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ABSTRACT: A novel series of pyrene dendronized porphyrins bearing two and four
pyrenyl groups (Py,-TMEGI and Py,-TMEG2) were successfully synthesized. First and
second generation Fréchet type dendrons (Py,-G1OH and Py,-G20H) were prepared
from 1-pyrenylbutanol and 3,5-dihydroxybenzyl alcohol. These compounds were further
linked to a trimesitylphenylporphyrin containing a butyric acid spacer via an esterification
reaction to obtain the desired products. Dendrons and dendronized porphyrins were fully
characterized by FTIR and 'H NMR spectroscopy and their molecular weights were
determined by matrix-assisted laser desorption ionization time of flight mass
spectrometry. Their optical and photophysical properties were studied by absorption
and fluorescence spectroscopies. The formation of dynamic excimers was detected in the
pyrene-labeled dendrons, with more excimer being produced in the higher generation
dendron. The fluorescence spectra of the pyrene dendronized porphyrins exhibited a
significant decrease in the amount of pyrene monomer and excimer emission, jointly with
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the appearance of a new emission band at 661 nm characteristic of porphyrin emission, an indication that fluorescence resonance
energy transfer (FRET) occurred from one of the excited pyrene species to the porphyrin. The FRET efficiency was found to be
almost quantitative ranging between 97% and 99% depending on the construct. Model Free analysis of the fluorescence decays
acquired with the pyrene monomer, excimer, and porphyrin core established that only residual pyrene excimer formation in the

dendrons could occur before FRET from the excited pyrene monomer to the ground-state porphyrin core.

B INTRODUCTION

Since their discovery, dendrimers have attracted the interest of
the scientific community due to their unique chemical and
physical properties." Their use in photo- and electroactive
devices deserves special attention because of their potential
application in chemistry, medicine, and materials science.” The
study of the photophysical properties of dendrimers is
particularly interesting and is highly dependent on the complex
architectures of these macromolecules. Photoactive units can be
attached covalently or noncovalently to dendrimers at three
different locations: periphery, branches, or core. Depending on
the nature of the chromophores and their location in the
dendritic structure, excimer and exciplex formation, fluores-
cence resonance energy transfer (FRET), and charge transfer
(CT) processes may occur.” The knowledge derived from the
study of photoactive dendrimers is significant, since it
contributes to improving the efficiency of existing photovoltaic
technologies.> ® Such considerations have led to the prepara-
tion and characterization of a large number of dendritic
constructs labeled with different chromophores selected for
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their specific photophysical properties. Yet, among the many
photoactive dendritic constructs that have been prepared to
date, only a few have been studied that were covalently labeled
with the widely used chromophores pyrene and porphyrin.
As a matter of fact, pyrene has been reported to be “by far
the most frequently used dye in fluorescence studies of labeled
polymers”,” and its properties have been and continue to be the
object of numerous reviews.* "> The widespread use of pyrene
as a fluorescent label to characterize macromolecules of various
sizes and architectures is due to its unique photophysical
properties, principally its ability to form an excimer. '?
Pyrenyl groups have been incorporated into several macro-
molecular systems in order to study micelle formation,"*
polymer chain dynamics,® '? internal dynamics of den-
drimers,"""> and to desi§n novel m-conjugated pyrene-based
polymers and oligomers.1 In a seminal work, Stewart and Fox
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reported efficient electron transfer from dimethylaniline to the
lowest singlet-state pyrene and pyrene excimer in a family of
dendronized structures having pyrene end groups and dimethyl
aniline at the benzylic position."” Cicchi et al. have prepared a
series of Fréchet-type dendrons whose periphery was fully
decorated with pyrenyl labels via a Huisgen reaction.'® They
found that excimer formation as well as the efliciency of energy
transfer from an excited pyrene to different acceptor groups
scales linearly with the generation number of the dendron. In
the study by Yip et al, the efficiency and average rate constant
of excimer formation were determined for a series of pyrene-
labeled dendrimers," and both showed a linear dependence
with increasing generation number. Even more recently,
Vanjinathan et al. have reported the synthesis of a series of
light-harvesting dendrimers containing pyrene end groups and
a 2,6-(dimethyl-4H-pyran-4-ylidene) malonitrile (DCM)
core.'” They found that the efficient energy transfer that
occurred from the pyrene units to the DCM core was
promoted by an antenna effect induced by the dendritic
structure. Surprisingly, Vanjinathan’s dendrimers did not show
any excimer emission even for high generations.'®

Porphyrins are part of a very important family of
fluorophores, which have been widely studied in macro-
molecular and materials science.”°">* The design of new
porphyrin and multiporphyrinic arrays is of great interest due to
their application in catalysis,*® nonlinear optics (NLO),*" two
photon absorption,22 and molecular wires.”®> Several electro-
and photoactive units have been incorporated into porphyrins
in order to tune their electronic and photophysical properties.
The donor—acceptor character of porphyrins can also be
modified depending on their coordination state and the
photoactive units linked to them.>*~2°

Although the preparation and properties of several porphyrin
derivatives linked to electro- and photoactive units (fullerene
Ceo’" anthracene,® functionalized porphyrins,*® etc.) have
been reported in the literature, only a few articles about
porphyrin—pyrene systems have been published.”” Further-
more, none of these earlier works focused on the study of light
harvesting antenna effects and energy transfer properties. Since
the emission of the pyrene monomer and excimer’ partially
overlap, the Soret absorption bands of porphyrins (1 = 419 nm
for tetraphenyl porphyrin (TPP) and A = 423 nm for its Zn-
loaded equivalent (ZnTPP)),***° efficient fluorescence reso-
nance energy transfer (FRET) is expected to take place in
macromolecular constructs labeled with porphyrin and pyrene
units. Consequently, at least three distinct photophysical
processes are expected to occur simultaneously in such
constructs. First, excimer should be generated by the pyrenyl
pendants; second and third, FRET should take place from an
excited pyrenyl unit or an excimer to the porphyrin,
respectively. Since dealing with a single photophysical process
occurring intramolecularly inside a photoactive macromolecule
is complicated to start with, dealing with three different
processes simultaneously would be a photophysical nightmare.
Fortunately, these photophysical processes depend strongly on
molecular parameters that can be modified in a controlled
manner to affect selectively the magnitude of one of the
photophysical processes over the others and in turn enable the
quantitative characterization of all photophysical processes.
Indeed, pyrene excimer formation and FRET depend strongly
on the local pyrene concentration and the distance between the
energy donor (pyrene monomer and excimer) and acceptor

(porphyrin), respectively.

These facts were taken into account to design two molecular
constructs labeled with porphyrin and pyrene. Poly(aryl ether)
dendrons of generations 1 and 2 fully labeled at the chain ends
with 1-pyrenebutyl substituents were synthesized to take
advantage of the enhanced excimer formation that occurs
with increasing generation number for pyrene-labeled den-
drimers.">"® The focal point of the pyrene-labeled dendrons
was then connected to a porphyrin unit via a flexible spacer.
Since the distance between the periphery of a dendron and its
focal point increases with increasing generation number,
increasing the generation number of the pyrene-labeled
dendrons from 1 to 2 increased the average distance between
the pyrenyl units and the porphyrin, thus reducing the FRET
efficiency. Consequently, increasing the generation number of
the dendron used in these constructs increased excimer
formation and decreased FRET. The chemical structure of
these constructs is shown in Figure 1. This report describes the

Pys-TMEG2

Figure 1. Pyrene-labeled constructs investigated in this work.

synthesis of these constructs as well as the effect that subtle
changes made to the molecular geometry of these photoactive
constructs have on the different photophysical processes at

play.

B EXPERIMENTAL SECTION

Chemicals. All the reagents involved in the synthesis were
purchased from Aldrich and used as received. The solvents used in
the reactions were purified by simple distillation. Synthesis of the
pyrene—porphyrin dendritic systems is described in detail in the
Supporting Information.

Instrumentation. FTIR spectra of the intermediates, dendrons,
and pyrene—porphyrin dendritic systems were carried out on a
Spectrum 100 (Perkin—Elmer) spectrometer in solid state. 'H and '*C
NMR spectra of these compounds in CDCI; solution were recorded at
room temperature on a Bruker Avance 400 MHz spectrometer,
operating at 400 and 100 MHz for 'H and "*C, respectively. Matrix-
assisted laser desorption ionization time of flight mass spectrometry
(MALDI-TOF MS) measurements were obtained in a BRUKER
Microflex spectrometer. For UV—vis and fluorescence spectroscopies,
tetrahydrofuran (THF) was purchased from Aldrich (spectrophoto-
metric grade). Prior to use, the solvent was checked for spurious
emission in the region of interest and found to be satisfactory. The
absorption spectra of the final compounds in solution were recorded
on a Varian Cary 1 Bio UV/vis spectrophotometer using 1 cm quartz
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cells and solute concentrations of 1—3 X 10~ M for the dendrimer
compounds. Porphyrin sample concentrations of 3 X 107 M and 8§ X
10~ M were used to determine the molar absorbance coefficient of
the constructs at the Soret band and 344 nm, respectively. It has been
verified that the Beer—Lambert law applies for the concentrations
used. Fluorescence spectra corrected for the emission detection were
recorded on a Photon Technology International LS-100 steady-state
fluorometer having a continuous Ushio UXL-75Xe xenon arc lamp and
a PTI 814 photomultiplier detection system. Each solution was excited
at 344 nm using a 1 cm quartz cell. For all compounds, a pyrene
concentration of less than 1.25 X 107 M was used to ensure that the
solutions would have an absorbance of 0.05 at 344 nm in order to
avoid the inner filter effect. Time-resolved fluorescence decays were
acquired using an IBH Ltd. time-resolved fluorometer equipped with
an IBH 340 nm NanoLED. The samples were excited at 344 nm, and
the monomer, excimer, and porphyrin fluorescence decays were
acquired at 375, 510, and 650 nm, respectively. Residual light
scattering was blocked off from reaching the detector with cutoff filters
at 370, 480, and 5SSO nm, respectively. The instrument response
function was determined with a Ludox solution. The decays were fitted
using the Model Free analysis (MF) that has been described in a
number of articles. Optimization of the pre-exponential factors and
decay times was accomplished with the Marquardt—Levenberg
algorithm.*”” The quality of the fits was determined from the y?
parameter (y* < 1.30) and the random distribution of the residuals and
the autocorrelation of the residuals. Errors on the fitted parameters
were estimated by using the parameters retrieved from a given fit to
simulate 10 fluorescence decays with different Poisson noise pattern.
The simulated decays were fitted, the results from the fits were
averaged, and the standard deviation was determined for all
parameters. For most parameters retrieved from the analysis of the
fluorescence decays, the error was less than 5%.

Analysis of the Fluorescence Spectra. Due to the low
fluorescence intensity of the Py,-TMEGI and Py,-TMEG2 samples,
careful precautions were necessary to prevent contamination of the
solution by pyrene, as even trace amounts of pyrene were able to
significantly affect the obtained results. The fluorescence cells were
cleaned with a solution of ammonium persulphate in concentrated
sulphuric acid before use. Fresh solvent was used each day and
checked for pyrene contamination before preparing the samples.

Degassing initially proved to be a contaminating step as trace
pyrene was transferred from the rubber septum to the degassing
needle and then to the sample solutions. To prevent this, rubber septa
were rinsed with acetone. The needle used for degassing the solutions
was pushed through the septum before being rinsed inside and out
with acetone and dried with a stream of nitrogen. After cleaning, the
needle was kept from contact with any surface other than clean
Kimwipes until it was inserted into the fluorescence cell and the
septum was sealed. After degassing, the needles were pulled out and
the cell was sealed with a stopcock. This setup completely stops
oxygen from the air to diffuse into the fluorescence cell and quench the
fluorescence of the solution for several hours.

Before acquiring sample spectra, the THF used for preparing the
solutions was first degassed and run on the spectrophotometer. This
served two purposes: one being to provide a baseline spectrum of the
solvent that was subtracted from all subsequent sample spectra. This
was found to be especially important because the Raman scattering
signal from the solvent was of comparable intensity to the sample
signal (see the Supporting Information, Figure S2). The second
purpose was to ensure that the solvent, the fluorescence cells, and all
equipment used to prepare and degas the samples were completely
pyrene free and that the contamination prevention protocol was
successful.

Spectra were acquired with an excitation slit bandwidth of 4 nm and
an emission slit bandwidth of 1.5 nm. The integration time per data
point was increased by a factor of 5 compared to standard procedure
in our laboratory, acquiring the fluorescence signal for 0.5 s/nm to
improve the signal-to-noise ratio. A representative sample spectrum,
with the corresponding solvent spectrum, is shown in the Supporting
Information, Figure S2A. Scattering from the solvent, which would be

undetected under normal conditions, induces a clear distortion of the
fluorescence spectrum in the 350—365 nm wavelength range due to
the Raman peak at 380 nm in the solvent spectrum. Subtraction of the
solvent spectrum from the sample spectrum vyields the typical
fluorescence spectrum of pyrene in the Supporting Information,
Figure S2B. The fluorescence spectra were acquired in triplicate to
estimate the error on the reported values.

The fluorescence spectra of the constructs were then compared to
the fluorescence spectrum of a 2.5 X 107 M solution of pyrene in
cyclohexane whose fluorescence quantum yield has been reported to
equal 0.32.% The fluorescence spectra of the constructs were then
normalized to ensure that their integration over the proper range of
wavelengths (360—580 nm for pyrene and 580—680 nm for
porphyrin) would yield their corresponding fluorescence quantum
yield.

Determination of the Forster Radius. The Forster radius for the
pyrene—porphyrin donor—acceptor pair was calculated using eq 1:

R, = 9790 x (k> x n™* x ¢, x J)'/° (1)

where R, is the Forster radius in angstroms, x is the orientation factor
set to equal 2/ 3 assuming a random orientation of the emission and
absorption dipole moments of the donor and acceptor, respectively, n
is the refractive index of the solvent (1.4050 for THF), ¢, is the
fluorescence quantum yield of the 1-pyrenebutyl donor found to equal
0.524 in Table 1, and ] is the overlap integral of the pyrene—porphyrin

Table 1. Quantum Yields and FRET Efficiency for Pyrene-
Labeled Dendrons and Pyrene Dendronized Porphyrins

quantum yield (@)

quantum yield (®)
porphyrin units® (4, =

pyrene units® (1, = 344

compound nm 344 nm) Pz

PyBuOH 0.52 (0.03) - -
(xerror)

TME - 0.0015 (0.0001) -
(zerror)?

Py,-GIOH 0.63 (0.02) - -
(zerror)?

Py,-G20H 0.60 (0.03) - -
(xerror)

Py, TMEGI 0.008 (0.001) 0.0015 (0.00005) 0.99
(ierror)d

Py, TMEG2 0.018 (0.003) 0.0014 (0.0001) 0.97

(ierror)

“All reported fluorescence quantum yields were determined using the
fluorescence quantum yield of pyrene in cyclohexane as a reference
which has been reported to equal 0.32.3® ’This value is the
fluorescence quantum yield of the porphyrin core having undergone
FRET from an excited pyrene to the porphyrin. It is calculated by
integrating the porphyrin fluorescence intensity in Figure 3 between
580 and 680 nm, after the fluorescence spectrum was correct to
account for the direct excitation of porpyrin. “Epggr is the FRET
efficiency, calculated using the following equation:

I or
By o1 v
Ley)

where I(,y... is the absolute fluorescence intensity of one mole of
pyrenyl pendant in a dendron and I,y is the absolute fluorescence
intensity of one mole of pyrene attached to the corresponding
dendron. ?All experiments were conducted in triplicate.

pair>* The overlap integral was calculated from the fluorescence
emission spectrum of 1-pyrenebutanol in THF for the donor, since
excimer formation was found to be negligible due to the large rate at
which FRET occurs relative to the rate of excimer formation. The
molar extinction coefficients of Py,-TMEGI1 and Py,-TMEG2 across
the 1-pyrenebutanol emission spectrum were calculated. The Forster
radius for each sample was determined and found to equal 5.2 nm.
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B RESULTS AND DISCUSSION

Synthesis of Pyrene Dendrons and Pyrene-Labeled
Dendronized Porphyrins. The pyrene-labeled dendrons
were prepared according to the classical convergent synthesis
two-step protocol shown in Scheme S1 in the Supporting
Information consisting in activation-condensation of 3,5-
dialkylated-benzyl alcohol and 1-pyrenebutanol to yield the
free dendrons Py,-GIOH and Py,-G20H.** The porphyrin
precursor TMA was obtained following a procedure previously
reported for the preparation of tert-butyl substituted porphyrins
under Lindsajs conditions.>’ Free-base pyrene-labeled
dendronized porphyrins of first and second generations were
prepared via an esterification reaction using DCC as an
activating agent32 (Scheme S2 in the Supporting Information)
to yield Py,-TMEGI and Py,TMEG2, which were charac-
terized by FT-IR, 'H NMR, “C NMR, and UV-vis
spectroscopy. '"H NMR spectrum and proton assignment of
the Py,-TMEG2 construct are shown in Figure S1 in the
Supporting Information. The molecular structure was further
confirmed unambigously by MALDI-TOF MS using a-cyano-4-
hydroxycinamic acid as matrix. Details of the reaction
conditions and purification methods are presented in the
Supporting Information. The chemical structures of Py,-
G1OH, Py,-G20H, Py,-TMEG]I, and Py,-TMEG2 are given
in Figure 1.

Absorption Spectra of the Pyrene—Porphyrin Den-
dritic Systems. Absorption spectra of the pyrene-labeled
dendrons (Py,-G1OH and Py,-G20H) and dendronized
porphyrins (Py,-TMEG1 and Py,-TMEG2) are shown in
Figures 2 and 3, respectively. The spectra of the pyrene-
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Figure 2. Absorption (dashed lines) and fluorescence (solid lines)
spectra of first (Py,-G1OH; red line) and second (Py,-G2OH; black
line) generations pyrene-labeled dendrons in THF. [Py] = 1.25 X 107
M; Ay = 344 nm.

containing dendrons exhibit similar features as other pyrene
compounds with a maximun absorption wavelength at A = 344
nm, corresponding to the S, — S, transition of pyrene.”'"'?
Py,-TMEG1 and Py,-TMEG?2 exhibited the same absorption
band, followed by the Soret band around 416 nm (4 = 414 nm
for Py,-TMEG], and 4 = 418 nm for Py,-TMEG2) arising from
the porphyrin unit. The Q bands of the porphyrin unit appear
in the region situated beyond 450 nm with a cut off at 4 = 700
nm. The UV—vis absorption spectra of dendronized porphyrins
resemble a superposition of both pyrene and porphyrin
absorption spectra, thereby suggesting that there are no
significant electronic interactions between these aromatic
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Figure 3. Absorption (dashed line) and fluorescence (solid line)
spectra of Py,-TMEG] (red line), Py,-TMEG2 (thin black line), and
fluorescence spectrum of TME (thick black line with a low
fluorescence intensity at 651 nm) in THF. [Py,-TMEGI1] = §.1 X
1077 M; [Py,-TMEG2] = 2.6 X 1077 M; and [TME] = 2.5 X 107 M;
Aex = 344 nm.

groups. The pyrene absorbance at 344 nm does not scale
with the number of pyrene groups attached to the construct
due to the residual absorbance of the porphyrin, which is also
present at 344 nm. The actual absorbance of the pyrenyl units
is obtained by normalizing the absorption spectrum of the
model compound trimesityl porphyrin ester derivative TME in
THE at 420 nm, shifting the porphyrin peak by 2 or 6 nm to
account for the changes in absorption induced to the porphyrin
ring by modification with the pyrene-labeled dendrons, and
subtracting the porphyrin absorption spectrum from that of the
dendron. In so doing, the absorbance spectrum of the pyrenyl
substitutents is recovered. This procedure enables one to
calculate the pyrene-to-porphyrin absorbance ratio (Ap,(344
nm)/Ap,,(Soret)) which was found to equal 0.18 and 0.37 for
Py,-TMEG1 and Py,-TMEG?2, respectively. The doubling of
the Ap,/Ap,, ratio confirms that the Py,-TMEG2 construct
contains twice as many pyrenes per porphyrin than the Py,-
TMEGI construct, as would be expected from their chemical
structure (see Figure 1). By using a molar absorbance
coefficient for the 1-pyrenebutyl derivative (ep,) of 42250
M hcm™ as determined experimentally from the absorption
spectrum of 1-pyrenebutanol in THF, €, for porphyrin was
found to equal 463000 (+£4000) M~'-cm™. This value is
reasonable as &p,, for tetraphenyl porphzrrin in THF has been
reported to equal 470000 M~':cm~'*® The fact that the
absorption spectra of the porphyrin constructs are the sum of
the absorption spectra of the individual pyrene and porphyrin
elements constituting the constructs suggest that no interaction
between pyrene and porphyrin takes place in the ground-state.

Steady-State Fluorescence of the Pyrene—Porphyrin
Dendritic Systems. Fluorescence spectra of compounds Py,-
GIOH and Py,-G20H were acquired in THF at room
temperature with an excitation wavelength of 344 nm. Py,-
G20H showed significantly more excimer emission and less
monomer emission due to the increased local pyrene
concentration. The fluorescence emission spectra were
processed so that the reported fluorescence intensity was an
absolute fluorescence intensity as integration of the fluores-
cence spectra in Figures 2 and 3 as a function of wavelength
yields the fluorescence quantum yield of the dendrons listed in
Table 1. The steady-state emission spectra show the character-
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istic pyrene monomer emission, followed by a broad excimer
emission band centered at 478 nm. The excimer emission
intensity (Ig) relative to that of the monomer emission (I),
namely, the Iz/Iy ratio, increases with the number of pyrene
groups in the construct from 0.69 for Py,-G1OH to 3.05 for
Py,-G2OH. This latter trend agrees with the behavior of at least
two other pyrene-labeled dendrimers, where an increase of
generation number resulted in an increase in the excimer
emission.'>'® The excitation spectra recorded at the
fluorescence wavelength of the monomer and excimer over-
lapped after normalization for both Py,-G10OH and Py,-G20H.
This observation indicates that the excimer and the excited
monomer are the result of the excitation of a same species,
namely, the pyrene monomer. When this is the case, the
excimer is said to be dynamic in nature as excimer formation
results from the dynamic encounter between a ground-state
pyrene and an excited pyrene after excitation of a pyrene is
completed.” When different excitation spectra are obtained, the
pyrene excimer is generated via excitation of a species other
than the pyrene monomer, typically a pyrene aggregate. Since
excimer formation occurs via direct excitation of the pyrene
aggregate without motion of the pyrene moieties in the latter
case, the excimer is said to be static in nature.” The nature of
the excimers for Py,-G1OH and Py,-G20H appears to be
dynamic, since the excitation fluorescence spectra of the pyrene
monomer and excimer acquired at 398 and 478 nm,
respectively, overlapped for both constructs.”

Emission spectra of the dendronized porphyrins Py,-TMEG1
and Py,-TMEG?2 recorded with an excitation wavelength of 344
nm in THF at room temperature are shown in Figure 3. Again,
the fluorescence spectra of the dendrons are presented in terms
of absolute fluorescence intensity. The fluorescence features of
Py,-TMEG1 and Py,-TMEG2 are similar to those of the
pyrene-labeled dendrons, which show characteristic monomer
emission at 376 nm and excimer emission at 476 nm. However,
a new band appears at 651 nm corresponding to the porphyrin
emission. I/ ratios of 0.58 and 1.46 were measured for Py,-
TMEGI and Py,-TMEG2, respectively, down from the values
of 0.69 and 3.05 obtained for Py,-G1OH and Py,-G20OH,
respectively.

Changes in the I;/Iy; ratios of these constructs can be due to
a number of photophysical processes, but the most likely cause
for these changes is, in our view, the presence of residual
amounts of fluorescent impurities. Time-resolved fluorescence
experiments described later in this report indicate that
quenching of the pyrene fluorescence occurs with an average
energy transfer rate constant of 2.3 and 1.8 X 10° s™" for Py,-
TMEG1 and Py,-TMEG2, respectively. Such large rate
constants reflect a very efficient quenching mechanism, as
illustrated by the extremely weak signal of the uncorrected
fluorescence spectra obtained for Py,-TMEG]I and Py,-TMEG2
(see Figure S2A in the Supporting Information). As some of us
have demonstrated with pyrene-labeled dendrimers, the
presence of minute amounts of free label has a dramatic effect
on the Ig/I ratio when the pyrene monomer is strongly
quenched,""">* as it is the case for Py,-TMEGI and Py,-
TMEG2.

Whatever the variation in the Iz/Iy ratio might be, a more
than 30-fold decrease in fluorescence intensity is observed
when the dendrons are covalently linked to the porphyrin, a
result of the highly efficient FRET taking place from an excited
pyrene monomer or excimer to the porphyrin. Indeed, pyrene
fluorescence of Py,-TMEGI1 and Py,-TMEG2 is quenched

almost quantitatively (99% and 97%, respectively) as reported
in Table 1.

Quenching of the pyrene fluorescence in the Py,-TMEGI
and Py,-TMEG2 constructs is accompanied by the appearance
of a new emission band at 651 nm arising from the porphyrin
unit. This emission is much larger than that obtained by the
direct excitation of a TME solution having the same absorption
at 344 nm as that contributed by the porphyrin core in the Py,-
TMEGI1 and Py,-TMEG2 solution shown in Figure 3. The
marked decrease of the fluorescence of the donor (pyrene
monomer and excimer) together with the enhancement in the
fluorescence intensity of the acceptor (porphyrin) is a clear
signature that FRET is taking place in the pyrene—porphyrin
dendritic systems Py,-TMEG1 and Py,-TMEG2.>* The
fluorescence spectra shown in Figure 3 corrected for the
contribution from the porphyrin directly excited at 344 nm
were used to determine the fluorescence quantum yield of the
porphyrin core of the constructs. After averaging for Py,-
TMEGI1 and Py,-TMEG2, the porphyrin quantum yield was
found to equal 1.45 (+0.1) X 107>, Within experimental error,
it is equal to the fluorescence quantum yield of 1.5 (£0.1) X
1073 found for the porphyrin model compound TME, which
suggests that almost all the energy absorbed by pyrene after
excitation at 344 nm is transferred with hardly any loss to the
porphyrin core of the dendrons. This statement is further
supported when the FRET efficiency (Epggr) is calculated from
the fluorescence spectra shown in Figures 2 and 3. Egpgy values
listed in Table 1 are almost equal to unity, suggesting full
transfer of energy from the excited pyrene monomer and
excimer to the porphyrin core.

A decrease in FRET efficiency is expected based on the
molecular architecture of Py,-TMEG1 and Py,-TMEG2 due to
an increase in the donor (pyrene) to acceptor (porphyrin)
distance (dp,_p,,) from the former construct to the latter one.
However such a change could only be detected by FRET if the
change in distance caused dp,_p,, to cross the Forster radius
(R,) threshold.** The massive FRET efficiency seen in both
samples implies that both the pyrene and porphyrin units are
well within R, determined to equal 5.2 nm. The validity of this
hypothesis was confirmed by conducting molecular mechanics
optimizations using the program Hyperchem to estimate the
longest distance separating pyrene from the porphyrin core in a
fully stretched conformation of the constructs (see Table S1 in
the Supporting Information). That distance represents a worse
case scenario as the constructs are not expected to remain fully
stretched in solution but rather adopt a more coiled
conformation. Nevertheless, it was found to equal 3.0 and 3.5
nm for Py,-TMEGI and Py,-TMEG?2, respectively, well under
the 5.2 nm R, value confirming that efficient FRET takes place
in these constructs.

The ability of the pyrene-labeled dendrons to form excimer
was illustrated in Figure 2 where Py,-G20H generates more
excimer more quickly (as determined by time-resolved
fluorescence measurements) than Py,-G1OH. Since the
porphyrin absorbs where the pyrene excimer emits, energy
transfer from an excimer to the prophyrin core could also
happen, above all for Py,-TMEG2, which shows enhanced
excimer formation. That the FRET efficiency remains the same
regardless of the amount of excimer being generated by the
pyrene-labeled dendrons suggests that excimer formation
followed by FRET from the excimer to the porphyrin
represents a minor contribution to the overall FRET process.
This is supported by the time-resolved fluorescence measure-
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Scheme 1. Photophysical Processes Taking Place in the Py,-TMEGI and Py,-TMEG2 Constructs
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ments that indicate that FRET from the excited pyrene
monomer to the porphyrin core occurs on a time scale that is
more than 10 times faster than pyrene excimer formation inside
the pyrene dendrons. As a first approximation, FRET between
the excited pyrene monomer and porphyrin can be viewed as
being so efficient that it occurs before an excimer can form. A
complete description of the magnitude and time scale of the
various photophysical processes at play is described hereafter
through the model free (MF) analysis of the fluorescence
decays acquired with the Py,-TMEG1 and Py,-TMEG2
constructs.

Time-Resolved Fluorescence of the Pyrene—Porphyr-
in Dendritic Systems. The kinetic scheme describing the
photophysical processes taking place in the Py,-TMEGI1 and
Py,-TMEG2 constructs is shown in Scheme 1. Upon
absorption of a photon, an excited pyrene can either form a
pyrene excimer with a time-dependent rate constant fz(t) or
transfer its energy to a ground-state porphyrin with a time-
dependent rate constant fpr(t). The time-dependency of the
functions fy(t) and fpr(t) is inferred readily from the
multiexponential decays exhibited by the pyrene monomer
acquired with the pyrene-labeled dendrons and the prophyrin
constructs. A time-dependent rate constant f(¢) has already
been observed for excimer formation in poly(2,2-bis-
(hydroxymethyl)-propionic acid) dendrimers of generations
1—4 labeled with 1-pyrenebutyl groups and is due to the large
number of pyrene labels crowded within the restricted
geometry of the dendrimer interior that gives rise to a
distribution of excimer formation rate constants."® Similarly,
FRET depends strongly on the distance separating the donor
from the acceptor.>* The donor—acceptor pairs separated by
short distances undergo efficient FRET at the early times, while
the more distant donor—acceptor pairs result in less efficient
FRET at longer times. Consequentl, the rate “constant” for
FRET fpr(t) decreases with increasing time. Implicit in Scheme
1 is the assumption that no FRET occurs between a pyrene
excimer and porphyrin. The validity of this assumption will be
checked posteriori after analysis of the fluorescence decays
acquired with the various pyrene-labeled constructs.

The time scale over which pyrene excimer formation takes
place was determined by fitting the pyrene monomer and
excimer fluorescence decays of Py,-G1OH and Py,-G20H
according to the model free (MF) analysis.l1’12’141”15’33’35’36
The MF analysis is ideally suited to fit globally the fluorescence

decays of the reactants and the products of a photophysical
reaction whose kinetics are coupled when little is known about
the exact expression of the rate constant describing the
photophysical reaction, as is the case for pyrene excimer
formation in pyrene-labeled dendrimers or FRET between an
excited pyrene and a porphyrin. In the application of the MF
analysis to study excimer formation in pyrene-labeled macro-
molecules, four pyrene species are assumed to exist when
excimer formation takes place in solution,'"!>!#21533:353¢ e
majority of pyrene monomers form excimer by diffusion, and
they are referred to as Py* g Despite the thorough purification
protocols applied by experimentalists to remove unreacted
pyrene labels, most pyrene-labeled macromolecules cannot be
completely freed of unattached pyrene labels that emit with the
natural lifetime of pyrene (zy).""'>'>*® These free pyrene
labels are accounted for in the analysis and are referred to as
Py*g... Labeling of a macromolecule with several pyrenyl
moieties generates a high local pyrene concentration within the
macromolecular volume that induces the formation of pyrene
dimers that emit as excimer (E0*) with a lifetime 7y, if properly
stacked or as pyrene dimers (D*) with a lifetime 7, if
improperly stacked.

By taking advantage of the small dissociation rate constant
k_, usually obtained for the pyrene excimer in pyrene-labeled
macromolecules,'” the MF analysis assumes that k_, equals
zero,! V1214019333536 Wihile this assumption has been found to
yield reasonable results for numerous pyrene-labeled macro-
molecules'” and another family of pyrene-labeled dendrons,
namely, poly(2,2-bis(hydroxymethyl)-propionic acid) dendrons
end-labeled with pyrene,'® it must be pointed out that non-
negligible k_; values have been retrieved particularly for
macromolecular constructs where pyrene excimer is formed
under strained conditions, with one case in point being 1,3-
di(1-pyreny)propane.®” Larger than expected k_; values were
found when Birks’” scheme was applied to fit the fluorescence
decays acquired with pyrene-labeled macromolecules forming
little excimer such as long poly(ethylene oxide) chains end-
labeled with pyrene.* This observation was found to be a result
of the breakdown of Birks’ scheme under such conditions
where the Fluorescence Blob Model that assumes no excimer
dissociation should be applied instead. The equations used to
fit the monomer and excimer fluorescence decays according to
the MF analysis have been derived in a number of earlier
publications,' 1> 1#219333536 41 q they are given as eqs S7 and
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Figure 4. Global analysis of the pyrene monomer (A, A, = 375 nm) and porphyrin (B, 4., = 650 nm) fluorescence decays according to eqs S9 and
S10 of the Supporting Information for Py,-TMEG2. Time per channel = 0.059 ns/ch; ., = 344 nm; y* = 1.07.

S8 in the Supporting Information. The results of the fits are
shown in Figures S3 and S4 in Supporting Information, and the
parameters retrieved from the fits are listed in the Supporting
Information, Tables S2—S4. The good quality of the fits
obtained for Py,-G1OH and Py,-G2OH suggests that, if pyrene
excimer dissociation takes place in these pyrene-labeled
dendrons, its influence to the kinetics of pyrene excimer
formation must be small as the MF analysis assumes a k_; value
of zero.

Whereas the fluorescence decays of Py,-GIOH could be
fitted by assuming the existence of a single excited pyrene
dimer, two excited pyrene dimers E0* and D* were found from
the MF analysis of the fluorescence decays acquired with Py,-
G20H, probably due to the larger number of pyrene labels
sequestered in the small volume of the second generation
dendron. Pyrene excimer formation was found to occur
essentially by diffusion, with a fraction "fy of pyrene pendants
forming excimer by diffusion being close to unity and equal to
0.92 and 0.97 for Py,-G10OH and Py,-G2OH, respectively. This
result agrees with the overlapping excitation spectra obtained
for the pyrene and excimer of the pyrene-labeled dendrons,
which inferred the absence of pyrene dimers. These are
important results as they demonstrate that very little pyrene
dimer exists in the solution despite the large local pyrene
concentration. These results led to the conclusion that, in the
Py,-G1OH and Py,-G20OH dendrons, an excimer is generated
overwhelmingly via the diffusive encounter between two pyrene
pendants which occurs over a time scale that can be
characterized from the rate constant of pyrene excimer
formation. Based on the MF analysis of the monomer and
excimer fluorescence decays described in the Supporting
Information, the average rate constant of pyrene excimer
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formation by diffusion <kz> was found to equal 3.2 and 11.2 X
10" s7! for Py,-G1OH and Py,-G20H, respectively. These
<kg> values are rather larger than the values of less than 3 X 10’
s~! typically obtained for linear polymers end-labeled or
randomly labeled with pyrene.*® However, larger <kg> values
have been obtained for excimer formation in pyrene-labeled
gemini surfactant micelles'*” and poly(2,2-bis(hydroxymethyl)-
propionic acid) dendrimers of generations 1—4 labeled with 1-
pyrenebutyl groups.'® In these two latter examples, the local
pyrene concentration was larger and the microenvironment
more flexible than those found with the Py,-G1OH and Py,-
G20H dendrons thus resulting in larger <kg> values. The
increased number of pyrenyl pendants in the Py,-G20H
dendron resulted in a 3.5-fold increase in <kg>. As will be
shown hereafter, the rapid pyrene excimer formation taking
place in Py,-G10OH and Py,-G2OH occurs on a time scale that
is much slower than that of FRET between an excited pyrene
monomer and a porphyrin in Py,-TMEG1 and Py,-TMEG2.
To reach this conclusion, the fluorescence decays of the
pyrene monomer and porphyrin were acquired for the Py,-
TMEG1 and Py,-TMEG2 constructs and fitted globally
according to the MF analysis. This study represents the first
example in the literature where the MF analysis is applied to
probe FRET occurring intramolecularly inside a macro-
molecular construct. Theoretically, the process of FRET
occurring between a donor and acceptor molecules tied to a
macromolecule and diffusing in solution can be described
quantitatively by averaging the local concentration of acceptor
concentration at different time intervals along the fluorescence
decay of the donor. However, this procedure still requires a
mathematical equation describing the diffusive motions under-
gone by the donor and acceptor, which in the case of Py,-
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Figure S. Fluorescence decays of the pyrene excimer (red squares) and monomer (green triangles) in the pyrene-labeled dendrons and the pyrene
monomer in the porphyrin constructs (blue diamonds). Left: constructs based on Py,-G1OH; Right: constructs based on Py,-G20H.

TMEGI and Py,-TMEG?2 is not known. The MF analysis is
well suited to address such cases, as it requires no prior
knowledge about the mathematical details used to describe the
FRET process.'"'>1#1933353¢ The equations used to fit the
fluorescence decays were derived in the same manner as those
used to describe the process of pyrene excimer formation. They
are given as eqs S9 and S10 in the Supporting Information. The
parameters describing the fluorescence decay of the directly
excited porphyrins were obtained by acquiring and fitting the
fluorescence decays of Py,-TMEGI and Py,-TMEG2 using an
excitation wavelength of 365 nm where pyrene does not absorb.
When Py,-TMEGI was excited directly at 365 nm, the
porphyrin was found to decay biexponentially with two decay
times of 8 and 12 ns obtained with pre-exponential factors of
0.43 and 0.57, respectively. Under the same conditions, Py,-
TMEG2 yielded decay times of 9 and 13 ns with pre-
exponential factors of 0.27 and 0.73 on direct excitation. These
biexponential decays for porphyrins could indicate that
porphyrin aggregates are being formed with the shorter and
longer lifetimes corresponding to the aggregated and
unaggregated porphyrins, respectively. They could also be a
result of the modification of the porphyrin ring in one location
that would result in two different porphyrin conformations.
Whatever the origin of the biexponential decay, it was
accounted for by considering that the pyrene labels would
undergo FRET to each porphyrin species. Analysis of the
parameters retrieved from the global analysis of the pyrene
monomer and porphyrin fluorescence decays acquired with
Py,-TMEG1 and Py,-TMEG2 suggests that these assumptions
are realistic. The analyzed decays for Py,-TMEG2 are shown in
Figure 4.

FRET was found to occur on a fast time scale in the Py,-
TMEGI1 and Py,-TMEG2 constructs, and the decay times
obtained for the pyrene monomer decays were found to match
the fast rise time in the porphyrin decay suggesting that the
decay of the pyrene monomer is coupled to the rise time of the
porphyrin fluorescence decay. Some residual longer-lived
emission in the pyrene fluorescence decays was attributed to
the presence of small amounts of pyrene-labeled dendrons Py,-
GI1OH or Py,-G20H and free pyrene labels that would not
undergo FRET, either because they were not covalently
attached to the porphyrin or because the porphyrin
chromophores had been photobleached. Their contribution
was accounted for in the MF analysis. The fits were good with
residuals and autocorrelation function of the residuals randomly
distributed around zero. Examples of the fluorescence decays of
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the pyrene monomer and porphyrin fitted with, respectively,
eqs S9 and S10 are shown in Figure S5 of the Supporting
Information and Figure 4 for Py,-TMEGI1 and Py,-TMEG2,
respectively. When doing these fits, the function fgr(t) in
Scheme SS of the Supporting Information describing FRET
from the excited pyrene to the porphyrin is mathematically
forced in the analysis program to be the same in accounting for
the decay of the excited pyrene monomer and the rise time in
the fluorescence decay of the porphyrin, in effect assuming that
all excited pyrenes transfer their excess energy to porphyrin and
do not form excimer. The goodness of the fits suggests that this
assumption is reasonable.

As mentioned in the Supporting Information, the MF
analysis of the fluorescence decays based on eqs S9 and S10 of
the Supporting Information does not yield the molar fractions
fer = [Py*erleo)/([Py*er](o) + [Por*](ho)) and fp,, =
[Por*] 1)/ ([Py*er] =0y + [Por*](tzo)) representing, respec-
tively, the excited pyrenes transferring their excess energy to the
porphyrin via FRET and the porphyrins directly excited at 344
nm, but rather the fraction of excitation light being absorbed by
each species in solution, namely, the ratios “fpr = epy(344
nm)[Py*ET](t=0)/(€Py(344 nm) [PY*ET](t=O) + €po:(344 nm)
[Por*](tzo)) and FfPor = €p(344 nm) [PY*ET](t:O)/(EPy(344
nm)[Py*cr] (o) + €por(344 nm) [Por*](.g)). In turn, knowl-
edge of the molar absorbance coefficient of pyrene (42250
M "-cm™) and porphyrin (19 060 M™"-cm™) at the excitation
wavelength of 344 nm yields the molar fractions fgr and fp,,
from Ffgr and Ffp,. The molar fractions of the various
chromophore species in solution are listed in Table S8 in the
Supporting Information.

The molar fractions fgr and fp,, listed in Table S8 of the
Supporting Information and recovered from the analysis of the
fluorescence decays represent the molar fraction of pyrenes
undergoing FRET toward the porphyrin and the molar fraction
of porphyrin that are excited directly in the solution,
respectively. Their values are consistent with the expected
chemical composition of Py,-TMEGI and Py,-TMEG2 with
the latter construct containing four pyrene labels for one
porphyrin (fgr/fpe: = 0.80 (£0.03)/0.18 (+£0.03) = 4.4 (+0.8)
~ 4) and the former construct containing two pyrene labels for
one porphyrin (fgr/fpo = 0.63 (+0.01)/0.36 (+0.01) = 1.8
(£0.06) ~ 2). The good agreement obtained between the
pyrene and porphyrin molar fractions retrieved from the
analysis of the fluorescence decays and the actual chemical
composition of the porphyrin constructs suggests that despite
its limitations, Scheme 1 upon which the MF analysis is based
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provides a decent depiction of the photophysical processes at
play.

One of the advantages associated with the MF analysis is that
it enables one to differentiate between the different
chromophore species contributing to the fluorescence decays.
In particular, the parameters retrieved from the MF analysis can
be used to back calculate the fluorescence decay of the pyrene
monomer species forming excimer in the pyrene-labeled
dendrons (Py*y4) and the pyrene excimer (E*) or the
fluorescence decay of the pyrene monomer in the porphyrin
constructs (Py*py) free of any unwanted signal due to
photobleached porphyrin constructs (Py*,,,) or unattached
pyrene labels (Py*;..). The result of these calculations is shown
in Figure S using a logarithmic scale for time to better visualize
the processes that occur at very early times.

According to the traces shown in Figure S5, the pyrene
monomer of Py,-TMEG1 has decayed to 2.7% of its original
value after 2 ns. By that time, the pyrene monomer of Py,-
G1OH has decayed by less than 10% due to excimer formation.
This observation leads to the conclusion that there remains
hardly any excited pyrene in Py,-TMEGI to form excimer by
the time excimer formation can take place. Thus, the
assumption made in Scheme 1 that FRET takes place between
an excited pyrene monomer and porphyrin before excimer
formation occurs is well justified for Py,-TMEGI. As expected
from the chemical structure of Py,-TMEG?2, this conclusion is
not as clear cut, since the higher local concentration of pyrene
leads to faster excimer formation whereas the longer distance
between pyrene and porphyrin results in slower FRET. The
effect is well illustrated in Figure S where, after 1 ns, the pyrene
monomer of Py,-TMEG2 has decayed to just 16% of its
original value while the pyrene monomer of Py,-G20H has
decreased by 15%. These results suggest that some excimer
formation takes place during the decay of the pyrene monomer
of Py,-TMEG2. However, the trends shown in Figure 5 for Py,-
TMEG2 still imply that a large fraction of the pyrene
monomers of Py,-TMEG2 undergo FRET before forming
excimer. This point is further supported by the good fit
obtained in Figure 4 where the MF analysis imposes that
quenching of the pyrene monomer leads to porphyrin emission
via FRET. Such a good fit would not be expected if pyrene
excimer formation represented a major pathway in the
quenching of the pyrene monomer. The trends obtained in
Figure S nicely illustrate how the chemical structure of the
porphyrin constructs can be adjusted to favor one photo-
physical process over another. Using the second generation
Py,-G20H dendron in the Py,-TMEG2 construct results in
increased excimer formation and reduced FRET when
compared to Py,-TMEGI1 as the local pyrene concentration
is increased (Figure 1), and the pyrene moieties are held further
away from the porphyrin core (Supporting Information, Table
S1), respectively.

The average rate constant of FRET <kgp> could be
determined from the data listed in Table SS of the Supporting
Information and was found to equal 2.3 and 1.8 X 10° s™* for
Py,-TMEG1 and Py,-TMEG?2, respectively. The smaller rate
constant obtained for Py,-TMEG?2 is expected as the pyrene
and porphyrin chromophores are separated by a longer distance
in Py,-TMEG2 compared to Py,-TMEGI (see the Supporting
Information, Table S1). These <kpp> values are at least 10
times larger than the largest <kg> value of 11.2 X 107 s~
obtained for Py,-TMEG2, suggesting, along with the trends
shown in Figure S, that FRET is much likelier to take place

between an excited pyrene and a porphyrin before excimer
formation has time to occur.

B CONCLUSIONS

A new family of pyrene-dendronized porphyrins bearing 2 and
4 pyrene moieties was successfully synthesized and charac-
terized by a combination of techniques. Despite the large local
pyrene concentration inside the pyrene-labeled constructs, no
indication of the existence of ground-state pyrene dimers could
be detected, either from steady-state fluorescence excitation
spectra of the pyrene monomer and excimer, absorption
spectra, and MF analysis of the fluorescence decays, indicating
that pyrene excimer formation is dynamic in nature. Regarding
the pyrene-labeled dendrons Py,-G1OH and Py,-G20H, the
I5/Iy ratio was found to increase with the number of pyrenyl
units attached to the dendron reflecting the increased local
pyrene concentration. Once the porphyrin unit was attached to
the dendron, a more than 10-fold decrease in the amount of
pyrene monomer and excimer emission was observed. Another
emission band at 661 nm appeared after excitation of the
pyrene unit a 344 nm, indicating that FRET is taking place
from the pyrene species (excited pyrene monomer or excimer)
to the porphyrin acceptor. The FRET efficiency was found to
equal 99% and 97% for Py,-TMEG1 and Py,-TMEG2,
respectively. Since FRET is highly efficient regardless of the
pyrene content of the construct, it was concluded that FRET
occurs essentially from the excited pyrene monomer to the
porphyrin core before a pyrene excimer can be formed. This
assumption was confirmed by conducting the MF analysis of
the fluorescence decays acquired with Py,-TMEGI1 and Py,-
TMEG2. Although large, the largest average rate constant of
intramolecular pyrene excimer formation <kg> was found to
equal 11.2 X 107 5!, more than 10 times smaller than the
smallest average rate constant for FRET <kgr> of 1.8 X 10° s
This study represents the first example where dendritic
constructs have been prepared with the commonly used pyrene
and porphyrin chromophores. It also marks the first time that
the MF analysis of fluorescence decays typically used to
describe the process of pyrene excimer forma-
tion! V1214019333536 44 applied to describe FRET. It has
demonstrated the highly efficient nature of the FRET process
that takes place for the most part between the pyrene and
porphyrin chromophores and how the various photophysical
processes taking place in the constructs were individually
characterized by steady-state and time-resolved fluorescence,
thus providing a unique description of their contribution to the
overall FRET mechanism.
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Details of the synthetic methods, mathematical derivations,
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