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Two-photon-enhanced dendritic nanoprobes are being developed for two-photon (2P) laser scanning
microscopy of oxygen [R.P. Brifias, T. Troxler, R.M. Hochstrasser, S.A. Vinogradov, J. Am. Chem. Soc. 127
(2005) 11851-11862]. In these molecular constructs, phosphorescence of metalloporphyrins is coupled
to two-photon absorption (2PA) of electronically separate antenna dyes via intramolecular Forster-type
resonance energy transfer (FRET). In the originally developed probes, competing electron transfer (ET)
between the antennae and the long-lived triplet states of metalloporphyrins partially quenched the phos-
phorescence, reducing the probe’s sensitivity and dynamic range. The rate of such ET can be reduced by
tuning the redox potentials of the chromophores. In order to identify the optimal metalloporphyrin-2P
antenna pairs, we performed screening of several phosphorescent Pt porphyrins (FRET acceptors) and
2P dyes (FRET donors) using dynamic quenching of phosphorescence. Phosphorescence lifetimes of Pt
porphyrins were measured as a function of the dye concentration in organic solutions. The obtained
Stern-Volmer quenching constants were correlated with the corresponding ET driving forces ( AGgr), cal-
culated using the Rehm-Weller equation. FRET pairs with minimal quenching rates were identified. The
developed approach allows convenient screening of candidate-compounds for covalent assembly of 2P-
enhanced triplet nanodevices. Systematic electrochemical measurements in a series of Pt porphyrins with
varying peripheral substitution and conjugation pathways are presented.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Molecular devices capable of generation of triplet states upon
two-photon (2P) excitation have been the focus of several recent
studies, including construction of 2P agents for photodynamic
therapy [2-5] and 2P phosphorescent oxygen nanosensors [1,6].
Phosphorescent probes used in biological oxygen measurements
[7] are based on metalloporphyrins, whose 2P absorption (2PA)
cross-sections (03) are very small, and their ability to generate
emissive triplet states upon 2P excitation is unacceptably low for
consideration in imaging applications [1,8]. 2P-enhanced phos-
phorescent probes make use of the Forster-type resonance energy
transfer (FRET) as a coupling mechanism between the absorption
by an array of 2P chromophores (2P antenna) and the excitation
of a metalloporphyrin (core). The latter is followed by the inter-
system crossing (isc) within the porphyrin and the emission of
phosphorescence [1].

One problem inherent to the design of FRET-based 2PA phospho-
rescent probes is quenching of the triplet states by photoinduced
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electron transfer (ET), involving the metalloporphyrin and the 2P
antenna [6]. Metalloporphyrin triplet states are very long-lived
(tens to hundreds of microseconds), and even slow intramolecu-
lar quenching processes can be deleterious to their emission. For
example, phosphorescence quantum yields of some of the earlier
reported probes were reduced by as much as 50-100 times due to
intramolecular ET’s [1,6].

Tuning intramolecular distances between the core and the 2P
antennae provides an effective mechanism for manipulating the
rates of ET and FRET in order to increase the sensor performance
[6]. This strategy is general and can be applied even in those cases
when the ET is strongly favored thermodynamically. However, by
far the most effective way to eliminate the unwanted quenching
processes is to cancel their driving forces by adjusting the redox
potentials of the participating chromophores.

One approach to evaluate potential 2PA antenna/phosphorecent
core pairs in photoinduced ET reactions is based on dynamic
quenching of phosphorescence. Dynamic quenching [9,10] of long-
lived triplet states [11,12] by freely diffusing quenching species in
solution is a well-known phenomenon. Practical aspects of dynamic
quenching as analytical technique, e.g. for studies of protein struc-
ture and dynamics, were extensively reviewed [9,10,13,14]. In
particular, quenching of excited states of aromatic molecules via
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electron and energy transfer was studied in detail in 1960s-1970s,
when the fundamentals of quenching kinetics were established
[15-17]. Quenching by photoinduced ET [17] has been extensively
researched in relation to solar energy conversion and biological
photosynthetic systems [18].

In a dynamic quenching experiment, the rate of ET can be esti-
mated by measuring the dependence of the excited state lifetime on
the concentration of quencher, unless the ET rate is greater than the
rate of diffusion. Dynamic quenching is especially well suited for
measuring triplet quenching by the ET because of inherently high
sensitivity of long phosphorescence lifetimes (~10—3 to 10> s) to
the presence of quenching species in the environment [19]. In the
present work we used dynamic quenching of phosphorescence to
study ET reactions between sets of phosphorescent Pt porphyrins
and 2P dyes in order to identify FRET pairs with minimal ET driving
forces for construction of covalent 2P-enhanced nanosensors.

2. Experimental
2.1. Materials

Pt porphyrin 3 (PtTPP) was obtained from Frontier Scientific, Inc.
Pt porphyrins 1, 2, 4-11 were synthesized by inserting platinum
into the corresponding free bases in refluxing benzonitrile using
the method proposed by Buchler et al. [20]. Non-extended free-base
porphyrins for syntheses of PtP’s 1, 2, 4-8 were prepared using the
Lindsey method [21]. Free-base porphyrins for syntheses of PtTBP’s
9-11 were prepared using the method developed earlier [22].

Dye A (AF-50) was a courtesy of Dr. L.-S. Tan (AFRL/MLBP).
Dyes C and D were synthesized using the method described by
Blanchard-Desce and coworkers [23] and Ulman et al. [24] with
minor modifications. Dye B [24], dye E [1] and dye F [25] were
prepared as described previously.

Detailed description of the synthetic procedures and character-
ization data are available in Supporting Information.

2.2. Spectroscopic and electrochemical measurements

Optical spectra were recorded on a PerkinElmer Lambda 35
UV-vis spectrophotometer. Steady-state fluorescence and phos-
phorescence measurements were performed on a SPEX Fluorolog-2
spectrofluorometer (Jobin-Yvon Horiba). Emission spectra were
obtained using solutions with no more than 0.1 OD in the
absorbance maxima. Typically, at the excitation wavelength, the
absorbance of a sample was 0.05-0.06 OD. Quartz fluorometric cells
(Starna, Inc., 1 cm optical path length) were used in linear optical
experiments. Emission quantum yields were measured relative to
the fluorescence of rhodamine B (RhB) in MeOH (¢q =0.5) [26,27].
Time resolved phosphorescence measurements were performed
using an in-house constructed phosphorometer [28] modified for
time-domain operation. The excitation sources in this instrument
are 1 W LED’s (Hewlett Packard, Amax =530 and 635 nm for excita-
tion of PtP’s and PtTBP’s, respectively), whose output is controlled
by a 333 kHz D/A board (MIO-16, National Instruments, Inc.).

2PA cross-sections of compounds were determined by the
relative emission method, using rhodamine B in MeOH as a stan-
dard (Aex =840 nm, 0, ~210 GM) [29,30]. 2PA measurements were
conducted using a system based on a femtosecond Ti:Sapphire
oscillator (Coherent Mira 900, Amax =840nm, 110fs, 76 MHz rep.
rate). The output of the laser was passed through a half-wave
plate and a polarizing cube, so that the excitation power could
be adjusted continuously, and directed into the objective (Nikon
FLUOR X40, 170 wm focal distance, NA 1.3) of an inverted micro-
scope (Nikon, Diaphot 300). The power of the excitation beam was

measured before it entered the microscope using an optical power
meter (Molectron). The sample solution was placed in a cylindrical
cuvette, one side of which was made out of a thin microscope cover
slip. The emission was collected by the objective, passed through a
dichroic beam splitter (Nikon 835dcsp) and a short-pass cut-off fil-
ter (sp785 nm, RazorEdge, Semrock) and directed into a monochro-
mator (Acton SP150). The output of the monochromator was pro-
jected on a Ny-cooled CCD camera (Roper Scientific) and recorded
using WinSpec32 software (Roper Scientific). The 2P origin of the
absorption was confirmed in each case by plotting quadratic depen-
dence of the emission signal on the excitation power.

The oxidation and reduction potentials were measured on a
EG&G Potentiostat (Model 173) at 298 K. A three-electrode sys-
tem was used, which consisted of a glassy carbon or platinum disk
working electrode, a platinum wire counter electrode and a sat-
urated calomel reference electrode (SCE). The SCE electrode was
separated from the bulk of the solution by a fritted-glass bridge
of low porosity that contained the solvent supporting electrolyte
mixture. The solvent for the electrochemical experiments, abso-
lute N,N-dimethylformamide (DMF, Fluka Chemical Co.), and the
supporting electrolyte, tetra-n-butylammonium perchlorate (TBAP,
Fluka Chemical Co.) were used as received without further purifi-
cation. Half-wave potentials were calculated as Eqj, =(Epa + Epc)/2
at a scan rate of 0.1 V/s and are referenced to the Fc/Fc* (Ferrocene
>98%, Fluka Chemical Co.)

2.3. Quenching experiments

The titration cell for the dynamic quenching measurements
consisted of a glass vial (vol. ~2ml) with a polypropylene stop-
per, in which two stainless steel needles were inserted to provide
inlet and outlet ports for Ar. The inlet needle was immersed in
the solution to allow effective bubbling. Solution of a Pt por-
phyrin (1 ml, ODs513,m =0.1+0.01) in DMF (Fisher Scientific, Inc.,
Biotech grade, 99.9+%) was placed inside the vial, which was posi-
tioned inside a cuvette holder shaded from the ambient light.
The excitation and emission light was delivered to and from the
vial by a pair of optical fibers (@ 3 mm), positioned at the right
angle with respect to one another. Phosphorescence was excited
by 5-us long pulses (Aex =530nm for non-extended PtP’s (1-8);
Lex =635 nm for PtTBP’s (9-11)), followed by 1 ms measurement
period. 100-200 decays were averaged to give SNRs (signal-to-
noise ratio) >100. The decays were analyzed by least-squares fitting
to single-exponentials.

In a typical dynamic quenching experiment, oxygen was dis-
placed from the solution by Ar until the phosphorescence lifetime,
recorded at 10 s intervals, became constant (reached a plateau). An
aliquot of a solution of 2PA dye in DMF was added, and Ar bub-
bling was resumed until the phosphorescence lifetime reached the
next plateau. For each dye concentration (5-6 in total), the mean
phosphorescence lifetime was calculated as the average across the
plateau; the first plateau (no quencher added) corresponded to
the native phosphorescence lifetime (7). Stern-Volmer quenching
plots (1/t — 1/tq vs. [Q]) were used to calculate the quenching con-
stants (kq). Each kq value was derived as the average from three
independent experiments. kq values from different experiments
varied within no more than 10% of the average.

3. Results and discussion
3.1. Approach

Under conditions of pure dynamic quenching, kinetic data are
described by linear Stern-Volmer plots, which relate changes in the
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luminescence lifetimes 7 to the concentration of quencher [Q]:
D =1+ 7okqlQl (1)
where t( is the intensity and the lifetime in the absence of
quencher. The observed quenching rate constants kq are deter-
mined by the rate-limiting step (such as diffusion or electron
transfer); and the presence of a correlation between kqs and the ET
driving forces (AGgr) in a series of similar emitter/quencher pairs
suggests that the ET is the predominant quenching mechanism [31].
The triplet state of a chromophore can be either the electron
donor or the acceptor, depending on the quencher used, and the
ET driving force can be estimated from the ground state redox
potentials and the excitation energy according to the Rehm-Weller
equation [32]:

AGET = EOX(D) — El‘ed(A) — AEOO +w (2)

Here AGgr is the driving force; Eox(D) and E;eq(A) are the reduc-
tion and the oxidation potentials of the donor and the acceptor
in their ground states, respectively; AEgq is the excitation energy
(donor or acceptor); and w = wp — wy is the work term, consisting
of the Coulombic energies of reactants (wgr ) and products (wp) [32].
According to (2), AGgr will become less negative (weaker driving
force) upon (i) an increase in the oxidation potential of the donor,
(ii) a decrease in the reduction potential of the acceptor and (iii) a
decrease in the excitation energy AEg.

The rate of ET is related to A Ggt through the Arrhenius and Mar-
cus equations [33], and is expected to grow exponentially with an
increase in | AGgrl|, assuming AGgr <0, up until it reaches the diffu-
sion limit [34]. Formal kinetics can be used to express the observed
Stern-Volmer quenching constant in terms of the ET rate.

In this study, dynamic quenching of the phosphorescence of Pt
porphyrins by a series of 2P dyes was used to evaluate relative effi-
ciencies of photoinduced ET’s in the chromophore pairs. The ET
driving forces were correlated with the phosphorescence quench-
ing rate constants in order to establish that ET is the main quenching
pathway [31,35].

3.2. Triplet chromophores

A series of phosphorescent Pt(Il) meso-tetraarylporphyrins with
redox potentials varying in a wide range was selected (Fig. 1). Pt por-
phyrins exhibit strong room temperature phosphorescence with
lifetimes 7g in the range of 40-60 s (see Table 1).

Porphyrins shown in Fig. 1 form two structurally differ-
ent groups: “regular” Pt tetraarylporphyrins (PtP’s, 1-8) and Pt

tetraaryltetrabenzoporphyrins (PtTBP’s, 9-11). Spectral character-
istics within each group vary only slightly, whereas between the
groups there are large differences (Fig. 2). Due to the extended -
conjugation, the lowest energy absorption bands (Sg—S1, Q-bands)
of PtTBP’s (9-11) are about 100 nm red-shifted relative to those of
PtP’s (1-8). Accordingly, T;-S¢ phosphorescent bands of PtTBP’s
also have lower energies; and this might result in lower driving
forces for ET’s involving PtTBP triplet states. Notably, PtTBP’s pos-
sess higher 2PA cross-sections than PtP’s [36,6], which potentially
makes them more suitable for 2P applications.

First oxidation and reduction potentials were measured using
cyclic voltammetry (see Supplementary Material for examples). In
some cases (1-3, 5), the first oxidation potentials were beyond the
positive potential limit of DMF (0.8 V vs. Fc/Fc* or 1.30V vs. SCE),
while for other porphyrins (4, 4a), the first oxidation was within the
potential limit of the solvent, but the current-voltage curve was ill-
defined due to a coupled chemical reaction of the electrooxidized
species with the solvent. In the latter case, the values for the peak
potentials (Ep,) are listed for the scan rate of 0.1V/s. Notably, simi-
lar potentials were measured in PhCN and were reversible by both
cyclic voltammetry and thin-layer spectroelectrochemistry. For this
reason, the Ep, values in DMF are assured to be close to Eqj, values
in PhCN.

The first reduction of each porphyrin is reversible and well
defined in DMF. Importantly, the ring reduction potentials shift
negatively with a decrease in the electron-withdrawing character
of the substituents in the meso-aryl rings. The same shift in the
potential was observed upon oxidation (or reduction), and the elec-
trochemically measured separation between the potentials for the
first ring-centered oxidation and the first ring-centered reduction
was constant for all PtP’s.

3.3. 2P dyes

The following characteristics were considered when selecting
2P dyes: (i) strong fluorescence, overlapping with absorption of Pt
porphyrins for maximally efficient FRET; (ii) strong 2P absorption,
shifted maximally to the red relative to the phosphorescence of Pt
porphyrins in order to avoid possible interference of linear absorp-
tion via direct Sy — T1 mechanism [37,6]; (iii) synthetic availability
and ease of functionalization.

Absorption Q-bands of PtP’s (1-8) are situated between 500 and
540 nm (Table 1). Unfortunately, the choice of suitable 2P absorbers
emitting in this wavelength range was limited, mostly because
many of them exhibit strong solvatochromism [38]. These dyes flu-

Table 1
Selected photophysical and electrochemical properties of Pt porphyrins used in this study
# Aabs(Q) (nm)? }‘phos (nm)? ¢phosavb To (P«S) Eqo (eV)* Er])x (V)a'd El}ed (V)a'd
1 512, 542 662, 727 0.1 56 1.87 e -1.35
2 512,540 663, 730 0.07 32 1.87 e -1.53
3 509 539 669, 732 0.07 52 1.85 e -1.65
4,4a 509 539 663, 727 0.09 55,48 1.87 0.86f -1.66
5 510, 539 671,731 0.05 34 1.85 e -1.68
6, 6a 511, 540 683, 742 0.07 38,39 1.81 0.79 -1.68
7,7a 510, 540 662, 730 0.11 76,79 1.87 0.70 -1.91
8 510, 540 668,732 0.11 74 1.86 0.67 -1.94
9 617 783 0.10 29 1.58 0.37 -1.61
10 620 787 0.15 45 1.57 0.50 -1.55
n 624 767 0.07 14 1.62 0.60 -1.23

4 In DMF.

b Rhodamine B in MeOH was used as the standard (¢qy, =0.5) [26,27].

¢ Ego was calculated from the blue edge of the lowest vibrational band (T;p — Sgo) in the phosphorescence spectrum.

d ys. Fc/Fc*(0.50 V vs. SCE in DMF).

e

The oxidation potentials are beyond the positive limit of DMF.

f Current-voltage curve was ill-defined due to a coupled reaction of the electrooxidized species with the solvent.
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4 (R = Me),

6 (R = Me), 7 (R = Me), 8
6a (R=CH,COOEt) 7a (R= (CH,),COOEt)

Fig. 1. Pt porphyrins used as triplet chromophores in dynamic quenching experiments.

oresce near 500 nm in non-polar media, e.g. in toluene, but in polar
solvents, their emission may shift by as much as several hundred
nanometers. Such strong shifts would inevitably lead to significant
losses in the FRET efficiency, and that would decrease performance
of the sensors, designed to operate in biological aqueous environ-
ments.

Research in the area of 2P chromophores is mostly focused on
their optical properties, whereas their electrochemical potentials
are rarely known. A few exceptions include well-known fluo-
rophores, such as rhodamine B [39] and several recently developed
dyes, whose redox potentials were examined in order to explain
their 2PA behavior [38b].
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Fig. 2. Absorption and phosphorescence (inset) spectra of representatives of two
groups of Pt porphyrins: PtP 4 and PtTBP 10, in DMF. Emission was excited at 510 nm
(4) and 615 nm (10).

In the absence of detailed data on solvatochromism and redox
behavior, the 2PA antennae chromophores were chosen to repre-
sent basic classes of 2PA dyes. The selected molecules are shown in
Fig. 3 and their absorption and emission spectra are shown in Fig. 4.

Dyes A-E fluoresce in the region of 480-550 nm (Fig. 4B) and
exhibit good spectral overlap with the Q-bands of PtP’s (1-8) in
polar solvents (e.g. DMF, see Table 2). Dye A, known as AF-50, is a
well-characterized 2PA chromophore, a member of a class of 2PA
dyes developed in the Air Force research laboratories [40]. Dyes
B-D represent a class of push-pull stilbenoids. The derivative of

Hz21C%o CioH21 .

coumarin-343(C343), dyeE, although arelatively weak 2P absorber
(02 =28 GM at 840 nm) (Table 2), was chosen for its high quantum
yield, efficient FRET onto PtP’s [ 1], availability and ease of function-
alization. Importantly, E is arelatively small molecule, which makes
it feasible to incorporate several C343 units into a single probe
molecule without perturbing its overall structure and solubility.

Both the oxidation and reduction of most 2P dyes (except for the
reduction of F) were irreversible on the electrochemical time-scale.
Therefore, the peak potentials Epa and Ejp¢ (listed in Table 2) were
used as approximations for the positions of the true oxidation and
reduction potentials for the purpose of the Rehm-Weller formula.
The reduction potentials of dyes A-E are significantly lower than
those of Pt porphyrins, which is consistent with the expectation
that dyes A-E quench the phosphorescence of Pt porphyrins via
the reductive mechanism.

The derivative of rhodamine B, dye F, is an effective FRET donor
for PtTBP’s [6]. The first oxidation potential of F (Eqx =0.64 V) is sub-
stantially higher than the potentials of all the other dyes (Table 2),
while its reduction potential (E..q=—-1.21V) suggests that F is
likely to play the role of the oxidant in photoinduced ET reac-
tions with PtTBP’s. The 2PA maximum of RhB is located at 840 nm
(02 =210GM) [29,30]. It is known that excitation of RhB-PtTBP
assemblies at 840 nm can lead to linear excitation of PtTBP’s due
to the presence of relatively strong direct So-T; absorption bands
in their spectra [6]; but it is feasible to use RhB-donors with por-
phyrins, whose triplet bands do not interfere with excitation at
840 nm.

3.4. Dynamic quenching experiments

Phosphorescence lifetimes were used to monitor quench-
ing of porphyrin triplet states by 2P dyes. Using lifetimes, as

NNPh2 N\ SOZMe Q\I SO;Me
Cc

A

MeOZSN _@
i

D

0O=0

Q £ N
o C-N  NH*CI

-NH NH-CO,

O

('\?\AOI LN O O\\N*JCI‘
E - .

Fig. 3. 2PA dyes used as quenchers in dynamic quenching experiments.
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- = =B (387 nm)
............ C (405 nm)
------ D (400 nm)
—— E (385 nm)
F (510 nm)

Fluorescence intensity (AU)

500 600 700

Fig. 4. Linear absorption (A) and fluorescence (B) spectra of 2PA dyes. The emission spectra are scaled to represent the relative emission quantum yields. The excitation

wavelengths for each dye are shown in parentheses next to the labels.
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Table 2

Properties of two-photon absorbing dyes

# Aaps (nm)?* (loge) Ao (NM)? Priuo™® Azpa (Nm) 03 [ref] (GM)© e (V)P Elq (V)24

A 387(4.63) 552 0.9 840 55¢ [41] 0.43 —2.28

B 388(4.38) 520 0.1 800 ~10 [40b] 0.23 f

C 386(4.47) 537 0.5 770 90 [23] 0.47 -2.30
750 50 [42]
840 45¢

D 410(4.69) 552 0.2 815 195 [23] 0.47 -2.34
840 110¢

E 434(4.60) 480 1.0 840 28¢ 0.51 -2.09

F 564(4.98) 587 0.2 840 210 [29] 0.64 S

3 In DMF.

b Rhodamine B in MeOH was used as a standard (¢qyo =0.5) [26,27].
¢ 1GM=10-5 cm* s photon~!.
d

Measured vs. Fc/Fc*(0.50V vs. SCE in DMF). Irreversible waves were observed; the corresponding peak potentials Ep, and E,,c are shown instead of midpoint potentials.

¢ Measured in this work in femtosecond regime using relative fluorescence method with rhodamine B in MeOH as a standard. See Supporting Information for details.

f The reduction potential was beyond the negative limit of DMF.

opposed to intensities, makes it easier to discriminate between
static and dynamic quenching and exclude static quenching arti-
facts [10,14]. The general procedure in our experiments involved
titration of dilute solutions of Pt porphyrins with 2PA dyes in N,N-
dimethylformamide in the absence of oxygen. Phosphorescence
lifetimes were measured as a function of the dye concentra-
tion, and quenching constants kq were calculated as slopes of the
Stern-Volmer quenching plots.

Selected Stern-Volmer plots are shown in Fig. 5, and the values
of the corresponding quenching constants are given in Table 3. The
first graph (Fig. 5A) illustrates quenching of the phosphorescence of
arepresentative PtP, Pt(Il) meso-tetraphenylporphyrin (PtTPP, 3), by

A
3.0x10" 1

f'r.n

J_:‘o

£

UU T T
0.000 0.001 0.002
C(dye), M

&
—O—y-

0.&)03 0,606
C(dye E), M

0.000

2P dyes A-E. Among these dyes, stilbene B is the strongest quencher
and C343-derivative E is the weakest quencher. This trend holds
true for most of the PtP’s (1-8) in the series. Dyes A-E practically
do not quench phosphorescence of PtTBP’s (Table 3).

Assuming that photoinduced ET is the main quenching pro-
cess, such difference in the quenching behavior of PtP’s vs. PtTBP’s
can be rationalized by considering the effects of m-conjugation
on the electronic structure of porphyrins. PtTBP’s (9-10) have
lower oxidation potentials El, and lower excitation energies Eqg :
EL(PtP) > EL (PtTBP), Eqo(PtP)> Ego(PtTBP) (Table 1) [43]. The lat-
ter is believed to be caused by destabilization of one of the
porphyrin HOMO's and a decrease in the degree of the states mixing

0.002

C(dye F), M
© *1
2.50x10°
_‘-zn

0.00

2.50x10°

O‘IOO
C(dye F), M

Fig. 5. Selected Stern-Volmer quenching plots. In all the experiments, concentration of Pt porphyrins was about 10~ to 10~> M. (A) Quenching of phosphorescence of PtP
(3) by dyes A-F; (B) quenching of phosphorescence of PtTBP’s (9-11) by dye F; (C) quenching of phosphorescence of PtP’s (1-8) by dye E; (D) quenching of phosphorescence

of PtP’s 1-6 and PtTBP (10) by dye F.
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Table 3
Rate constants? kq (M~! s~1) for dynamic quenching of phosphorescence of Pt porphyrins by 2PA dyes A-F in DMF
Pt porphyrin 2PA dye
A B C D E F
1 4.4 x 108 1.4 x 10° 5.5 x 107 1.9 x 108 1.9 x 108 1.3 x 10°
2 2.3 x 107 1.6 x 10° 1.3 x 107 2.7 x 107 2.1 x 107 2.7 x 10°
3 6.5 x 108 3.6 x 108 7.4 x 108 1.6 x 107 1.0 x 108 3.5 x 10°
4 2.8 x 10° 4.2 x 108 - 1.8 x 107 6.6 x 10° 1.9 x 10°
5 - - 3.9 x 108 7.5 x 108 3.7 x 10° -
6 1.7 x 106 8.8 x 107 2.9 x 108 5.7 x 108 4.7 x 10° 3.1x10°
7(7a) 8.8 x 10° 9.3 x 108 1.8 x 106 5.3 x 108 6.5 x 104 (3.1 x 10%) -
8> - 7.5 x 108 - 6.0 x 104 -
9 0 0 0 0 2.3 x 108
10 0 0 0 0 5.3 x 107
11¢ - - - 0 5.5 x 108

2 Each kq value was derived as the average from three independent experiments. kq values from different experiments varied within about 10% of the average.

b The quenching rates for porphyrin 8 and dyes A, C and D were not measured because these quenching experiments required very large amounts of the 2P dyes. On the
other hand, dye B was found to be the strongest quencher for all the other PtP’s, whereas dye E was the weakest for the PtP’'s with lower reduction potentials (3-7). By
extrapolation, kqs for the pairs 8/B and 8/E provide the upper and the lower limits for the quenching rate constants of 8 by all the other dyes.

¢ Phosphorescence of PtTBP 11 is quenched by dyes A-D very weakly.

for TBP’s [43b,c]. The decrease in the oxidation potential of TBP’s
vs. regular porphyrins is also associated with the higher energy of
the HOMO. The first reduction E:ed potentials of PtTBP’s and PtP’s,
however, are quite close: E! ,(PtP) ~ E! ,(PtTBP).

When Pt porphyrins participate as donors in the ET with the
same dye (Fig. 6A—oxidative quenching), the differences between
the driving forces for similarly substituted PtP and PtTBP are
expected to be small, provided the differences in Egg’s and EL,’s
are close (Eqg(PtP) — Ego(PtTBP) ~ E},(PtP) — EL (PtTBP)) and can-
cel out in the Rehm-Weller formula (Eq. (2)). On the other hand,
if porphyrins play the role of acceptors (Fig. 6B—reductive quench-
ing), the ET driving forces should be lower for PtTBP’s than for PtP’s
because E/, ,(PtTBP) ~ E},(PtP) and Eqo(PtTBP) < Ego(PtP).

Interestingly, while it is expected that the quenching rates for
PtP’s and PtTBP’s by the oxidative mechanism (dye F) should be
close, the measured constants kq for the PtP’s appear to be much
higher than those for PtTBP’s and do not correlate with the PtP’s
redox potentials. This behavior suggests the presence of another
efficient quenching process, which is likely to be the triplet-triplet
energy transfer in RhB/PtP pairs. The T1-Sgp energy gaps in PtP’s
(1-8) and in RhB are quite close, i.e. 1.82-1.87 eV (662-680 nm, see
Table 1) and 1.86 eV (667 nm) [44], respectively, making the triplet
energy transfer feasible.

Within the PtP and PtTBP subsets, Egg values remain practi-
cally constant, and the ET driving forces change in parallel with
the porphyrin’s oxidation or reduction potentials, depending on
the ET direction. Graphs in Fig. 5B and Cillustrate the effects of por-
phyrin redox potentials on the quenching rates in the two series:
(B) PtTBP’s—oxidative quenching by dye F; and (C) PtP’s—reductive
quenching by dye E. Plots in graph C reflect the fact that kq val-

(A) oxidative
PtP*+D

AGg+(PtP)
PtTBP*+D

PtP*+D-
PtTBP*+Dr

PtP+D

pTBP+D | ExolPtP) > Exo(PLTBP)

E'(PtP) > E'_(PtTBP)

ues correlate with reduction potentials (Er1e a) of PtP’s, and the most
electron-rich porphyrins 6-8 are the least susceptible to quench-
ing. For PtTBP’s (9-11) (graph B), dye F performs as the oxidant; and,
consequently, constants kq correlate with the oxidation potentials
(EL). 1t should be mentioned that T;-Sq energy gaps in PtTBP’s are
about 1.6 eV, making RhB < PtTBP triplet-triplet exchange unfavor-
able and leaving the ET the predominant quenching pathway.

The obtained data show that in the PtP-series quenching by
the ET is minimal when the electron-rich porphyrins (e.g. 6-8)
are paired with C343-derivative E. The observed rate constants
are lower by as much as 10° times than those obtained for com-
binations of, e.g. porphyrin 1, bearing eight electron-withdrawing
carboxyl groups, with strongly reducing dyes such as B. Considering
availability of E and its relatively small size, this coumarin-based
chromophore will likely to be the primary choice for the construc-
tion of 2P-enhanced phosphorescent probes.

3.5. Kinetic model and correlation of quenching rates with ET
driving forces

In order to obtain evidence that the observed phosphorescence
quenching was due to the ET, we correlated the values of experi-
mental quenching constants kq with the driving forces, calculated
using the Rehm-Weller formula.

Dynamic quenching of phosphorescence of Pt porphyrins by
electro-active quenchers can be described as a sequence of the
reactions in Scheme 1.

In Scheme 1, P is Pt porphyrin in its ground state; 3P* is Pt por-
phyrin in its excited triplet state; (3P*.--Q) and (P~ --Q*) refer to
the encounter complex before and after the ET step, respectively;

(B) reductive
PtP*+D

P{TBP*+D
er(PtTBP)

AGe(PtP)

) PtP-+D*
I PtTBP-+D*
PtP+D
PITBP+D Eqo(PtP) > Eo(PtTBP)

E' 4(PtP) = E' _,(PtTBP)

Fig. 6. Energy diagrams for oxidative (A) and reductive (B) quenching of phosphorescence by ET.
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Scheme 1.

P~ and Q" refer to the ionic products of the ET reaction after their
escape from the solvent cage. ks, refers to the combined rate
of formation of the triplet state 3P*, which includes the rates of
absorption, fluorescence, internal conversion of the singlet state
and intersystem crossing. Rate constant kppos is the actual rate
of disappearance of the triplet state measured by the phospho-
rescence emission. This constant accounts for both the radiative
and non-radiate decays to the ground state. Constants kq (k_q), ket
(k_gr) and kesc (k_esc) refer to the diffusion, electron transfer and
cage escape processes and their inverses, respectively; and constant
kreact refers to irreversible reaction(s) involving the ionic species P~
and Q. It should be mentioned that in Pt and Pd porphyrins, rates
of intersystem crossing are usually very high [45,37], and triplet
states are formed with practically unity quantum yields [46].
Formal treatment yields the following expression for quenching
constant kq (for detailed derivation see Supporting Information):

kdkETkesc

is much lower than the rate of the formation of the final prod-
ucts, i.e. k_esc/Kreact < 1. Combining assumptions (i) and (ii) into
k_q> 1/t9 +kq[Q] at low quencher concentrations (Q « 1), Eq. (3)
can be rewritten as [47]:

kq
ke =
“a 1+ k_q/ket + k_ak_gr/kescket
_ kg
1+ [k_q/(kQ exp(—AG/RT))] + (k_q/kesc) exp( AGgr/RT)

(4)

In the last formula, kgt was expressed as [k? exp(—AGj/RT)]
from the Arrhenius equation; and k_gr/kgr, which is the reciprocal
of the electron transfer equilibrium constant (Kgr), was substituted
for [exp(AGgr/RT)]. Here kO is the frequency factor, AGgy; is the
free energy of activation for the ET step, and AGgr is the driv-
ing force of the ET reaction. AG}; can be further expressed using
the Marcus-Hush theory [33] in terms of AGgr and reorganization
energy A:

(AGgr + 1)
4

Experimentally determined kq's and their decimal logarithms
(log kq) were plotted against the corresponding driving forces AGgr
(Fig. 7). In calculation of AGgr we omitted the work terms w. In
polar solvents Coulombic interactions in the ion pairs are typically
expected to be small [48]. In addition, itis likely that the work terms
were similar in the dye pairs studied (except for some cases, see
below) and, therefore, they could be omitted for the purpose of our
comparison. As expected, all the dependencies of logkq on AGgr
were linear through the most of the range; and for the quench-
ing of phosphorescence of PtP’s (1-8) by the most reducing dye B
(Fig. 7A) the plot began deviating from linearity. These data sup-
port the assumption that the phosphorescence quenching in our
experiments was indeed caused by the ET [17], and the comparisons
drawn in Section 3.4 were appropriate.

AGly = (5)

9= K o 1770 + Kl QDI (1 + (ke Rreact)

We further assume that (i) no significant interaction between
the reagents occurs in the encounter complex (3P*. - -Q),i.e. k_q ~ kg,
which is suggested by the fact that the emission spectra of the
mixtures containing 2P dyes are identical to those of pure Pt por-
phyrins; (ii) the diffusion is much faster than the emission of
phosphorescence, i.e. kq > kpnos; and (iii) the rate of the cage escape

(A)
1

9. | |
g
g o

7 -

T T T T T T T
04 -0.2 0.0 0.2 0.4

AG, eV

(3)

+ kesc(1+ (ker/(k_a +1/70 + ka[Q])))]

Interestingly, in the cases involving large hydrophobic dyes (A,
C, and D) in combination with porphyrins 7 and 8, bearing sub-
stituents in 2,6-positions of their meso-aryl rings, the observed
quenching rates were higher than expected from the Marcus plots

7,8

4 T T T T
0.0 0.2 0.4 0.6

AG, eV

Fig. 7. Decimal logarithms of experimental constants kq for quenching of phosphorescence of PtP’s (1-8) by dye B (A) and dye E (B), plotted against the driving force of

photoinduced ET (AGgr).
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based on the other dye pairs. It is possible that in these cases the
higher rates were caused by lower work terms w, since the effec-
tive separation between the ions in the corresponding ion pairs
was larger due to the steric reasons. In addition, the geometry of
the encounter complexes involving bulky dyes and 2,6-substituted
PtP’s could be different, affecting the reorganization energy. In prin-
ciple, fitting experimental points to the function given by Eq. (3)
should produce kinetic parameters kg, k_q/k2, AGE(0), k_g/Kesc,
as well as the reorganization energy A [47]. However, such fit-
ting in practice would be highly unstable because of the large
number of parameters, their implicit dependence and noise in the
data.

4. Conclusion

The results of this study demonstrate that dynamic quenching
of phosphorescence is a simple and effective screening method for
selecting pairs of FRET donors and FRET acceptors for construction
of 2P-enhanced triplet devices. Several conclusions from this work
are summarized below.

First, most 2PA dyes studied in this work (A-E) act as strong
reducing agents with respect to Pt porphyrin triplet states. Dyes
A-E were selected as representatives of larger classes of structurally
related chromophores, i.e. neutral push-pull stilbenoids with var-
ious degrees of conjugation. If such dyes are to be used as 2P
antennae, they would have to be paired with porphyrins (or other
triplet chromophores) with lowest possible reduction potentials to
avoid quenching.

Secondly, based on the data for dyes A-D, which belong to the
class of push-pull (D-1-A) dyes [38b], predictions can be made
for structurally related chromophores by taking into account how
they differ in donor/acceptor character and degree of conjugation.
For example, it can be inferred that (1) all D-m-D dyes containing
diphenylamino groups or stronger donors will reduce triplet states
of PtP’s; (2) D-m-A dyes similar to the studied ones in donor charac-
ter (i.e. containing same or stronger donor groups) would quench
PtP, but not PtTBP, triplet states.

Thirdly, in spite of the fact that all PtP’s (1-8) were to some
extent quenched by all the dyes studied, the ET rates varied by
as much as 10° times from the most strongly quenched to the
most weakly quenched pair. Lowering the excited state energy (Egg)
by varying porphyrin structure, e.g. as in the case of m-extended
PtTBP’s (9-11), points toward the possibility to decrease reduc-
tive quenching of triplet states. For example, partially extended
porphyrins (mono-, di- and tribenzoporphyrins) should be more
difficult to reduce compared to regular PtP’s.

Finally, for electron-rich PtP’s, such as 6-8, rates of quenching by
E were found to be very small (~10% to 10> M~ s—1), suggesting that
in covalent assemblies, where ET can be additionally attenuated
by spatial separation, these pairs of chromophores should exhibit
superior performance.
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