¢, value is known
with accuracy under the experimental conditions used. Estab-
lishing standards is therefore of prime interest. The compar-
ison requires, among other conditions, that the sample and
reference sensitizer are dissolved in the same solvent, as the
0,('A;) radiative rate constant is dramatically solvent
dependent [2,3]. This requirement is far more demanding
than in conventional fluorescence spectroscopy and, as a con-
sequence, a reference is needed for every possible solvent.

The most common approach to the determination of abso-
lute ¢, values is the use of chemical methods that trap
0,('A;) with reactive substrates. They are indirect, as the
quantity actually measured is the extent of substrate deple-
tion, oXygen consumption or reaction product build-up (1 ].
The specificity of the substrate towards O,( ‘As) is an inher-
ent problem and source of uncertainty, as other mechanisms
may be involved in the photo- oxygenation process. Further-
more, the relative contribution of the different mechanisms
is strongly solvent dependent, a complication which hampers
the use of a given acceptor in a wide range of solvents.

An alternative approach is the use of calorimetric methods,
e.g. laser-induced optoacoustic calorimetry (LIOAC), time-
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PHENALENONE
(PN: R=H, PNS: R=SO3H)

BENZANTHRONE (BA)

BENZOPHENONE +
NAPHTHALENE 0.1 M

(BP/N)

4-PHENYL-BENZOPHENONE (PBP)

Scheme 1. Chemical structures of the sensitizers studied in this work.

resolved thermal lensing (TRTL) or the more sophisticated
photothermal beam deflection (PBD), which monitor the
radiationless processes concomitant with 02(‘Ag) produc-
tion and decay [4-7]. They are especially well suited for
0,('4,) detection since most of the energy of this species is
lost through non-radiative channels. Calorimetric methods
are also comparative, the photocalorimetric reference being
a substance which releases all absorbed energy as heat on a
time scale much shorter than the time window of the experi-
ment [8]. Although sample and reference still need to be
measured in the same solvent (the signal intensity depends
on its thermoelastic properties [8]), calorimetric methods
have a clear advantage over chemical and optical techniques
since universal solvent-independent photocalorimetric ref-
erences are widely available. They are therefore free from the
uncertainties associated with solvent changes. Although
TRTL has been successfully applied to the determination of
&, for several sensitizers, including aromatic hydrocarbons
and ketones, the use of the experimentally less demanding
LIOAC has been limited to a few sensitizers [6,7,9,10]. In
this work, the suitability and limitations of the LIOAC tech-
nique for the determination of ¢, values are studied.

Of the compounds known to photosensitize effectively the
formation of O,('4,), aromatic ketones are interesting as
potential standards as they often have intersystem crossing
quantum yields close to unity, i.c. only triplet state reactions
need to be considered when discussing their photochemistry.
Energy transfer to oxygen to form singlet oxygen largely
dominates (efficiency close to unity) when the ketone's low-
esttriplet state is of (##™*) configuration [11,12). A number
of research groups have used such aromatic ketones for
0,('4;) photosensitization, e.g. 4-phenyl-benzophenone
(PBP) [13], benzanthrone (BA) [14], phenalenone (PN)
[9.13,15] and its water-soluble 2-sulphonic acid derivative
(PNS) [16] and the elegant system of an aromatic ketone,

e.g. benzophenone, plus naphthalene (0.1 M) (BP-N;
Scheme 1) [17-19]. Both phenalenone and the aromatic
ketone-naphthalene (0.1 M) system have been reported to
have ¢, values close to unity in solvents of various polarities
[9,15,17-19]. However, Wilkinson et al. [20] obtained
somewhat lower solvent-dependent valucs for the BP-N sys-
tem, PN seems to be free from such drawbacks: the original
work of Oliveros et al. [ 15] reporting ¢, =0.93 in benzene
and ¢, =0.97 in deuterated methanol has been extended by
Schmidt et al. [9] to several solvents. Their results suggest
an average ¢, value of 0.55 +0.05 in most solvents. In the
hope of contributing to the adoption of PN as a general stan-
dard, we report data on this compound using alternative meth-
ods and techniques. In addition, we report the solvent
dependence of ¢, for the other ketones BA, PBP and the BP-
N system, studicd to assess their use as alternative standards.

2. Materials and methods
2.1. Chemicals

PN, PBP, BA, BP, 2-hydroxy-benzophenone (2HBP), fer-
rocene (FC) and bromocresol puiple (BCP) were purchased
from Aldrich. Analytical grade anthracene was from Merck.
All were used as received. Naphthalene was purchased from
Panreac and recrystallized prior to use. PNS was prepared as
described previously [16]. All solvents, purchased from
SDS, were of HPLC or spectroscopic grade, and were used
without further treatment. Argon and oxygen from Carburos
Metdlicos were of purity better than 99.99%. For oxygen
quenching experiments, they were mixed to the desired pro-
portion using calibrated flow meters, the oxygen concentra-
tion in the solutions being calculated using published
solubility data after correcting for the vapour pressure of the
solvent [21,22]. Specifically, vapour pressures at 25 °C were
taken as: cyclohexane, 97.8 Torr; toluene, 28.5 Torr; aceton-
itrile, 88.8 Torr; ethanol, 59.0 Torr; dichloromethane, 435.8
Torr; for D,O the value in H,0O was taken, 23.8 Torr. The
oxygen solubility values at 1 atm O, partial pressure were
taken as: cyclohexane, 11.5 11M; toluene, 9.88 mM; aceton-
itrile, 9.1 mM; ethanol, 9.92 mM; dichloromethane, 10.7 mM;
for D,0 the value in H,O was taken, 1.27 mM.

2.2. Methods

Absorption spectra were measured with a Varian Cary 4E
or a Perkin Elmer Lambda 2 spectrophotometer, periodically
calibrated with a holmium oxide filter (Hellma). Fluores-
cence spectra were measured with a Shimadzu RF-540 spec-
trofluorometer.  Fluorescence quantum yields were
determined following standard procedures using ant'ivacene
in ethanol or naphthalene in cyclohexane as standarde [23].

The laser facility for O,('A;) phosphorescence detection
(TRPD) is based on that described previously [24,25]. An
N; laser (Radiant Dyes Laser Accessories) delivering 5 mJ,
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6 ns pulses at 337 nm was used i0 excite air-saturated samples
contained in a 1 cm path length quartz cuvette. The diameter
of the beam in the cuvette was reduced to approximately 8
mm by a 100 cm lens. The laser fluence was varied using a
variable neutral density filter and measured by diverting a
small fraction of the beam onto a pyroelectric energy meter
{Laser Precision Corp. RJ7610 with RIP-735 head) by
means of a calibrated beam splitter. The luminescence arising
from the cuvette was passed through a 1050 nm cut-offsilicon
filter and a 1270 nm interference filter, and detected with a
bias-reversed 5 mm diameter Judson J16 5Sp germanium
diode (time response, 600 ns). After amplification with a
home-built amplifier, the signal was fed to a 150 MHz Lecroy
9410 digital oscilloscope for digitizing and averaging (typi-
cally 100 shots), and finally transferred to 2 PC by means of
a National Instruments AT-GPIB interface and LabWindows
software. The trigger signal for the scope was provided by an
auxiliary fast photodiode detecting yet another small diverted
fraction of the beam. In all solvents and for all laser fluences,
the decay portion of the signals could be fitted with a single-
exponential function, whose zero time intensity S(0) is
related to ¢, through

5(0) = kkpps Ei(1-1074) (n

where « is a proportionality constant that includes geometric
and electronic factors of the detection system, kg is the sol-
vent-specific radiative decay rate constant, E, is the incident
laser energy and A is the sample absorbance at 337 nm. While,
in principle, the ¢, values can be determined from the simple

comparison of S(0) for sample and reference under the same

E, and A conditions, greater accuracy is obtained when S(0)
is measured as a function of E; keeping A constant. The
observation of a linear relationship with zero intercept per-
mits undesirable phenomena such as multiphotonic absorp-
tion or ground state depletion to be ruled out. Repetition of
these experiments at several absorbances, each yielding a
lincar S(0) vs. E, plot with slope (3S(0)/dE)),, allows the
construction of a slope vs. (1=10"*) plot for both sample
and reference. This eliminates the uncertainties associated
with the exact matching of the absorbance for sample and
reference. The ratio of the slopes for these plots ultimately
affords the ratio of the ¢, values.

LIOAC uses a piezoelectric transducer to sense the pres-
sure wave concomitant with iocal volume changes induced
by pulsed laser irradiation of the sample. Volume changes
can have a thermal origin, i.e. heating of the solvent through
excited state radiationless decay processes or secondary
chemical reactions [8,26-30], and sometimes a structural
origin, e.g. as a result of a chemical reaction or solvent reor-
ganization [31-34]. The set-up used is essentially identical
with that for TRPD except for the laser beam geometry and
the detection system. We tried both a 1 mm diameter circular
beani produced by a 100 cm lens in combination witha 1 mm
aperture [ 35] and arectangular 1 mm X 8 mm beam produced
by a 100 cm cylindrical lens plus a 100 cm lens and a 1 mm
vertical slit [ 36]. The results using both geometries were the

same, but the slit produced a fivefold better signal-to-noise
ratio. The solutions were contained in a standard gas-tight 1
cm X 1 cm quartz cuvette and the pressure wave was detected
with a 4 mm PZT ceramic transducer (Vernitron; 1 MHz)
pressed to the side wall of the cuvette. A thin layer of silicon
grease ensured optimum acoustic coupling between the
cuvette and transducer. This detection system is similar to
that described by Patel and Tam [26] and was assembled at
the Max-Planck-Institut fiir Strahlenchemic [35]. Extreme
care was taken not to disturb this coupling during a series of
experiments. The signals were fed to the scope and transferred
to a PC. Analysis was accomplished following two different
approaches. The first takes the intensity of the optoacoustic
signal maximum as a measure of the volume changes
[26,35). The second is based on the deconvolution of the
pressure~time waveform [6,37-39].

2.2.1. LIOAC determinations with the maximum amplitude
method

The amplitude of the first signal maximum H,,,, was cal-
culated from the best second-order polynomial fit to the data
points near the maximun. In the absence of structural volume
changes, the optoacoustic maximum amplitude H,,, is
related to the incident laser energy by

Hon=Kk'aE(1-10"%) (2)

where «' is a proportionality constant that accounts for geo-
metric and electronic factors, as well as for the thermoelastic
properties of the solvent, and « is the fraction of absorbed
energy released as fast heat. The attribute “‘fast’’ is related to
the effective acoustic transient time (7' ,=d/v,, where d is
the beam diameter and v, is the sound velocity in the solvent
used; in our experiments 7,=1 us) [8]. The transducer
integrates the heat deposited in processes faster than roughly
7'./5 and ignores all processes slower than 57/, [40]. The
intermediate cases are discussed below. The a value is
obtained by the systematic measurement of H,,,,, as a function
of E, and A for both sample and reference, as described for
TRPD. We used 2HBP and FC as calorimetric references
(a=1) for organic media, and BCP for water [41,42]. Thus
a <1 indicates that an energy-storing species living longer
than 57', is produced in the system. An energy balance per-
mits a to be related to the energy content of this species

E\=aE,+ ¢E;+ by E, (3)

where E,, E; and E,, are the molar energy contents of the laser
photons (356 kJ mol ™! for the N, laser), fluorescence pho-
tons and long-lived species respectively, and ¢ and ¢, are
the quantum yields of fluorescence and production of the
energy-storing species respectively. For our ketones, dissi-
pation through radiative processes is negligible (see Section
3). In argon-saturated solutions, the storing species is the
sensitizer’s triplet state whose lifetime spans several tens of
microseconds [ 15]. Assuming ¢, = 1, Ey is calculated from
the measured « value as Ey= E,(1 = a). In the presence of
oxygen, the storing specics is O,('A,) whose energy content
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Fig. 1. (A) Laser energy dependence of the zero time intensity of the
0,('A,) phosphorescence signal sensitized by BA in cyclohexane. Insel:
typical O,('A;) phosphorescence rise and decay. (B) Slopes of the energy
pla’s as a function of the sample absorbance.

is E, =94.2 kJ mol ~ . In this case, ¢, values are calculated
as da= (1 —a)E,/Ex=3.77(1 — a).

2.2.2. LIOAC determinations with the deconvolution method

For systems in which (1) the laser pulse duration is much
shorter than the excited state lifetime and the delector
response time, (2) and the structural volume changes are
negligible, the observed energy-normalized optoacoustic
wave S(r) is a convolution of the system response R(#) and
the rate of heat evolution ¢’ () as shown in Eq. (4) [36-39)

S =H(t)/E|(] - 10”") =R(1) ®q’(!)
- J R(1q (1— u)du (4)

wherc H(t) is the observed waveform. For short-lived tran-
sients, this integral approaches R(t), the system response.
Hence R(t) can be experimentally determined by measuring
a calorimetric reference. At the opposite extreme are those
transients living longer than approximately 57',. The con-
volution integral now vanishes to zero, i.e. slow transients do
not contribute to the optoacoustic signal. For systems in
which only “‘fast’” and ‘*slow’’ processes occur, the observed
wave is identical in shape to R(t), but has a smaller amplitude.
The undetected heat corresponds to the *‘stored’’ heat in the
maximum amplitude method discussed above, whose use
under these conditions is therefore legitimate. The deconvo-
lution method is best suited for treating intermediate cases,

Table 1

where a clear phase shift between S(r) and R(r) exists. A
kinetic decay model g, () is assumed and the parameters
are optimized for the calculated convolution C(¢) =R(1 ®
q ' caic(t) to reproduce in the best way the observed waveform
S(1). The deconvolution by iterative reconvolution program
used is based on the Lavenberg—~Marquardt x> minimization
procedure [39].

3. Results and discussion
3.1. Fluorescence quantum yields

All compounds are esseatially non-fluorescent in aprotic
solvents (¢, < 107 %), but a weak fluorescence is observed in
ethanol for both BA  (¢=1.3%X10"%) and PBP
(=5>10"?), probably reflecting a reordering of the sin-
glet and triplet (7r#r™) and (n7*) energy levels [43—46]. In
any case, the fluorescence yields are so low that radiative
deactivation can safely be neglected in the analysis of LIOAC
experiments {see below).

3.2. Relative ¢, values from TRPD experiments

Fig. 1 shows the energy dependence plots, and absorbance
dependence of their slopes, for BA in cyclohexane. Similar
plots were obtained for all sensitizers in all solvents. The
values of ¢, relative to that of PN are collected in Table 1.
Clearly, PN emerges as the most efficient sensitizer in all
solvents, with the exception perhaps of BA in non-polar
cyclohexane and toluene. It is also apparent that the other
ketones have ¢, values close to unity in non-polar solvents
only, yielding significantly lower values as the medium polar-
ity or protic character increases.

The solvent dependence of the ¢, values rules out BA,
PBP and BP-N as universal standards. This conclusion is
particularly relevant for the aromatic ketone—naphthalene
system, which had been suggested as a valuable standard with
¢, close to unity in cyclohexane and acetonitrile [ 17-19].
Our results (cf. Table 1) are in line with those reported by
Wilkinson et al. [20], e.g. ¢, —=0.92 in cyclohexane and
¢»=10.62 in acetonitrile.

Solvent dependence of tne relative ¢, values for the sensitizers studied as determined by TRPD

Sensitizer Relative ¢, value *
Cyclohexane Toluene Acetonitrile Ethanol Dichloromethane
PN 1 1 1 1 1
BA 1.03 1.03 0.78 0.81 0.81
PBP 092 0.96 0.83 0.83 0.83
BP-N 1.00 0.82 0.65 0.79 0.79

" +5%.
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Fig. 2. Oxygen concentration effects on the PN optoacoustic wave in ace
tonitrile solutions. The reference wave was obtained using 2HBP.
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Fig. 3. Slopes of the optoacoustic maximum amplitude vs. laser energy plots
as a function of the sample absorbance for PN and 2HBP in acetonitrile.
Insets: laser energy dependence of the optoacoustic maximum amplitude for
PN and 2HBP at several absorbances.

Table 2

3.3. Absolute ¢, values for PN from LIOAC

TRPD experiments pointed to PN as the most promising
standard candidate of the ketones studied in this work. As a
next step, we undertook the determination of the absolute ¢,
value for this compound using LIOAC. In this process, we
explored and compared the maximum amplitude and decon-
volution methods.

3.3.1. Maximum amplitude method

Fig. 2 shows typical LIODAC waveforms for air- and oxy-
gen-saturated MeCN solutions of PN and the calorimetric
reference 2HBP, Clearly, the sensitizer wave is phese shifted
with respect to that of the reference under air-saturated con-
ditions, an indication that the energy transfer step from the
ketone triplet to oxygen occurs in the intermediate 7,/
5 <7< 57, region, where the amplitude wave is no longer
proportional to the heat released. Analysis of the amplitude
ratio a using Eq. (3) was not attempted as it would yield
apparent ¢, values larger than the true values.

When air was replaced by oxygen, the shift was no longer
present and the maximum amplitude increased as anticipated
(cf. Fig. 2). The same was true for all other solvents, with
the exception of CH,Cl, and D,0, where the concentration
of oxygen was lower. In D,0O, where PNS and BCP were
used instead of the less soluble PM and 2HBP, this is due to
the low solubility of oxygen, assumed to be the same as in
H,0 [22]. In CH,Cl,, this is the result of a relatively large
solvent vapour pressute [21]. Fig. 3 shows the energy and
absorbance dependence plots in acetonitrile. Similar plots
were obtained in all solvents, and the ¢, results, calculated
using Eq. (3), are collected in Table 2. It is remarkable that
the error bars do not exceed 3%—5%.

The case of toluene deserves special comment. Toluene
forms a charge transfer complex with oxygen whose absorb-
ance at 337 nm is comparable with that of the sensitizer
(Ai02 =0.063 under oxygen), i.e. this complex effectively
competes with the sensitizer for light absorption. Further-
more, excitation of the toluene—oxygen complex produces

Absolute quantum yields for O,('A,) photosensitization ( ¢, ), triplet energies ( Er), triplet lifetimes in air-saturated solutions { wr(air}) and rate constants for
triplet quenching by uxygen (kpy) for PN in several solvents (PNS in water), as determined by LIOAC using the maximum amplitude and deconvolution

methods

Solvent @a Er (KJmol™ ") 7r(air) krx
(1) (10°M~ s )

Maximum Deconvolution Maximum Deconvolution

amplitude amplitude
Cyclohexane 0.91+0.03 0.98 +0.08 174 15 166 +22 260+90 29402
Toluene 0.92+0.03 178+ 8 229
Dichloromethane - 0.96 1 0.08 18318 18014 470120 19+£0.2
Acetonitrile 1.00+0.02 0.9410.08 182410 164 + 12 230440 32+02
Ethanol 0.92+0.03 0.93+0.08 182+8 176 + it 250420 29402
Water (PNS) - 0.971£006° 168+ 10° 180 £4° 1700+ 200° 1.3+0.1°
® The method cannot be applied (see text).
& In D;O.
¢ In H,0.

4Ref. [13].
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Scheme 2. Kinetic and calorimetric analysis of the excited state behaviour
of the sensitizers. It is assumed that the triplet quantum yleld is close to unity
and that triplet decay occurs exclusively through oxygen quenching in air-
and oxygen-saturated solutions (kg = kyycoa: see text).

O;(‘As) with ¢, =0.2 [47]. Thus the measured o value is
actually a combination of the respective values for PN and
the charge transfer complex as shown in Eq. (5)

a= MMN_AH! (5)
Ao, +Apn

From the measured « value and the calculated &0, value
(0.95 for 337 nm excitation, using Eq. (3)), the true apy
value is readily determined. The resulting ¢, = 0.92 is in very
good agreement with that reported by Oliveros et al, [15] in
benzene, ¢, =0.93,

3.3.2. Deconvolution method

For O5('4,) sensitization by the ketones used here in the
presence of enough oxygen to trap most tripl-t sensitizers,
the heat release dynamics can be modelled with the simplified
kinetic treatment shown in Scheme 2 [33] where kg, &7 and
ka are the observed unimolecular or pseudo-unimolecular
decay rate constants for 'M,, *M, and O,('4,) respectively.
Itis implicit in the heat functions that the three processes, i.e.
triplet state formation, triplet quenching by oxygen and
0:('A;) decay, occur on different time scales, i.e.
ks> ky > k. The total model heat function is then the sum
of the above terms (Eq. (6))

E,—~Ey - Ex—uEy
A = - kst + —_——
Gearc(?) E, (1-e7™) E.
X(l=-e %)+ LU (1—e~%ay (6)
E,
and the convolution of its time derivative with R(¢) renders
C(1) =R(1) B (arkse '+ azkre ~*™) (7)

where ;= (EA "Er) /EA and Q= (ET_ ¢AEA)/E4\' The
deconvolution procedure allows for the estimation of @, and

a, (hence Ey and ¢,), as well as kg and &, in a single
experiment. While this is definitely an advantage over the
more tedious maximum amplitude method, the results have
larger error bars. This stems from the requirement that sample
and reference must be measured under exactly the same con-
ditions, i.e. matched absorbances and identical laser energies,
thereby precluding the construction of the linear trends in
laser energy and absorbance as in the maximum amplitude
method (see above). It is certainly possible, in principle, to
obtain an energy-normalized average waveform from such
trends, but our experience is that the deconvolution of these
average waveforms yields highly scattered results. We found
that the best procedure was to repeat the measurements for
sample and reference at fixed absorbance and laser energy
(typically 16 times), and to report the average and standard
deviation of such repetitions. The amplitude of the optoa-
coustic waveform was previously checked for linearity in
laser energy and sample absorption. Fig, 4 shows the PN and
2HBP waves in air-saturated CH,Cl,, the best-fit convoluted
wave calculated using Eq. (7) and the fit residuals. The
results are also collected in Table 2 and arc in good agreement
with those obtained by the maximum amplitude method,
except for the aforementioned larger uncertainties.

3.4. Oxygen quenching of PN triplet state

The triplet lifetime data determined by the deconvolution
method can be used to deduce the rate constant for triplet
quenching by oxygen according to the Stern—Volmer equa-
tion

ky=1/7r=k" +kx[ 0] (8)

A scries of experiments was carried out in which 7 in PN
solutions saturated with mixtures of argon and oxygen was

0.01

-0.01
1.0} R()

o
W
T

Intensity / A.U.
-
@
g -

5 6 7
Time / s

Fig. 4. LIOAC waveforms for PN and 2HBP in air-saturated CH,Cl, (S(r)
and R(¢) respectively), best-fit convolution according to Eq. (7) (C(r))
and residuals of the fit.

L}
o

--3 o
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Table 3
Recommended absolute ¢, values for the sensitizers studied in this work
Sensitizer Absolute ¢, values
Cyclohexane Toluene Acetonitrile Ethanol Dichloromethane Water-d,
PN® 0.91+0.03 0.92+0.03 1.00+0.03 0.92+0.03 0.96 +0.08 -
a
PNSb - - - - - 0.97 £0.06
BA 0.941£0.07 0.95£0.07 0.78 +0.06 0.75 £0.06 0.78 +0.06 -
PBP® 0.84 +£0.06 0.88 £ 0.06 0.831+0.06 0.76 £0.06 0.80+0.06 -
BP-N® 091+0.07 0.75 £ 0.06 0.65 +£0.05 0.73+0.06 0.76 +:0.06 -
® From LIOAC experiments.

® From TRPD experiments using PN as standard (see Table 1).

100

80

kT / 105 S'1

% T 2 3 4

[0,]/ mM

Fig. 5. Stern-Volmer plot for triplet PN quenching by oxygen in CH,Cl,
using 7y values determined by LIOAC.

determined using the LIOAC deconvolution technique. Fig.
5 shows the Stern—Volmer plot obtained in CH,Cl,. From the
slope, the quenching rate constant can be obtained and is
shown in Table 2, together with the values for the other
solvents. Although it is possible, in principle, to obtain the
riplet lifetime at zero oxygen concentration, 7,°= 1/ks%,
from such plots, the error bars of the intercept are too large
to provide a good estimate. Thus all plots had an intercept
indistinguishable from zero within experimental error, which
is in agreement with the flash photolysis data on ™, ¢.8.
7:°=138 us in benzene [15]. The quenching rate constants
obtained are in the (1.3-3.2) X 10° M~' s~! range, close to
one-ninth of the diffusional value [ 12,13,48,49]. This result
is consistent with a triplet erergy value lower than 200 kJ
mol !, as first pointed out by Gijzeman et al. [50,51] and
recently observed for a series of substituted naphthalenes
[20].

3.5. Triplet state energy for PN

As a further check of the above results, we also determined
the E; values by applying the more precise maximum ampli-

tude method to argon-saturated solutions of PN. The maxi-
mum amplitude method is especially well suited for the
determinaiion of the triplet state energy in this case since, in
the absence of oxygen, the long-lived triplet state acts as the
sole energy-storing species. The values obtained in this work
are collected in Table 2 and are in agreement with those
obtained by the deconvolution method and also with that
reported by Schmidt et al. [9] (E;==182 kJ mol~™ ). How-
ever, they are significantly lower than that reported by Oliv-
eros et al, [15] from 77 K phosphorescence spectroscopy in
methylcyclohexane (E;=220kJ mol~').

4. Conclusions

Four aromatic ketones were explored as possible universal
standards for 02(‘Ag) photosensitization, PN and its more
water-solubie 2-sulphonic acid derivative PNS emerge as the
only sensitizers that preserve their high ¢, values in all sol-
vents assayed. The absolute ¢, values for this compound
were determined in several solvents with the LIOAC tech-
nique, using the maximum amplitude and deconvolution
methods. The former yields more precise calorimetric results,
but its use is restricted to systems in which oxygen quenching
of the triplet sensitizer occurs in the *‘fast’’ time regime, i.c.
7+ < 7,/5. The latter is free from such restrictions and pro-
vides Ey, ¢, and 7; data in a single experiment, albeit with
larger uncertainties. The description of PN photophysics was
completed by including the rate constants for triplet quench-
ing by oxygen and the triplet energies in several solvents.
Using the LIOAC ¢, values for PN, the absolute ¢ values
f~rthe other ketones can be calculated from the relative values
in Table 1. The resulting recommended values are collected
in Table 3.
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