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The photophysical properties of terrylenediimide (TDI) make this novel fluorophore an ideal candidate for
single-molecule studies in solid matrices using various optical techniques. By employing frequency selective
high-resolution laser spectroscopy at liquid helium temperatures, we could isolate the fluorescence excitation
lines of single TDI molecules. Additionally, vibrational modes of the molecule were examined and the
population and depopulation rates of the triplet state determined. At temperatures between 100 K and room
temperature single TDI molecules were imaged by confocal fluorescence microscopy. In these investigations
one-step irreversible bleaching and “on-off” transitions of the fluorescence were observed.

1. Introduction

The optical detection of single fluorophores in the condensed
phase has been achieved by frequency selective as well as
microscopic techniques.1 In single-molecule spectroscopy
(SMS) at low temperatures the appearance of sharp zero-phonon
lines, the width of which are much narrower than the inhomo-
geneous broadening of the optical transition, allows the selec-
tive addressing of single molecules in frequency space by
absorption2 or fluorescence excitation3 using dilute samples and
tunable, narrow-bandwidth laser sources. When a microscopic
technique (near-field or far-field)4-6 is used, experimental
conditions have to be established allowing one to image only
the emission of a single fluorophoresat least on averagesin
the probe volume defined by the optical resolution of the sys-
tem. In low-temperature fluorescence microscopy7 both tech-
niques were combined, allowing the observation of spatially
separated molecules which absorb at different excitation fre-
quencies.
Although they are of crucial importance to research topics

such as spectral dynamics in solids or on surfaces,8,9 to date no
single-molecule studies have been reported where the same
molecular system was investigated over an extended temperature
range. The measurements were done either at room temperature
or at very low temperatures below 10 K. For any form of
microscopy used for spatial isolation and imaging of individual
fluorophores there is in principle no restriction on the temper-
ature at which the measurement is performed. When doing
single-molecule measurements over an extended temperature
range, it would be, however, advantageous to study systems
exhibiting zero-phonon lines at low temperatures. This then
allows for precise, high-resolution spectroscopic studies in the
corresponding temperature range, increasing the merits of
variable temperature microscopy, which is experimentally more
difficult to implement. Combining the knowledge available

from the literature,1 the ideal fluorophore for this application
should have the following main properties: strong absorption,
high fluorescence quantum yield, negligible population of
bottleneck states, low photobleaching efficiency at room tem-
perature, and weak electron-phonon coupling at low temper-
ature. Especially the latter two requirements are rarely observed
simultaneously in the list of fluorophores used for single-
molecule studies. Fluorophores such as rhodamine 6G and
fluorescein, which were used for room temperature work,5,9 do
not exhibit zero-phonon lines at low temperature,10 while
aromatic hydrocarbons such as pentacene or terrylene, which
were investigated at low temperatures, are known for their poor
photostability under ambient conditions.
In this paper we present single-molecule data with terrylene-

diimide (TDI), a derivative of the aromatic hydrocarbon
terrylene. Terrylene11-14 and tetra-tert-butylterrylene (TBT)15

were already successfully used in a number of recent low-
temperature single-molecule experiments. The novel fluoro-
phore TDI combines to a large extent most of the desired prop-
erties for single-molecule studies at various temperatures, as
described in the foregoing paragraph. The fairly high photo-
stability allowed single-molecule imaging (in a PVB film) at
room temperature using confocal microscopy. We also used
this setup to record images at lower temperatures down to 96
K. At 1.4 K we observed sharp zero-phonon lines of single
absorbers (in polyethylene or hexadecane) by frequency selective
high-resolution laser spectroscopy. Additionally, we recorded
vibrationally resolved emission spectra and used fluorescence
correlation spectroscopy to determine photophysical parameters
of the triplet state. These investigations present the first step
toward the future goal of studying the same single fluorophore
from liquid helium to room temperature.

2. Experimental Section

TDI, a novel fluorophore, was synthesized according to the
literature.16 The room-temperature absorption spectrum in
hexadecane (HD) and the molecular structure of TDI are shown
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in Figure 1. The substituents at the nitrogen atoms serve as
protective groups required for the synthesis and also enhance
solubility. The absorption maximum appears at 643 nm and
the extinction coefficient at this wavelength amounts to ap-
proximately 90 000 L mol-1 cm-1. TDI molecules can be con-
veniently excited by a HeNe laser, a Kr+ laser, a DCM dye
laser, or even a cheap diode laser.
For the various measurements described below we prepared

samples of TDI in different matrices. Thin films of TDI in
polyvinylbutyral (PVB) were spin-coated onto a cleaned quartz
cover slide from a solution of 1.8× 10-9 mol/L TDI and 2 g/L
PVB in methylene chloride. The topography of the films has
a roughness of less than 5 nm over areas of many square
micrometers, as was controlled by atomic force microscopy and
topography images obtained with scanning near-field optical
microscopy. The thickness of the films was measured to be
20-30 nm by evaluation of the depth of holes which are
occasionally present at some sample locations. From the film
thickness together with the relation of the concentrations of TDI
and PVB in the solution, the concentration of the TDI molecules
in the film is calculated to be 12( 6 molecules/(µm2 × 20
nm). Polyethylene samples (thickness∼10µm) were prepared
by predissolving TDI in methylene chloride, mixing with low-
density polyethylene (PE), drying at 300 K under high vacuum,
pressing films at 440 K between glass slides, and subsequent
quenching to 77 K. To obtain a solution (c≈ 6× 10-6 mol/L)
of TDI in hexadecane (HD), the chromophore was predissolved
in a small amount of methylene chloride. The mixture was then
heated to evaporate most of the methylene chloride.
Two different experimental setups were employed in this

work. For single-molecule imaging between room temperature
and 96 K we used a variable temperature confocal microscope.17

Theλ ) 633 nm light of a HeNe laser or theλ ) 647 nm light
of a Kr+ laser was focused through a pinhole and reflected to
a microscope objective (60×, 0.85) by a beam splitter. The
objective focuses the illumination light with typical excitation
intensities of 20 kW/cm2 on-axis into the sample plane. The
sample assembly is moved laterally across the focus by a
piezoelectric bimorph scanner. Both the objective and the
scanner are located inside the optical cryostat. The light
collected by the same objective is focused through a second
pinhole in the image plane of the objective. The excitation light
is suppressed by cutoff filters (Schott RG 665) and the
fluorescence emission detected with a photon-counting ava-
lanche photodiode (EG+G, SPCM-200, APD). The output

pulses of the APD were counted for 5-10 ms for each pixel,
yielding a total imaging time of 15-30 min.
For frequency selective single-molecule spectroscopy at low

temperatures we employed the so-called fiber setup.3,18 The
light of a single-mode DCM dye laser (Coherent 699-21) is
coupled into a polarization-preserving single-mode optical fiber.
The samples are mounted directly at the end of this fiber, which
itself is fixed at the focus of a parabolic mirror inside a liquid
helium cryostat. The TDI/PE films were glued to the fiber by
a small amount of adhesive, while a thin layer of TDI/HD was
prepared by simply dipping the cleaved fiber end into a solution
of TDI in hexadecane and then quickly cooling the wetted fiber
inside the cryostat. The light emerging from the sample is
collected with the parabolic mirror and directed outside the
cryostat. To measure the fluorescence excitation spectrum of
single absorbers, the red-shifted fluorescence light is separated
from scattered excitation light by a long pass filter (Schott RG
715) and detected as a function of excitation wavelength with
a photomultiplier tube and photon-counting electronics. Vi-
brationally resolved fluorescence spectra of single TDI mol-
ecules were recorded by tuning the laser in resonance with the
molecular transition, dispersing the emission with a spectrograph
(Jobin Yvon HR460), and imaging on a liquid nitrogen cooled
CCD camera (Princeton). Typical acquisition times were 300
s at a spectral resolution of∼5 cm-1. To acquire the fluor-
escence correlation function which was also measured at a fixed
excitation frequency, the photoelectric pulses from the PMT
were fed into a digital logarithmic correlator (ALV5000) with
time resolution<1 µs. The excitation intensity was varied from
40 mW/cm2 to 6.4 W/cm2 in these measurements.

3. Results and Discussion

3.1. Confocal Microscopy at Room Temperature and 96
K. A confocal image of TDI molecules in a thin PVB film
taken at room temperature is shown in Figure 2a. The size of
the spots corresponds to a microscopic resolution of∼1 µm,
which is achieved with the objective. The high photostability
of the molecules, even at room temperature, allows a repeated
imaging of similar patterns for long time periods. Some of the
spots in the image instantaneously disappeared while scanning.
This one-step bleaching is characteristic for single-molecule
fluorescence.9,19 From this behavior and the low concentration
of the dye molecules we are sure that each spot, if not
overlapping with another, corresponds to the fluorescence light
from a single molecule.
Using the low-temperature ability of our instrument,17we also

took a series of three images atT ) 96 K, presented in Figure
2b. Each image requires 30 min of recording time. The reduced
count rates are attributed to a different excitation wavelength
of λ ) 647 nm. As compared to room-temperature measure-
ments with the same laser, however, the fluorescence signal
does not show an increase. In the repeated scans of Figure 2b
over the same area bleaching of single molecules is observed
(e.g. arrow A). Even more interestingly, another spot (arrow
B), which is not visible in the first image, appears in the second
and third image. The disappearance and reappearance (“off-
on” transitions)20 of single-molecule fluorescence over a long
time period is directly visible in Figure 2c, which shows the
variation of fluorescence intensity with time for three different
sample locations not far away from the region of Figure 2b. In
Figure 2c-i an average rate of 300 counts per 100 ms above the
background was collected before one-step bleaching occurs at
the time ta ) 50 s. These 150 000 counts before bleaching
correspond to a total fluorescence photon yield of∼107, taking
into account the estimated detection efficiency of 1-2%.17 In

Figure 1. Absorption spectrum of a bulk solution of TDI in HD at
room temperature. At 643 nm the maximum extinction coefficient is
93 000 L mol-1 cm-1. The inset shows the structure of TDI.
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Figure 2c-ii the fluorescence signal of a molecule appears at
time tb, 33 s after starting the illumination, and undergoes a
number of short transitions before disappearing just before the
end of the observation period of 100 s. In Figure 2c-iii the
signal of the investigated molecule instantaneously reappears
at tc after a temporary “off” state. Over a time of 100 s the
same molecule switches “on” and “off” repeatedly, reaching
different fluorescence levels. Besides instantaneous jumps of
the fluorescence intensity, quite fast continuous changes can
be observed as well. As molecular reorientations can be
excluded in this temperature range and experimental drifts cause
only slow variations, these might originate from spectral
shifts21-23 or from fast “on-off” transitions with a slowly
varying relation of the average “on” and “off” times, which are
not resolved within the 100 ms counting intervals used here.
These microscopic observations on a single-molecule level

reveal inhomogenities which cannot be resolved by ensemble
measurements. Results obtained at room temperature give more
quantitative insights into the molecular bleaching process.24 In
current experiments we investigate the reason for the repeated
“on-off” transitions, which could be spectral jumps of several
nanometers due to a reorientation of the molecule’s substituents.
3.2. High-Resolution Spectroscopy at Liquid Helium

Temperatures. Fluorescence excitation spectra of single TDI
molecules were easily observed in polyethylene (PE) as well
as in hexadecane (HD). In the polymeric host, however, the

vast majority of the excitation lines showed spontaneous and/
or light-induced frequency jumps25 even when scanning the laser
with fairly low intensity. This effect is expected to be also
common in PVB samples, which for the present were not
investigated in the low-temperature experiments. In the poly-
crystalline HD matrix the stability of the excitation lines was
much better. The hexadecane molecules seem to offer more
stable surroundings around the guest molecules, although in the
bulk fluorescence excitation spectrum of TDI/HD at 1.4 K only
a broad inhomogeneous band with no well-defined Shpol’skii
sites is visible. This is quite reasonable taking into account
the bulky substituents of TDI, which will not allow for a
substitutional insertion into the alkane host, and the likely
presence of traces of methylene chloride. All the single-
molecule data described in the following were taken in the
system TDI in HD.
Single-molecule excitation lines of TDI in HD were observed

in the wavelength range between 651 and 668 nm (see Figure
3). All line shapes could be approximated by Lorentzians, one
example of which is shown in the inset of Figure 3. The
narrowest lines have a full width at half-maximum of around
45 MHz at low exciting intensity (25 mW/cm2). If this
corresponds to the lifetime-limited value, the excited-state
lifetime, which to our knowledge has not yet been determined
by time-resolved measurements, would be 3.5 ns, very similar
to the value obtained for terrylene.26 For a few molecules it

Figure 2. (a) Room-temperature confocal fluorescence image of TDI in a∼25 nm thin PVB film on quartz. Excitation intensity: 30( 10 kW/cm2

at λ ) 633 nm. Integration time per pixel: 5 ms. The scan direction is from left to right and bottom to top. Some spots instantaneously disappear
while scanning over the molecules. Note also the black stripes on some spots, appearing due to an “on-off-on” transition of the fluorescence
during the scan. (b) Section from a series of three fluorescence images of the same area atT ) 96 K. Excitation: 20 kW/cm2 at λ ) 647 nm. Time
per pixel: 10 ms. In the second image molecule A disappeared. Molecule B, not visible in the first image, appears in the second and third image.
The data sets were filtered by a 3× 3 convolution kernel. Note: During recording of the data the whole image shifted from left to right. (c) 100
s traces of the fluorescence at three different sample locations near the imaged area of b, recorded atT ) 96 K. They show different behaviors such
as one-step bleaching (i), sudden increase (ii), and “on” and “off” switching (iii) of the fluorescence (see text).
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was possible to increase the exciting intensity up to 6 W/cm2.
The line shapes broadened as expected from theory,27 and we
reached fluorescence count rates up to 400 000 s-1 under these
conditions.
In Figure 4a the fluorescence line narrowing (FLN) spectrum

of a bulk sample of TDI in PE at 1.4 K is plotted. It is seen
that a large fraction of the emission intensity is concentrated in
the 0,0 transition and that only a small number of vibronic
transitions can be discerned. The ground-state vibrational
frequencies determined from the emission spectrum are listed
in Table 1. Comparison of the emission spectra of TDI and
unsubstituted terrylene18,28reveals fairly good agreement of the
frequencies of the strong vibronic lines in the fingerprint region
(TDI: 1267 cm-1, 1284 cm-1, 1562 cm-1 ; terrylene: 1272
cm-1, 1283 cm-1, 1562 cm-1). According to quantum chemical

calculations for terrylene,18 the corresponding normal vibrations
are attributed to C-C stretches, which obviously are only
weakly affected by the substituents of TDI. Additionally, the
weaker lines at 547, 1360, and 1378 cm-1 appear at similar
frequencies in the spectrum of terrylene. The line at 179 cm-1

might correspond to the intense line appearing at 243 cm-1 in
the terrylene spectrum. This mode is attributed to a long axis
stretch of the whole molecule,18 the vibrational frequency of
which is expected to decrease in TDI because of its increased
vibrational mass.
As has been mentioned above, in the PE host the single-

molecule lines are subject to light-induced frequency jumps.
Therefore, it was not possible to excite a TDI molecule
resonantly for a sufficiently long time interval to accumulate
its emission spectrum. Because of the increased stability, single-
molecule fluorescence spectra could be recorded in the HD host.
Figure 4b shows the fingerprint region (1250-1620 cm-1) of
the emission spectrum of a single TDI molecule in HD excited
at 656.13 nm. It exhibits the same vibronic pattern as the bulk
spectrum of TDI in PE (Figure 4a). Within the experimental
resolution (5 cm-1), the spectra of other single TDI molecules
investigated show the same vibronic frequencies in this wave-
length range. However, we observed clear changes in the
intensity ratio between the modes at 1267 and 1284 cm-1 for
different molecules. For some molecules the intensities of these
modes are equal, for some the lower frequency mode is stronger,
or vice versa. Interestingly, the intensity ratio of the 1271 and
1283 cm-1 modes of single terrylene molecules (in PE) was
also found to vary considerably between different molecules.18

The authors of ref 18 suggested that these modes may be
especially sensitive to small distortions of the terrylene skeleton
or variations in the local environment, as corroborated by
quantum chemical calculations. Additionally, a slight degree
of correlation was found between the intensity ratio of these
modes and the excitation frequency. In our study of single TDI
molecules such a correlation was not observed, but the number
of molecules investigated may be too small.
The fluorescence intensity autocorrelation functiong(2)(τ)29

was recorded to determine the population and depopulation rates
of the triplet state of single TDI molecules. These parameters
can be deduced from the time constant and the contrast of the
decay visible in the correlation function. This decay is a well-
known phenomenon resulting from bunching of the fluorescence
photons caused by singlet-triplet quantum transitions.30 To
extract the kinetic parameters of the triplet state from the
correlation decay, intensity dependent measurements have to
be performed. From the more than 100 single molecules
examined only two endured this procedure because at high
excitation intensity light-induced frequency changes occurred.
These two molecules showed three steps in the time regions of
0.1, 1, and 100 ms when plotting the correlation function on a
logarithmic time scale (see Figure 5a). Hence the correlation
function was approximated by the sum of three exponentials.

As will be explained later, the exponential decay around 100
ms could not be attributed to triplet dynamics but rather seems
to be due to spectral diffusion. The first two exponential decays
of the correlation function are thought to be caused by
intersystem crossing (ISC) into and out of the triplet state of
TDI. As the main molecular frame forming theπ system is
expected to be close to planarity, we assume in analogy to
terrylene14 that the fast decay (i ) 1) is due to the two in-plane
sublevels, the contributions of which cannot be discriminated

Figure 3. Fluorescence excitation spectrum of single TDI molecules
in hexadecane at 1.4 K (I ) 80 mW/cm2, 0 GHz≡ 659.02 nm). The
inset shows the spectrum of one of the molecules together with a
Lorentzian fit (solid line;∆νfwhm ) 56 MHz).

Figure 4. (a) Fluorescence spectrum of a bulk sample of TDI in PE
at 1.4 K, excited at 633 nm. (b) Fluorescence spectrum of a single
TDI molecule in HD at 2.5 K, excited at its 0-0-transition at 656.13
nm. The vibronic lines are more clearly visible due to the reduced
pseudophonon sidebands.

TABLE 1: Vibrational Frequencies in cm-1 of TDI in
Polyethylene at 1.4 K (the Resolution Is about 5 cm-1)

frequency frequency frequency

19 547a 1378
59 1082 1405
114a 1104 1454
179a 1267a 1523
257 1283a 1562a

297 1360

a Strongest features in the emission spectrum.

g(2)(τ) ) 1+ c1 exp(-λ1τ) + c2 exp(-λ2τ) + c3 exp(-λ3τ)
(1)
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in our experiments, and the slow decay (i ) 2) is due to the
out-of-plane sublevel.
For the determination of the ISC rates we treated the sublevel

populations in a first approximation as if they were independent
using the formalism of ISC in a three-level system.30 When
we included coupling of sublevel populations in the rate
equations, as recently shown in ref 31, we found the deviation
of the rate parameters to be within our experimental error
margin. The rate parametersλi (i ) 1, 2) and the contrastsci
(corrected for background contributions according to eq 12 of
ref 30) of the correlation function depend on the intensity and
are related to the population (k23(i)) and depopulation rates (k31(i))
of the triplet state as given in eqs 7 and 10 of ref 30. It is, in
principle, possible to determine the values ofk23(i) andk31(i) from
the rate parametersλi alone, but the analysis of the contrastsci
additionally provides the ratiok31(i)/k23(i), which helps to arrive
at more precise results. A plot ofc1 andλ1 versusI is shown
in Figure 5b,c, together with the corresponding fits. From the
fitting procedure we obtainedk23(1) ) 6.1 ms-1 and k31(1) )
14.6 ms-1. The analysis of the second exponential decay was
not possible in the same way because the contrastc2 was
extremely low. We were only able to determinek31(2), which
at low intensities approachesλ2, and set an upper limit fork23(2).
In Table 2 the average population and depopulation rates of
two molecules are summarized. As was also found for terrylene,
the population rates of the triplet state, which themselves are
many orders of magnitude smaller than the fluorescence rate,
are smaller than the depopulation rates. These results account
for a weak triplet population and strong fluorescence emission
in TDI.
The intensity dependence of the true contrast of the expo-

nential decayc3 at long times (see Figure 5a) shows a completely
different behavior as predicted for singlet-triplet transitions,
because it vanishes at high intensities. We assume the decay
around 100 ms to originate from light-induced spectral diffu-
sion.32 A single two-level system (TLS) in the vicinity of the

molecule causes a second absorption frequency to be visited,
which also introduces bunching of photons. An indication of
this second frequency position is found in the fluorescence
excitation spectrum at higher intensities. Two line shapes are
visible showing discrete interruptions of the signal when the
molecule is visiting the other frequency position. For even
higher intensities power broadening causes merging of the two
spectral lines. Consequently, the fluorescence intensity is
constant and independent of the state of the TLS, and the related
contrast vanishes.32 Strangely, this behavior was found quali-
tatively quite similar for both molecules.

4. Conclusion

Terrylenediimide was introduced as a suitable fluorophore
for single-molecule imaging and spectroscopy in the wide
temperature range from 1.4 K to room temperature. It combines
the essential properties of strong and sharp zero-phonon lines
at low temperature and a sufficient photostability at room
temperature. With the variable temperature confocal microscope
we studied fluorescence dynamics of the single chromophores
in a solid matrix and observed fluctuations and “blinking”
behavior of the fluorescence at 96 K and room temperature. A
similar phenomenon, well-known in low-temperature single-
molecule spectroscopy as spectral diffusion, was observed by
high-resolution laser spectroscopy as well. Actually, for many
examinations spectral diffusion is rather a disturbing effect
connected with the complex structure of the dye molecule which
prevents an ordered nanoenvironment. Nevertheless, it was
possible to record single-molecule fluorescence spectra at 1.4
K and to determine the ISC rates of TDI.
The results obtained so far promise interesting future inves-

tigations over a broad temperature range. Avoiding ensemble
averaging, it seems to be possible to reach a detailed under-
standing of the “blinking” behavior. The special design of the
molecule also allows chemical modifications which may be
useful to study specific dye-matrix interactions. Furthermore,
it will be possible to attach TDI to polymer chains or
biomolecules or to covalently connect two dye molecules
directly for energy or electron-transfer experiments at the single-
molecule level.
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