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ABSTRACT: Thequantum yield of singlet oxygen (a'A;), produced by energy transfer from the photosensitizer
acridine, has been determined by two independent spectroscopic methods in solid polystyrene. Upon 355-nm
pulsed-laser irradiation of acridine at 1.3 mJ/pulse, the Ox(alA,) quantum yield in polystyrene [¢,P8(acridine)
= 0.56 % 0.05] is slightly smaller than that in a liquid solvent analog such as benzene [¢s>*"*(acridine) = 0.83
% 0.06]. These data indicate that the photosensitized yields of Oj(alA;) in a solid polymer matrix can
nevertheless be appreciable, which may be important for understanding the photodegradation of some polymeric
materials or of dyes and other additives dissolved in those materials.

Introduction

The lowest excited electronic state of molecular oxygen,
singlet oxygen (alA,), can be produced in solid organic
polymers and liquid solvents by several methods, of which
photosensitization is the most common.!2 In this method,
Og(ald,) is formed by the transfer of energy from an
excited-state donor molecule (i.e., a sensitizer) to ground-
state oxygen (X3Z;). The excited-state sensitizer is
created by photolysis at wavelengths that, depending on
the sensitizer, can range from the UV to near-IR. Thelist
of molecules that can act as a Og(all;) sensitizer is
extensive, as documented in a recent compilation of
solution-phase data.’

O(alAy) is an acknowledged intermediate in the photo-
induced and radiation-induced oxygenation reactions of
many organic compounds, including some polymeric
systems.+® Thus, upon exposure to light, aerated macro-
molecular materials, and low molecular weight compounds
dissolved in these materials, may degrade by a mechanism
that involves Og(al4;). Attempts to understand events
that result both in the formation and removal of Oz(al4;)
are consequently of interest from a practical as well as
fundamental perspective.”12

In a photosensitized process, Oz(aldy) is most often
produced by the sensitizer triplet state. Although Os(al4;)
yields are sensitizer dependent, the triplet-state energy of
most organic molecules nevertheless exceeds the required
22.5 kcal/mol, which is the Oq(al4,) excitation energy.
Furthermore, triplet-state lifetimes are almost always long
enough that quenching by 02(X3Z;") is efficient in both
liquids and solid polymers. The shorter-lived sensitizer
singlet state can also act as a Oz(alAy) precursor. In this
case, however, the effects of a smaller oxygen diffusion
coefficient in the polymer are pronounced, and the
efficiency of singlet state quenching by oxygen in the solid
medium is much less than that in liquid solvents. For
example, with a molecule whose singlet state lifetime is
~10ns, we can calculate that more than 50 % of the singlet
states will typically be quenched by 0x(X3Z;") in an
oxygen-saturated liquid solution, whereas less than 2%
will be quenched in solid polystyrene.!®> Because oxygen—
induced deactivation of the excited-state singlet usually
yields the triplet state, this phenomenon can have a large
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effect on the overall Oz(al4y) yield. Events that result in
the photosensitized production of Oq(alA;) are depicted
in Scheme 1. [Superscripts denote spin multiplicity and
subscripts denote fluorescence (f), intersystem crossing
(isc), internal conversion (ic), energy transfer (et), and
quenching (q)].

In the comparatively simple case where the energy
difference between Isens and 3sens is less than 22.5 kcal/
mol and Oy(al4,) is produced only by the sensitizer triplet
state (i.e., Ret' = 0), the Oa(al4;) quantum yield ¢, will
depend on (a) the triplet state yield ¢, (b) the fraction
foy of triplet states quenched by oxygen, and (c) the
fraction fz of these oxygen quenching reactions that yield
Og(aldg). These important parameters are expressed
below in terms of processes shown in Scheme 1:

ki + k[0,(X°2))]
ok + B+ K0,(X°2)] (1a)
f ic isc qlt™2 g
kS + EH[0,(X3=:
AL = 3( at q)[32( gil 1b)
kS + (B3 + RDI0,(X°2))]
2
= 1
fa K+ (o)

Certainly, the large decrease in solute diffusion coefficients
that accompanies the change from a liquid to solid solvent
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system can affect bimolecular quenching rate constants,
and thereby influence ¢,. Furthermore, itis possible that
solvent cage effects, unique to the more rigid polymer,
may affect ¢4 by changing fz‘ (e.g., the sensitizer itself may
quench Oq(a'Ay) once it is formed).

In our previous work,14-16 we found that the behavior
of Oz(al4;), as manifested in a variety of photophysical
and photochemical processes, can indeed be significantly
different in solid polymers as compared to liquid solvents.
This phenomenon can have important ramifications,
particularly if a solution-phase perspective is used to
evaluate the Oj(aldg)-mediated degradation of a solid
polymer. Nevertheless, it is encouraging to note that a
data base of important parameters that characterize the
behavior of Oz(a!Ay) in solid polymers is slowly developing.
Despite extensive studies, however, both by ourselves and
other investigators,}14-25 there has never been, to our
knowledge, a systematic determination of the photo-
sensitized Ogz(a'A;) quantum yield ¢4 in a solid macro-
molecular matrix.

In 1984, Krasnovskii and co-workers2 reported that the
quantum yield of chlorophyll-sensitized Os(alA,) phos-
phorescence was ~ 2-3 times smaller in a polystyrene film
than in an acetone solution. The phosphorescence yield
op is equal to the Oz(alA,) quantum yield ¢, multiplied
by the fraction of Os(a'A,) molecules that radiatively decay
(eq 2).

op = ¢Akr"A (2)

The fraction of O(a'a,) that radiatively decays is con-
veniently expressed as the product of the radiative rate
constant (k;) for Og(a'A,) decay and the overall lifetime
75 0f Og(alAy), both of which are solvent dependent.? When
we normalize the Krasnovskii et al. ¢p data for solvent
dependent changes in &, and 7,4, their results indicate that
the chlorophyll-sensitized Oq(al4;) quantum yield is ~5
times greater in acetone than in polystyrene. In a similar
comparison of porphyrin-sensitized Oy(a’Ag) phosphores-
cenceintensities, Byteva et al. 22 report that ¢pin a polyester
film is ~2 X 10® times smaller than in a CCly solution.
Byteva et al. suggest that this large difference in ¢p values
is due principally to an equally large difference in ¢, values.
Because ¢p and ¢, depend on several terms that can vary
significantly as the solvent is changed from a liquid to a
solid polymer (vide supra), the results of Krasnovskii et
al. and Byteva et al. could derive from a variety of
phenomena.

In an attempt to better understand events that can
influence values of ¢, in bulk polymers, it is first necessary
tosystematically quantify absolute yields for the sensitized
production of Og(al4;) in a solid organic polymer and to
compare these data to those recorded in an analogous liquid
solvent. Acridine has been extensively studied as a
Oq(alA;) photosensitizer in liquid solutions and is now
recommended as a standard for comparative measure-
ments of Oz(ala,) yields.® Acridine has several features

‘ \‘
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Acridine

that make it a useful Og(alA;) photosensitizer:27:28 (1) It
has an excited-state singlet lifetime short enough to
preclude quenching by oxygen. Thus, lacridine is not a
precursor to Oa(atdg). (2) The precursor to Os(aldy), the
acridine triplet state, is formed rapidly [<17 psin benzene}
and efficiently [ ¢isc(benzene) = 0.84] from the singlet state.
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(3) The fraction fz of acridine triplet states quenched by
02(X32¢) which yields Osalay) is unity.3?” And (4)
acridine is stable both upon prolonged photolysis in a
hydrocarbon solvent and under free radical polymerization
conditions.

We report herein the results of two independent
spectroscopic measurements in which the acridine-
sensitized quantum yield of Oy(alA,) was determined in
bulk solid polystyrene (PS). The data are compared to
the Og(alA;) quantum yield determined in a liquid analog
(toluene).

Experimental Section

A. Instrumentation. The apparatusused isshowninFigure
1. The 1270-nm phosphorescence of Oy(alA,) was monitored in
a time-resolved experiment. Both the Oq(a!A;) sensitizer and
the O,(a'4;) chemical trap (rubrene) were monitored in time-
resolved absorption experiments. The instrument was configured
such that it was possible to perform both the flash absorption
and phosphorescence experiments simultaneously. Ourstandard
flash absorption apparatus!14® was modified in order to render
the pulsed photolysis beam and continuous-wave absorption
probe beam collinear at the sample (S) under study. The probe
source was a 150-W xenon lamp (Osram). The probe beam was
collimated so that it passed through the sample with a homo-
geneous cross section defined by an aperture (Al) placed
immediately in front of the sample. The aperture was 1.00 cm
in diameter, giving a probe beam cross-sectional area of 0.785
cm? The sample was protected from the intense and broad
spectral output of the probe beam by (a) a Schott cutoff filter
F (GG435 for measurements at 440 nm, GG515 for measurements
at 530 nm), and (b) a Vincent Associates, Inc. “UniBlitz” shutter
(Sh) that remained open for only 60 ms during each measurement.

The photolysis beam was the third harmonic (355 nm) of a
Nd:YAG laser with a pulse duration of approximately 5 ns
(FWHM), and a Gaussian cross-sectional intensity profile.
Experiments were performed with photolysis energies that did
not exceed 2.0 mJ/pulse. The photolysis beam was made to
overlap with the probe beam by using a quartz plate beam splitter
(BS). The diameter of the laser beam was restricted to 5 mm
with an aperture (A2) so that it passed unclipped through the
probe beam aperture Al. This ensured that the entire excitation
beam passed through the probed volume of the sample. A portion
of the laser excitation beam passed through the beam splitter to
an energy meter (Scientech model 38-1UV5). The energy meter
calibration provided by the manufacturer was confirmed by using
the potassium ferrioxalate actinometer.®® The beam-splitter
factor (% reflected/% passed) was measured so that we were
able to determine the energy of each laser pulse arriving at the
sample.

The probe beam was focused into a monochromator set to
pass (a) 530 nm when rubrene photobleaching was monitored,
and (b) 440 nm when the acridine triplet state was monitored.
The probe spectral resolution was approximately £5 nm. The
probe detector was an RCA 931-A photomultiplier tube (PMT)
configured to use only eight amplification stages. The response
of the flash absorption detection system was single exponential
with a time constant of 90 ns. The PMT output was processed
by using a Tektronix model 7912 waveform digitizer interfaced
to an IBM personal computer.

A 5-mm diameter Ge detector (Germanium Power Devices
Corporation) was used to monitor Oy(alA,) phosphorescence. The
25 °C element was not biased. The photoinduced voltage drop
across a 100-Q load resistor was amplified and digitized by a
Biomation model 8100 waveform recorder. The response of the
Og(ald,) detection system was single exponential with a time
constant of 2 us.

The Oj(a'4g) phosphorescence signal was isolated with an
interference filter (Barr Associates) centered at 1270 nm whose
band pass at half-maximum was 80 nm. This filter was placed
between two lenses (f-number = 0.85 and 1.0, respectively). In
the chemical trapping experiments (method 1, vide infra), a
spherical mirror (M) was placed opposite the sample from the
detector. These optics enhanced the Og(alA;) signal intensity
5-fold compared to data recorded when the detector and
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Figure 1. Schematic diagram of the experimental apparatus: Al and A2, apertures; Sh, shutter; F, filter; BS, beam splitter; M, mirror;

S, sample; PMT, photomultiplier tube.

interference filter were close-coupled tothe sample. This mirror
was not used in the phosphorescence intensity measurements
(method 2) in order to more easily correct the detected
phosphorescence intensity for changes in the solvent refractive
index.

A home-built, manually operated pulse generator was used to
trigger the laser and digitizers for “single-shot” operation.
Polymer samples were subjected to only four photolysis pulses
prior to disposal. Data from each laser shot were analyzed
independently.

Absorption spectra were recorded on a Beckman DU-40 UV-
vis spectrophotometer.

B. Sample Preparation. Acridine (Aldrich) was recrystal-
lized twice from ethanol/water. Rubrene (Aldrich) was recrys-
tallized from benzene under red light. Mesoporphyrin IX
dimethyl ester (MP9) from Porphyrin Products was used as
received. Rose bengal ethyl ester tetrabutylammonium salt (RB)
was prepared as described elsewhere.?1:32 1.3-Diphenyliso-
benzofuran (Aldrich) was recrystallized from a benzene/ethanol
mixture under dim lighting. All polystyrene samples were
prepared by free-radical polymerization of styrene as previously
described.’ Toluene (Aldrich HPLC grade) was used asreceived.

The samples used to determine ¢a by comparing Os(aldy)
phosphorescence intensities were cut and polished!4 to the same
dimensions of the fluorimeter cuvettes used for the liquid samples
(1 cm X 1 cm).

The samples used to determine ¢, by chemical trapping were
1-mm thick and contained either (a) acridine at ~1.0 X 102 M
or (b) acridine and rubrene at ~1.0 X 103 and ~8.0 X 10~ M,
respectively. In these samples, the acridine absorbance at 355
nm (~0.7) and rubrene absorbance at 530 nm (~0.6) were
obtained by subtracting the small “apparent absorbance” due to
light scattering from polystyrene (see Figure 2). These samples
were cut and polished under red light. Measurements were made
either (a) after O, saturation for 1 day at 80 psi or (b) after air
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Figure 2, Absorption spectra recorded from 1-mm-thick poly-

styrene samples that contain (a) 1 X 10-* M acridine (- - -), and
(b) 1 X 10® M acridine and 8 X 10~ M rubrene (—).

equilibration for 3 days. Polymer samples used for the measure-
ment of rr(acridine) and 7r(RB) in the absence of oxygen were
cut and polished under an atmosphere of nitrogen, and sealed
in an oxygen-free chamber for data collection.

Results

The quantum yield of Oz(a'A;) production by acridine
in solid polystyrene [¢§S(acridine)] was determined by
two independent methods.

Method 1. Chemical Trapping of Oz(alA;). De-
scription of the Method. In this approach todetermine
¢alacridine), the number of photons absorbed by acridine,
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Scheme 2
02(a1Ag) Formation
1
acridine = "acridine %+ 3acridine (3a)
a
Sacridine — o acridine (3b)
ka o 1
—.Oz(x"’?‘qﬁ acridine + O,(a'Ag) (3¢)
?ﬁj—» acridine + On(X°Ly) (3d)
0,(a'Ag) Removal
Oyla'ag) S 0yX5;) + v (1270 nm) (30)
Ko 0,X°Ey) + heat (31
Ph  Ph Pn Ph
L e = QLD
Ph  Ph Ph  Ph
rubrene rubrene endoperoxide

and the resultant amount of Os(ald;) formed, were
independently measured. The amount of light arriving at
the sample was quantified by using a calibrated energy
meter, and the moles of photons subsequently absorbed
were calculated from the sample absorbance.

A reaction in which Oj(alA,) was chemically trapped
was used to quantify the amount of Oj(ald;) formed.
Rubrene (5,6,11,12-tetraphenylnaphthacene) was selected
as the Oq(alA,) trapping agent for the following reasons:
(a) It is stable under the free-radical polymerization
conditions through which the polystyrene samples were
prepared. (b) It efficiently removes Oa(ala,) [ETOL = (4.5
+0.3) X 10" M-1s1; kBS = (1.60 £ 0.15) X 107 M-1¢-1].3
(c) It appears that rubrene does not promote the physical
deactivation of Og(aldy) to 0x(X3Z;). By using the
comparative technique of Trozzolo et al.3¢ in which the
O,(alAp)-mediated removal of 1,3-diphenylisobenzofuran
served as a standard, we determined that the rate constant
for the reaction of Og(a'4y) with rubrene in toluene [(4.8
+0.9) X 10’ M-1s-1}isidentical to the overall rate constant
for Og(alAg) removal independently obtained from Oz(alAy)
lifetime studies (vide supra). (d) The product formed
upon Oq(alA,) removal, rubrene endoperoxide, is stable
under the reaction conditions. And (e) rubrene can be
spectroscopically monitored at 530 nm, where neither
acridine nor the rubrene endoperoxide absorbs (Figure
2). [Although rubrene can also sensitize the production
of Og(ald;), the 530-nm probe used to monitor the
disappearance of rubrene under our conditions did not
itself promote the bleaching of rubrene during the
measurement period.] Events pertinent to the formation
and removal of Og(alAp) in this system are depicted in
Scheme 2. Once formed, Og(aldy) will be removed from
the system by a variety of competing channels. Only a
fraction of the Og(alA;) present in the system will encounter
rubrene. We assume that in solid polystyrene, like toluene,
rubrene quenching of Oz(alA,) results only in endoperoxide
formation (eq 3g), and that the rubrene-induced physical
deactivation of O5(alAg) to Ox(X3Z,") is comparatively slow.
This assumption is discussed further in the next section.
Thus, in a given laser pulse, the amount of rubrene
consumed is equal to the amount of Og(ala,) formed
multiplied by the fraction F of Og(alAp) that reacts with
rubrene (eq 4). For comparatively small changes in the

d[rubrene] = [Oy(a'A,)1F 4)
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rubrene concentration, F can be expressed in terms of the
initial rubrene concentration:

k. g[rubrene]
F= k,+ k4 + k., [rubrene] (5a)

F can also be represented as 1 minus the fraction of Oy(al4;)
that decays by nonreactive paths (eq 5b),which is con-

F=1 ket kg -1 Ta 5h
"k * kgt kylrubrene] 19 (5b)

venient because (k; + kq) and (k; + kq + Ern[rubrene]) are
the reciprocals of the easily-measured Og(ala,) lifetimes
in the absence (7}) and presence (r4) of rubrene, respec-
tively.

The change in rubrene concentration was quantified by
using the Beer-Lambert law and monitoring the change
in absorbance A of the band centered at ~530 nm (eq 6).37

6A530

S[rubrene] = (6)

€ss0?

The moles of rubrene consumed can be calculated using
(eq.7)

smoles = §[rubrene)xr?¢ (7)

where the volume of monitored rubrene is determined by
the probe beam radius ( = 0.050 dm) and the sample
thickness (¢ = 0.01 dm).

Rubrene also has a small absorbance at the photolysis
wavelength of 355 nm. Thus, in priniciple, our experiment
could be flawed because rubrene could self-sensitize its
own photooxygenation. At the concentrations of rubrene
and acridine used in our experiments, however, only 5%
of the incident radiation at 355 nm is absorbed by rubrene
(see Figure 2). Furthermore, the combination of a short
rubrene singlet-state lifetime (16 ns),? a high quantum
efficiency of rubrene fluorescence (¢ ~ 1),%8 and the
comparatively small oxygen diffusion coefficient in solid
polystyrene, minimizes the rubrene-sensitized production
of Og(al4,) under our conditions. Indeed, at [rubrene]
~8 X 10~ M, we have found that the quantum yield of
rubrene self-sensitized photooxygenation in solid poly-
styrene is <0.05.313539 Thus, an accurate measure of the
number of incident photons that result in Og(aldp)
production can be obtained by treating rubrene as a benign
internal filter in a solution of the photosensitizer acridine.

The Measurements. On the basis of the preceding
material, the quantum yield of Os(alA,) can be expressed
as

¢ (acridine) =
6A5307rr2

——~———— (moles of photons absorbed)™ (8)

esaoll — (T4/7)]
Thus, the following measurements provide the amount of
Oq(alA,) produced by acridine with each laser pulse: (a)
S[rubrene] determined from the absorbance change at 530
nm, and (b) the lifetime of Og(al4g) determined both in
the absence and presence of rubrene from otherwise
identical samples.

In liquid samples, where the encounter frequency
between the comparatively mobile sensitizer and Ox(X3Z")
is high, the rate of Os(a'A;) formation is rapid. Under
these conditions, the Og(alA,) lifetime can be determined
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Table 1. $a Values Obtained by the Method of Chemical

Trapping
solvent conditions ¢a (acridine)
toluene air saturated 0.73 £0.13
polystyrene air saturated 0.58 £ 0.09
polystyrene oxygen saturated 0.50 £ 0.10

directly from a fit to the decay of the time-resolved Os(alA;)
phosphorescence signal. In solid polystyrene, however,
where solute diffusion coefficients are much smaller, the
rate of Oz(alA,) formation in a photosensitized process is
slow compared to the rate of Oz(a'A;) disappearance.l!4
Under these conditions, it is necessary to deconvolute the
decay kinetics of the Oy(a'A;) precursor from the observed
time-resolved Oz(a'Ag) phosphorescence signal in order
to obtain the Oz(alA,) lifetime.* The precursor kinetics
are readily obtained by monitoring the triplet-state
sensitizer in a flash absorption experiment. Although the
rate of triplet sensitizer decay, and consequently the rate
of Oz(alA,) formation, depends on the equilibrium ground-
state oxygen concentration, the rate of Oz(alA,) decay does
not.'* Thus, independent measurements of the O;(ala,)
lifetime in solid polymers can be obtained from air- and
oxygen-saturated samples.

From a sample containing only acridine, we recorded
the information necessary to give the quantity (kq + k,).
From a separate sample containing:both acridine and
rubrene, we simultaneously recorded, using one laser pulse
(a) d[rubrene], (b) the corresponding time-resolved Os(a'Ay)
phosphorescence signal, and (c) the laser energy. With a
second laser pulse and using the same sample, the rate of
3acridine decay was recorded in a flash absorption experi-
ment (Aps = 440 nm). The latter was used to obtain the
quantity (k4 + k. + k[rubrene]) by deconvolution. These
data were sufficient to make a ¢, determination.

Values of ¢, thus obtained were dependent on the
incident photolysis energy E1.4° This phenomenon is not

uncommon when pulsed lasers are used as the photolysis -

source, where nonlinear effects can contribute at high
incident energies.?4! Quantum yield data reported in
Table 1 are for an average incident laser energy of 1.3
md/pulse. Errors reported are the standard deviation to
the mean value of independent measurements. Our
determination of ¢a(acridine) in toluene is consistent with
values reported in the literature in which benzene was
used as the solvent [(¢3**™ (acridine) = 0.83 £ 0.06).3

Method 2. Relative Intensity of Oz(alA;) Phos-
phorescence. Description of the method. In this
method, the intensity of the acridine-sensitized Os(alA,)
phosphorescence recorded from a sample of solid poly-
styrene was compared to that recorded from a solution of
toluene, for which ¢4 is known. The data were recorded
from otherwise identical samples under identical condi-
tions (i.e., samples of the same dimension and identical
absorbance at the photolysis wavelength). Theintegrated
time-resolved Og(alA,) phosphorescence signal intensity
(1,) is proportional to the total number of photons emitted
by Os(alAg) which, in turn, is proportional to ¢4 (eq 9).

I, = kn 2,k Er (1 - 1074 )

The product of the photolysis laser pulse energy (EL) and
the factor (1 — 10-4) is proportional to the number of
photons absorbed by acridine in a system whose absorb-
ance at the excitation wavelength is A. As in eq 2, the
product of the rate constant for Og(alA,) radiative decay
(k;) and the Oa(alA;) lifetime (74) represents the fraction
of O2(alA;) that, once formed, decays by emitting a photon.
Embodied in the instrument constant x are parameters

Oq(alA,) Production in Solid PS 4791

35 T
3 F 8
25 = 4

. L
__ Polysrene W
15 r =
| k_.___'oene _____________ B
05 ! _
0 r ! -
Il n L Il i FU
0.12 0.16 0.2 0.24 0.28 0.32

(n’-1)/2n’+1)
Figure3. Aplotoftherelativerate constantfor Os(alA,) radiative
deactivation (k™) vs the electronic polarizability of the solvent

in which k™ was determined. The polarizability is expressed in
terms of the refractive index n of the medium. Indicated on the
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polystyrene.

that, for example, reflect the efficiency of light collection
and the gain of the detection system. n is the refractive
index of the medium from which the Os(a'A;) phospho-
rescence originates. In our treatment, the factor n? is
included in eqs 9 and 10 in order that we may compare data
recorded from liquid toluene with those recorded from
solid polystyrene. This correction factor is necessary for
a measurement in which the optical detector is in air (n
= 1) and the luminescence originates in a different medium
n>1).2

The desired quantity ¢, for a given medium m can thus
be obtained by rearranging eq 9. The quantities k,® and

(n™)? 1%

kkPr2E (1-107%)

on = (10)

x are difficult to measure directly. However, « is inde-
pendent of solvent and will therefore cancel when the ratio
#55/¢1°" is determined from data recorded under other-

wise identical conditions. Unlike «, however, k7" is solvent

dependent.?® Thus, an attempt to determine ¢5>/¢1 "

requires that we know kT °L/kFS. Values of k. determined
in liquid solvents correlate with the solvent electronic
polarizability, which, in turn, can be expressed in terms
of the solvent refractive index n, obtained at an optical
frequency.? These data are shown in Figure 3.424 We
have independently shown that a solid-phase matrix such
as polystyrene influences the overall rate of Oj(alAp)
deactivation (k4 + k.) in much the same way as a liquid-
phase solvent system.'* Thus, if the value of %; in
polystyrene were to follow the same trend illustrated in
Figure 3, the ratio kT°1/k}® should equal 0.57  0.05. In
determining this ratio of radiative rate constants, the values
of n used for toluene and polystyrene, nTOL = 1.497 and
nPS = 1.6, were measured directly for our samples and are
consistent with published values of the refractive index.

The Measurements. The integrated Oz(alA,) phos-
phorescence intensity I, was measured as a function of
the energy absorbed from the photolysis laser pulse [EL(1
- 10™%)] in solid polystyrene and liquid toluene samples
that contained acridine as the sensitizer. In these
measurements, average values for the Oq(al4,) lifetime
were TEOL = 29.4 + 0.9 us and TIA)S = 22 £ 1 us, which are
in excellent agreement with published values in the
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Table 2. g, Values Obtained by the Method of Comparing
02(a!Ag) Phosphorescence Intensities

sensitizer kg M-1she  ES(Npw  ESqaine  pf8/¢TOL

Acridine <4 X 10° 25 ms 33 us 0.71 £ 0.07
RB¢ 1.3 x 107 180 us 28 ps 0.62 £ 0.06
MPg4 2.8 X 10# 28 us 04.59 4+ 0.06

* The rate constant for the quenching of Oz(al4;) by the sensitizer
itself. Measured inliquid C8; (acridine and MP9) and CH;CN (RB).
b The sensitizer triplet-state lifetime in solid polystyrene. Under
nitrogen, the triplet state decay was single exponential. Under air,
however, the decay was best described with a biexponential fitting
function. This is consistent with previously published data.!4 The
value of rr(air) listed is the longest of the corresponding two lifetimes.
¢ The 'RB lifetime is short enough that oxygen-induced intersystem
crossing does not play a large role in the liquid, where diffusion
coefficients are large. Thus, 3RB yields are expected to be ap-
proximately the same in both the liquid and solid solvents. 4 MP9
has a comparatively high triplet quantum yield (¢7 = 0.8) in the
absence of oxygen. Thus, despite a singlet-state lifetime (7~ 19 ns)
that results in a slightly larger component of oxygen-induced
intersystem crossing in the liquid, yields of 3MP9 are approximately
the same in both the liquid and solid.284

respective media.!* Incorporating data on k, and n, the
ratio ¢AS/ ¢TOL was then calculated by using eq 10. As
observed in method 1, ¢a values likewise varied with the
laser power. This was manifested as a slight nonlinear
dependence of I, with respect to Ep(l - 10-%). For
consistency with the chemical trapping data, ¢ s/ ¢TOL
ratios were calculated for data at an incident laser energy
of 1.3 mJ/pulse (Table 2).

If we assume that ¢5™*™ (acridine) = 0.83 £ 0.06 (as
recently published in a compilation of Os(alA,) quantum
yields)3is also valid in toluene, then multiplication of this
quantity by the ¢AS/¢T0L ratio in Table 2 yields ¢§S
(acridine) = 0.59 % 0.10, which is in accord with the data
reported in Table 1.

In similar experiments, in which the relative intensities
of Oo(alA,) phosphorescence were compared, we measured
the ratio d)PS/quOL for the sensitizers MP9 and a rose
bengal derivative (RB). These dataarealsolistedin Table

Discussion

Quantum yield measurements are characteristically
susceptible to experimental error. Thus, if possible, it is
prudent to measure the same quantity by using several
independent techniques. In this study, we determined
1) As (acridine) by (1) using a chemical trapping reaction to
quantify the amount of Og(alA,) produced per photolysis
photon, and (2) comparing the intensity of acridine-
sensitized Oa(ald,) phosphorescence observed from a
polystyrene sample to that observed from toluene for which
dalacridine) is known. Results from the first method are
consistent with those obtained from the second method
and, upon averagmg, yield ¢, PS(acridine) = 0.56 + 0.05.
[The reported error is the standard deviation from the
mean.}

For each method employed to quantify ¢>§S (acridine),
an assumption was required in the analysis that could
potentially limit the accuracy of the data thus obtained.
In the chemical trapping experiment (method 1), it was
assumed that, in the polymer, rubrene removes Oz(a'ay)
only by reaction [i.e., the rubrene-induced physical
deactivation of Og(ally) to 0o(X3Z,) is not significant].
We independently showed that, in toluene, rubrene indeed
removes Oj(alldy) by reaction only. However, if the
behavior of rubrene in the polymer differs from that in
the liquid, such that Osfald,) can be quenched without
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reaction to form the endoperoxide, then the true value of
¢>§S(acridine) will be greater than that reported in Table
1. In the experiments where the relative intensity of
Os(ala,) phosphorescence was monitored (method 2), we
assumed that the rate constant k, for the radiative
transition Oz(ald,) — 02(X3Z,") insolid polystyrene could
be estimated from corresponding liquid-phase data.
Because d)ﬁs(acridine) values obtained by using these two
independent approaches are similar, we conclude that both
of these assumptions are indeed valid. Specifically, (1) in
solid polystyrene, rubrene removes Og(alAg) by chemical
reaction only, and (2) the solid polymer influences the
Os(alAy) radiative lifetime in much the same way as does
a liquid solvent.

The data in Tables 1 and 2 indicate that under our
experimental conditions ¢, PS(acridine) is slightly smaller
than d)TOL(acrldme) The following points help in the
interpretation of this result:

(1) Because solute diffusion coefficients are smaller in
the solid polymer, it is important to ascertain whether or
not the polymer data reflect a less efficient scavenging of
the acridine triplet state by oxygen. Changesinthe triplet-
state lifetime upon the admission of oxygen, however,
indicate that in both the solid and liquid, 99.9% of the
acridine triplets are quenched by 0y(X3Z;).# [The
lifetime of 'acridine in both media is short enough to
preclude quenching by oxygen.?"28]

(2) We have shown that, for reactions not limited by
diffusion, the quenching of O;(a'a,) by an added solute,
or by the sensitizer itself, can be more effective in glassy
polymers than in liquid solvents.1631:35 This phenomenon
likely derives from the more rigid solvent cage of the glass,
which allows for more collisions between the oxygen—
quencher pair prior to dissociation. From this perspectlve,
it is reasonable to postulate that the inequality ¢% A
(acridine) < ¢ AOL (acridine) may be due to enhanced in-
cage Oz(aldp) quenching by the sensitizer in the solid. If
s0, one might expect ¢ AS/ qﬁEOL to be smaller for sensitizers
that can more efficiently quench Oq(ala,). However, data
recorded for the sensitizers mesoporphyrin IX dimethy!
ester (MP9) and a rose bengal derivative (RB), both of
which have rate constants for Os(al4g) quenching that are
~3 orders of magnitude larger than that of acridine,
indicate that this effect, at most, plays only a modest role
(Table 2).

The inequality ¢->(acridine) < ¢-°“(acridine) may
derive from (a) a quantum yield of triplet state sensitizer
¢ or (b) a fraction fz, either of which is slightly smaller
in the solid than in the liquid. We are not aware of data
that specifically address the ¢ issue. Although the MP9
and RB experiments described above partly address the
fT issue, other phenomena can influence &2, and k3 For
example, in liquids, fA depends on the extent to whlch
charge-transfer (CT) character is mixed into the 3sens-
04(X%Z;") complex:** more CT character lowers Og(alAy)
vields. Data from a study of magnetic field effects on the
oxygen—organic molecule (M) photosystem indicate that,
in solid polymers, where M and O, are held in close
proximity for a longer time, low-lying states of the M-0O,
complex are better able to acquire CT character.t’” Thus,
the inequality ¢, PS(acridine) < @ TOL(acridine) may reflect
the medium-dependent extent to which the 3sens—0,
complex is influenced by the CT state.

Our results differ only slightly from those of Krasnovskii
etal.,?’ but are substantially different from those of Byteva
etal.# (vide supra). Specifically, for a variety of sensitizer/
polvester svstems, the data of Byteva et al. indicate that
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the yield of Oz(alAy) is over 3 orders of magnitude smaller
in the polymer than in CCl,. Because details about the
Krasnovskii/Byteva systems are lacking, we can only
speculate as to the origin of these differences. Forexample,
in the systems studied by Byteva, the rather large liquid/
solid solvent effect could partly reflect a change in
bimolecular rate constants (eqs la and 1b).4® By choosing
acridine as a O,(alA,) sensitizer, we created a system that
was not sensitive to diffusion-dependent changes in the
bimolecular quenching rate constants. The Byteva/
Krasnovskii data could also partly reflect more subtle
effects that derive from a liquid solvent that is not exactly
amolecular analog of the polymer. Forexample, the extent
to which the data are influenced by the sensitizer/oxygen
charge-transfer state may be more pronounced for a solvent
pair other than polystyrene/toluene. There are also
experimental phenomena that could indicate an apparent
0,(atAy) yield which is smaller than the “true” ¢, value.
For example, when monitoring Os(alA) phosphorescence
from thin polymer films, poor signal-to-noise ratios can
preclude an accurate ¢, measurement. Indeed, Bytevaet
al. acknowledge that this is a problem in their study.
Secondly, it is essential that the photosensitizing dye be
homogeneously distributed throughout the polymer sample,
as is the case in the liquid to which the polymer data are
compared. Byteva et al. likewise acknowledge that the
method they used to incorporate dye molecules into the
polymer film yielded samples whose “coloration was very
uneven”. Finally, phenomena that result in an O5(X3Z;)
concentration that is smaller in the polymer than in the
liquid could also give rise to an apparent Os(aldp) yield
that is too small. Such phenomena include (a) different
0,(X3Z;") solubilities in the polymer and liquid, (b) a
polymer that does not rapidly reach equilibrium with the
ambient atmosphere due to a small oxygen diffusion
coefficient, and (c) depletion of oxygen in the polymer
matrix during the course of the measurement by areaction
with, for example, the matrix.

One objective of our ¢, study was to provide more insight
into the potential contribution of Oj(al4y) in photooxy-
genation reactions in a solid matrix. Specifically, if the
Oq(all,) yield were inherently much less in a glassy polymer
than in a liquid, then Oy(alA,) would not likely be an
important intermediate in photoinduced reactions that
degrade either the macromolecule or low molecular weight
additives within such solid matrices. Whatever the reasons
for the slightly lower ¢, value obtained in the polystyrene
matrix under our conditions, it is clear that a photosen-
sitized processin asolid, air-saturated polymer can indeed
produce a substantial amount of Og(al4y).
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