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Terrylenediimide: A Novel Fluorophore for Single-Molecule Spectroscopy and Microscopy
from 1.4 K to Room Temperature
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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 “eoff’ transitions of the fluorescence were observed.

1. Introduction from the literaturé, the ideal fluorophore for this application
should have the following main properties: strong absorption,
high fluorescence quantum yield, negligible population of
Hottleneck states, low photobleaching efficiency at room tem-
r1‘3erature, and weak electrephonon 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 werip
not exhibit zero-phonon lines at low temperatiftewhile
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. Terrylen€—14 and tetratert-butylterrylene (TBT}®

The optical detection of single fluorophores in the condensed

microscopic techniqué’s. In single-molecule spectroscopy
(SMS) at low temperatures the appearance of sharp zero-phono
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
absorptioA or fluorescence excitatiSmsing dilute samples and
tunable, narrow-bandwidth laser sources. When a microscopic
technique (near-field or far-fielth)® is used, experimental
conditions have to be established allowing one to image only
the emission of a single fluoropherat least on averagen

the probe volume defined by the optical resolution of the sys-
tem. In low-temperature fluorescence microscopgth tech-
niques were combined, allowing the observation of spatially

separated molecules which absorb at different excitation fre- V€' already §uccessfu|ly used In a number of recent low-
quencies temperature single-molecule experiments. The novel fluoro-

Although they are of crucial importance to research topics ph_ore TDI qombines to a large extent most of the desired prop-
such as spectral dynamics in solids or on surf&ées,date no erties for single-molecule studies at various temperatures, as

single-molecule studies have been reported where the sameplesqibed in the fpregoing paragr.aph.. Th? fairly high photo-
molecular system was investigated over an extended temperaturétablllty allowed smgl_e-mole(;‘cule l'm"’?g'”g (ina F\)/t//B f'llm) at q
range. The measurements were done either at room temperatur: oom temperature using confocal microscopy. We also use
or at very low temperatures below 10 K. For any form of this setup to record images at lower temperatures down. to 96
microscopy used for spatial isolation and imaging of individual K. At 14 K we observed sharp zero-phonon lines of smglg
fluorophores there is in principle no restriction on the temper- absorbers (|r_1 polyethylene or hexadecane_) _by frequency selective
ature at which the measurement is performed. When doing high-resolution laser spectroscopy. Additionally, we recorded

single-molecule measurements over an extended temperaturé('brat'ona”y resolved emission spectra and used fluorescence

range, it would be, however, advantageous to study SyStemSCorrelation spectroscopy to determine photophysical parameters

exhibiting zero-phonon lines at low temperatures. This then of the triplet state. These invgstigations present the first step
allows for precise, high-resolution spectroscopic studies in the ]Eowarlq thg Eﬂﬁre goal of studying the same single fluorophore
corresponding temperature range, increasing the merits of oM fquid helium to room temperature.

variable temperature microscopy, which is experimentally more _ )
difficult to implement. Combining the knowledge available 2. Experimental Section

T Present address: Instittitrf@hysikalische Chemie, Johannes Gutenberg- .. DI, alrgovel fluorophore, was SyntheS|zed. according to the
Universiti, 55099 Mainz, FRG. literature’® The room-temperature absorption spectrum in

€ Abstract published ilAdvance ACS Abstract©ctober 1, 1997. hexadecane (HD) and the molecular structure of TDI are shown
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pulses of the APD were counted for-80 ms for each pixel,
yielding a total imaging time of 1530 min.

For frequency selective single-molecule spectroscopy at low
temperatures we employed the so-called fiber sétfpThe
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

100 |- 03 i

- TDI ]

60

80

40

Absorption [a.u.]

20

500 550 600 650 collected with the parabolic mirror and directed outside the
cryostat. To measure the fluorescence excitation spectrum of
Wavelength [nm] 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
in Figure 1. The substituents at the nitrogen atoms serve asmolecular transition, dispersing the emission with a spectrograph
protective groups required for the synthesis and also enhance(Jobin Yvon HR460), and imaging on a liquid nitrogen cooled
solubility. The absorption maximum appears at 643 nm and ccp camera (Princeton). Typical acquisition times were 300
the extinction coefficient at this wavelength amounts to ap- s at a spectral resolution of5 cntt. To acquire the fluor-
proximately 90 000 L mot* cm™*. TDI molecules can be con-  escence correlation function which was also measured at a fixed
veniently excited by a HeNe laser, a‘Ktaser, a DCM dye  excitation frequency, the photoelectric pulses from the PMT
laser, or even a cheap diode laser. were fed into a digital logarithmic correlator (ALV5000) with
For the various measurements described below we preparedjme resolution<1us. The excitation intensity was varied from
samples of TDI in different matrices. Thin films of TDI in 40 mW/cn? to 6.4 W/cn? in these measurements.
polyvinylbutyral (PVB) were spin-coated onto a cleaned quartz
cover slide from a solution of 1.8 10-° 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 3.1. Confocal Microscopy at Room Temperature and 96
micrometers, as was controlled by atomic force microscopy and K. A confocal image of TDI molecules in a thin PVB film
topography images obtained with scanning near-field optical taken at room temperature is shown in Figure 2a. The size of
microscopy. The thickness of the films was measured to be the spots corresponds to a microscopic resolution-bfum,
20—-30 nm by evaluation of the depth of holes which are which is achieved with the objective. The high photostability
occasionally present at some sample locations. From the film of the molecules, even at room temperature, allows a repeated
thickness together with the relation of the concentrations of TDI imaging of similar patterns for long time periods. Some of the
and PVB in the solution, the concentration of the TDI molecules spots in the image instantaneously disappeared while scanning.

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 mot* cm™. The inset shows the structure of TDI.

3. Results and Discussion

in the film is calculated to be 12 6 moleculesfm? x 20
nm). Polyethylene samples (thicknes$0um) were prepared
by predissolving TDI in methylene chloride, mixing with low-

density polyethylene (PE), drying at 300 K under high vacuum,

This one-step bleaching is characteristic for single-molecule
fluorescencé:'® 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

pressing films at 440 K between glass slides, and subsequenfrom a single molecule.

guenching to 77 K. To obtain a solutioa4 6 x 1076 mol/L)

Using the low-temperature ability of our instruméntye also

of TDI in hexadecane (HD), the chromophore was predissolved took a series of three imagest 96 K, presented in Figure
in a small amount of methylene chloride. The mixture was then 2b. Each image requires 30 min of recording time. The reduced

heated to evaporate most of the methylene chloride.

count rates are attributed to a different excitation wavelength

Two different experimental setups were employed in this of A = 647 nm. As compared to room-temperature measure-
work. For single-molecule imaging between room temperature ments with the same laser, however, the fluorescence signal

and 96 K we used a variable temperature confocal micros€ope.

Thel = 633 nm light of a HeNe laser or thie= 647 nm light

does not show an increase. In the repeated scans of Figure 2b
over the same area bleaching of single molecules is observed

of a Kr' laser was focused through a pinhole and reflected to (e.g. arrow A). Even more interestingly, another spot (arrow

a microscope objective (69 0.85) by a beam splitter. The
objective focuses the illumination light with typical excitation
intensities of 20 kW/crhon-axis into the sample plane. The

B), which is not visible in the first image, appears in the second
and third image. The disappearance and reappearance- (“off
on” transitions3® of single-molecule fluorescence over a long

sample assembly is moved laterally across the focus by atime period is directly visible in Figure 2c, which shows the

piezoelectric bimorph scanner.
scanner are located inside the optical cryostat.

Both the objective and the variation of fluorescence intensity with time for three different
The light sample locations not far away from the region of Figure 2b. In

collected by the same objective is focused through a secondFigure 2c-i an average rate of 300 counts per 100 ms above the
pinhole in the image plane of the objective. The excitation light background was collected before one-step bleaching occurs at

is suppressed by cutoff filters (Schott RG 665) and the the timet, =

50 s. These 150 000 counts before bleaching

fluorescence emission detected with a photon-counting ava-correspond to a total fluorescence photon yield-afY, taking

lanche photodiode (EGG, SPCM-200, APD). The output

into account the estimated detection efficiency ef22617 In
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Figure 2. (a) Room-temperature confocal fluorescence image of TDIH2& nm thin PVB film on quartz. Excitation intensity: 3010 kW/cn?
atA = 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 teoffir-toni transition of the fluorescence
during the scan. (b) Section from a series of three fluorescence images of the sameTare@6aK. Excitation: 20 kW/crhatA = 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 ax33 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, redord@@ Kt They show different behaviors such
as one-step bleaching (i), sudden increase (ii), and “on” and “off” switching (iii) of the fluorescence (see text).

Figure 2c-ii the fluorescence signal of a molecule appears atvast majority of the excitation lines showed spontaneous and/
time t,, 33 s after starting the illumination, and undergoes a or light-induced frequency jum@seven when scanning the laser
number of short transitions before disappearing just before thewith fairly low intensity. This effect is expected to be also
end of the observation period of 100 s. In Figure 2c-iii the common in PVB samples, which for the present were not
signal of the investigated molecule instantaneously reappearsinvestigated in the low-temperature experiments. In the poly-
at t; after a temporary “off” state. Over a time of 100 s the crystalline HD matrix the stability of the excitation lines was
same molecule switches “on” and “off” repeatedly, reaching much better. The hexadecane molecules seem to offer more
different fluorescence levels. Besides instantaneous jumps ofstable surroundings around the guest molecules, although in the
the fluorescence intensity, quite fast continuous changes canbulk fluorescence excitation spectrum of TDI/HD at 1.4 K only
be observed as well. As molecular reorientations can be a broad inhomogeneous band with no well-defined Shpol’skii
excluded in this temperature range and experimental drifts causesites is visible. This is quite reasonable taking into account
only slow variations, these might originate from spectral the bulky substituents of TDI, which will not allow for a
shift£1=23 or from fast “on-off” transitions with a slowly substitutional insertion into the alkane host, and the likely
varying relation of the average “on” and “off” times, which are presence of traces of methylene chloride. All the single-
not resolved within the 100 ms counting intervals used here. molecule data described in the following were taken in the

These microscopic observations on a single-molecule level system TDI in HD.
reveal inhomogenities which cannot be resolved by ensemble Single-molecule excitation lines of TDI in HD were observed
measurements. Results obtained at room temperature give morén the wavelength range between 651 and 668 nm (see Figure
quantitative insights into the molecular bleaching proééss. 3). Allline shapes could be approximated by Lorentzians, one
current experiments we investigate the reason for the repeatecexample of which is shown in the inset of Figure 3. The
“on—off” transitions, which could be spectral jumps of several narrowest lines have a full width at half-maximum of around
nanometers due to a reorientation of the molecule’s substituents45 MHz at low exciting intensity (25 mW/cth If this

3.2. High-Resolution Spectroscopy at Liquid Helium corresponds to the lifetime-limited value, the excited-state
Temperatures. Fluorescence excitation spectra of single TDI lifetime, which to our knowledge has not yet been determined
molecules were easily observed in polyethylene (PE) as well by time-resolved measurements, would be 3.5 ns, very similar
as in hexadecane (HD). In the polymeric host, however, the to the value obtained for terrylede. For a few molecules it
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calculations for terrylen& the corresponding normal vibrations
are attributed to €C stretches, which obviously are only
weakly affected by the substituents of TDI. Additionally, the
weaker lines at 547, 1360, and 1378 Enappear at similar
frequencies in the spectrum of terrylene. The line at 179cm
might correspond to the intense line appearing at 243'dm
the terrylene spectrum. This mode is attributed to a long axis
stretch of the whole moleculé,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-
10 ' 5 ' 0 molecule lines are subject to light-induced frequency jumps.
. Therefore, it was not possible to excite a TDI molecule
Laser detuning [GHz] resonantly for a sufficiently long time interval to accumulate
Figure 3. Fluorescence excitation spectrum of single TDI molecules its emission spectrum. Because of the increased stability, single-
in hexadecane at 1.4 K ¢ 80 mWicnt, 0 GHz= 659.02 nm). The  mpolecule fluorescence spectra could be recorded in the HD host.
inset show? the I_sdple_ctr.um of clne of the molecules together with a Figure 4b shows the fingerprint region (1250620 cnt?) of
Lorentzian fit (solid line:Avnm = 56 MHz). the emission spectrum of a single TDI molecule in HD excited
at 656.13 nm. It exhibits the same vibronic pattern as the bulk

Count rate [10 3 s-1]

-1
Distance from 0-0'transition [cm | spectrum of TDI in PE (Figure 4a). Within the experimental
0 500 1000 1500 2000 resolution (5 cm?), the spectra of other single TDI molecules
——— 77— investigated show the same vibronic frequencies in this wave-
1300 1400 1500 1600 .
15 - (a) — length range. However, we observed clear changes in the
g  single molecule intensity ratio between the modes at 1267 and 12841dar

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 cnt! modes of single terrylene molecules (in PE) was
also found to vary considerably between different molectles.
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

' . . ' ' L : guantum chemical calculations. Additionally, a slight degree
660 680 700 720 740 760 780 of correlation was found between the intensity ratio of these

Wavelength [nm)] modes and the excitation frequency. In our study of single TDI

Figure 4. (a) Fluorescence spectrum of a bulk sample of TDI in PE Molecules such a correlation was not observed, but the number
at 1.4 K, excited at 633 nm. (b) Fluorescence spectrum of a single Of molecules investigated may be too small.

Fluorescence [a.u]

TDI molecule in HD at 2.5 K, excited at its-€0-transition at 656.13 The fluorescence intensity autocorrelation functab(z)2°
nm. The vibroniq lines are more clearly visible due to the reduced was recorded to determine the population and depopu|ati0n rates
pseudophonon sidebands. of the triplet state of single TDI molecules. These parameters
TABLE 1: Vibrational Frequencies in cm~2 of TDI in can be deduced from the time constant and the contrast of the
Polyethylene at 1.4 K (the Resolution Is about 5 crri) decay visible in the correlation function. This decay is a well-
frequency frequency frequency known phenomenon re_sultln_g from bunching of the_ fluorescence
photons caused by singtetriplet quantum transition® To
ég lgg 1134755 extract the kinetic parameters of the triplet state from the
118 1104 1454 correlation decay, intensity dependent measurements have to
179 1267 1523 be performed. From the more than 100 single molecules
257 1283 1562 examined only two endured this procedure because at high
297 1360 excitation intensity light-induced frequency changes occurred.
a Strongest features in the emission spectrum. These two molecules showed three steps in the time regions of

0.1, 1, and 100 ms when plotting the correlation function on a
was possible to increase the exciting intensity up to 6 \W/cm  |ogarithmic time scale (see Figure 5a). Hence the correlation
The line shapes broadened as expected from tHéamd we function was approximated by the sum of three exponentials.
reached fluorescence count rates up to 400 00@isder these
conditions. 0?(x) = 1+ ¢, exp(—A,7) + ¢, exp(A,7) + ¢, expis)

In Figure 4a the fluorescence line narrowing (FLN) spectrum (1)
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 ~ As will be explained later, the exponential decay around 100
the 0,0 transition and that only a small number of vibronic ms could not be attributed to triplet dynamics but rather seems
transitions can be discerned. The ground-state vibrational to be due to spectral diffusion. The first two exponential decays
frequencies determined from the emission spectrum are listedof the correlation function are thought to be caused by
in Table 1. Comparison of the emission spectra of TDI and intersystem crossing (ISC) into and out of the triplet state of
unsubstituted terryleAg28reveals fairly good agreement of the TDI. As the main molecular frame forming the system is
frequencies of the strong vibronic lines in the fingerprint region expected to be close to planarity, we assume in analogy to
(TDI: 1267 cnTl, 1284 cnrl, 1562 cn?! ; terrylene: 1272 terrylené4 that the fast decay & 1) is due to the two in-plane
cm 1, 1283 cnt?, 1562 cntl). According to quantum chemical  sublevels, the contributions of which cannot be discriminated
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115 e T molecule causes a second absorption frequency to be visited,
- o= 02 (b) which also introduces bunching of photons. An indication of
g i this second frequency position is found in the fluorescence
g 0.1 excitation spectrum at higher intensities. Two line shapes are
= SRy y visible showing discrete interruptions of the signal when the
= = 1L molecule is visiting the other frequency position. For even
T £ 7L higher intensities power broadening causes merging of the two
= 6L spectral lines. Consequently, the fluorescence intensity is
}f, 150 constant and independent of the state of the TLS, and the related
sl vl sds sy & Conal e eoiuanl o veuedl contrast vanishe®. Strangely, this behavior was found quali-
0.010.1 110 100 100 1000 tatively quite similar for both molecules.
Time [ms] Intensity [mW/cm?2]
Figure 5. (a) Normalized intensity autocorrelation functio®@) of 4. Conclusion

the fluorescence emission of a single TDI molecule at an excitation T | diimid introduced itable fl h
intensity of 0.8 W/crA The solid line is a fit of three exponentials (eq errylenedimide was Inroduced as a suitable tiuorophore

1) to the experimental data, yielding decay timed 0f = 66 us, 1,2 for single-molecule imaging and spectroscopy in the wide
= 1.7 ms, andlz"! = 101 ms. The second step is hardly visible but temperature range from 1.4 K to room temperature. It combines

necessary to obtain a satisfying fit. Background-corrected contrasts (b)the essential properties of strong and sharp zero-phonon lines
and rates (c) of the first exponential decay if(g) of a single TDI gt |ow temperature and a sufficient photostability at room
molecule versus exciting laser intensity (note the logarithmic intensit temperature. With the variable temperature confocal microscope

axis). The behavior can be well reproduced with the theory described . : .
in ref 30 (solid lines). The error of the contrast is assumed to be less we studied fluorescence dynamics of the single chromophores

than 10%. The fits yieldes = 6.1 ms?® andks® = 14.6 ms. in a solid matrix and observed fluctuations and “blinking”
behavior of the fluorescence at 96 K and room temperature. A
TABLE 2: Average ISC Rates kg)3 and kg)l of Two TDI similar phenomenon, well-known in low-temperature single-
Molecules in Hexadecane As Determined from the Intensity molecule spectroscopy as spectral diffusion, was observed by
Dependence of the Correlation Decay Rates and Contrasts high-resolution laser spectroscopy as well. Actually, for many
(See Figure 5 and Text) examinations spectral diffusion is rather a disturbing effect
(1) (2) connected with the complex structure of the dye molecule which
ko3 (LGP s7Y) 542 <1 prevents an ordered nanoenvironment. Nevertheless, it was
ka1 (10°s79) 15+1 15+1 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-

For the determination of the ISC rates we treated the subleveligations over a broad temperature range. Avoiding ensemble

populations in a first approximation as if they were independent 2Veraging, it seems to be possible to reach a detailed under-
using the formalism of ISC in a three-level syst@mWhen standing of the “blinking behawor. T_h_e s_peC|aI d(_e3|gn of the
we included coupling of sublevel populations in the rate molecule also allows chemical modifications which may be

equations, as recently shown in ref 31, we found the deviation useful to study specific dyematrix interactions. Furthermore,

of the rate parameters to be within our experimental error It Will be possible to attach TDI to polymer chains or

margin. The rate parametets(i = 1, 2) and the contrasts b!omolecules or to covalently connect two dye molequles
(corrected for background contributions according to eq 12 of directly for energy or electron-transfer experiments at the single-
ref 30) of the correlation function depend on the intensity and Molecule level.

are related to the populatioke4?) and depopulation rateks(®)

of the triplet state as given in eqs 7 and 10 of ref 30. Itis, in
principle, possible to determine the valuekgf) andks,® from

the rate parameteds alone, but the analysis of the contrasts
additionally provides the ratiks;()/kog®, which helps to arrive

at more precise results. A plot of and; versusl is shown

in Figure 5b,c, together with the corresponding fits. From the

in our experiments, and the slow decay= 2) is due to the
out-of-plane sublevel.
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