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The yield of singlet molecular oxygen, O2(a1∆g), produced in a photosensitized process can be very susceptible
to environmental perturbations. In the present study, protonation of photosensitizers whose chromophores
contain amine functional groups is shown to adversely affect the singlet oxygen yield. Specifically, for bis-
(amino) phenylene vinylenes dissolved both in water and in toluene, addition of a protic acid to the solution
alters properties of the system that, in turn, result in a decrease in the efficiency of singlet oxygen production.
In light of previous studies on other molecules where protonation-dependent changes in the yield of
photosensitized singlet oxygen production have been ascribed to changes in the quantum yield of the sensitizer
triplet state,ΦT, and to possible changes in the triplet state energy,ET, our results demonstrate that this
photosystem can respond to protonation in other ways. Although protonation-dependent changes in the amount
of charge-transfer character in the sensitizer-oxygen complex may influence the singlet oxygen yield, it is
likely that other processes also play a role. These include (a) protonation-dependent changes in sensitizer
aggregation and (b) nonradiative channels for sensitizer deactivation that are enhanced as a consequence of
the reversible protonation/deprotonation of the chromophore. The data obtained, although complicated, are
relevant for understanding and ultimately controlling the behavior of photosensitizers in systems with
microheterogeneous domains that have appreciable pH gradients. These data are particularly important given
the use of such bi-basic chromophores as two-photon singlet oxygen sensitizers, with applications in spatially
resolved singlet oxygen experiments (e.g., imaging experiments).

Introduction

Singlet molecular oxygen, O2(a1∆g), is a reactive species that
plays a role in many chemical and biological processes.1 Singlet
oxygen is particularly important in mechanisms by which
cellular function is altered in both plant2,3 and animal4,5 systems.
Indeed, the presence of singlet oxygen can result in cell death,
a phenomenon that forms the basis for photodynamic therapy,
PDT, which is a medical treatment used to destroy undesired
tissue (e.g., cancerous tumors).6

Singlet oxygen is commonly generated by irradiation of a
molecule, a photosensitizer, that is either endogenous (e.g.,
chlorophyll in a plant cell) or is specifically added to the system
of interest (e.g., a drug for PDT).7 In this process, energy transfer
to ground state oxygen from an excited electronic state of the
photosensitizer, generally the lowest excited triplet state, results
in the production of singlet oxygen.

When discussing the photosensitized production of singlet
oxygen, it is usually implied that sensitizer excitation occurs in
a linear, one-photon process. It is now well established, however,
that singlet oxygen can also be efficiently produced upon the
nonlinear, two-photon excitation of a sensitizer.8-14 Given the
comparatively rapid processes of intramolecular relaxation that
occur after photoexcitation, it is assumed that the excited
electronic state that is ultimately quenched by oxygen to produce

singlet oxygen is the same upon both one- and two-photon
excitation of the sensitizer.8 In both cases, phenomena that
perturb the photophysics of the sensitizer can be reflected in
the production of singlet oxygen.

For the present study, we are interested in the effect of
sensitizer protonation on the photoinduced production of singlet
oxygen. Many singlet oxygen sensitizers have an amine-based
functional group judiciously placed on the chromophore which,
in turn, provides a site that is readily perturbed by protonation.
Indeed, for the specific case of two-photon sensitizers,9,11 and
for a wide range of molecules in general,15-18 electron-donating
amino groups on the chromophore can result in comparatively
large two-photon absorption cross sections.

For this work, we have chosen to examine the effect of
protonation on the yield of singlet oxygen sensitized by the
amino-substituted phenylene vinylenes shown in Chart 1. The
first molecule, (E,E)-2,5-dibromo-1,4-bis[2-(4′-dimethylami-
nophenyl)vinyl]benzene, DMAPV, is readily soluble in toluene.
For the second molecule, (E,E)-2,5-dibromo-1,4-bis[2-(4′-di-
monomethylether triethylene glycol aminophenyl)vinyl]benzene,
MTEGPV, the monomethylether triethylene glycol units render
this chromophore soluble in a variety of solvents, including
water and toluene.

It has been demonstrated that this general class of molecules
can have comparatively large probabilities for two-photon
absorption.18 We have also used such amino-substituted mol-
ecules as two-photon singlet oxygen sensitizers in both aqueous
and nonaqueous media.8-12 One goal in our work is to develop
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sensitizers that can be used in two-photon-based, spatially
resolved singlet oxygen experiments (e.g., imaging experiments
in biological samples).19-21 For the present, however, DMAPV
and MTEGPV simply provide a vehicle to explore the effects
of protonation on the photosensitized yield of singlet oxygen.
Related amines have recently been used by Werts et al.22 to
study the effect of protonation on two-photon excited fluores-
cence.

With reference to our imaging work, we are particularly
interested in examining the effect of protonation in both
hydrophobic and hydrophilic systems. The study of protonated
species in hydrophobic media can be nontrivial and depends
critically on the acid used. Although many protic acids are
soluble in a solvent such as toluene, the protonation of a base
in this solvent often results simply in the formation of an
insoluble salt. For many systems, however, including those
studied here, trifluoroacetic acid (TFA) can be used to protonate
an organic amine in toluene, and the resultant ion pair will
remain in solution. As such, we set out to examine the behavior
of DMAPV and MTEGPV in both toluene and water
solutions using, as our acid of choice, TFA.

Background. There are many systems of both fundamental
and practical importance in which local concentrations of
protons vary. Because of their prevalence, biological systems
provide important examples. There have also been many
attempts to assess the influence of protonation on the behavior
of a singlet oxygen sensitizer. Summarizing certain aspects of
this previous work is useful, not just to put our own work into
perspective but to establish a more coherent framework for a
complicated problem.

It has been established that pH can influence the extent to
which certain sensitizers are incorporated and retained in a
cell.23-25 Likewise, the extent to which a sensitizer is protonated
can influence where it tends to localize in specific subcellular
domains (e.g., hydrophilic vs hydrophobic domains).26 In turn,
the microenvironment of a given domain could influence singlet
oxygen yields in a number of ways. For example, it has been
shown that a bacteriopheophorbide generates singlet oxygen with
unit quantum efficiency in organic solvents, whereas at the
hydrocarbon-water boundary in aqueous micellar systems,
electron transfer from the triplet sensitizer to oxygen competes
to decrease the singlet oxygen yield.27 The local solvent
environment could also promote sensitizer aggregation, a
phenomenon known to result in decreased yields of singlet
oxygen.28 Thus, in a biologically relevant heterogeneous system,
the pH-dependent spatial distribution of a sensitizer could indeed
influence the photoinduced concentration profile of singlet
oxygen.

Of course, protonation of a sensitizer may not only influence
the spatial domain in which the molecule tends to localize, but
it may also have a more direct effect on the photophysics of
the chromophore. This is an equally important phenomenon with
many ramifications. For example, given that the production of
singlet oxygen in or near the mitochondria is important in
mechanisms of cell death,29 and that pH gradients exist around

this organelle,30 protonation-dependent changes in the chro-
mophore could either impede or accelerate cell destruction.
Spatial domains around cancer cells are also characterized by
unique pH gradients,31,32 and such local differences in proton
concentration could certainly influence the effectiveness of
sensitizers administered as drugs in PDT.25,33

Surprisingly, there is not as much information available as
one might perhaps expect on the effect of pH on the photosen-
sitized production of singlet oxygen. Moreover, for the data that
are available, the influence of pH seems to be molecule specific
with little evidence of systematic trends.

One of the earliest studies of substance was performed in
the mid-1970s. In this work, the effect of pH on the oxygen-
dependent photophysics of thiazine dyes, in particular, meth-
ylene blue, was examined.34-36 Upon acidification of this
system, protonation occurs at an unsaturated nitrogen atom that
is an intrinsic part of the sensitizer chromophore. A decrease
in the yield of singlet oxygen in more acidic solutions was
correlated to the observation that the rate constant for oxygen
quenching of the triplet state of protonated methylene blue was
significantly smaller than that for the unprotonated triplet state.
This difference in rate constants was said to reflect differences
in the energies of the corresponding triplet states [i.e.,
ET(protonated)< ET(unprotonated)], withET(protonated) having
been estimated to be very close to the excitation energy of singlet
oxygen, 94 kJ/mol. It was argued that, under these latter
conditions, reversible energy transfer between singlet oxygen
and the sensitizer triplet state could be manifested in a smaller
rate constant for quenching by oxygen.

In a study arguably related to that of the thiazine dyes, it
has been shown that protonation of the azomethine bridging
nitrogens of the phthalocyanine macrocycle likewise results in
a pronounced decrease in the yield of singlet oxygen produced
in a photosensitized process.37,38 In the interpretation of these
data, it was also suggested that successive protonation results
in a decrease of the triplet energy, ultimately resulting in a
situation where the production of singlet oxygen is energet-
ically not feasible. However, in apparent contrast to these
phthalocyanine data, protonation of the nitrogens in the mac-
rocycle of water-solublemeso-tetraphenylporphyrin andmeso-
tetrapyridylporphyrin derivatives does not result in an appre-
ciable change of the singlet oxygen yield.26,39In a follow-up to
one of these latter studies, Kruk and Braslavsky showed
that if, instead of the porphyrin, one uses the correspond-
ing dihydroporphyrin (i.e., the chlorin) in which one of the
pyrrole rings in the macrocycle has been reduced, then proto-
nation of the nitrogens in the macrocycle does have a pro-
nounced adverse effect on the yield of singlet oxygen.40 This
difference in behavior between the porphyrin and the chlorin
was attributed to an increased conformational flexibility in the
macrocycle of the chlorin which, upon protonation, facilitates
an increase in the rate of S1 f S0 radiationless deactivation.40

The latter adversely influences the yield of the chlorin triplet
state which, in turn, is manifested in a lower yield of singlet
oxygen.

Ostler et al.41 have observed that changes in pH likewise
influence singlet oxygen production when the sensitizer is a
sulfonated aluminum phthalocyanine. In this case, a decrease
in the singlet oxygen yield with an increase in the acidity of
the solution was attributed to a ligand-dependent change in the
extent of sensitizer dimerization. Specifically, upon protonation,
a ligand-bridged phthalocyanine dimer forms, which, compared
to the phthalocyanine monomer, does not produce singlet oxygen
in appreciable yield.

CHART 1
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In other work, it has been shown that, in alkaline solutions,
deprotonation of hydroxyl groups in the sensitizer hypericin
results in an appreciable decrease in the yield of the triplet state
[i.e., ΦT(hypericin-H2) ) 0.71( 0.05f ΦT (hypericin2-) <
0.05].42 In turn, this is reflected in a corresponding decrease in
the hypericin-sensitized yield of singlet oxygen.42,43Conversely,
for pterin derivatives, a slight increase in the quantum yield of
singlet oxygen production as the system was made more alkaline
has been reported.44,45 In this case, where the acid-base
equilibrium involves an amide group (neutral protonated form)
and a conjugated enolate (deprotonated form), one may infer
from the data that the singlet oxygen yields likewise reflect pH-
dependent changes in the efficiency with which the triplet state
pterin is produced.

Implicit in the examples cited thus far is the notion that
changes in pH directly influence the sensitizer chromophore.
As such, pH-dependent changes in the yield of singlet oxygen
are generally accompanied by noticeable pH-dependent changes
in the absorption and fluorescence spectra of the sensitizer. On
the other hand, it is possible to have a pH-sensitive functional
group (e.g., an amine) covalently attached to the sensitizer in
such a way that it is not part of the chromophore. In this case,
one could envision a scenario where the effects of protonation
could be indirectly manifested in the behavior and properties
of the chromophore. Indeed, McDonnell et al.46 have recently
provided a nice example of such a system. In the free base,
electron transfer from the amine to the excited-state chro-
mophore obviates the production of singlet oxygen. Upon
protonation of the amine, however, electron-transfer quenching
of the chromophore is precluded, and singlet oxygen production
can ensue. In this same vein, it has been shown that, in
2-arylpropionic acid sensitizers, pH-dependent photodecarboxy-
lation reactions can compete with the process of energy transfer
to oxygen and thus adversely affect the yield of singlet oxygen.47

In closing our summary of the published literature, it is
pertinent to at least mention the arguably related effect of pH
on the efficiency with which a given molecule can quench
singlet oxygen.48-50 Of course, once singlet oxygen has been
formed in a given system, any pH-dependent change in the rate
with which it is removed could likewise be manifested in a
process such as cell death. From a more fundamental perspec-
tive, however, it is important to recall that the photosensitized
production of singlet oxygen and the quenching of singlet
oxygen both involve transitions between states of an oxygen-
organic molecule encounter complex.7,51,52 As such, one can
easily find common ground to study the effect of protonation
on these separate phenomena.

Experimental Section

Instrumentation. Absorption spectra were recorded using a
Hewlett-Packard model 8453 diode array spectrometer. Steady-
state fluorescence measurements were performed using Perkin
Elmer (LS45) and Horiba Jobin Yvon (Fluoromax P) fluorom-
eters. Time-resolved fluorescence measurements were made
using a home-built, time-correlated single-photon counting
apparatus (based on Becker & Hickl components, 200 ps rise
time). Fluorescence quantum yields were determined using
9,10-diphenylanthracene in cyclohexane as the standard (ΦF )
0.93 ( 0.03),53 with corrections made for differences in the
refractive index of the solution.

Singlet oxygen quantum yields,Φ∆, were determined using
instruments and an approach that has been previously de-
scribed.8,54 For these measurements, the sample was irradiated
at either 355 nm (third harmonic of a nanosecond Nd:YAG

pulsed laser) or at 416 nm. The latter wavelength was obtained
using a home-built H2 Raman shifter in which the first Stokes
line of the 355 nm source was isolated. The standard used for
experiments performed in toluene was phenalenone (Φ∆ )
1.00 ( 0.05),55 whereas the 2-sulfonic acid derivative of
phenalenone was used as the standard for experiments in water
(Φ∆ ) 0.97 ( 0.06).56

Time-resolved triplet absorption and laser-induced opto-
acoustic calorimetry (LIOAC) measurements were made using
instruments and approaches that have likewise been previously
described.8,12

Materials. Toluene, CHCl3, and THF (Sigma-Aldrich, spec-
troscopic grade), anisole (Sigma-Aldrich,>99%), 1,4-dioxane
(Rathburn, HPLC Grade), 1-propanol (Merck, analytical grade),
and trifluoroacetic acid and 2-hydroxybenzophenone (Sigma-
Aldrich, 99%) were used as received. Water was triply distilled,
while experiments in deuterated water were performed using
fresh batches of D2O (99.9%, Eurison Top) in order to minimize
hydrogen exchange. Samples for measurements performed in
the absence of oxygen were prepared by gently bubbling solvent-
saturated nitrogen through the solution for approximately
15 min.

Sensitizer Preparation.The synthesis and characterization
of MTEGPV has been published.10 DMAPV was prepared using
the procedure outlined in Scheme 1. For this procedure, the
precursor phosphonic acid ester, [2,5-dibromo-4-(diethoxyphos-
phorylmethyl)benzyl] phosphonic acid diethyl ester,1, was
prepared using an approach that has been published.57 A solution
of 1 (0.34 g, 0.63 mmol) and 4-(dimethylamino) benzaldehyde
(0.56 g, 3.8 mmol),2, was then prepared in 50 mL of THF.
KOtBu (0.54 g, 4.8 mmol) was then added, and the reaction
mixture was refluxed for 30 min. After cooling to room
temperature, the mixture was quenched with 50 mL of 2 M
HCl, and the organic phase was isolated. Removal of the solvent
left a solid material which was recrystallized from a mixture of
THF/ethanol to yield 0.29 g (87%) of DMAPV as a red powder;
mp: 273-275 °C. 1H NMR (CDCl3): 7.83 (s, 2H), 7.45 (d,
4H, J ) 9 Hz), 7.17 (d, 2H,J ) 16 Hz), 6.98 (d, 2H,J )
16 Hz), 6.74 (d, 4H,J ) 9 Hz), 3.01 (s, 12H).13C NMR
(CDCl3): 150.5, 137.1, 131.8, 129.6, 128.1, 125.0, 122.6, 121.3,
112.2, 40.4. Anal. Calcd for C26H26Br2N2: C, 59.33; H, 4.98;
N, 5.32. Found: C, 59.43; H, 4.95; N, 5.35.

Results and Discussion

pH-Dependent Spectral Changes.DMAPV is not soluble
in water, and as such, our photophysical measurements with
this sensitizer were performed in toluene. For this study, we do
not use the pH scale which derives from the concentration of
dissociated protons. Rather, we refer to the amount of TFA
added to toluene solutions of DMAPV.

In toluene, DMAPV has an absorption band withλmax at
∼416 nm (Figure 1). Upon successively increasing the amount
of added TFA, the intensity of this absorption band decreases,
and other bands appear in the region of∼300-370 nm

SCHEME 1
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(Figure 1). At a sufficiently high amount of added TFA, one
observes a single absorption band withλmax at ∼350 nm.

Under the conditions employed in our experiments, TFA itself
does not absorb at wavelengths longer than 300 nm. Thus, the
data are consistent with the production of more than two TFA-
dependent species, and this is supported by the lack of an
isosbestic point in the spectra recorded. With two basic sites in
DMAPV, one might expect to have a TFA concentration-
dependent equilibrium between three species, DMAPV,
DMAPV-H+, and DMAPV-H2

++. Of course, in toluene, it is
expected that the trifluoroacetate counterion would be intimately
associated with the protonated amines, and this, in turn, would
be reflected in the spectra recorded. To further examine this
latter phenomenon, we monitored the effect of using an acid
other than TFA.

Upon the addition of methane sulfonic acid, CH3SO3H, to a
toluene solution of DMAPV, we likewise observed a decrease
in the intensity of the absorption band withλmax at ∼416 nm.
Although another blue-shifted band correspondingly appeared
with the addition of CH3SO3H, it was much broader and had a
peak maximum (∼330 nm) at a shorter wavelength than the
band ultimately observed in the TFA experiment. As with the
TFA system, an isosbestic point was not observed in the spectra
recorded upon CH3SO3H addition. Although these data are
consistent with the expectation that, upon the addition of the
acid, the spectra observed should partly reflect the nature of
the counterion, some caution should nevertheless be exercised.
Specifically, for the TFA system, we never observed the
formation of a precipitate and could always reproduce the spectra
shown in Figure 1. For the CH3SO3H system, however, we
occasionally saw the formation of small crystals, indicating that
the ion pair was not particularly soluble and that light scattering
likely contributed to the spectra recorded. When benzene
sulfonic acid was used as the proton source for a DMAPV
experiment in toluene, the ion pair clearly precipitated out of
solution. All of these effects, as manifested in the observed
spectra, were reversible upon the addition of N(CH3)3 to each
of the acid-containing solutions.

To further extend our studies, we investigated the structurally
similar compound MTEGPV in both toluene and water.
Although the concept of pH is well-defined in water, we still
refer to the amount of added TFA for the sake of consistency.
Nevertheless, we independently ascertained that, based on the
amount of TFA added, the calculated value of the pH (e.g., at

log(nTFA/nMTEGPV) ) 2.86, [H+] ) 6.66× 10-3 M, pH ) 2.18)
was identical to the value measured using a calibrated electrode
(i.e., pH ) 2.19 for this example).

Upon the addition of increasing amounts of TFA to a toluene
solution of MTEGPV, the spectral changes observed closely
resembled those shown in Figure 1 for DMAPV. For MTEGPV
dissolved in water, however, distinct differences were observed
in the TFA-dependent absorption spectra (Figure 2). Like the
data in toluene, increasing the amount of TFA added to
MTEGPV in water caused the absorption band centered at
416 nm to decrease in intensity, while bands in the range∼300-
370 nm correspondingly increased in intensity. Moreover,
spectra recorded over a large range of added TFA are likewise
characterized by the absence of isosbestic points (Figure 2a).
However, upon closer examination of the data, it becomes
apparent that, at the limit of large amounts of added TFA, the
spectra obtained from aqueous solutions of MTEGPV clearly
show the existence of isosbestic points at 379 and 288 nm
(Figure 2b). Thus, the data shown in Figure 2b strongly suggest
that, with large amounts of added TFA in water, one is looking
at a TFA concentration-dependent equilibrium between only two
species, MTEGPV-H+ and MTEGPV-H2

++.
At this juncture, it is important to note that, in both toluene

and water, comparatively large amounts of TFA had to be added
in order to see appreciable changes in the absorption spectra of

Figure 1. Absorption spectra of DMAPV in toluene containing
different amounts of trifluoroacetic acid, TFA. The spectra shown reflect
different molar ratios of TFA to DMAPV, expressed as log(nTFA/
nDMAPV): (s), no TFA; (- - -), 1.5; (s), 1.9; (-‚ - ‚ - ‚), 2.5; (-‚‚ - ‚‚ -
‚‚), 2.9; (‚ ‚ ‚), 3.5. Arrows indicate the direction of change in the
spectra upon adding increasing amounts of TFA.

Figure 2. Absorption spectra of MTEGPV in water containing differing
amounts of trifluoroacetic acid, TFA. The spectra shown reflect different
molar ratios of TFA to MTEGPV. (a) Spectra recorded under conditions
that range from no added TFA to log(nTFA/nMTEGPV) > 3.4. (b) Selected
spectra where log(nTFA/nMTEGPV) ) 2.5, (s); 2.8, (- - -); 3.0, (‚ ‚ ‚); 3.1,
(- ‚ - ‚ - ‚); 3.3, (-‚‚ - ‚‚ - ‚‚); 3.9, (-‚ - ‚ - ‚). The latter data were
recorded in a separate experiment, hence the different absorbance scale.
Arrows indicate the direction of change in the spectra upon adding
increasing amounts of TFA.
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DMAPV and MTEGPV, respectively. This is consistent with
the expectation that both DMAPV and MTEGPV should be
weak bases due to the delocalization of the nitrogen lone pair
electrons onto the adjacentπ system. To put this point into
perspective, recall that an aromatic amine such as aniline has a
pKb of ∼9.1.58 On the other hand, diphenylamine (pKb ∼ 13.2)58

is a weaker base than aniline as a consequence of lone pair
delocalization over two adjacent phenyl groups. By extension,
pKb values for the dibasic compoundp-benzidine (i.e., [1,1′-
biphenyl]-4,4′-diamine) are very similar, pKb(1) ) 9.35 and
pKb(2) ) 10.57.58 This latter point suggests that, upon initial
protonation ofp-benzidine, the molecule twists to effectively
decouple the second basic site from the now positively charged
conjugate acid at the first site. Similar behavior is observed for
the analogous compound 4,4′-diaminostilbene.59,60From the data
in Figure 2b, assuming that we have an equilibrium between
MTEGPV-H+ and MTEGPV-H2

++, we estimate that the pKb

value of MTEGPV-H+ is ∼11.8, which is consistent with our
expectation based on the literature pKb values mentioned above.

We also note that the spectral changes shown in Figures 1
and 2 were completely reversible upon the addition of N(CH3)3

to the solutions. In the least, this suggests that acid-catalyzed
cis-trans isomerization does not contribute to the changes
observed in the absorption spectra. Moreover, for analogous
phenylene vinylenes that do not have the terminal-substituted
amino groups but, rather, are substituted with alkoxy groups,9,10

addition of TFA does not cause a change in the absorption
spectrum of the compound. Finally, the data shown in Figure 2
were completely reproducible when HCl was used instead of
TFA. This indicates that, in the aqueous system, the counterion
does not influence the data obtained.

Data recorded from an independent NMR experiment are
consistent with protonation of the nitrogen lone pair electrons
in these molecules. NMR spectra recorded as a function of TFA
added to a solution of DMAPV in chloroform reveal a
systematic change in the chemical shift of the protons assigned
to theN-methyl group (Figure 3). Specifically, with an increase
in added TFA, theN-methyl resonance shifted further downfield,
as expected.61 It is important to note that, in this experiment in
chloroform, a singleN-methyl resonance was always observed.
Thus, on the NMR time scale, protonation-deprotonation is
rapid, and one simply observes an average of the species present
in the system.

In a simplistic interpretation of the MTEGPV/water data
shown in Figure 2, the TFA-dependent disappearance of the
absorption band at∼416 nm and the appearance of the “blue-

shifted” absorption band at∼350 nm are consistent with the
protonation of the amines and the corresponding removal of
lone pair electrons from the conjugatedπ system. As a point
of reference, we note that analogous phenylene vinylenes that
lack the terminal substituted amino groups have an absorption
band withλmax ∼ 350-360 nm,10 which is consistent with our
assignment of the∼350 nm band in Figure 2 to MTEGPV-
H2

++. Although similar spectral changes are also observed upon
the addition of TFA to DMAPV in toluene (Figure 1), the lack
of a distinct isosbestic point indicates that this latter system is
more complicated. Indeed, for DMAPV solutions already
containing TFA, the red shift of the absorption band from∼325
to ∼350 nm with an increase in added TFA is not consistent
with the expected blue shift associated with successive proto-
nation of the amine moieties. These data may indicate the
formation of counterion-mediated aggregates in which inter-
molecularπ overlap occurs between (DMAPV-H+ -O2CCF3)
or (CF3CO2

- +H-DMAPV-H+ -O2CCF3) pairs in toluene.
The formation of such aggregates, and the associated extension
of theπ chromophores, could give rise to the observed red shift
in the absorption spectra of these ion pairs in a nonpolar solvent.

Support for the interpretation of solvent-promoted aggregation
in toluene is available from an additional absorption experiment
performed in anisole, which is a more polar solvent than toluene.
In contrast to the behavior observed in toluene (Figure 1),
addition of TFA to a solution of DMAPV in anisole results in
spectral changes that more closely resemble those shown in
Figure 2b (MTEGPV in water) where we suggest that aggregate
formation does not occur.

Additional insight into the potential formation of TFA-
dependent aggregates in the nonpolar solvent is obtained from
fluorescence experiments. In the absence of added TFA, the
fluorescence spectrum of DMAPV in toluene has a band
maximum at∼485 nm with a shoulder at∼525 nm (Figure
4a). Upon the addition of TFA, the fluorescence spectrum
changes dramatically. First, we see the appearance of a blue-
shifted band centered at∼425 nm. The band appears to be
comprised of several vibronic transitions (Figure 4a). This blue-
shifted band is consistent with the corresponding TFA-dependent
blue shift in the absorption profile of DMAPV (Figure 1) and
arguably reflects the shorter chromophore that results upon
removal of the lone pair electrons from theπ system. Second,
and more importantly, we see the appearance of a structureless,
red-shifted band withλmax at∼550 nm (Figure 4a). Such a band
is not observed upon the addition of TFA to MTEGPV in water
(Figure 4b) or upon the addition of TFA to related amino-
substituted phenyl vinylenes in ethanol.22 It seems reasonable
to assign this latter red-shifted band to an aggregate of pro-
tonated phenylene vinylenes that possibly contains some charge-
transfer (CT) character associated with the postulated trifluo-
roacetate-mediated intermolecular interaction. Within the context
of this assignment, it is important to note the lack of a spectral
shift in this red-shifted band with a change in the amount of
added TFA. As such, “aggregation” may only be limited to the
formation of a dimer.

It is also important to note that, at the limit of large amounts
of TFA added to the aqueous solutions of MTEGPV, changes
in the fluorescence spectra appear to define a common point at
∼510 nm (Figure 4b). This correlates with the isosbestic point
observed in the MTEGPV absorption experiments (Figure 2b).

Singlet Oxygen Quantum Yields. Upon irradiation at
416 nm, DMAPV dissolved in toluene produces singlet oxygen
with a quantum yield of 0.39( 0.04. Upon the addition of TFA
to solutions of DMAPV in toluene, the quantum yield of singlet

Figure 3. Chemical shift of the protons on the N-substituted methyl
groups in DMAPV as a function of the amount of added TFA. The
experiment was performed in CDCl3.
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oxygen production remains fairly constant over a large range
of added TFA before decreasing precipitously to zero (Figure
5a). This behavior is arguably expected from the data shown in
Figure 1. Specifically, the only species that absorbs at 416 nm
is DMAPV, and upon protonation of DMAPV with sufficiently
large amounts of added TFA, this band centered at 416 nm
disappears completely. At this limit, singlet oxygen is not
produced simply because light is not absorbed.

On the basis of the spectra shown in Figure 1, singlet oxygen
quantum yields obtained upon irradiation at 355 nm as a function
of TFA added to the DMAPV solution should be of greater
interest. At this wavelength, in toluene, the species that absorb
light evolve from DMAPV to DMAPV-H+, DMAPV-H2

++,
and to what we suggest may be aggregates of DMAPV-H+

and DMAPV-H2
++. In the absence of added TFA, the singlet

oxygen quantum yield observed upon irradiation of DMAPV
at 355 nm (0.33( 0.04) is, within our margin of error, the
same as that obtained upon irradiation at 416 nm. Upon the
addition of TFA, however, the quantum yield decreases gradu-
ally, ultimately reaching a value of 0.06( 0.01 at a significantly
large ratio of TFA to DMAPV (Figure 5b). Note that, under
these conditions of irradiation at 355 nm, the singlet oxygen
quantum yields obtained will reflect a contribution from all

species that absorb light at this wavelength (i.e., at a given
amount of added TFA, the quantum yield recorded will reflect
a weighted average of the quantum yields for the individual
species present in solution). In any event, these data clearly
indicate that species formed upon protonation of DMAPV in
toluene do not produce singlet oxygen as efficiently as the free
base, DMAPV.

Upon irradiation of an aqueous solution of MTEGPV at
355 nm, singlet oxygen is produced with a quantum efficiency
of 0.09 ( 0.02. Within our error margin, this number is
equivalent to our previously published value of 0.11( 0.02.10

To facilitate the ease and accuracy with which we detect singlet
oxygen phosphorescence, these experiments were performed in
D2O as opposed to H2O. (It is acknowledged that the quantum
efficiency of singlet oxygen phosphorescence in D2O is much
larger than that in H2O.7,51 The use of the deuterated solvent,
however, does not influence the singlet oxygen quantum yield.)

Upon adding increasing amounts of TFA to an aqueous
solution of MTEGPV, the singlet oxygen quantum yield
decreased to a value of zero. Thus, the TFA-dependent behavior
of MTEGPV in water resembles that of DMAPV in toluene. In
short, the data indicate that the protonated forms of these
sensitizers do not produce singlet oxygen as efficiently as the
free bases. The data obtained are summarized in Table 1.

To facilitate a better understanding of this system, we
examined the effect of other solvents on the quantum efficiency
of MTEGPV-sensitized singlet oxygen production. In these
experiments, the intensity of the singlet oxygen phosphorescence
signal was, once again, used as our probe, and the data obtained
were corrected for solvent-dependent changes in the O2(a1∆g)

Figure 4. (a) Fluorescence spectra of DMAPV in toluene containing
different amounts of trifluoroacetic acid, TFA. The spectra shown reflect
different molar ratios of TFA to DMAPV, expressed as log(nTFA/
nDMAPV): (s), no TFA; (- - -), 2.5; (‚ ‚ ‚), 3.2; (- ‚ - ‚ - ‚), > 3.5. (b)
Fluorescence spectra of MTEGPV in water containing different amounts
of TFA, ranging from no TFA to log(nTFA/nMTEGPV) > 3.4. In both cases,
sample excitation was at 355 nm, and the data were corrected for
differences in absorbance. Arrows indicate the direction of change in
the spectra upon adding increasing amounts of TFA.

Figure 5. Singlet oxygen quantum yields,Φ∆, as a function of the
amount of TFA added to a toluene solution of DMAPV, expressed as
log(nTFA/nDMAPV). The data were recorded upon (a) 416 nm irradiation
and (b) 355 nm irradiation of the system.
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f O2(X3Σg
-) radiative rate constant and the extent to which

differences in solvent refractive index influence the efficiency
of light collection.54,62

For this study, we used the reaction field parameter,∆f, that
characterizes solvent polarity in terms of its macroscopic static
(εst) and optical (εop) dielectric constants (eq 1).63,64 Note that
εop ) n2, wheren is the refractive index of that solvent

The data obtained indicate that the MTEGPV-sensitized singlet
oxygen quantum yield decreases as the solvent polarity increases
(Figure 6). These results are consistent with data reported in an
earlier study of MTEGPV10 and, as will be discussed below,
point to the importance of CT-mediated processes in the oxygen-
dependent photophysics of this sensitizer.

Optical Characterization of the Sensitizer Triplet State.
In an attempt to provide an explanation for our TFA-dependent
singlet oxygen results, we set out to examine the effect of TFA
on the photophysics of the singlet oxygen precursor. From time-
resolved fluorescence experiments, we ascertained that the
lifetimes of the lowest excited singlet states of DMAPV and
MTEGPV, and their protonated derivatives, are all less than
500 ps. We also specifically ascertained that the species
responsible for the red-shifted emission band in acidified
solutions of DMAPV has a lifetime of 700 ps. With such short
lifetimes, one can readily exclude the possibility of sensitizer
singlet state deactivation by oxygen quenching. As such, the
sole singlet oxygen precursor in these systems must be the

lowest energy triplet state of the sensitizer. Thus, it stands to
reason that phenomena which perturb the sensitizer triplet state
should likewise perturb production of singlet oxygen.

In a time-resolved absorption experiment performed on an
oxygen-free, nitrogen-saturated solution of DMAPV in toluene,
we observed a transient signal withλmax at 670 nm (Figure 7a).
The decay of this signal followed single-exponential kinetics,
yielding a lifetime of τ ) 2.5 ( 0.2 µs (Figure 7b). Upon
aerating the solution, the lifetime of this transient signal
decreased to 200( 20 ns. Taking the concentration of oxygen
in an air-saturated solution of toluene as 1.7× 10-3 M,65 this
yields a rate constant of (2.7( 0.2)× 109 s-1 M-1 for oxygen
quenching of the transient. These data are consistent with those
generally observed from triplet states,66 and as such, we suggest
that this transient absorption signal indeed derives from the
DMAPV triplet state.

TABLE 1: Singlet Oxygen Quantum Yields, Φ∆, Sensitizer Triplet State Lifetimes,τT, Rate Constants for Oxygen Quenching
of the Sensitizer Triplet State,kq, and the Fractions of Triplet State Sensitizer Quenched by Oxygen,fT

O2 for the Free Base and
Protonated Forms of DMAPV and MTEGPVa

sensitizer solvent
τT

nitrogen

(µs)
τT

air

(µs)
kq

(s-1 M-1) fTO2 Φ∆

DMAPV toluene 2.5( 0.2 0.20( 0.02 (2.7( 0.2)× 109 0.92( 0.13 0.33( 0.04
DMAPV-H2

++ toluene 1.9( 0.2 0.20( 0.02 (2.6( 0.2)× 109 0.89( 0.12 0.06( 0.01

MTEGPVb toluene 2.9( 0.2 0.18( 0.01 (3.1( 0.3)× 109 0.94( 0.08 0.33( 0.03

MTEGPV D2O 9.1( 0.9 3.4( 0.3 (6.6( 0.9)× 108 0.63( 0.08 0.09( 0.02
MTEGPV-H2

++ D2O 0.13( 0.03 0.13( 0.03 0.00( 0.02 0.00( 0.02

a Φ∆ was determined upon irradiation of the sensitizer at 355 nm. Triplet absorption experiments were performed using both air- and nitrogen-
saturated solutions. Values offTO2 are for air-saturated solutions. Data for the protonated amino-substituted phenylene vinylenes were obtained
under conditions where log(nTFA/namine) > 3.3. b Data for this compound in toluene were obtained from a previous study.10

Figure 6. Plot of the MTEGPV-sensitized singlet oxygen quantum
yield, Φ∆, against the solvent polarity parameter∆f defined in eq 1.
For these experiments, MTEGPV was irradiated at 355 nm.

∆f )
εst - 1

2εst + 1
-

εop - 1

2εop + 1
(1)

Figure 7. (a) Triplet absorption spectrum and (b) transient signal
observed at 670 nm upon 355 nm irradiation of DMAPV in nitrogen-
saturated toluene. Superimposed on the decay trace in panel b is the
result of a single-exponential fit to the data.
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Upon protonation of DMAPV in toluene to yield DMAPV-
H2

++ and the putative aggregates (i.e., log(nTFA/nDMAPV) > 3],
a transient absorption signal was likewise observed upon
355 nm pulsed-laser irradiation of the system. In this case,
however, the spectrum recorded was significantly blue-shifted
in comparison to that recorded from DMAPV, with aλmax at
510 nm. In the absence of oxygen, this transient decayed with
a lifetime of 1.9( 0.2µs, whereas in an air-saturated solution,
a lifetime of 200( 20 ns was obtained. In light of the fact that
this protonated system may contain more than one species, it is
important to note that we still observed single-exponential decay
kinetics in these experiments. Moreover, the lifetimes obtained
were independent of the probe wavelength within the spectral
profile of the transient absorption band. Again, taking the
concentration of oxygen in an air-saturated solution of toluene
as 1.7× 10-3 M, these data yield a rate constant of (2.6( 0.2)
× 109 s-1 M-1 for oxygen quenching of the transient(s) that
gives rise to this absorption signal. On this basis, we likewise
suggest that this signal derives from a triplet state.

At this juncture, it is important to note that, in toluene, the
rate constant for oxygen quenching of the DMAPV triplet state
does not differ significantly from the rate constant for oxygen
quenching of the DMAPV-H2

++ triplet state (or the triplet state
of the putative DMAPV-H2

++ aggregate). This result contrasts
distinctly with that reported for methylene blue in aqueous
solutions, where protonation of the dye molecule led to a
pronounced decrease in the rate constant for triplet state
quenching by oxygen (vide supra).34

We performed analogous time-resolved absorption experi-
ments on aqueous solutions of MTEGPV. In examining these
data (Table 1), it is important to recall that the concentration of
oxygen in air-saturated water (∼2.8× 10-4 M) is significantly
less than that in air-saturated toluene (∼1.7× 10-3 M).65 Thus,
our data indicate that the rate constant for oxygen quenching
of the MTEGPV triplet state in water (6.6× 108 s-1 M-1) is
not as large as that for the MTEGPV triplet state in toluene
(3.1× 109 s-1 M-1)10 or for the DMAPV triplet state in toluene
(2.7× 109 s-1 M-1). Second, the data indicate that protonation
of MTEGPV to yield MTEGPV-H2

++ appreciably shortens the
lifetime of the transient assigned to the triplet state. This latter
behavior contrasts with that observed upon protonation of
DMAPV in toluene (Table 1). We will return to these points as
our discussion evolves.

Before progressing further, however, it is useful to consider
the kinetic model of our photosystem shown in Scheme 2. On
this basis and for the case where the sole singlet oxygen
precursor is the sensitizer triplet state, T1, the quantum yield of
singlet oxygen production,Φ∆, is expressed as the product of
three terms: the quantum yield of triplet state production,ΦT,
the fraction of triplet states quenched by ground state oxygen,
fTO2, and the fraction of such quenching events that result in
the production of singlet oxygen,S∆ (eq 2)

As can be deduced from the expressions in Scheme 2, values
of fTO2 can be readily determined from triplet state lifetimes
obtained from experiments performed using N2- and air-
saturated solutions, and these values are shown in Table 1. The
results clearly indicate that, for DMAPV and DMAPV-H2

++

in toluene, almost all of the triplet states produced are quenched
by oxygen. Thus, the pronounced change inΦ∆ for this
sensitizer upon the addition of TFA to the solution must derive
from protonation-dependent changes inΦT and/orS∆. We will
return to this point shortly.

For MTEGPV dissolved in water, a significant fraction of
the triplet states produced are also quenched by oxygen (fTO2 )
0.63). However, the quantum yield of MTEGPV-sensitized
singlet oxygen production in water (Φ∆ ) 0.09) is significantly
smaller than that from either MTEGPV or DMAPV dissolved
in toluene (Φ∆ ) 0.33, Table 1). In this case, the data indicate
that solvent-dependent changes inΦT and/orS∆ likewise play
a more pronounced role thanfTO2 in establishing the magnitude
of Φ∆. As we have already mentioned, the data in Figure 6 as
well as data from an independent study10 implicate the
importance of oxygen-dependent CT-mediated processes in this
phenomenon. Again, we will return to this point shortly.

Upon protonation of MTEGPV in water, it is clear that an
oxygen-independent mechanism for facile triplet state deactiva-
tion becomes possible. Under these conditions, where the
lifetime of the MTEGPV-H2

++ triplet state is quite short,
bimolecular quenching by oxygen is not a competitive channel
for triplet state deactivation, andfTO2 is zero. Although the latter
readily explains whyΦ∆ is likewise zero in this case, we must
also consider the more fundamental point that the protonation-
dependent change in the lifetime of the MTEGPV triplet state
may reflect the same phenomenon that also influencesS∆, for
example, in the DMAPV system (vide infra).

Optoacoustic Characterization of the Photosystem.We
now comment on the other two parameters in eq 2 that influence
the yield of singlet oxygen production in our photosensitized
process,ΦT and S∆. To this end and to support the transient
absorption experiments, time-resolved LIOAC measurements
were performed to quantify the heat released from the DMAPV
system under a variety of conditions.

In a LIOAC experiment on a given compound, one can
quantify the fraction of “fast” heat released,R, and distinguish
this from heat released over longer periods of time (i.e., “slow”
heat release).67,68Briefly, fast heat is attributed to heat released
on time scales shorter than the effective acoustic transit time,
τa. The latter is obtained from the expressionτa ) d/Vs, where
d is the diameter of the laser beam andVs is the speed of sound
in the given medium.12,68 In our LIOAC experiments on
DMAPV and DMAPV-H2

++, the diameter of the laser beam
used to irradiate the system at 355 nm was adjusted such that

Φ∆ ) ΦT fT
O2S∆ (2)

SCHEME 2: A Kinetic Model for the Photosensitized
Production of Singlet Oxygena

a S0, S1, and T1 denote the ground state, first excited singlet state,
and first excited triplet state, respectively, of the sensitizer.
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τa ∼ 200 ns. For experiments performed in the absence of
oxygen, as in our case, fast heat release derives from deactiva-
tion of the sensitizer singlet excited states, whereas slow heat
release reflects deactivation of the lowest energy triplet state,
T1. In practice, values ofR are obtained from a relative
experiment performed against a calibrated calorimetric standard.
For our experiments, the standard was 2-hydroxybenzophenone,
which releases all of its excitation energy as fast heat (i.e.,R )
1).68,69

Upon irradiation at 355 nm, the amplitudes of the waveforms
obtained in LIOAC experiments yieldedR ) 0.61 ( 0.03 for
DMAPV and 0.53( 0.02 for DMAPV-H2

++. Independent
confirmation of these values was obtained in a numerical
simulation of the time-resolved acoustic waveform (Figure 8).
For this latter exercise, a time constant for fast heat release of
500 ps was used to characterize the rate of singlet state
deactivation. To characterize the rate of slow heat release, we
used a time constant of 2.5µs for DMAPV and 1.9µs for
DMAPV-H2

++, as obtained from our time-resolved absorption
experiments (Table 1). From these simulations, we obtainedR
) 0.62 for DMAPV and 0.54 for DMAPV-H2

++, in good
agreement with the data obtained from the waveform amplitudes.

Recognizing that the molar energy,EL, deposited into the
system by the pulsed laser is known and that energy must be
conserved, we can write an expression such as that shown in
eq 368

In independent fluorescence experiments, we determined the
quantum yields of fluorescence,ΦF, from both DMAPV and
DMAPV-H2

++ by comparing the intensity of emitted light to
that emitted from a standard molecule (9,10-diphenylanthracene
in cyclohexane). Values for the energy of the fluorescent state
were obtained both from the peak maximum of the fluorescence
spectral profile,EF

BandMax, and from the crossing point of the
intensity-normalized absorption and fluorescence spectra,EF

0,0.
Data obtained in these measurements are shown in Table 2.

Using the values ofR obtained in the LIOAC experiment,
along with the appropriate values ofEL for 355 nm excitation
(i.e., 337 kJ/mol) andΦFEF

BandMax(Table 2), we obtainΦTET )

89 ( 10 and 73( 8 kJ/mol for DMAPV and DMAPV-H2
++,

respectively, through eq 3.
Effect of Protonation on the Singlet Oxygen Precursor.

We first consider the values forΦTET obtained through the use
of eq 3. For DMAPV, we obtainedΦTET ) 89 ( 10 kJ/mol.
Recognizing thatΦF for DMAPV is 0.20 ( 0.02 (Table 2),
thenΦT can be no larger than 0.80, andET can be no smaller
than 111( 13 kJ/mol. Note that the excitation energy of singlet
oxygen is 94 kJ/mol. Similarly, we ascertain thatET for
DMAPV-H2

++ can be no smaller than 106( 12 kJ/mol.
Admittedly, the propagated errors on these lower limits forET

are large. Nevertheless, if we assume that the sources of the
errors are the same, then it is meaningful to see that the estimated
lower limit for ET in DMAPV is essentially the same as that
for ET in DMAPV-H2

++. In short, the data indicate that there
is not a pronounced protonation-dependent change inET for
these molecules. Thus, it appears that protonation-dependent
changes inΦ∆ for this system do not reflect a value ofET in
DMAPV-H2

++ that falls below the energetic threshold of
94 kJ/mol required for singlet oxygen excitation.

Of course, ifET does not vary significantly upon protona-
tion or if it increases only slightly, as is the case with the
energy of the singlet state (Table 2), then the observed blue
shift in the triplet absorption spectrum upon protonation must
principally reflect a change in the energy level of a higher-
lying triplet state.

Making use of eq 2 and the experimentally obtained values
of fTO2, Φ∆, and ΦTET for DMAPV and DMAPV-H2

++ in
toluene (Tables 1 and 2), one can readily arrive at the expression
shown in eq 4

If, as we have argued, there is not a significant change in the
value ofET upon protonation, then our data indicate that there
is an appreciable protonation-dependent change in the fraction
of triplet states quenched by oxygen that yield singlet oxygen
(i.e., S∆

DMAPV > S∆
DMAPV-H2

++
). In short, it is this term in eq 2

that principally defines the protonation-dependent changes in
the singlet oxygen quantum yield for this sensitizer in toluene.

Mechanistic Considerations.There is sufficient evidence
in the literature to indicate that an increase in the amount of
CT character, both within a given sensitizer and in the
sensitizer-oxygen encounter complex, adversely affects the
yield of singlet oxygen production.7,70-73 This increase in the
amount of CT character is often discussed in terms of an increase
in the extent to which the1,3(Sensitizer+•-O2

-•) states mix with
lower-lying valence states of the encounter complex (e.g., T1-
O2(X3Σg

-), S0-O2(a1∆g), and S0-O2(X3Σg
-)].52,74,75 In cases

that promote more CT character (e.g., polar solvents and
sensitizers with a low oxidation potential), the decrease in the
singlet oxygen yield is generally attributed to an increase in
the probability of CT-mediated radiationless processes that
deactivate the excited-state sensitizer (i.e., T1-O2(X3Σg

-) f
S0-O2(X3Σg

-)] and that operate at the expense of the energy-
transfer process to produce singlet oxygen. This phenomenon
is directly manifested in the magnitude ofS∆.

We have already established through studies on solvent and
substituent effects that, as singlet oxygen sensitizers, the
phenylene vinylene systems examined in the present study are
susceptible to CT effects.9,10 This conclusion is reinforced by
the data shown in Figure 6. By extension, it stands to reason

Figure 8. LIOAC signal observed subsequent to 355 nm pulsed-laser
irradiation of DMAPV in nitrogen-saturated toluene and, independently,
the signal observed from the reference used to calibrate heat release,
2-hydroxybenzophenone. Superimposed on, and indistinguishable from,
the data from DMAPV is a simulation obtained using a time constant
for fast heat release of 500 ps and a time constant for slow heat release
of 2.5 µs (residuals were<1%).

EL(1 - R) ) ΦFEF
BandMax+ ΦTET exp(-

τa

τT
nitrogen) (3)

S∆
DMAPV

S∆
DMAPV-H2

++ ) (4.4( 1.4)
ET

DMAPV

ET
DMAPV-H2

++ (4)
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that CT effects may likewise be involved upon protonation of
the sensitizer and, in turn, also manifested in the magnitude of
S∆.

Although aspects of our present data from these phenylene
vinylene systems are in keeping with this CT-based model, there
are, nevertheless, specific features of this system that deserve
comment and, ultimately, additional study. First, even in the
absence of oxygen, protonation of MTEGPV to yield MTEGPV-
H2

++ appreciably shortens the lifetime of the triplet state. Similar
behavior was not observed for DMAPV in toluene (Table 1). It
is possible that such behavior with MTEGPV in water could
partly reflect a solvent-enhanced increase in an intramolecular
CT-mediated deactivation channel.73,76-78 In support of this
interpretation, we note that, in toluene,ΦF(MTEGPV) )
0.16 ( 0.02, whereas in water,ΦF(MTEGPV) ) 0.040 (
0.004.10 Alternatively, the proton-facilitated deactivation of the
sensitizer triplet state in water could be envisioned as the logical
consequence of the facile equilibrium involving the protonation
and deprotonation of electrons in the chromophore; the proto-
nation-dependent “movement” of electrons in the chromophore,
coupled to the movement of the proton itself, provides an
effective channel for radiationless deactivation. A similar
phenomenon is seen in the deactivation ofo-hydroxybenzophe-
nones, for example, where a facile keto-enol tautomerization
promotes radiationless deactivation.79 Such coupling to nuclear
translational degrees of freedom may not be as pronounced in
toluene where the (DMAPV-H+ -O2CCF3) or (CF3CO2

-

+H-DMAPV-H+ -O2CCF3) ion pairs are arguably more
static. Indeed, the fluorescence quantum yield increases upon
the addition of TFA to a solution of DMAPV in toluene
(Table 2), which is consistent with the picture of a compara-
tively static ion pair (or aggregate of ion pairs). However, we
must be somewhat circumspect with respect to this latter
point in that the fluorescence quantum yield of MTEGPV in
water, although small, likewise increases upon protonation
[ΦF(MTEGPV)) 0.04,ΦF (MTEGPV-H2

++) ) 0.08], as does
the fluorescence quantum yield of a related amino-substituted
phenylene vinylene upon protonation in ethanol.22

Second, the rate constant for oxygen quenching of the
MTEGPV triplet state in water (6.6× 108 s-1 M-1) is
appreciably smaller than that for oxygen quenching of the
MTEGPV triplet state in toluene (3.1× 109 s-1 M-1). Likewise,
this could reflect a solvent-dependent change in the extent to
which the MTEGPV-O2 CT state mixes with lower-lying
valence states of the MTEGPV-O2 encounter complex. There
is certainly ample precedence in the literature to demonstrate
that changes in the extent of CT character in a given oxygen-
organic molecule complex can indeed be manifested in the rate
constant for oxygen quenching of the organic molecule excited
state.80,81 On the other hand, the implication is that CT effects
should be more pronounced in water than in toluene (e.g., data
in Figure 6), and for a CT-mediated process, one would expect
the rate constant for oxygen quenching of the MTEGPV triplet
state to be larger in water than in toluene. Thus, in this specific

case, it appears that CT effects may not play as large of a role
as we might otherwise expect. In any event, the observation
that kq

MTEGPV(toluene)> kq
MTEGPV(H2O) is an issue that also

requires further investigation.
Finally, it is important to recall that protonation of DMAPV

in toluene does not change the magnitude of the rate constant
for oxygen quenching of the triplet state, despite the fact that
we observe a pronounced protonation-dependent change inΦ∆.
These data may indicate that, in toluene, the putative protona-
tion-dependent phenomenon of aggregation may, in fact, play
a more important role than charge transfer in influencing the
yield of singlet oxygen. Again, recall that sensitizer aggregation
is known to result in decreased yields of singlet oxygen.28

Conclusions

We have demonstrated that protonation of a photosensitizer
can significantly affect properties of the system that, in turn,
influence the production of singlet oxygen. For the particular
system studied, we specifically ascertained that protonation can
decrease the efficiency with which singlet oxygen is produced
upon oxygen quenching of the sensitizer triplet state (i.e.,
S∆

free base> S∆
protonated). In light of previous studies on other

molecules where protonation-dependent changes in the quantum
yield of photosensitized singlet oxygen production have been
ascribed to changes in the quantum yield of the triplet state
sensitizer,ΦT, and to possible changes in the triplet state energy,
ET, our results demonstrate that this photosystem can respond
to protonation in other ways. Perhaps more importantly, our
study indicates that an apparently simple system can actually
be quite complicated, and further work will be necessary to more
completely elucidate the ramifications of sensitizer protonation.

The issues discussed in this report are seen to be particularly
relevant for sensitizers whose pKb values coincide with a pH
gradient in the surrounding microenvironment, many examples
of which can be found in biological systems. As such, the
quantum yield of singlet oxygen production reported for a given
sensitizer based on bulk solution-phase measurements may not
necessarily be applicable for that sensitizer in vivo. Finally, the
issues addressed in this report are likewise important in the
development and use of sensitizers for the emerging fields of
both one- and two-photon initiated imaging experiments of
singlet oxygen in biological samples.19-21
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