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ABSTRACT

Single-molecule spectroscopy of well-chosen dendritic multichro-
mophoric systems allows investigation of fundamental photophysi-
cal processes such as energy or electron transfer in much greater
detail than the respective ensemble measurements. In dendrimers
with multiple chromophores, energy hopping and transfer to the
chromophore with the energetically lowest S, state was observed.
If more than one chromophore is in an excited state in one
molecule, annihilation, either singlet—triplet or singlet—singlet, can
occur. In the latter case, a higher singlet state is populated opening
new deactivation pathways. In the presence of an electron donor,
reversible electron transfer could be observed, and the rate
constants of forward and backward electron transfer were estab-
lished. The value of these rate constants fluctuates time-correlated
with the rotational motion of the dendrimer arms and the mobility
of the embedding matrix.

Introduction

The excited-state properties of multichromophoric sys-
tems! have been of interest to our research group, initially
from the more photochemical point of view, as possible
intermediates in stepwise photopolymerization! and in-
tramolecular excited-state interactions such as excimer
and exciplex formation.> At present, the fundamental
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understanding of energy dissipation pathways in multi-
chromophoric systems is of interest in material science
and in photobiology, for example, in conjugated polymers?
and in light-harvesting systems or in autofluorescent
proteins.* The complexity of some of these systems has
driven us not only to investigate the time dependence but
also to attempt to spatially resolve the photoinduced
process.

The development of rigid dendritic structures® opened
the possibility to initiate a project that allows fundamental
excited-state processes to be studied at the single-
molecule level in multichromophoric systems in which the
relative position and orientation of the chromophores
would be fixed in space and determined by the synthetic
route. In view of the requirements of single-molecule
spectroscopy, rylene dyes, having large molar extinction
coefficients in the visible region of the spectrum, a high
quantum vyield of fluorescence, and excellent photosta-
bility, were chosen as chromophores.® In parallel and
absolutely essential to the full understanding of the single-
molecule behavior, a detailed ensemble time-resolved
spectroscopy study from femto- to microsecond time scale
was performed, but these data will only be mentioned
where necessary, and the added value of the single-
molecule approach will be stressed.

The fundamental photophysical processes investigated
here are categorized as processes based on electronic
energy transfer and processes based on photoinduced
electron transfer. For the former process, if the multi-
chromophoric system has only weak interchromophoric
interactions in the ground state, one can describe the
energy-transfer processes within the framework of the
Forster model (FRET).” For identical chromophores, en-
ergy hopping can occur, while, if different, structurally,
energetically, or both, directional energy transfer is pos-
sible. In addition, under conditions of multiple excitations
in one molecule, annihilation processes can occur.

Photoinduced electron transfer will be possible if the
driving force, which is the change in free enthalpy, is
adequate.

These processes were investigated in dendritic struc-
tures for which the core is either a sp® carbon (Figure 1a)
or a rigid dye (Figure 8b) and is decorated with polyphen-
ylene rigid dendritic arms (Figure 1b), which are substi-
tuted by one or more chromophores.

Excitation Energy Transfer

Between Structurally Identical Chromophores. The pro-
cesses important in multichromophoric systems with
structurally identical chromophores will be highlighted
based on dendrimers having a central sp® carbon (C) and
decorated with a variable number of perylenemonoimide
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FIGURE 1. Core of a dendrimer (a), polypheneylene arm (b), and
chemical structure of C1P1p (c) and C1P4p (d).

(P) chromophores in the para position of a phenyl group
at the rim of the rigid polyphenylene arms (Figure 1). In
Figure 1c,d, the structures of the first generation den-
drimer with one P, C1P1p, used as a model system and
with four P’s, C1P4p, are given. Geometry optimization
of C1P4p shows that the center to center distance between
the chromophores is approximately 3 nm.

The absorption and emission spectra of C1P1p and
C1P4p in toluene at room temperature are superimpos-
able (Figure 2a). The fluorescence quantum yield of C1P1p
and of C1P4p equals 0.98 + 0.05, while their fluorescence
decay time is monoexponential and equals 4 ns. This
clearly shows the absence of strong coupling and the
applicability of the Forster model. Time-resolved fluores-
cence depolarization experiments of C1P4p show biex-
ponential anisotropy fluorescence decay with values of
1.72 and 0.05 ns. While the 1.72 ns decay can be associated
with a rotational correlation decay time of the whole
dendrimer, the fast depolarization decay time of 0.05 ns
can be related to FRET among identical P’s.

From these data, a rate constant of 5 x 10° s~! for FRET
between identical P’s could be extracted.® If C1P4p is
excited under high photon flux, two excited states (S;) can
be present at the same time in a single molecule. If the
S;—S transition of one chromophore is in resonance with
a S§;—S, transition of the other chromophore, energy
transfer between the excited singlet states can occur
resulting in one excited state (singlet—singlet annihilation).
The rate constant of this process, observed at the en-
semble level,® equals 2 x 10! s~!. Both FRET processes
observed at the ensemble level’ can in view of equal
structural aspects (distance and orientation of the chro-
mophores in the dendrimer) be visualized by the spectral
overlap of the states involved in the process (Figure 2a,b).
Similarly one could consider, based on overlap between
the triplet absorption and fluorescence, the possibility of
singlet—triplet annihilation, a process not observed at the
ensemble level (Figure 2c).

Analysis of a single-molecule fluorescence intensity
trajectory of C1P1p (Figure 3a) in a 100 nm thick spin-
coated film of poly(methyl methacrylate) (PMMA) allowed
the determination of the triplet lifetime of P, which equals
1 ms, and its intersystem crossing rate constant of 6 x
103 s~L.10 Figure 3b shows a fluorescence trajectory of a
C1P4 molecule embedded in a PMMA film under nitrogen
atmosphere using 488 nm excitation with four stable
fluorescence intensity levels. This indicates that when one
chromophore is bleached, it does not act as a quencher.
The triplet related off events of C1P4p (Figure 3b) show
the collective behavior of the chromophores. If one
chromophore goes to the triplet state, this also quenches
the fluorescence of the other chromophore as can be seen
in Figure 3b. A similar behavior was also observed in other
P-containing systems '°712, This is an example of singlet—
triplet annihilation (Figure 2c).

Within the long lifetime of the triplet state, a second
chromophore can be excited, and in C1P4p, aS; and a T,
state are present. If the triplet state exhibits transitions
into higher excited triplet states, T,, that are in resonance
with the §; — S, transition, energy transfer from the
excited singlet state to the triplet state can occur. Because
T, to T, is an allowed transition, the process is FRET-
based. The Forster radius, R,, of 7.86 nm and the inter-
chromophoric distance of 3 nm on average lead to an
efficiency of approximately 100% (Figure 2d). This also
suggest that the other less frequent occurrences of longer
off times might be related to overlap of the fluorescence
spectrum with other transient species, such as an ion
radical or radical formed from P and having an absorption
in the visible.!®

By detection of this annihilation process, not observed
at the ensemble level, single-molecule spectroscopy deep-
ens the insight in the above-mentioned excited-state
processes. Quantum-chemical calculations of the various
energy-transfer processes support the higher efficiency of
the annihilation processes with respect to singlet hop-
ping.ub

Using polarized fluorescence intensity trajectories, one
can visualize the energy hopping process at the single-
molecule level. The parallel and perpendicular compo-
nents of the stepwise changes in fluorescence intensity
in the transient as shown in Figure 4, explained by
consecutive bleaching of the chromophores, were re-
corded with two detectors (polarized transients). Figure
4 shows four distinct levels in the polarization trajectory,
p, of a C1P4p molecule embedded in Zeonex indicating
that the excitation hops between different P’s. The polar-
ization transient and corresponding histogram (Figure 4)
of this spatially well-defined system indicate that emission
occurs at all times from the chromophore that is lowest
in energy.'3

This implies one chromophore acting as a fluorescent
trap while the other chromophores are communicating
via excitation energy hopping and directional energy
transfer to the energetically lowest P, based on the overlap
between the ensemble absorption and emission spectra
and the calculated Forster radius of 4.78 nm (Figure 2a,d).
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FIGURE 2. Panel a shows the superimposed absorption and emission spectra of C1P1p and C1P4p in toluene (spectral overlap indicated in
color). The inset shows the scheme for energy hopping. Panel b shows transient absorption (S;—S,) and emission spectra of C1P1p in
toluene (spectral overlap indicated in color). The inset shows the scheme for singlet—singlet annihilation. Panel ¢ shows triplet absorption
and emission spectra of C1P1p in toluene (spectral overlap indicated in color). The inset shows the scheme for singlet—triplet annihilation.
Panel d shows efficiency as a function of distance between two chromophores for the three FRET processes possible in C1P4p.
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FIGURE 3. Panel a shows (top) the fluorescence intensity trajectory
of a C1P1p molecule embedded in PMMA using circular polarized
CW light and (bottom) zoom of first 5 s of the trace to illustrate the
on/off blinking. Panel b shows (top) the fluorescence intensity
trajectory of a C1P4p molecule in PMMA and (bottom) zoom of the
first 5 s of the transient depicted in the top panel, showing the triplet
blinking.

That each chromophore in turn can eventually act as
energy sink could be further demonstrated in C1P4p by
measuring the orientation of the fluorescent trap in the
multichromophoric entity using a wide-field defocusing
technique that allows direct probing of the emission
dipole orientation.!* C1P4p molecules were embedded in
a 25 nm Zeonex film. The patterns shown in Figure 5 were
observed during the indicated consecutive period, while
each image was obtained by integrating the signal during
an exposure time of 10 s.

The emission pattern of a single C1P4p molecule
changes as function of time. The patterns provide direct
evidence that different chromophores of the C1P4p emit
in time as different dipole orientations are observed
successively. By comparison of the recorded experimental
patterns with simulated patterns,'* we attribute, following
the sequence shown in Figure 5, the first pattern as due
to a chromophore with an emission dipole oriented in-
plane along the x-axis. The second pattern is due to
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FIGURE 4. Example of (a) a transient of C1P4p where the parallel
and perpendicular component where detected separately, (b) the
polarization value of the trace in panel a, and (c) a histogram of the
four p levels of the trace in panel b.

0.4

another in-plane emission dipole with an angle of —45°
with respect to the x-axis. The third and fourth patterns
correspond to an out-of-plane emission dipole and to an
in-plane emission dipole with an angle of +45° with
respect to the x-axis, respectively.!®

The observation of singlet—singlet annihilation as a
fast, excitation-intensity-dependent decay component in
time-resolved fluorescence measurements is impossible
in single-molecule spectroscopy due to the limited time
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FIGURE 5. Emission patterns taken from a series of consecutive
defocused images recorded for a single C1P4p in a 100 nm Zeonex
film. Images were recorded at 1 um defocusing to the glass surface.
Time intervals, during which successive patterns have been
observed, are listed underneath the images. The emission pattern
of a single C1P4p molecule changes as function of time. The patterns
provide direct evidence that different chromophores of the C1P4p
emit in time as different dipole orientations.
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FIGURE 6. A typical time trace of (b) fluorescence intensity, (a)
fluorescence decay time and (b) the ratio of the central peak to the
average of the lateral peaks (Ng/N) measured from C1P4p embed-
ded in zeonex and (c) the interphoton arrival time distribution
obtained from the first fluorescence intensity level of the time trace.

resolution (~300 ps) presently provided by avalanche
photodiodes used for detection. Indirect evidence for the
process can however be obtained. A saturation of the
fluorescence intensity with increasing excitation power
impinged on an individual multichromophoric system
eventually points toward an annihilation process. Unam-
biguous evidence for the annihilation phenomenon can
be obtained because for a single chromophore the prob-
ability of emitting two consecutive photons drops to zero
for time intervals shorter than the excited-state lifetime.
This property of the photon arrival time statistics, termed
photon antibunching, has been measured at room tem-
perature under pulsed laser illumination for individual
molecules by measuring and histogramming the inter-
photon arrival times.'® Hence, for a single emitter, the zero
peak, which represents pairs of fluorescence photons
generated during the same laser pulse, is necessarily
vacant as long as the laser pulse width is much smaller
than the fluorescence lifetime of the molecule. Thus, for
C1P4p under pulsed excitation conditions, the absence

100

4 CwW switch pulsed a)
g 754 e,
o {
€ 504
2
= -
3
o 254
04
0 10 20 30 40
Time (s)
1.0
b) Exc. |t (ms) Y,
- cw 1.2 bl
e L C1PY | pised| 1.1 : s
A ]l 5c cw [ 1 s
30'6‘ CiP4 pulsed| 0.7 : 4
50_4_ pulsed
0.24cw
1 B e
0.0
001 0.1 1 10 100
Time (ms)

FIGURE 7. Panel a shows the fluorescence intensity time trace of
an individual C1P4p molecule measured by CW excitation and pulsed
excitation embedded in PMMA under N, flow. From 7 to 16 s, the
excitation source was switched from CW to pulsed excitation. Panel
b shows autocorrelation curves built from the CW excitation period
and the first intensity level of the pulsed excitation period in the
time trace in panel a. The inset shows the average triplet lifetime
() and triplet formation yield (Vi) of C1P1p and C1P4p calculated
from the CW excitation period and from the first intensity level of
the pulsed excitation period.

Scheme 1. Photophysical Processes That Can Occur When in One
Molecule Two Excited Chromophores Are Present

/ Bt s
S1 +S1 =——-50+ Sn

Sp#T,=———=— §;+T,

of the peak at zero in the interphoton arrival time
distribution would indicate the existence of an efficient
singlet—singlet annihilation process.!”

Figure 6 shows an example of a C1P4p molecule in
Zeonex. The absence of the central peak shows that C1P4p
acts as a single emitter. A similar observation was made
for other multichromophoric dendrimers.!%819 Detailed
analysis of the fluorescence trajectories reveals an ad-
ditional triplet formation pathway the efficiency of which
depends on the chromophore number and excitation
conditions (continuous wave (CW) or pulsed) indicating
that efficient singlet—singlet annihilation and subsequent
intersystem crossing from higher excited states, S,, are the
underlying photophysical mechanism as illustrated by
Figure 7 and Scheme 1.

In Figure 7a, C1P4p was first excited by a CW laser for
several seconds; then excitation was switched to pulsed
excitation at the same wavelength and average excitation
power until photobleaching occurred. The autocorrelation
curves show that triplet formation is more frequent upon
pulsed excitation compared to CW. The average 7, and Yy
of C1P1p and C1P4p obtained by CW and pulsed excita-
tion are depicted in the inset of Figure 7b. For C1P4p, the
value of Yy calculated from the first intensity level in the
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FIGURE 8. Structure (b) of T2P8 and ensemble steady-state
absorption and emission spectra (a) in toluene in the 400—800 nm
range.

trace is 10 times higher than that calculated from the CW
excitation, and the 7, in the pulsed excitation period is
slightly shorter than that in the CW excitation and is also
shorter than that of C1P1p.!® On the other hand, for
C1P1p, no influence of the excitation condition is ob-
served. These results indicate that for C1P4p the triplet
parameters are influenced only under pulsed excitation
conditions. While multiple chromophores can be excited
at the same time using pulsed excitation, under CW
excitation this probability is very low. Therefore multiple
chromophore excitation plays an important role in open-
ing this additional photophysical pathway. The increase
of Yy in CI1P4p can be explained by the processes
described in Scheme 1.

$;—S; annihilation leading to a S, state followed by
internal conversion to S;, which is the most important
pathway, competes with intersystem crossing from S, to
T,, and this process leads to an increase of the observed
triplet formation yield. This process, only revealed at the
single-molecule level, exemplifies the capability of single-
molecule spectroscopy to uncover information comple-
mentary to the ensemble data and to investigate higher
excited-state processes.

Between Structurally Different Chromophores. The
structure of the investigated molecular system and the
corresponding steady-state absorption and emission spec-
tra in toluene are depicted in Figure 8. The dendrimer
T2P8 consists of a terrylenediimide (T) core and eight P’s
at the rim of the polyphenylene branches (2 indicates
second generation). T2P8 was previously investigated at
the ensemble level by means of stationary and time-
resolved fluorescence spectroscopy,® and the data sug-
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FIGURE 9. Panel a shows (top) fluorescence decay histogram (gray
line) recorded with an MCP-PMT detector and accounting for the
acceptor emission of a single T2P8 molecule in Zeonex upon
selective 488-nm excitation of the donors. The instrumental response
function of the system (black dotted line) and the biexponential fit
curve (black full line) are also shown. The middle and bottom panels
show residual graphs for mono- (gray line) and biexponential (black
line) fits. The residual graphs show that a monoexponential fit gives
erroneous results in the rise, whereas a biexponential fit (solid line
in the decay) with a negative preexponential factor for the short
time constant gives a good result. Panel b shows a histogram of
the rise times accounting for 100 single T2P8.

gested the presence of two kinetically different energy-
transfer processes. The use of avalanche photodiodes
(APDs) with their limited time resolution makes the
detection of fast kinetic components of directional FRET
from P to T, as suggested by the ensemble solution time-
resolved data, impossible.?’ The exceptional photostability
of T allows the use of a multichannel plate detector (~23
ps response time), which is more suited to detect a fast
rise term if one uses appropriate reconvolution proce-
dures. For each single molecule, all the detected photons
from the acceptor were used to build a decay histogram
in 1024 channels with a channel width of 3.4 ps. The
recorded fluorescence decays were analyzed by using
reference convolution (erythrosine in aqueous solution,
85 ps decay time) with a biexponential model function
with positively and negatively contributing time constants
and maximum likelihood estimator (MLE) fitting. In all
cases, the ratio of the preexponential factors accounting
for the contributions of the recovered time constants was
around —1.0 £ 0.2. This demonstrates that the excited
state of T in T2P8 is built up only from FRET from P. A
typical analyzed single-molecule decay accounting for an
individual T2P8 molecule is given in Figure 9a. The
histogram accounting for the rise components detected
from T2P8 does not show a bimodal distribution as one
would expect on the basis of ensemble solution time-
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resolved data.?’ Instead, a broad distribution with a mean
value of 48 ps is observed (Figure 9b).

This finding points to a broad range of FRET processes
at the single-molecule level, rather than two classes of
structural isomers as assumed on the basis of the en-
semble time-resolved data. A broad range of FRET pro-
cesses implies here a broad range of interchromophoric
distances and orientations between the donor and accep-
tor chromophores in the dendrimers when immobilized
in Zeonex.?!

Electron Transfer

Electron transfer (ET) involves a pair of electron-donor
and -acceptor entities, and its efficiency scales exponen-
tially with the donor—acceptor distance. However, whereas
a highly efficient FRET results in fluorescence emitted
mainly from the acceptor chromorophore, a highly ef-
ficient ET usually leads to a strong quenching of the
fluorescence of the emitting chromophore. Thus, reports
on single-molecule photoinduced ET are rather limited
in number,?? in contrast to reports on single-molecule
FRET. A particular situation of ET refers to the case when
the locally excited state (LES) and the charge-separated
state (CSS) are close in energy. In this case, upon excita-
tion, the LES deactivates mainly via forward ET to the CSS
and, if the radiationless deactivation of the CSS to the
ground state (GS) is inefficient (vide infra), the CSS decays
via the LES by reverse ET. As a net result, the emitted
fluorescence is delayed but can retain a high quantum
yield.?? The structure of the electron donor—acceptor
system is depicted in Figure 10.2*

Femtosecond transient spectroscopy of PDN16 in
toluene shows formation of a radical anion of PD (data
not shown), while the fluorescence quantum yield equals
0.65 for PDN16 (1 for PDNO), and the fluorescence decays
multiexponentially with decay times spanning a broad
range from tens of picoseconds to tens of nanoseconds,
substantially longer than the 6 ns of the monoexponen-
tially decaying PDNO. Ensemble data show that reversible
ET is present, that is, forward ET from LES to CSS and
reverse ET from CSS to LES (Scheme 2).

In polystyrene (PS), single PDN16 fluoresces at an
average photon count rate of 20—200 counts/10 ms if
blanketed with a nitrogen stream. Single molecules emit-
ting at low photon count rate show multiexponential
fluorescence decay with time components as long as 15
ns. The photon count rate vs the average decay time
correlations for PS spread to longer decay times/lower
photon count rates, a signature of the reversible ET.
Assuming that single-molecule decay components longer
than 10 ns relate to delayed fluorescence and hence to
reverse ET, within the probed population reversible ET is
detected in 10% of PDN16.

Shown in Figure 11c is the lifetime trajectory of a single
PDN16 molecule in Zeonex (ZE), a mimic of methylcy-
clohexane in which PDN16 does not undergo electron
transfer, using bins of 500 photons for which lifetimes
were estimated by MLE fitting with a single-exponential

a)

PDN16

FIGURE 10. Structures of the perylenediimide derivatives studied
by single-molecule spectroscopy: (a) PDNO is the model compound;
(b) PDN16 is the donor—acceptor system with 16 triphenylamine
groups.
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FIGURE 11. PDN16 in Zeonex (a) binned at 500 photons per decay
and analyzed as a single exponential, (b) decay time of PDN16 in
panel a binned at 10 000 photons per decay and analyzed with
biexponetial fit, and (c) the long time component of the decay in PS
binned at 500 photons per decay.

Scheme 2. Forward ET from LES to CSS and Reverse ET from CSS to
LES for PDN16 in Polystyrene (PS)

LES ton,
T css
‘k\ —
back
ke
kcss-gs
GS

model. The trace shows no lifetime fluctuations during
the measurement (Figure 12a). In contrast, when a single
PDN16 molecule, which undergoes reversible ET, is
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FIGURE 12. Panel a shows the distribution of through-bond donor—
acceptor electronic coupling coordinate 6 calculated on the basis
of Figure 11c. Panel b show the potential of mean force calculated
from data in panel a (open circles). Also shown is a fit according to
a harmonic model (line). Panel ¢ shows autocorrelation of fluores-
cence decay time fluctuation calculated on a photon-by-photon basis
for a single PDN16 molecule in PS (gray color). Also shown are
single (dashed black line) and stretched (full black line) exponential
fits. Panel d shows autocorrelation of fluorescence decay time
fluctuation calculated on a photon-by-photon basis for a single
PDN16 molecule in Zeonex.

probed in PS, fluctuations are seen in both forward and
reverse ET related decay times (Figure 11b).2* Here, single-
molecule decay times were estimated from bins of 10 000
photons by MLE fitting with a biexponential model
accounting for forward and reverse ET to determine
accurately both short and long decay times.'?

Fluctuations are even clearer to see in the backward
ET related decay times (Figure 11c). They are much
broader than the expected standard deviation from MLE
and than the lifetime fluctuation of single PN16 molecules
in ZE (Figure 12c). What is the origin of these decay time
fluctuations detected in PS? The rate constant for non-
adiabatic ET can be described as kg = (47%/ h) H*FCWD.
Here h is the Planck’s constant, H is the electronic
coupling between the LES and the CSS, and FCWD =
(Arikg) ™% exp[—(AG® + A)?/(4AkgT)] is the Franck—
Condon weighted density of states with A being the
reorganization energy and AG° the free enthalpy. Fluctua-
tions in lifetime or rate constant can arise from changes
in FCWD or in H, that is, from fluctuations in the free
enthalpy or D—A distance/orientation coupling. Assuming
a three-state model, the forward and reverse ET rate
constants from the related decay times and their contri-
butions can be calculated, and the rate constants show a
strong positive correlation suggesting that the fluctuations
originate from changes in the electronic coupling H. From
these values, we estimate a variation in the free energy of
charge separation from —300 to +200 cal/mol. Thus, for
this particular example, the LES and the CSS are energeti-
cally almost equal. If originating from changes in AG®, the
fluctuations in decay time and hence rate constant for
forward and reverse ET should anticorrelate with each
other, while experimentally they correlate.?*

In view of the distance between donor and acceptor,?*
ET is governed in PDN16 by a through-bond mechanism
and, hence, changes in the delocalization of the electronic
density in the HOMO of the donor. Next to the donor,
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adjacent phenyl rings from the dendritic branch are
twisted with a dihedral angle of about 75°. Small changes
in the dihedral angle, as small as few degrees, can lead to
rather large changes in the delocalization of the donor
HOMO over the polyphenylene branch. If the extent of
the delocalization varies, the through-bond D—A elec-
tronic coupling will also vary. Consequently, fluctuations
in decay times originate from small fluctuations of the
dihedral angle of the adjacent phenyl rings next to the
donor, a torsional motion known as libration.?® In this
assumption, the electronic coupling H follows an angular
dependence of the form H = H, cos(6), 6 being the torsion
angle between adjacent phenyl rings next to the donor,
and so does the rate constant for ET, kgr(0) = kgr, cos?(0).2
Changes in the electronic coupling lead to correlated
fluctuations of the rate constants for forward and reverse
ET. This is an important aspect since it allows extraction
of information about the fluctuations in the D—A coupling
coordinate 6 by following only the rate constant of reverse
ET. From the probability density of the reverse ET related
decay times and assuming an average torsional angle 0,
= 75°, we next compute the probability density of 8, P(6)
(Figure 12a). P(0) can be used to build the potential of
the mean force according to H(0) = —ksT In[P(0)] (Figure
12b). Fitting H(60) with a harmonic model, that is, H(6) =
ksT(0 — Bavg)?/ (20,), Tesults in a variance oy = 0.63 deg?, a
value larger than the error introduced by the MLE analysis
(here 0.18 deg?) and that reflects changes in 0 as large as
4° (Figure 12b).

Although indicative of through-bond D—A coupling
fluctuations, H(#) provides only a static picture with no
information on the time scale on which fluctuations occur.
Dynamic information can be obtained by monitoring the
reverse ET related decay time. Using bins of 500 photons,
we can access lifetime fluctuations as fast as hundreds of
milliseconds. Eventual dynamic changes occurring in a
time scale shorter than the bin are missed. Therefore we
applied a recently developed photon-by-photon analysis,?®
which can retrieve dynamic changes with high temporal
resolution (up to the inverse of the detected photon count
rate) and over a broad time range, from submillisecond
to tens of seconds.

For a single dye molecule not showing lifetime fluctua-
tions, C?(f) = 0.2° For a single molecule probing multiple
conformations, C3(f) becomes multiexponential, reflecting
the time range of k! fluctuations. C?(0) gives the variance
of k7. In the assumption that for a single molecule the
fluorescence intensity and the lifetime are correlated, C*(1)
can be constructed on a photon-by-photon basis. Shown
in Figure 12d is the C?(#) from a single PDN16 molecule
in Zeonex. As expected, when no ET is present, the lifetime
shows no correlation, that is, C3(f) = 0. Figure 12c is the
C2(t) of the single PDN16 molecule in PS accounting for
the data shown in Figure 12b. Here, C?(f) was constructed
only with delayed photons related to reverse ET. The decay
of C(t) spans several decades, from tens of milliseconds,
where it shows the highest amplitude, up to seconds. A
single-exponential decay model cannot characterize the
decay of C?(#), and hence, we used a stretch exponential,
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M(H) = M(0) exp(—(t/)") with 7o = 1.1 ms and y = 0.17,
which reflects a distribution of lifetimes covering a broad
time range (Figure 12c).

Libration of adjacent phenyl rings, the process respon-
sible for the changes in through-bond D—A coupling, is a
vibrational motion known to occur in solution in the
picosecond time range.?” Immobilization of PDN16 in a
polymer matrix definitely slows such a motion, up to
milliseconds. However, the fluctuations that we observe
span a broad time range, from milliseconds to seconds
(Figure 12¢). Polymer motion will induce fluctuations in
the decay time in the seconds time scale through changes
in the local polarity of the donor involved in ET or
eventually lead to switching between donor moieties
within the same molecule seen here as a change in AG®
and hence in the FCWD.

Conclusions and Perspectives

This Account clearly shows that single-molecule spectros-
copy of well-chosen systems allows an investigation of
fundamental photophysical processes, energy- or electron-
transfer-based, occurring in these systems in much greater
detail. It also shows that, on the other hand, knowledge
of the ensemble photophysics is a must to fully under-
stand the single-molecule behavior. Single-molecule spec-
troscopy allowed better understanding of the three FRET-
based processes and visualization of one process, singlet—
triplet annihilation, not observed in ensemble spectroscopy.
It allowed estimation of the contribution of a novel
pathway from a higher excited-state opened by singlet—
singlet annihilation and demonstration of the role of a
small local energy difference in trapping the excitation
energy upon hopping between chromophores. In direc-
tional energy transfer, the Gaussian distribution of rates
of energy transfer draw a better picture of the origin of
the spread in transfer rate constants than the analysis of
the ensemble data. As for electron transfer, the observa-
tion of the fluctuation of the rate constant of electron
transfer with time for one molecule and the explanation
based on torsional motion and mobility of the embedding
polymer chains cannot be envisioned by ensemble mea-
surements.

The fundamental processes observed and analyzed in
these multichromophoric systems will of course also play
arole in other synthetic, such as conjugated polymers, or
biomolecular, such as Dsred, multichromophoric systems
if the right conditions for energy or electron transfer are
present.

Where here the focus was on the processes of the
systems studied, having a detailed understanding of these
systems, one can turn around the approach and use the
observed phenomena playing on a length scale of several
tens of nanometers (energy transfer) all the way to the
angstrom scale (electron transfer) to investigate the role
and importance of the “local environment” on the differ-
ent parameters and hence try to get an idea on a very
small length scale of the distribution of values related to
different properties of the surrounding matrix.
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