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Abstract: Fluorescein, and derivatives of fluorescein, are often used as fluorescent probes and sensors.
In systems where pH is a variable, protonation/deprotonation of the molecule can influence the
pertinent photophysics. Fluorination of the xanthene moiety can alter the molecule’s pK, such as
to render a probe whose photophysics remains invariant over a wide pH range. Di-fluorination is
often sufficient to accomplish this goal, as has been demonstrated with compounds such as Oregon
Green in which the xanthene moiety is symmetrically difluorinated. In this work, we synthesized a
non-symmetrical difluorinated analog of Oregon Green which we call Athens Green. We ascertained
that the photophysics and photochemistry of Athens Green, including the oxygen-dependent
photophysics that results in the sensitized production of singlet oxygen, O(a'Ag), can differ
appreciably from the photophysics of Oregon Green. Our data indicate that Athens Green will be
a more benign fluorescent probe in systems that involve the production and removal of O(a'Ag).
These results expand the available options in the toolbox of fluorescein-based fluorophores.

Keywords: singlet oxygen; fluorescent probe; photobleaching

1. Introduction

Fluorescein, and many of its derivatives, have long been recognized as useful fluorescent probes [1].
This includes their use in a variety of biological imaging experiments [2]. In this regard, the light
emitted is at a readily detected wavelength (~500 nm), the quantum yields of emission are large (>0.9),
the molecules are generally photostable, and they do not sensitize the production of singlet molecular
oxygen, Ox(alA), in appreciable yield. Although mechanisms of fluorophore photobleaching are often
complicated and depend on the molecule’s structure and whether or not molecular oxygen is present
in the system, it is acknowledged that O,(a'Ag) can be a key intermediate in this regard [3-7]. Thus,
alow yield of sensitized O,(a'Ag) production not only helps mitigate photobleaching, but it also helps
to minimize the extent to which the fluorescein perturbs the system in which it is used as a probe by
minimizing the O,(a' Ag)-mediated oxidative degradation of other molecules.

Xanthene-based molecules such as fluorescein have a feature that influences their use as a
fluorescent probe: pH-dependent protonation/deprotonation alters properties of the molecule. In this
way, for example, the extent of aggregation and intermolecular binding [8,9], the magnitude of the
fluorescence quantum yield [10-13], and the yield of photosensitized O,(a'Ag) production [12,14] all
depend on whether the molecule is in its dianion, monoanion, or neutral form (Figure 1). Although more
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complicated schemes can be presented to illustrate the pH-dependent structures of fluoresceins [15,16],
the equilibria shown in Figure 1 are sufficient for our current discussion.
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Figure 1. Scheme illustrating the equilibrium between the neutral, monoanionic, and dianionic forms
of fluorescein.

It has long been recognized that fluorinating the xanthene ring in fluorescein and its derivatives is
one way to change the equilibrium constants shown in Figure 1, particularly that between the dianion
and monoanion upon which much of the photophysics in common aqueous solutions depends [12,14-18].
Specifically, upon replacing the xanthene hydrogen atoms with more electronegative fluorine atoms,
one stabilizes the dianion yielding a smaller pK,; value. In this way, one can use the fluorescein
derivative over a wider pH range without a protonation-dependent change in photophysical properties.
Fluorination of a chromophore/fluorophore can also result in a molecule that is more stable to
photooxidative degradation, partly due to a decrease in the yield of photosensitized O,(a! Ag) production
and partly to a decreased reactivity with electrophiles such as Oy (a! Ag) [7,12,14,19].

Although a variety of fluorinated fluorescein derivatives have been synthesized and studied
over the years [12,14-18], the molecules produced have almost exclusively had the fluorine atoms
symmetrically disposed on the xanthene moiety of the molecule. Representative examples include
Oregon Green and 4’,5'-difluoro Oregon Green (Figure 2). To our knowledge, there is only one report
on a non-symmetrical 2’,4’-difluorofluorescein, and this work focused on synthesis rather than on

photophysical studies [20].
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Figure 2. Chemical structures of the compounds investigated in this study. The standard numbering
system for fluorescein is shown in the top left.
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Most importantly, and again to our knowledge, studies that compare the photophysical properties
of symmetrical and non-symmetrical fluorinated fluorescein derivatives have yet to be performed.
The potential for appreciable differences in these properties, due to the anticipated changes in electron
density distribution, is sufficientjustification for a study of selected photophysical parameters. However,
even if photophysical differences are small, the synthetic procedures used to prepare a given fluorescein
derivative may be more easily realized for the non-symmetrical isomer and thus provides additional
justification for this work. For example, it is acknowledged that the synthesis of the tetra-fluorinated
fluorescein derivative called Aarhus Sensor Green is challenging [14], and it would be beneficial if other
more readily prepared fluorinated derivatives have photophysical properties that are just as acceptable.

From a general synthetic point of view, there are only a few reports on the preparation of
non-symmetrically functionalized fluorescein derivatives. The latter has generally been achieved via
two consecutive Friedel-Crafts acylation reactions with substituted phenols [20,21]. The main problem
in these syntheses is the undesired formation of symmetrical derivatives [22]. As such, in itself, this is
an issue that deserves attention.

For the present work, we provide a study on the synthesis of the non-symmetrical 2’ ,4’-
difluorofluorescein. Moreover, we compare selected photophysical properties of this non-symmetrical
derivative to those obtained from the symmetrical 2’,7’-isomer (i.e., Oregon Green), the tetra-fluorinated
fluorescein (i.e., 4’,5'-difluoro Oregon Green), and fluorescein itself (Figure 2). Given the tautomerization
shown in Figure 3 and the standard numbering system shown in Figure 2, the 2’,4’-difluorofluorescein
could also be identified as 5’,7’-difluorofluorescein.
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Figure 3. Tautomerization that shows the effective equivalence of the 2’ ,4’- and 5’,7’-difluorofluoresceines.

It has become a convention when making new fluorescein derivatives to name the compound
according to the place in which it was first made. Alongside the proper IUPAC nomenclature, this
reversion to “common” nomenclature certainly facilitates conversations about the respective compounds.
Thus, we now have Tokyo Green [23], Oregon Green [17], Pennsylvania Green [18], Singapore Green [24],
Granada Green [25], and Aarhus Green [12], for example. In this spirit, we refer to our new
2’ 4’-difluorofluorescein as Athens Green (Figure 2).

2. Results and Discussion

2.1. Synthesis of Athens Green

As shown in Scheme 1, we approached the synthesis of the non-symmetric difluoro derivative
through two independent stepwise Friedel-Crafts reactions of resorcinol (R), 2,4-difluororesorcinol (diFR),
and phthalic anhydride (PA). We prepared diFR in four steps from 2,3,4,5-tetrafluoronitrobenzene [14].

In this way, the fluorine-free ketone 1 was prepared using the standard AlCl;-mediated procedure.
To add the fluorine atoms, 1 was then subjected to a second Friedel-Crafts reaction with diFR, this
time using methanesulfonic acid both as the catalyst and the solvent [20,22]. Published reports
indicate that similar reactions were performed at low temperature to avoid the formation of symmetric
fluoresceins stemming from competing Friedel-Crafts reactions [20,22]. In our hands, the reaction
between 1 and diFR afforded non-fluorinated fluorescein 4 as the main product, together with other
unidentified products and only traces of 3 and 5 (Scheme 1). Performing the reaction at 0 °C, or ambient
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temperature, or by using excess diFR, did not change the outcome. In a different approach, we prepared
ketone 2 using the Friedel-Crafts reaction between PA and diFR. The low nucleophilicity of the latter
required heating to 120 °C to obtain 2 in moderate yield. Reaction with R then afforded the desired
non-symmetrical difluoride 3 in low but reproducible yield.
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Scheme 1. Synthetic approaches used to produce Athens Green, 3. Reagents and conditions: (i) PA,
AlCl3;, CH3NO,, room temperature, (ii) PA, AlCl;, CH3NO;, 120 °C, (iii) a) CH3SO3H, b) Et3N.
The yields of each reaction are shown as percentages.

We propose the mechanism shown in Scheme 2, which can rationalize why the reaction of ketone
1 with diFR principally produces fluorescein 4, while the reaction of ketone 2 and R affords mainly
difluorinated fluorescein 3 (i.e., Athens Green). It is first important to recognize that, because we
work under acidic conditions, we should consider all reactions shown in Scheme 2 as equilibria
(i.e., Friedel-Crafts and reverse Friedel-Crafts reactions). Thus, for example, in the reaction of ketone
1 and diFR, formation of the Friedel-Crafts product 7 will compete with the formation of R and PA
via a reverse Friedel-Crafts reaction. In both the Friedel-Crafts and reverse Friedel-Crafts reactions,
similar arenium carbocation intermediates are formed (CC, and CCj, in Scheme 2), either from the
nucleophilic attack of the aromatic ring on a carbonyl carbon or a proton. These carbocations may
be deprotonated (Friedel-Crafts) or decarbonylated (reverse Friedel-Crafts). When substituted with
the electronegative fluorine atoms (X = F in Scheme 2), the carbocations are less stable. As such,
if arenium carbocation formation is the rate-determining step of both the Friedel-Crafts and the reverse
Friedel-Crafts reactions, as expected for a typical electrophilic aromatic substitution reaction [26], any
reaction involving diFR, either as reactant (Friedel-Crafts) or product (reverse Friedel-Crafts) should
be less favorable and, thus, slower. Therefore, the reaction of 2 with R is the best way to obtain the
non-symmetrical difluoride 3 (i.e., Athens Green).
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Scheme 2. Proposed mechanistic representation of the formation of fluoresceins 3, 4, and 5 (i.e., Athens
Green, fluorescein, and 4’,5’-difluoro Oregon Green, respectively).

2.2. Photophysics and Photochemistry

Photophysical measurements were performed using both D,O- and H;O-based solutions.
The rationale for this is the desire to perform selected oxygen-dependent studies in D,O where
O, (al Ag) has a much longer lifetime than in HO [27,28].

2.2.1. Absorption and Fluorescence Spectra

The absorption and fluorescence spectra of our four compounds dissolved in a phosphate-buffered
D,O solution (pD =7.8 = pH + 0.4 [29,30]) are shown in Figure 4. As outlined further below, the spectra
at this pD mostly reflects the properties of the dianion of each compound.

Our results show that fluorination generally results in a bathochromic shift of the band maximum
in both the absorption and emission spectra (Figure 4 and Table 1). This observation is consistent with
data published on related compounds [20]. Most interestingly, however, the spectra of the symmetrical
2’,7’'-difluoro compound (i.e., Oregon Green) are not appreciably different from those of fluorine-free
fluorescein, whereas the spectra of the non-symmetrical 2’,4’-difluoro derivative (i.e., Athens Green)
are noticeably red-shifted by ~10 nm. Fluorination in all four positions to form 4’,5'-difluoro Oregon
Green results in a further red-shift of ~10 nm.

As expected, changing the pH/pD of the solution causes pronounced spectral and intensity
changes in the absorption and emission spectra of all compounds. This is illustrated in Figure 5A
for Athens Green where acidification results in a ~50 nm blue shift of the principal absorption band
in the visible region of the spectrum. Although a corresponding spectral shift is not observed in
the fluorescence spectrum of Athens Green, acidification results in an appreciable decrease in the
fluorescence intensity (Figure 5B).
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Figure 4. Normalized absorption (A) and fluorescence (B) spectra of the four compounds dissolved in
D,0O-PBS (pD = 7.8). Spectra recorded from H,O-PBS solutions are identical. Note that the spectra for

fluorescein and Oregon Green are similar (black and red lines, respectively).
Table 1. Extinction coefficients at the peak of the absorption band (emax), the absorption (}\maxabs),
and fluorescence (Amax™l) band maxima, and fluorescence (pa) quantum yields, all recorded from

air-saturated PBS buffered solutions at pH = 7.4 or pD = 7.8.

Compound €max 7\maxabs 7\maxﬂ
P (M-Tem™1) (nm) (nm) o
D,0O/H,0 ? D,0/H,0? D,0/H,0 ? H,0 D,0O
Fluorescein P 73000 + 2900 490 + 1 5141 0.92 +0.02 0.98 +0.02
Oregon Green 81000 + 2700 490+ 1 514 +1 Not measured 0.92 +0.03
Athens Green 82800 + 3300 498 +1 523 £1 0.86 + 0.02 0.91 +0.02
Difluoro Oregon Green 86700 + 2900 507 + 1 532+1 Not measured 0.88 +0.02

2 The extinction coefficients and peak maxima are the same in both H,O and D,O-based solutions. b In a PBS
solution at pH = 7.4 or pD = 7.8, some fraction of the fluorescein molecules exist as monoanions. For all other
compounds, the pK, values are sufficiently small that these data principally reflect the characteristics of the dianion).
The extinction coefficient we obtain for fluorescein at this pH value is smaller than what has been reported at pH 9.0

(90,000 M~'em™1) [17].
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Figure 5. (A) Absorption spectra, (B) fluorescence spectra, and (C) fluorescence quantum yield, ¢y,
of Athens Green in H,O recorded as a function of pH. For the latter, errors on a given point are
approximately 5% of the pg magnitude shown. For the fluorescence data, the excitation wavelength
was 470 nm, and the spectra in panel B were normalized for pH-dependent changes in the sample
absorbance at 470 nm. The ¢ titration curve yields a pK,; value of 5.3 + 0.2. The second pK, value
is not evident from these data likely because of similar fluorescence and absorption properties of the

monoanionic and neutral forms of Athens Green.

2.2.2. Lifetimes of the Fluorescent State

Time-resolved fluorescence experiments were used to quantify excited singlet state lifetimes as a
function of the oxygen concentration in our aqueous solutions (Table 2). In general, the values of ~4-5ns
thus obtained are consistent with what is expected based on data from related fluoresceins [31,32].
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For all compounds, the lifetimes are shorter (Table 2) and the fluorescence quantum yields are smaller
(Table 1) for molecules dissolved in H,O as opposed to D,O. This phenomenon has been independently
observed for fluorescein and was interpreted to indicate that the O-H bond in the solvent plays an
important role as an energy acceptor in the process of fluorescein internal conversion [31]. A similar
argument has long been presented for an analogous H,O/D,O solvent isotope effect on the lifetime of
Oy(alAg) [28,33].

Table 2. Lifetimes of the fluorescent state, t¢, in HoO-PBS and D, O-PBS as a function of the concentration
of dissolved oxygen.

Compound Tq (ns) 2
H,O-PBS D,0O-PBS
N2 Air 02 N2 Air 02
Fluorescein 428 4.26 4.25 4.75 4.69 4.60
Oregon Green 4.30 4.30 423 4.52 4.53 4.40
Athens Green 446 434 4.30 4.94 4.87 474
Difluoro Oregon Green 4.06 4.00 3.90 491 4.84 4.76

aErrors on all numbers are +0.05 ns.

There is no apparent correlation between the lifetime and the extent of xanthene fluorination.
However, for all molecules, the lifetime appears to systematically get shorter as the oxygen concentration
in the sample is increased (Table 2). Given the magnitude of the changes observed and errors of our
measurements, however, we are hesitant to use this observation to extract a rate constant for the quenching
of the excited singlet state by oxygen. Nevertheless, given that the concentration of dissolved oxygen in
water is low [34], and that we are seeing a systematic effect of oxygen on lifetimes with a magnitude of
4-5ns, implies that this rate constant is at or near the diffusion-controlled limit of ~10' s=! M~!. This is
the conventional expectation for the quenching of a fluorescent state by oxygen [35,36].

2.2.3. Fluorescence Quantum Yields

The decrease in the fluorescence intensity of Athens Green upon acidification (Figure 5B) reflects
a corresponding decrease in the fluorescence quantum yield (¢g). The latter is an expected observation
based on data from other fluorescein derivatives in which protonation of the highly fluorescent dianion
yields the weakly fluorescent monoanion [12,20]. The resultant titration curve (Figure 5C) yields a
pKai1 value of 5.3 + 0.2 for Athens Green in H,O. This pK, value for the non-symmetrical difluoro
derivative is slightly larger than those reported for the symmetrical difluoro derivative Oregon Green
(4.8 and 5.1) [15,17]. This difference in pK, values is consistent with what we independently recorded
in our Oy(a'Ag) experiments (vide infra).

For data recorded under alkaline conditions, our fluorescence quantum yield of ~0.9 for Athens
Green (Table 1, Figure 5C) is larger than the quantum yield (g = 0.63) reported for the related
non-symmetrical difluorinated compound in which the pendant aryl group has two carboxyl groups
instead of one [20]. Moreover, we obtain a pKa value of 5.3 for Athens Green, whereas a pKa value of
5.6 was obtained for the dicarboxylated analog [20].

These data recorded from different difluoro derivatives indicate that presumed subtle structural
changes, including those on moieties removed from the xanthene core, can have appreciable
photophysical consequences.

2.2.4. Sensitized Production of O(a! Ag)

Based on the data presented above, we expect only small yields of fluorescein-sensitized O,(al Ag)
production at pH > ~7. Specifically, we observe comparatively large quantum yields of fluorescence
(Table 1) and that oxygen does not effectively quench the excited singlet state to promote intersystem
crossing (i.e., the longer-lived triplet state would be a suitable O,(a'Ag) precursor). However, upon
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acidification, both monoanionic and neutral fluoresceins can sensitize the production of O, (al Ag) in
greater yield [12,14,37]. Moreover, even if produced in only small amounts, O, (al Ag) can lead to the
photooxidative bleaching of the fluorophore [6,7] which, in turn, can result in the production of an
efficient Oy(a' Ag) sensitizer [37,38]. It is thus incumbent upon us to quantify pH-dependent yields of
O, (al Ag) sensitized by these fluorescein derivatives.

The ability of our compounds to sensitize the production of O, (a' Ag) was quantified by monitoring
the characteristic 1275 nm phosphorescence of O,(a'Ag) in time-resolved experiments. Because the
lifetime of O,(a’ Ag), Ta, is longer in D,0O (67 ps) than in HyO (3.5 ps) [28], it is an advantage to perform
these experiments in DO solutions where the quantum efficiency of O,(alAg) phosphorescence is
correspondingly greater. Moreover, with a longer O,(a'Ag) lifetime, it becomes easier to discriminate
between Oz(alAg) removal and O, (a! Ag) production; the latter generally occurs with time constants of
~3-5 us in aqueous solutions due to the slow rate of sensitizer deactivation by the comparatively low
concentration of oxygen [28,39].

Quantum yields of O»(a’Ag) production, ¢, were obtained in the standard way by comparing
the intensity of the fluorescein-sensitized Oy(a’ Ag) phosphorescence signal to the corresponding signal
from O(a'Ag) produced by a reference sensitizer, using data obtained over a range of incident laser
powers [40]. For our present experiments, the reference used was phenalen-1-one-2-sulfonic acid
(PNS) [41]. Representative data for Athens Green are shown in Figure 6.

Signal (counts)

Time (us)

X Sample
© Standard

o

Normalized Integrated Signal

08

0 20 40 60 80 100 120
Power (mW)

Figure 6. (A) Representative time-resolved O (al Ag) — OZ(XS’Zg‘) phosphorescence traces recorded
at 1275 nm upon 420 nm pulsed laser irradiation of Athens Green in air-saturated D,O at pD = 5.0.
For the triplet state photosensitized production of 05 (al Ag) in water, where the concentration of
oxygen is comparatively low, it is common to discern a rise in the time-resolved signal corresponding
to the comparatively slow rate of O,(a’ Ag) production. Such data are quantified using a difference
of two exponential functions [27,39], and this fitting function is superimposed on each kinetic trace.
(B) The integrated signal amplitude, normalized by the O, (al Ag) lifetime, T4, and the sample absorbance,
plotted as a function of the incident laser power. The slopes of the linear fits are proportional to @x.
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All our compounds sensitize the production of O(a’ Ag) inreadily detectable amounts. Asexpected
from previous studies [12,14], values of ¢ are small under alkaline conditions where the fluorescein
dianion predominates (Table 3). This is consistent with the large quantum yields of fluorescence
and oxygen-independent fluorescence lifetimes observed under the same conditions (vide supra).
Saturating the solution with oxygen does not significantly increase @ indicating that most of the
expected precursor to O»(a'Ag), the fluorescein triplet state, is quenched by oxygen under air-saturated
conditions (Table 3).

Table 3. Singlet oxygen quantum yields, ¢4, recorded from air- and oxygen-saturated D,O-PBS solutions.

a

Pa
Compound pD=78 pD=5
Air-Saturated O,-Saturated Air-Saturated O,-Saturated
Fluorescein P 0.04 0.05 0.16 ¢ 0.19¢
Oregon Green 0.02 0.03 0.28 0.34
Athens Green 0.02 0.04 0.12 0.14
Difluoro Oregon Green 0.05 0.07 0.06 0.06

a Errors on all numbers are +0.01. P At pD =7.8, a small fraction of the fluorescein molecules exist in monoanionic
form. For all other compounds, the pKa is sufficiently low that the data principally reflect the effects of the dianion
(see Table 4). © Measured at pD = 6 (i.e., the maximum of the @ versus pD plot; see Figure 7).

Table 4. Relative Oz(alAg) quantum yields, @,, in air-saturated D,O for the neutral (n), monoanionic
(ma), and dianionic (da) species, and the corresponding pK, values for the interconversion between
them, as obtained through Equation (1). *

Compound (pAda PKa1 PpaA™ pKa2 A"
Fluorescein 0.03 + 0.01 71+03 0.17 + 0.01 42402 0.15 + 0.01
Oregon Green 0.02 + 0.01 54402 0.34 + 0.02 3.7+02 0.24 + 0.02
Athens Green 0.01 + 0.01 57+02 0.08 + 0.01 34402 0.05 + 0.01
Difluoro Oregon Green  0.04 + 0.01 41+02 0.03 + 0.01 <2b b

#The numbers shown here were obtained from fits of Equation (1) to plots of the singlet oxygen yield against pD

(e.g., Figure 7). Recall also the expected difference of ~0.4 units in pKa values for experiments performed in H,O

and D,O [30]. P The second pKa value of difluoro Oregon Green falls below our investigated pD range.

Upon acidification of fluorescein and both difluorofluoresceins, @ increases to a maximum value
at a pD where the monoanion dominates the equilibria (Figure 7). Thereafter, further acidification
results in a slight decrease in ¢5. Most importantly, this pD-dependent increase in the Oy(alA;) yield
is comparatively small for Athens Green (from ~0.02 to 0.12 in an air-saturated solution), whereas it is
much larger for Oregon Green (from ~0.02 to 0.28, likewise in an air-saturated solution).

Although pD dependent changes in ¢, for difluoro Oregon Green are very small (Table 3) and are
arguably smaller than our absolute accuracy in determining @,, the relative changes obtained upon
systematically decrementing the pD show a clear decrease in @ upon acidification to form the mono
anion (Figure 7B). As such, the pD dependent behavior of this tetrafluorinated fluorescein is distinctly
different from that of the difluoro and fluorine-free analogs with respect to O,(alAg) production. Based
on the data that we currently have available, we are not able to explain this observation. Moreover, we
are likewise currently hesitant to speculate on the origins of the more pronounced difference in ¢
between the non-symmetrical and symmetrical difluorofluoresceins. In themselves, these observations
are fodder for a detailed independent study.

At any given pD, the measured value of the Oz(alAg) quantum yield, @A™, will reflect

contributions from the dianionic (da), the monoanionic (ma), and the neutral (n) species, and we can
meas

meas

model the pD-dependence of g shown in Figure 7 with the function in Equation (1).

e — PR — pipa
1+ 10PPPKy 1 4 10PPPKy

)

(PrAneas — (PcAla +
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In this treatment, P92, px™?, and @A™ do not reflect the actual quantum yields of Oy(a’ Ag)
production because we do not account for pD-dependent changes in the absorbance of each species.
Nevertheless, ™ represents the weighted average of relative quantum yields from the respective
pD-dependent components. In Table 4, we show parameters obtained from the application of
Equation (1) to our pD-dependent data shown in Figure 7. Note that pK; values obtained from
D,0O-based solutions are not expected to be identical to those obtained from H,O-based solutions [30].

The results shown in Table 4, confirm that fluorination decreases the pK;, values of fluorescein.
More importantly, the relative values of ¢ obtained through Equation (1) indicate that under all
conditions, non-symmetric Athens Green produces appreciably less Oy(a'Ag) than the symmetric
analog, Oregon Green.

03r

© Athens Green
% Oregon Green

02r

0.1

0 2 4 6 8 10 12 14
pD
O  Fluorescein
x  Difluoro Oregon Green
01r
4’:\q
x
x % X
005 N x xYy %
x Qo
* %
o o
0
0 2 4 6 8 10 12 14

pD

Figure 7. The O,(a' Ag) quantum yield, ¢4, plotted as a function of the pD in air-saturated D,O-based
solutions for (A) Athens Green and Oregon Green, and (B) fluorescein and difluoro Oregon Green.
The solid lines are numerical fits to Equation (1). Differences in pKa and ¢, values are apparent in these
plots, and the pertinent numbers are shown in Table 4. For a given data point, the error is approximately
10% of the value shown.

2.3. Rate Constants for the Fluorescein-Mediated Removal of O2(a Ag)

To complement pD-dependent measurements of Op(a’ Ag) production sensitized by the fluorescein
derivatives, we set out to monitor pD-dependent rate constants for O,(alAg) removal by these same
derivatives. For this latter exercise, it is useful to quantify not just the rate constant for total removal,
ktotal, but to perform experiments that distinguish the rate of removal via the fluorescein-mediated
physical deactivation of O, (al Ag) to O, (X3Zg_), kphys, from the rate of O (a' Ag) removal via a
chemical reaction with the fluorescein, kchem. Although the photobleaching mechanisms of fluorescein
derivatives depend on whether oxygen is present or not [3,5-7], the magnitudes of kppnys and kchem are
certainly relevant for systems in which O,(al Ag) is produced, either by the fluorescein derivative itself
or by another chromophore in the system.
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2.3.1. Rate Constants for the Total Removal of Oz(alAg)

The rate constant for total solute-mediated O,(a’ Ag) removal, kiotal, which is the sum of kyhys and
kchem, is readily obtained from time-resolved O(a'Ag) phosphorescence measurements performed as
a function of the solute concentration. This experiment is best performed using a method for O,(a'Ag)
production that is independent of the solute used to mediate Oy(a' Ag) removal. To this end, we
used Al(IIT) phthalocyanine tetrasulfonic acid, AlIPcS,, as an O (al Ag) photosensitizer [42]. Like its
disulfonated analog, the AlPcS,-sensitized yield of O,(a'Ag) will likely depend on pH [43]. For our
kinetic experiments, however, this parameter is irrelevant as long as the yield is sufficiently large to
yield good Oy(a' Ag) phosphorescence signals. Most importantly, the absorption spectrum of AlPcS, is
sufficiently red-shifted relative to those of our fluorescein derivatives that, upon irradiation, we avoid
exciting the fluorescein itself [44] (also see Supplementary Materials). Representative data from these
experiments are shown in Figure 8, and the values of ki, thus obtained are shown in Table 5.
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Figure 8. (A) Representative time-resolved 1275 nm Oy(al Ag) phosphorescence traces recorded upon
670 nm pulsed laser irradiation of AlPcS, in air-saturated D,O-PBS at pD = 7.8 in the presence of
Athens Green, the concentration of which is shown in the legend. (B) The inverse lifetime of Oy (al Ag),
A7l plotted as a function of the concentration of Athens Green, obtained from experiments such as
those shown inFigure 8A. The solid black line is a linear fit to the data, the slope of which yields ka1
The size of the symbols in Figure 8B represent the errors on each data point.

2.3.2. Rate Constants for the Removal of Oy (a! Ag) by Reaction

The magnitude of kgem can be independently determined using experiments in which
Oy(a! Ag)-mediated changes in the fluorescein absorption spectra are monitored. The general kinetic
approach we used is described elsewhere [45], and representative examples of our data are shown in
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Figure 9. For these experiments, we again produced O,(a! Ag) up