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Introduction

Single-molecule fluorescence excitation spectroscopy of vari-
ous guest molecules in numerous matrices at cryogenic tem-
perature has been used extensively to probe low-temperature
dynamics of the matrix materials.[1–3] Such studies exploit the
sensitivity of the molecular zero-phonon line towards changes
in the environment of the fluorescent guest molecules. In
highly ordered materials the distribution of spectroscopic pa-
rameters due to environmental influences can be minimized
and, as a consequence, single molecules at cryogenic tempera-
tures behave as nearly ideal, rigidly fixed two-level quantum
systems (TLSs). The latter feature makes them attractive model
systems for a range of quantum optical experiments in which
the position and absorption dipole orientation of the TLS must
be well defined; for example, they may be precisely coupled
to photonic structures such as cavities[4] or antennas.[5,6] In ad-
dition, a favorable orientation results in a maximum absorption
cross-section, a high emission rate, and a high fluorescence
collection efficiency.[7]

Since the first detection of single molecules at cryogenic
temperatures,[8, 9] a selection of possible matrices has been in-
troduced,[2,3] such as molecular crystals, Shpol’skii matrices, and
amorphous or semicrystalline polymers. Unfortunately, none of
the previously used systems combines all desirable features. In
particular, the orientation of the transition dipole moments of
guest molecules usually tends to be either random or particu-
larly unfavorable, which leads to weak optical absorption in
the latter case. Unfortunately, the host systems that show the
least environmental influence on the single-molecule behavior,
that is, the molecular crystals, either i) tend to incorporate the
guest molecules in a way such that the molecular transition
dipole moments are nearly parallel to the optical axis (terrylene
in single crystals[10,11] and more recently in ultrathin films of p-
terphenyl[12]), or ii) the molecules exhibit long triplet lifetimes
(pentacene in p-terphenyl[13]), or iii) the samples are delicate to

prepare and to handle (terrylene in naphthalene[14]). For the
first two cases this leads to unfavorably high saturation intensi-
ties due to a reduced absorption cross-section and to a low
emission rate, respectively.
Mechanical treatment of polymeric materials, such as tensile

deformation or rubbing, can be used to induce a high degree
of uniaxial orientation of the polymer matrix, and likewise of
form-anisotropic fluorescent guest molecules incorporated
therein.[15–17] Recent room-temperature experiments on uniax-
ially oriented films of ultrahigh molecular weight polyethylene
(UHMWPE) doped with a poly(2,5-dialkoxy-p-phenylene ethy-
nylene) derivative (EHO-OPPE)[18] have shown that even at the
single-molecule level, the (in this case polymeric) fluorescent
guest molecules tend to adopt the preferential orientation of
the surrounding matrix after uniaxial tensile deformation of
the sample.
Terrylene in polyethylene is a well-known guest–host system

that exhibits narrow zero-phonon excitation lines at cryogenic
temperatures.[19–22] Interestingly, all previous studies on this
system were performed on disordered materials. We showed
earlier that conventional melt-processing and subsequent ten-
sile deformation of the resulting molecularly mixed blends of
linear low-density polyethylene (LLDPE) and form-anisotropic
fluorescent guest molecules allows thin films to be produced

Single terrylene molecules doped into linear low-density polyethy-
lene can be oriented by tensile deformation of the matrix. In
measurements on ensembles at ambient and on single terrylene
molecules at cryogenic temperature, strong orientation along the
stretching direction was observed by polarization-resolved confo-

cal microscopy. At cryogenic temperatures narrow and spectrally
stable zero-phonon lines were found. The low saturation intensity
of 0.07 Wcm�2 is consistent with an uniaxial orientation of terry-
lene in the sample plane.

[a] J. Y. P. Butter, Prof. Dr. B. Hecht
Nano-Optics Group, National Center of Competence
for Research in Nanoscale Science
Institute of Physics, University of Basel
Klingelbergstr. 82, 4056 Basel (Switzerland)
Fax: (+41)61-267-3795
E-mail : bert.hecht@nano-optics.ch

[b] B. R. Crenshaw, Prof. Dr. C. Weder
Department of Macromolecular Science and Engineering
Case Western Reserve University
2100 Adelbert Road, Cleveland, Ohio 44106-7202 (USA)

ChemPhysChem 2006, 7, 261 – 265 @ 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 261



in which the guest molecules adopt a very high degree of uni-
axial orientation.[17] Here we present the first single-molecule
spectroscopic study of highly oriented terrylene-doped LLDPE
samples. The orientational distribution, stability, line width, and
saturation properties of terrylene molecules at 1.8 K and,
where applicable, under ambient conditions are reported. Our
results indicate that tensile deformation leads to uniaxially ori-
ented terrylene molecules with microenvironments that show
enhanced local ordering and/or a decreased significance of
local vibrational degrees of freedom.

Experimental Section

Commercial-grade LLDPE containing 1.2% octene as a comonomer
was received from Dow Chemical Company (Dowlex BG 2340, 1=
0.942 gcm�3). A binary blend of LLDPE and terrylene (40 mg dye/
g polymer) was prepared by feeding 100 mg of terrylene and 2.5 g
of LLDPE into a recycling, corotating twin-screw mini-extruder
(DACA Instruments, Santa Barbara, CA), mixing for 5 min at 180 8C,
and subsequent extrusion. A second blend containing 1 mg dye/
g polymer was subsequently prepared by combining 62.5 mg of
the 40 mg dye/g polymer blend with 2.44 g of neat LLDPE and ex-
truding the material in the same manner. Films were prepared by
compression-molding the blends between two aluminum foils
with four spacers in a Carver press at 180 8C for 4 min. Samples
were subsequently cooled to about 15 8C between water-cooled
plates. The resulting films had a homogeneous thickness of about
250 mm. Films were cut to 1 cm widths and uniaxially stretched at
90 8C to a draw ratio l= (l�l0)/l0=10, as measured by the displace-
ment of ink marks on the sam-
ples.

Thin films of terrylene-doped
LLDPE with l=10 and a thickness
of about 80 mm were investigated
by polarization-resolved fluores-
cence scanning confocal optical
microscopy and spectroscopy. The
samples were mounted between
two microscopy coverslips, which
were held together by two tiny
drops of vacuum grease, placed
far away from the sample. The
home-built scanning confocal mi-
croscope was designed for opera-
tion at both room temperature
and 1.8 K.[23] A single-mode ring
dye laser (Coherent 699-21, Rho-
damine 6G) with a bandwidth of
about 1 MHz operating at wave-
lengths between 569.5 and
571 nm, pumped by an argon ion
laser, was used as excitation light
source. This range of wavelengths
is sufficiently close to the absorp-
tion maximum of the terrylene-
doped LLDPE films, which was
measured in an ensemble experi-
ment to be at 566 nm under am-
bient conditions. The output
power of the laser was stabilized
by a power stabilizer (CRI LS100)

and collimated to a beam of 10 mm in diameter. The diameter of
the laser beam exceeded that of the entrance aperture of the mi-
croscope objective. A l/2 plate was used to control the direction
of the electromagnetic field vector of the linearly polarized light,
and a 1-nm-wide bandpass filter for spectral filtration. A glass
wedge was used at a small angle of incidence to reflect a small
fraction (4%) of the excitation light into a bath cryostat. The excita-
tion light was focused onto the sample by a microscope objective
(Microthek, 0.85 NA, 60J ) which, as the sample, resided directly in
the liquid helium.

The fluorescence and resonantly scattered light were collected via
the same objective and transmitted by the wedge (96% transmis-
sion). The light was filtered by a holographic notch filter, and the
Stokes-shifted fluorescence was focused on an avalanche photo-
diode (SPCM-AQR13). At cryogenic temperatures, fluorescence ex-
citation spectra over a range of up to 25 GHz were recorded by
scanning the laser frequency. Alternatively, the sample was scan-
ned over a range of up to 34J34 mm2 with an improved home-
built bimorph scanner, also placed within the helium bath.[23] At
room temperature, the same sample scanner had a ten-times-
larger range and thus allowed sample scans of 340J340 mm2.

Results and Discussion

A typical 340J340 mm2 fluorescence excitation image of an
LLDPE film containing 1 mgg�1 of terrylene recorded at ambi-
ent temperature is displayed in Figure 1A. Highly fluorescent,
stripelike structures with intermittent darker areas oriented

Figure 1. A) Scanning confocal optical image of a stretched (l=10) film of LLDPE containing 1 mgg�1 of terrylene
at room temperature. The arrows denote the polarization direction. B) Scanning confocal optical image of the
same film at 1.8 K. The integration time in A) and B) was 2.6 ms per pixel. Insets in A) and B): excitation with the
polarization turned by 908. C) Modulation of the fluorescence of a single terrylene molecule as a function of the
polarization. D) Left axis (solid line): Probability density function of finding a single terrylene molecule with a cer-
tain orientation. Right axis (bars): histogram of the orientation of the molecules.
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parallel to the direction of tensile deformation (hereafter refer-
red to as orientation direction of the film) are observed.[18] For
this experiment, the orientation direction of the film was
chosen to coincide with the direction of the electromagnetic
field vector of the linearly polarized excitation light, which is
used as a reference direction (relative polarization 08) in the
following. The inset shows the emission for excitation with
light polarized perpendicularly to the film’s stretching direc-
tion. The pronounced contrast of these images reflects the
high degree of orientation of an ensemble of terrylene mole-
cules in the stretched LLDPE film. Similar images with the
same depth of modulation obtained on different parts of the
film indicated macroscopic homogeneity of the sample. Al-
though these measurements only allow a definite assignment
of the orientation of the absorption dipole projected onto the
sample plane, it is perspicuous that possible out-of-plane com-
ponents are small.
The single-molecule detection level was not reached due to

the broad absorption lines at ambient temperature, but the
same sample was used for further studies at cryogenic temper-
atures, where single molecules with narrow zero-phonon lines
were addressed by fluorescence excitation spectroscopy.
Figure 1B shows a typical 34J34 mm2 fluorescence excita-

tion image of the same sample with the same polarization di-
rections at 1.8 K. It exhibits well-separated diffraction-limited
fluorescence spots of variable intensity for parallel polarized
excitation (08) with respect to the orientation direction of the
film, but no spots could be observed upon excitation with per-
pendicularly polarized light. To investigate this preferential ori-
entation in more detail, a series of images was acquired by
changing the polarization direction of the excitation light in 18
steps of 108. Only molecules that could be observed in the
entire series of images were selected for further analysis. The
orientation of the transition dipole moment of these molecules
was determined by fitting the spots observed in the images to
two-dimensional Gaussian functions with Igor Pro (Wavemet-
rics). The amplitude of the resulting two-dimensional Gaussians
was then plotted as a function of relative polarization. An ex-
ample is shown in Figure 1C. The data were fitted with a cos2

function, which allows us to determine the extremes. A mini-
mum around 908 and a maximum around 08 can be observed.
The result of each fitting procedure can be used to construct-
ed a probability density function (PDF) that specifies the prob-
ability for measuring a certain orientation of the transition
dipole moment of a molecule. The normalized sum of all the
PDFs obtained for different molecules results in an overall PDF
that characterizes the probability of finding a molecule with a
certain orientation in the sample (see Figure 1D). The overall
PDF exhibits a clear maximum around 08, which indicates that
the probability of finding molecules with a transition dipole
moment outside the interval [�408, 258] is virtually zero. The
narrow peaks displayed by the overall PDF are due to the fact
that even the transition dipole moments of well-oriented mol-
ecules show a slight deviation from the orientation direction of
the sample. For example, the data shown in Figure 1C trans-
late into an offset of 3�18 with respect to the film axis.

Another important property of a single-molecule system, in
particular in view of quantum optics experiments, is the stabili-
ty of the absorption frequency of single molecules over time.
In polymers and glasses the stability of the absorption frequen-
cy is deteriorated by local degrees of freedom, which at cryo-
genic temperature can be modeled by two-level tunneling sys-
tems that interact with the molecule via electric or strain
fields.[1] To investigate the spectral stability, repeated 10 GHz
frequency scans were performed for about 75 min while re-
cording the fluorescence. The result of this experiment is
shown in Figure 2. The excitation intensity was adjusted to be

far below saturation in order to minimize photoinduced fre-
quency jumps of the molecules. Figure 2 reveals a number of
interesting features displayed by the terrylene molecules in an
oriented LLDPE matrix. First, most of the molecules can be fol-
lowed during the entire experiment, which means that no
major frequency jumps take place. Second, the molecules are
relatively stable in their absorption frequencies, staying all the
time relatively close to the original value. Third, the molecules
can be divided into two groups, according to the ranges in
which the absorption frequencies vary. The absorption fre-
quency of one group of molecules varies in a range of 130–
160 MHz, while the other group of molecules shows variations
of 300–450 MHz in their absorption frequency. Similar fluctua-
tions over a spectral range of 50–400 MHz were reported by
TchNnio et al.[21] However, it is not clear whether different
ranges of fluctuations for different molecules were observed in
this prior work. Finally, only few molecules undergo larger dis-
continuous frequency jumps, irrespective of the line width. Ex-
amples are the molecule at �3.4 GHz that jumps to �3.0 GHz
and back and the molecule at �4.8 GHz that jumps several
times to �4 GHz and back. However, larger jumps over several
GHz, as those reported in ref. [21], were not observed in our
stretched samples. In conclusion, the stability of the absorption
frequency of the molecules in the present system does not
reach that of crystalline matrices of low-molecular-weight or-
ganic compounds (e.g. , see ref. [24]), but single molecules can
very well be excited and followed over extended periods of
time.

Figure 2. Repeated fluorescence excitation scan to monitor the stability of
single molecules over more than 1 h. Most molecules show a high degree of
photostability. Some small jitter in the absorption frequencies of individual
molecules can be observed. Only a few molecules undergo spectral jumps
(e.g. , the molecule at �3.4 GHz jumps to �3.0 GHz and back). The integra-
tion time was 8.5 ms per pixel.

ChemPhysChem 2006, 7, 261 – 265 @ 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemphyschem.org 263

Single-Molecule Spectroscopy of Terrylene

www.chemphyschem.org


We further investigated the saturation properties of terry-
lene guest molecules in the oriented LLDPE matrix. Saturation
properties are relevant to achieving optimized experimental
conditions, and they can provide some insight into the out-of-
plane component of the orientation of the molecular transition
dipole moment.[7] Saturation data of single terrylene molecules
were extracted from repeated frequency scans while varying
the excitation power. Typically, 5–10 frequency scans were re-
corded for each excitation power. From these spectra the emis-
sion rates and the line widths of single molecules were deter-
mined by fitting to a Lorentzian line shape. Due to fluctuations
in the absorption frequency of the molecules, the line width
and emission rate vary for one and the same molecule in sepa-
rate frequency scans. For this reason, the values determined
from at least five spectra with the same excitation intensity
were averaged, and the standard deviations were taken as a
measure for the uncertainties in these values. An example of
saturation data is shown in the inset of Figure 3A. The fit was

weighted by the uncertainties of the individual data points
and yielded the saturation intensity and the maximum emis-
sion rate with the respective uncertainties.
From the individual values of saturation intensity and homo-

geneous line widths with respective uncertainties, again overall

PDFs were constructed, as shown in Figure 3A and B. The
most probable saturation intensity is at I=0.07 Wcm�2 and the
most probable homogeneous line width is 126.3 MHz. The
shoulder in the line-width distribution around 200 MHz is con-
sistent with the above discussion of Figure 2. The probability
density for line widths below the lifetime limit (about 50 MHz)
is not zero, due to the uncertainties in the homogeneous line
widths, which are caused by spectral jumping of the molecules
during the time of a scan.
The high degree of optical anisotropy displayed by the ori-

ented terrylene-doped LLDPE samples and the fact that the ab-
sorption maxima of terrylene ensembles and single terrylene
molecules coincide with the orientation direction of the
sample clearly indicate that the terrylene molecules are orient-
ed with their geometric long axis parallel to the sample axis
and that the optical transition dipole moment of terrylene
matches with the geometric long axis of the molecule, in
agreement with ref. [25] . The data further suggest that the off-
axis components of the transition dipole of terrylene are very
small. The films display so-called “fiber symmetry”. While all
the terrylene molecules are oriented with their long axes paral-
lel to the orientation direction, they can freely rotate around
this axis. So the “planes” of the terrylene molecules are not
parallel to the film plane, but rotate around the long axis.
However, the projected dipole moment of a single terrylene
molecule is identical if looked at from the “face” and from the
“edge”. This finding is further supported by the analysis of the
saturation intensity (see above), which is not only important
from an experimental point of view, but also provides some in-
sight into the three-dimensional orientation of the fluorescent
molecules with respect to the laboratory coordinates.[7] Indeed,
the intrinsic saturation intensity of terrylene, that is, of a single
molecule oriented parallel to a substrate, was estimated to be
80�30 mWcm�2. Gratifyingly, the saturation intensity of
70 mWcm�2 that we experimentally determined in the present
study is in good agreement with this value, consistent with
the fact that the terrylene molecules in uniaxially deformed
samples indeed have negligible out-of plane transition dipole
components. This architecture results in an optimized absorp-
tion cross-section.
The range of observed homogeneous line widths in our

stretched LLDPE samples is comparable to the values reported
in the literature for disordered guest–host systems of terrylene
and different polyethylenes.[20,21] The most probable homoge-
neous line width that we determined in the present study is
close to the average homogeneous line width reported for ter-
rylene incorporated in a disordered high-density polyethylene
matrix,[20] and slightly broader than the most frequently ob-
served homogeneous line width found for the latter system.
On the other hand, the most probable homogeneous line
width determined here is at the lower limit and partly below
the range quoted for terrylene dispersed in a low-density poly-
ethylene.[21] This suggests that the terrylene molecules in our
stretched films of LLDPE experience a local environment which
is more ordered than in low-density polyethylene.[21] In fact,
the local order is comparable to that found in higher density,
that is, more crystalline, polyethylene,[20] but with the impor-

Figure 3. A) Probability density (solid line, left axis) of finding a molecule
with a given saturation intensity. The inset shows a typical saturation curve
of the detected emission rate vs excitation intensity. Data points were ob-
tained from the average of the detected emission rates of at least five fre-
quency scans. The histogram (gray bars, right axis) shows the distribution of
saturation intensities. B) The solid line, left axis, shows the probability densi-
ty of finding a molecule with a given line width, and the histogram (gray
bars, right axis) shows which line widths were found. The most probable ho-
mogeneous line width is clearly broader than the lifetime-limited line width.
A shoulder at 200 MHz suggests the existence of a second population of
molecules in less favorable environments.
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tant additional feature that the terrylene molecules are all
lined up.

Conclusions

We have discussed single-molecule spectroscopy of terrylene
molecules in uniaxially oriented films of LLDPE. Using single-
molecule spectroscopy and microscopy techniques at ambient
and cryogenic temperature, we demonstrated that these films
are suited for single-molecule experiments down to cryogenic
temperatures. Most importantly, the terrylene molecules were
found to be uniaxially aligned along a macroscopic direction
that coincides with the macroscopic direction of deformation
imposed on the film. The observed orientation is of particular
interest for experiments that require an optimized absorption
cross-section. The observed range of line widths suggests that
the local environment seen by individual terrylene guest mole-
cules is increased by the deformation process.
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