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Exciton Dynamics Probed by Single Molecule Spectroscopy
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Triplet exciton dynamics in isotopically mixed naphthalene crystals are investigated on a molecular
scale using single terrylene molecules as local probes. Upon triplet excitation of the matrix, the
resonance frequencies of the probe molecules show reversible frequency excursions on the time scale
seconds. The analysis based on localized and diffusing triplet excitations indicates that the frequenc
fluctuations are induced by excitations migrating in an energy funnel of trap states in the vicinity of
the probe. [S0031-9007(99)08640-8]

PACS numbers: 78.55.Kz, 42.50.–p, 71.35.Cc
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Single molecule spectroscopy (SMS), a recently d
veloped technique that removes the ensemble averag
inherent to classical optical methods like spectral ho
burning of photon echoes, provides information abo
structure and dynamics of solids in unprecedented d
tail [1]. In particular, insight into dynamical processe
in the local environment of a chromophore can b
gained and single events of the microscopic dynamics c
be traced. Effects like the spectral diffusion of singl
molecule optical absorption lines caused by structur
rearrangements in the matrix have been unveiled usi
SMS [2–4]. Transport, conversion, trapping, and rela
ation of electronic excitations in solids have been studie
for several decades and are phenomena of continuing
portance. Molecular crystals provide ideal systems f
their basic analysis. In this paper, we demonstrate f
the first time that SMS can be applied to study ele
tronic energy transport processes in solids on the molec
lar scale. We show that the experimental observatio
obtained for naphthalene crystals can tentatively be a
signed to trapping, jumping, and relaxation of electron
excitations.

Our studies have concentrated on triplet exciton dynam
ics in isotopically mixed naphthalene crystals at 1.8 K u
ing single terrylene molecules as local probes. Tripl
excitation transport in such crystals [5] takes place prima
ily by migration between naphthaleneh8 trap states that
lie 95.5 cm21 below the exciton band of the deuterate
host crystal [6]. The migration dynamics depend sens
tively on temperature, on the naphthaleneh8 concentra-
tion, and on the presence of impurity trap states. Delay
fluorescence through triplet-triplet annihilation and pho
phorescence from trap states are the dominant decay ch
nels [7–10]. The phosphorescence lifetime of 2.7 s f
naphthaleneh8 at 1.6 K [11] constitutes an upper tempo
ral limit for excitation transport. Because of the sensitiv
ity of single molecule optical absorption lines to dynamica
processes in the environment, SMS can be applied to m
sure the spatial triplet-excitation configurations and the
temporal evolution in the vicinity of single probes. Ex
citation and relaxation of the triplet states are expected
0031-9007y99y82(10)y2195(4)$15.00
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induce reversible frequency fluctuations in the single te
rylene transition frequencies.

Naphthalened8 crystals doped with different concen
trations of naphthaleneh8 (0, 0.3, 5.1, 16.8 mol %) and
terrylenes,1029 Md were obtained by cosublimation of
the components. Crystal platelets a few tens of micro
thick were mounted on a sample holder at the workin
distance of a microscope objective and immersed in a
perfluid helium bath at 1.8 K. A single mode dye lase
was used to excite terrylene and the fluorescence lig
was detected by a photomultiplier. One spectroscop
site centered at 574.3 nm with an inhomogeneous ba
width of about 220 GHz was observed. A distribution o
single molecule linewidths peaked at 60 MHz with
FWHM of 20 MHz was determined. Most molecule
were stable even under strong illumination. The nap
thalene crystals were excited into their singlet manifo
in the UV using a water filtered Xe lamp for a few sec
onds in order to reach a steady state triplet exciton popu
tion. Neither a temperature rise of the cryostat nor sing
molecule line broadening were observed subsequent
matrix excitation. Fast frequency scans over the abso
tion band of single terrylene molecules were performe
after matrix excitation.

Figure 1 is a grey scale plot of time depende
fluorescence excitation scans covering a 2 GHz ran
at 574.3 nm. The spectra were recorded continuou
at a rate of 0.5 syscan in 40 MHz steps with 10 ms
signal integration per point. Dark colors represent hig
fluorescence intensities. To improve the contrast
this plot, the decaying background originating from tra
state phosphorescence overlapping with the detect
bandwidth of terrylene was subtracted in every sca
The signal-tracesA, B, and C of three single terrylene
molecules can be identified in three consecutive mat
excitation cycles. These traces exhibit a variety
different behavior: TraceA shows spectral dynamics
independent of the matrix excitation. The spectrum
moleculeB is irreversibly shifted upon matrix excitation
but otherwise stable. Of particular interest here a
the spectral dynamics of moleculeC. Before matrix
© 1999 The American Physical Society 2195
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FIG. 1. Time dependent excitation spectra of three terryle
molecules denoted byA, B, and C in an isotopically mixed
naphthalene crystal. The time between two consecutive scan
0.5 s. The fast laser scans are interrupted by matrix excitatio
(#1–#3) for a few seconds, the corresponding periods a
indicated by black bars. MoleculeC exhibits reversible
frequency excursions after every matrix excitation on the tim
scale of seconds.

excitation, the transition frequency is stable. After matr
excitation, reversible frequency excursions on the tim
scale of seconds are observed. Such excursions could
induced for a sequence of 74 matrix excitations cycle
These data were recorded for a crystal having 5.1
naphthaleneh8. Spectral dynamics on the time scale o
seconds have also been observed in crystals having
0.3%, and 16.8% naphthaleneh8. In the following, we
focus on the analysis of the spectral dynamics of molecu
C which, although representing a particular case, allow
for general conclusions.

Figure 2 shows the fluorescence excitation scans
moleculeC in Fig. 1 in detail. Plotted are scans recorde
immediately after matrix excitations #1, #2, and #3. F
comparison the last scan of the preceding excitati
cycle is also given. Frequency excursions, unusual li
shapes, and line broadening are observed in many la
scans after matrix excitation—the corresponding lin
are plotted in bold style. Several seconds after mat
excitation, a stable Lorentzian line is recovered. Th
following recurring and characteristic properties of th
spectral dynamics can be deduced: (i) The excursio
are limited to the range of several times the linewidt
On average, the trace is shifted to the blue. (ii) Th
trace pattern is unique for each excitation cycle. (iii) Fo
many scans, several frequency jumps occur during
2196
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FIG. 2. Fluorescence excitation scans of moleculeC right
before (bottom) and after the matrix excitation cycles #1, #
and #3. The time between two consecutive scans is 0.5
Scans showing spectral activity are plotted in boldface.

scan resulting in line broadening and unusual line shap
This characteristic behavior lasts until a stable absorpti
line is suddenly recovered. (iv) In approximately 10%
of the excitation cycles the traces relax intermittently
the equilibrium position. After stable periods, the spectr
dynamics continue until a final relaxation takes place (s
excitations #1 and #3 in Figs. 1 and 2).

To quantitatively analyze the dynamics, we have dete
mined the number of frequency jumps for each scan.
Fig. 3, corresponding histograms are displayed for the e
citation cycles #1, #2, and #3. They were obtained
counting the number of frequency jumps in each sc
and by adding one if a jump is present with respect
the previous scan. A total of 27, 12, and 24 jumps we
counted for the excitation cycles #1, #2, and #3, respe
tively. Such histograms were calculated for 21 excit
tion cycles for which traceC was clearly separated from
tracesA andB. All histograms looked similar; 18 jumps
occurred on average. In order to grasp the characteri
property of all histograms, we have performed a cond
tional average. For each scan (bin), the average was ta
over those of the 21 histograms that show dynamics
the same or later scans. The resulting averaged histog
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FIG. 3. The number of frequency jumps as a function of tim
for the excitation cycles #1–#3. The conditional average tak
from 21 excitation cycles is given on the bottom.

is also shown in Fig. 3. It shows that there is a weak
decreasing activity at early times followed by a period o
approximately constant activity.

Interestingly, the almost constant activity followed b
the sudden recovery of a stable line shape allows for t
determination of a further quantity, namely the final re
covery time. Figure 4 shows the corresponding histogra
that has been obtained from the analysis of all 74 exci
tion cycles. The histogram is slightly asymmetric with
tail towards longer times; the FWHM is about 7 s. O
average, a stable absorption line is recovered after
(18 scans).

Since the presence of naphthaleneh8 traps is no prereq-
uisite for exciton induced spectral dynamics and heati
effects can be excluded, it is natural to assume that th
fluctuations result mainly from triplet excitations locate
on distorted matrix molecules (X traps) in the vicinity of
the probe. Impurity generatedX traps are well known in
naphthalene crystals [12,13]. We assume that terrylene

FIG. 4. Histogram of the recovery times for a stable lin
shape obtained from 74 excitation cycles.
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places three naphthalene molecules in the host lattice
might thus generate a large number of lattice defects
yond the 16 matrix molecules of the first solvent shell. T
lattice disorder is considered to decrease with the dista
from the impurity; accordingly, the trap depths would als
decrease resulting in an energy funnel of trap states w
respect to the host exciton band [13].

For the interpretation of the experimental observatio
we have considered two models based either on stat
ary or migrating excitations. In the first case, triple
excitations are localized on lattice trap sites. They int
act with the probe and induce frequency fluctuations up
spontaneous decay. We have simulated such a me
nism assuming a cubic lattice and dipolar interactions
tween the probe and the trap molecules. Dipolar coupl
ensures positive and negative frequency shifts indep
dent of the actual mechanism, that might involve bo
elastic and electrostatic contributions. The conclusio
drawn below hold generally irrespective of the details
the lattice geometry. We set the equilibrium transitio
frequency of the probe tov0  0 and write for the time
dependent frequency

vstd 
X

k

´srkdrkjkukstd, lim
t!`

vstd  0 , (1)

where the sum runs over all lattice sites denoted by
index k. ´srkd is the frequency jump induced by th
trap excitation at the displacementrk . rk andjk are two
indicator variables telling whether a site is occupied by
trap and whether this trap is initially excited, respective
The two variables take the value 1 with probabilitiesps

andpe and the value zero otherwise.ukstd is a stochastic
variable indicating the trap state. It is 1 for0 , t , tf

and 0 otherwise, wheretf is a random relaxation time
The excitations relax independently and exponentia
with a rate constantg so thatukstd  1 with probability
e2gt. rk guarantees for a random realization of spat
trap configuration. jk and ukstd guarantee for a unique
initial excitation configuration and frequency relaxatio
pathway, respectively. Using Eq. (1) we have simulat
time dependent frequency trajectories from which w
also calculated fluorescence excitation scans. Shown
Fig. 5(a) is a grey scale plot of a simulation realizatio
For the calculation we setps  0.1 andpe  1, and the
lattice was spherically restricted to 500 sites resulting
approximately 50 traps. For such conditions the spec
dynamics of the probe is typically dominated by th
relaxation of a few close trap excitations that induce lar
jumps. In the example of Fig. 5(a), the absorption lin
jumps between a few discrete frequency positions a
almost no dynamics are observed during the scans.
addition, the spectral dynamics is stronger at earlier tim
and on average, approximately 10 jumps can be identifi
In contrast, the spectral dynamics of traceC shown for
comparison in Fig. 5(b) is much richer. The experimen
data show, as mentioned above, many frequency jum
2197
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FIG. 5. Comparison of time dependent excitation spect
(a) Simulation calculation according to Eq. (1). (b) Data from
cycle #3 of Fig. 1 on an enlarged time scale.

during and between the scans until the dynamics sudde
vanish. It is apparent that such a behavior is incompatib
with that of the model. Irrespective of the choice of th
parameters in the model, the jump activity would deca
exponentially. From this observation we conclude th
the model based on stationary excitations has to be ru
out for the interpretation of the experimental data.

In the second model we consider excitations that a
mobile. We assume that the spectral dynamics are
duced by excitations migrating between theX traps of
a funnel in the immediate vicinity of the probe. Exci
tons migrating in the funnel would give rise to a rich dy
namics with many frequency jumps of comparable si
until suddenly a stationary state is recovered because
spontaneous excitation relaxation. The resurgent dyna
ics observed in some cases could result from excitati
relaxation followed by repopulation of the funnel, for ex
ample, from naphthaleneh8 triplet exciton trap states. Re-
laxation and repopulation would also ensure an almo
constant number of excitations in the funnel. Triple
triplet annihilation would limit the number of excitations
simultaneously present in the funnel and thus would fu
ther ensure a constant triplet occupation of the funn
A funnel would also give rise to a large trap cross se
tion (exciton harvesting cross section) so that singlet a
triplet excitations would be efficiently captured by th
funnel. This would explain why spectral dynamics wer
explicitly observed for each excitation cycle. The shap
of the histogram in Fig. 4 indicates that several excit
tions are involved on average. Assuming for simplicit
an initial population of the funnel followed by excitation
migration and decay, approximately ten excitations with
decay time on the order of 3 s are required to explain su
a histogram.

To give support to the interpretation that terrylene inte
acts with excitations localized on neighboring naphthale
molecules, we have estimated the electric dipolar co
pling from independent measurements. From Stark-sh
experiments a difference between the dipole moments
2198
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the two lowest terrylene singlet states of approximate
0.01 debye was determined. Assuming a similar dipo
moment difference for theT1 and S0 states of disturbed
naphthalene molecules in the first solvent shell at a d
tance of about 0.5 nm, we calculated frequency shifts o
few hundred MHz. These shifts are in agreement with t
experimental observations, however, other type of int
actions, for instance elastic forces, might cause freque
jumps of similar magnitude.

Concluding, we have demonstrated that SMS can
applied to investigate transport, trapping, and relaxati
steps of electronic excitation dynamics in solids on
molecular scale. The extension of such investigatio
to energy transport in disordered and amorphous so
seems to be feasible.
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