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We explore the distribution and shape of single molecule spectra at room temperature,
when embedded in a polymer host. Multicolour excitation and emission spectroscopy is
implemented to capture the full inhomogeneous distribution. We observe dramatic
spectral changes in a distribution of single quaterrylene diimide (QDI) molecules
isolated in a PMMA matrix. The molecules are strongly blue shifted with respect to the
ensemble absorption maximum and spread over a staggering 200 nm range. Despite
these strong shifts, the shape of the emission spectra does not differ much between
individual molecules. We demonstrate that a considerable number of molecules may be
invisible in single molecule experiments, as they typically rely on only a single excitation
wavelength, which predetermines which subensemble is probed in the experiment.
Lastly, we make a first step towards single molecule excitation spectroscopy under
ambient conditions, which allows us to determine the spectral range at which individual
molecules absorb light most efficiently. We show how single molecule emission and
excitation spectroscopies can complement each other and a combination of both
techniques can help in understanding the origin of underlaying spectral properties of
individual molecules.

Introduction

Single molecule (SM) experiments allow us to study a system of interest
addressing one molecule at a time. Molecules are not isolated in nature, but are
constantly interacting with their surroundings. This, together with an intrinsic
molecular diversity, leads to the observation of inhomogeneities and dynamical
processes that are usually concealed in the ensemble average.™?

Depending on the system and photophysics of interest, different detection
schemes are feasible. With very few exceptions, all SM methods rely on the
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detection of spontaneous emission. In cryogenic studies, the limited interactions
between molecules and their local environment are exploited by measuring the
typically lifetime-limited zero-phonon absorption lines. Under ambient condi-
tions, the increased interactions with the environment lead to significantly
broadened absorption lines as well as a drastic reduction in the photostability and
number of photons emitted before photobleaching. As a consequence, at cryo-
genic temperatures SMs are commonly studied through both their fluorescence
excitation and emission spectra,®*® while at room temperature SMs are only
routinely investigated through their fluorescence emission spectra.*’

Spectral and dynamical variability including spectral shifts and blinking are
observed irrespective of the chosen experimental parameters.®*** They can be
linked to changes in the chromophore itself (intrinsic) or the chromophores' local
environment (extrinsic) that are mirrored in changes in the fluorescence emis-
sion. Intrinsic variability can for example be induced by intersystem crossing or
conformational changes, whereas reasons for extrinsic changes include external
fields and changes in the molecules’ local environment. Especially in heteroge-
neous environments like polymers, individual molecules can interact with a
manifold of chemically or physically distinct surroundings. Structural differences
like the size, shape and the local surface composition of the polymer affect among
other things the polarity, acidity and rigidity of the nanoenvironment. Depending
on the degree and nature of the interaction, this may be reflected in more or less
pronounced deviations from the molecule ensemble average spectral position
and shape, quantum yield or lifetime.**"*®* Dynamical changes in the behaviour of
the molecules can be photoinduced, for example by a rearrangement of the host
matrix around the molecule due to local heating'* or cis/trans conformational
changes.*?° Still, the trapping of molecules in a crystal matrix or a polymer film is
generally beneficial. It increases the spectral stability, because it forces the
molecules into a certain conformation and hinders the diffusion of oxygen to the
molecule, resulting in a lower photobleaching rate.”*>

Spectral variability of SMs has been experimentally observed in a number of
systems. A spectral distribution of 40 nm has been reported for fluorescent dyes
based on the perylene diimide chromophore (structurally similar to QDI).'*** In
these cases, large spectral shifts have been explained in terms of a twisting of the
chromophore core (intrinsic) as well as a varying local polymer environment
(extrinsic). Spectral variations of nearly 100 nm have been reported for other
systems such as green fluorescent proteins in PVA"™ and carbocyanine dye
molecules adsorbed on bare glass.”

In this work, we investigated the spectral distribution of individual QDI
(quaterrylene diimide)** molecules embedded in a polymer host (PMMA) under
ambient conditions. QDI molecules belong to the rylene dye family that has been
extensively used in SM research over the past decade due to its high quantum
efficiency and photostability.>***® The absorption and emission wavelengths of
rylene dyes can be tuned throughout the visible spectrum by adjusting the length
of the perylene backbone.” This determines the degree of w-electron delocaliza-
tion and thus the electronic transition strength and energy.*

Here, we demonstrate the importance of utilizing a range of excitation wave-
lengths and detection bandwidths to access and probe the full spectral range of
SMs. We show how the choice of excitation and detection wavelengths can put a

208 | Faraday Discuss., 2015, 184, 207-220 This journal is © The Royal Society of Chemistry 2015



Paper Faraday Discussions

bias on the measured spectral distribution for both SM emission and excitation
spectroscopy.

Results

Environmental effects on the spectral properties of molecules can already be
visible in ensemble experiments. That is why it is informative to first compare the
ensemble absorption and emission spectra in solution to those in a polymer
matrix, and get an indication of the spectral changes we might expect from SM
experiments. We dropcast QDI/PMMA/toluene solution with a QDI concentration
of ~10 uM onto a cover slip, let the solvent evaporate and subsequently measured
the ensemble absorption and emission spectra. We compared the results to the
QDI solution spectra measured with the same concentration.

In Fig. 1 we show the absorption and emission spectra of QDI in solution
(shaded grey and red, respectively) and in a solidified PMMA film (solid blue and red
lines). In both cases the emission spectra were measured using 633 nm excitation
light derived from a HeNe laser. The inset shows the chemical structure of QDI.

In the solution absorption spectrum, we observed three bands corresponding
to the electronic transition at 750 nm and two vibronic sidebands at 680 nm and
630 nm. The solution emission spectrum is not the exact mirror image of the
absorption spectrum as would be expected for chromophores that strictly follow
Kasha's rule. The emission spectrum has only two bands at 785 nm and 860 nm
and its interband intensity ratio differs from the corresponding interband ratio in
the absorption spectrum.

The molecular ratio between the polymer and QDI is roughly 10/1. Given that
the polymer molecules are approximately 100 times larger than QDI we could
safely assume that at this concentration the QDI molecules mainly interact with
the polymer and not with each other. The measured spectra show that the
absorption of QDI in a PMMA film significantly differs in shape from the
absorption in solution (see Fig. 1). The maximum intensity of the spectrum is
shifted towards lower wavelengths by approximately 50 nm and lacks the spectral
features of the vibronic progression. Correspondingly, we found that the emission
spectrum of the dry film QDI was blue shifted by ~20 nm with respect to the
solution emission spectrum. However, its shape was largely unaltered.

Norm. intensity [a.u.]
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Fig. 1 Absorption and emission spectra of QDI in PMMA/toluene solution (shaded grey
and red, respectively). Dry QDI/PMMA film absorption and emission spectra (solid blue and
red lines). The chemical structure of QDI is shown alongside the spectra.
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It is important to note that the observed changes in the absorption spectra of
the QDI film are reversible — when the dry film was dissolved in toluene again, the
QDI solution spectrum was recovered.

It is clear that the local nano-environment induced by the proximity of the
glass and/or polymer does alter the absorption and emission spectra of the QDI
ensemble. The question that arises naturally from these observations is whether
comparable changes in spectral shape and position can be found at the SM level.
Do individual molecules embedded in PMMA mirror the shape and position of
the ensemble dry film absorption and emission spectra, or does an induced
spread of molecules with different electronic transition energies and different
spectral shapes lead to the observed changes? With these questions in mind we
now turn our attention to multicolour SM experiments.

Multicolour excitation confocal spectroscopy

For the SM experiments, samples with a density of about 1 QDI molecule per 2
um? were used to ensure that the molecules are well separated for the confocal
detection. As the first step, a confocal image was recorded to locate molecules on
the sample. Then the focal position was optimized based on the intensity of the
fluorescence signal detected with an APD. We then acquired a series of five
confocal images of the same sample area at excitation wavelengths ranging from
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Fig. 2 (a) Concept schematic of the experiment. Coloured profiles and dashed lines
represent the excitation wavelengths and the cut-off wavelengths of the corresponding
long-pass filters, respectively. The grey shaded area represents the ensemble absorption
spectrum of QDI in solution. (b) Zoom in on multicolour excitation confocal image
composed of five individual confocal images obtained at the excitation wavelengths
indicated in panel a. (c—g) SM emission spectra measured on five distinct molecules (M1 to
M5 from top to bottom) numbered on the confocal image in panel b. The solid red lines
represent the Gaussian fit to the measured emission spectra. (h) The spread of the
emission spectra of individual molecules shown in the form of a 2D map. The top slice
shows the emission spectrum of QDI in solution. Solid and dashed red lines indicate
excitation (633 nm) and long-pass filter cut-off wavelengths (650 nm), respectively. (i)
Histogram of the spectral positions for all (122) measured SM emission spectra. The
spectral positions of individual molecules correspond to the position of the maximum
intensity in their emission spectrum (maximum of the electronic transition).
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750 nm to 570 nm (coloured spectra in Fig. 2a). For each excitation wavelength we
used an appropriate long-pass filter with a cut-off wavelength spectrally as close as
possible to the excitation wavelength, to maximize the fluorescence detection
efficiency. If the molecules have a spread in absorption spectra, a different subset
of molecules will get excited at each excitation wavelength so that information on
the amount of excitable molecules at each wavelength can be extracted. We
started on the red side with a confocal image using 750 nm wavelength excitation
light. All molecules whose absorption spectrum overlapped with that wavelength
appeared in this image. Subsequently we took a confocal image at 710 nm exci-
tation. As the absorption spectrum of QDI is nearly 200 nm wide, the molecules
that were detected at 750 nm excitation will also appear on this image. Addi-
tionally, however, we found extra molecules whose absorption spectrum was blue
shifted so much that they could be excited at 710 nm, but not yet at 750 nm. We
repeated this for subsequent excitation wavelengths towards the blue, to find all
the subsets of molecules that start absorbing at each of the excitation wave-
lengths. We assigned a colour to these sub-ensembles, according to the colour of
the excitation wavelength at which they first appear in a confocal image (not really
corresponding to the VIS range). The molecules that were visible on a particular
image were manually removed from all images acquired at shorter excitation
wavelengths. Then, the average background was removed and the data smoothed
with a Gaussian filter. Finally, the images were normalized to each other and
overlaid. For better visibility of the molecules, the bottom 5% intensity on the
images (residual background) has been coloured grey. The resulting multicolour
excitation confocal image is shown in Fig. 2b. The variation in size between
molecules simply results from the diversity in emission intensity.

We have experimentally checked that there were no molecules significantly
redshifted with respect to the ensemble spectrum by measuring a confocal image
at 800 nm excitation. Assuming that molecules can be detected when excited at
the level of at least 10% of their absorption cross section, they would appear on a
confocal image if their maximum absorption peak would reside at most 40 nm
below the excitation wavelength (assuming that the spectral shape is largely
unaltered). Thus we conclude that there were no molecules shifted by more than
10 nm towards the red.

The continuous appearance of molecules on the images, even as blue shifted
as 570 nm, indicates that the sample contains molecules with a large spread of
electronic transition energies. To find out whether the observed spread is also
associated with changes of the spectral shape and the vibrational band structure,
we now turn to SM emission and excitation spectroscopy.

Single molecule emission spectra

We measured emission spectra of individual molecules on the same area of the
sample upon excitation at 633 nm. In panels c-g of Fig. 2 we show five exemplary
emission spectra measured on the molecules that appeared at different excitation
wavelengths and are numbered M1-M5 in Fig. 2b. We found that the emission
spectra of molecules emitting on the red side near the QDI solution emission
wavelength (Fig. 2c and d) were much weaker and much noisier. This was
expected because at 633 nm excitation the absorption cross-section is very low for
molecules with maximum absorption around 750 nm (~15% of the maximum).

This journal is © The Royal Society of Chemistry 2015 Faraday Discuss., 2015, 184, 207-220 | 211



Faraday Discussions Paper

Still, there was a continuous distribution of molecules absorbing at all interme-
diates, which became clear when we measured more emission spectra on
different areas of the sample. We found that the position of the maxima of the
emission spectra ranged from about 760 nm to the cut-off wavelength of our long-
pass filter at 647 nm.

In panel h we show a series of 10 SM emission spectra. In the top slice we show
the emission spectrum of QDI in solution for comparison. A histogram showing
the wavelength of the maximum emission for all measured molecules is shown in
panel i. The positions of the maxima were determined using a Gaussian fit to the
main peak of the emission spectrum. The distribution clearly peaks towards
shorter wavelengths, close to where the excitation wavelength is. This is under-
standable, as the molecules that have their maximum absorption shifted towards
the blue overlap with the excitation laser more strongly and thus appear brighter
on the image. In the experiment we are naturally biased towards picking brighter
molecules. This observation demonstrates that the choice of excitation and
detection bandwidths determines which molecular sub-ensemble is probed most
efficiently when the molecules show a large spectral distribution.

We found new molecules appearing when the excitation wavelength is moved
towards the blue in the multicolour excitation confocal image (by nearly 200 nm).
We also found a distribution of emission spectra with nearly the same shape,
while spreading over at least 100 nm. These observations clearly indicate that the
individual molecules keep their intrinsic spectral properties but experience an
overall electronic shift.

Towards excitation spectra of single molecules

We have learned that the absorption spectrum of QDI molecules shifts together
with the emission spectrum. Since the shape of the emission spectra did not
appear to depend on the spectral position, we tentatively assumed that the shape
of the absorption spectra would not vary significantly between individual mole-
cules either. It is however desirable to find out whether the shape of the
absorption spectra resembles that of QDI in solution or whether it is affected by
the encapsulation in PMMA.

In the following step we therefore attempted to measure the excitation spectra
of individual molecules. Fig. 3f shows the concept of this multicolour experiment.
We recorded confocal images at different excitation wavelengths again but kept
the long-pass filter in the detection path constant at 776 nm this time. This way
the same portion of fluorescence emission was detected at each excitation
wavelength. Therefore, for the same excitation power, the detected fluorescence
intensity only depended on the molecule's absorption cross-section at the exci-
tation wavelength. Variations in fluorescence intensity between different excita-
tion wavelengths therefore directly yield the excitation spectrum of the molecule
in this case. The measured confocal images are shown in Fig. 3a-e. The confocal
images measured towards the blue excitation contain fewer and fewer molecules,
which results from the fact that the red molecules have a very low absorption
cross section at these wavelengths, whereas for the blue molecules the amount of
detected fluorescence is very low. Examples of SM excitation spectra are shown in
Fig. 3g-j (solid blue lines). The excitation spectrum shown in Fig. 3j corresponds
to the molecule marked with a red circle in the confocal images. As a guide to the
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Fig. 3 (a—e) Confocal images measured at different excitation wavelengths, indicated in
the right upper corner of each image, with the fluorescence signal detected with the same
776 nm long-pass filter. (f) Concept schematic of the experiment. The blue profiles
represent the excitation wavelengths and the blue dotted line the cut-off wavelength of
the long-pass filter. The red filled area indicates the detected part of the emission spec-
trum. (g—j) The blue lines represent the SM excitation spectra reconstructed from the
confocal images shown in panels a to e. For comparison we also show the absorption
spectrum of QDI in solution (shaded grey) that has been spectrally blue shifted to match
the measured SM excitation spectrum. The ensemble absorption spectra were shifted in
the frequency domain and then translated back to the wavelength range to account for
the difference in photon energy corresponding to different wavelengths.

eye, we added a QDI solution absorption spectrum, which has been spectrally
shifted to match the measured excitation spectra (grey, shaded). The five
measured experimental points were insufficient to precisely reproduce the spec-
tral shape of the absorption spectrum. However, they were sufficient to determine
the spectral position of the excitation spectra with about 20 nm precision and also
to verify that the width of the excitation spectra matches that of the solution
absorption spectrum. Looking at different molecules we found a large spread of
spectral positions of about 100 nm for the excitation spectra.

Quantitative analysis

Upon careful inspection of the SM emission spectra we found that the separation
between the electronic transition and the vibronic sideband, as well as their
relative intensities, varied between individual molecules. In Fig. 4a we show the
correlation between the spectral position of the main peak and the spectral
separation between the electronic transition and vibronic sideband. We took into
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Fig. 4 (a) Correlation between the spectral position of the SM emission spectra and

separation between the main electronic transition and the first vibronic band. (b) Corre-
lation between the SM spectral position and intensity of the emission spectrum. The black
dashed lines indicate the limits of the plotted distribution. The inset zooms into the low
count range of the main panel with the red dashed line acting as guide to the eyes. (c)
Comparison between the absorption spectrum of QDI film (green) and the distribution of
the single QDI molecule spectral positions (red bars) based on the multicolour excitation
confocal image shown in Fig. 2b. (d) Comparison between the QDI solution emission
spectrum (red) and the reconstructed SM ensemble emission spectrum for two sub-
populations of molecules: bright (dashed line) and dark (dotted line) ones (giving >300 and
<300 counts per s, respectively, as shown in the inset of panel b). The solid, blue line
represents the SM ensemble emission spectrum, taking into account all the molecules
shown in panel b.

account all SM emission spectra for which we could clearly see the two bands and
did not find any clear correlation of the interband separation and maximum
wavelength at which the molecules emit. The majority of the molecules exhibited
the same interband distance of about 50-60 nm even though they absorbed across
a wavelength range of nearly 100 nm.

From the analysis of the emission spectra of individual molecules taken from
the multicolour excitation confocal image, we learned that picking up darker
molecules yields emission spectra at the red side (towards 750 nm), while brighter
molecules emit towards the blue side. In Fig. 4b we show the correlation between
the maximum intensity of the emission spectrum and the spectral position of the
main emission peak, when exciting at 633 nm. Interestingly, the scatter plot has
the shape of a wedge, as indicated with the thin, black dashed lines. The intensity
spread for red molecules is much smaller than for blue molecules. This can be
readily understood in terms of the transition dipole moment orientation and/or
the internal quantum efficiency. When exciting at 633 nm we were more sensitive
to blue molecules. Even not so efficient molecules and molecules whose transi-
tion dipole moment is not aligned well with the polarization of the excitation light
would be visible on the image and bright enough to measure their emission
spectrum. For the red molecules on the other hand, as they were excited less
efficiently in our experiment, we were mainly sensitive to the brightest ones that
had high quantum efficiency, and for which the transition dipole moment
orientation matched the excitation light polarization, making the distribution
much narrower. After looking closely at the low intensity sub-ensemble of
molecules (see inset) we indeed found that the spread of intensities is similar for
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all molecules and we saw a clear linear dependence between the brightness and
the spectral position. This dependence illustrates yet again that SM experiments
are highly biased by the excitation wavelength, especially when only the bright
sub-population is sampled.

Finally, from all our experiments on SMs we have found a large distribution of
molecules absorbing and emitting at various wavelengths. We can thus reconstruct
ensemble excitation and emission spectra from the SM results and tentatively
compare them to the absorption and emission spectra measured on the QDI film.
In Fig. 4c we show the absorption spectrum of the dry QDI film (green) together
with a histogram (red), which shows occurrences of molecules starting to absorb at
the five different excitation wavelengths. The histogram was constructed, taking
into account molecules from the multicolour excitation confocal images (see
Fig. 2b). The number of molecules that we have measured is insufficient to precisely
rebuild the ensemble absorption spectrum of dry film. However, the extent of the
distribution is well represented. For comparison, we also show the absorption
spectrum of QDI in solution (blue). We note that multicolour excitation confocal
microscopy with changing long-pass filters was the only unbiased experiment with
respect to excitation/detection wavelength choice that we have performed.

In Fig. 4d we show the reconstructed emission spectrum of the SM ensemble
(blue) in comparison to the dry film emission spectrum (red). The SM ensemble
spectrum was constructed by adding up normalized solution emission spectra
that are shifted according to Fig. 4b. The SM ensemble emission spectrum is
clearly blue shifted with respect to the dry film spectrum. This is in line with the
fact that in the experiment we are biased towards brighter molecules (633 nm
excitation). If we only take into account bright molecules (>300 counts per s), the
reconstructed SM ensemble emission spectrum is strongly blue shifted (black
dashed line), whereas if we take only the darker molecules (=300 counts per s) we
find that the SM ensemble emission spectrum has nearly the shape of the QDI
solution emission (black dotted line).

Discussion

From the multicolour excitation confocal images we have learned that QDI
molecules embedded in a PMMA matrix can start absorbing anywhere between
570 and 750 nm. The shifts in the absorption of up to 200 nm away from the
solution absorption maximum (750 nm) are quite dramatic, especially when
realising that they correspond to changes in the electronic transition energy of
about 25%.

Interestingly, we found that the shapes of the emission spectra of molecules
absorbing at various wavelengths were nearly identical (Fig. 2c-g). The position of
the first vibrational band with respect to the main electronic transition varied
between 45 and 65 nm, but there was no clear correlation between the inter-band
distance and the wavelength at which the molecules emit. This indicates that the
intramolecular coupling between vibrational modes and the electronic transition
was largely unaltered. As the vibrational modes are quite sensitive to structural
changes of the molecule, we concluded that all molecules must have a very similar
conformation.

The spectral distribution in the measured SM excitation spectra shown in
Fig. 3 is in full agreement with the spread observed in the measured emission
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spectra. The excitation spectra comprise only 5 points. While this was not suffi-
cient to precisely determine the shape of the excitation spectra, the overall shape
and spectral width still generally agree with the QDI solution absorption spec-
trum (shaded grey). It would evidently be highly beneficial to be able to measure
excitation spectra of individual molecules fast and with high spectral resolution
under ambient conditions. Only recently we have developed an experimental
approach based on the broadband interferometric excitation that enables fast
measurement of excitation spectra of single molecules at ambient conditions with
high spectral resolution.*® Correlations between the excitation and emission
spectra will undoubtedly shed new light on many fundamental intra- and inter-
molecular processes.

Based on our experiments the exact reason for the observed strong spectral
variability among the individual molecules is hard to pinpoint. However, we know
that the extent of 7 electron delocalization in the rylene backbone determines the
absorption/emission wavelengths and thus one possible explanation is that the
conjugation in the backbone is truncated differently for individual molecules. In
rylene dyes there is a 100 nm bathochromic shift for each attached naphthalene
group. The shorter backbone homologues of QDI, like PDI and TDI, have their
absorption maxima in solution at approximately 560 and 660 nm, respectively.
Importantly, they all have the same shape of the absorption spectrum. It thus
seems plausible that either the change in the conformation and/or interactions
with the polymer leads to a different degree of truncation of conjugation and to
the observed distribution. It could either be the long hydrocarbon chains folding
onto the backbone or the proximity of the polymer interfering with the conju-
gation. The unchanged emission and excitation spectra (the latter at least in
terms of the width) would support this.

To check this hypothesis we repeated the experiments for QDI molecules spin-
coated on a glass coverslip without any polymer. Unfortunately, bleaching,
strongly reduced observation time and much enhanced blinking dynamics did
not allow us to draw any conclusions.

Hofkens et al. showed that substitutions in the bay region (middle region of
the naphthalene backbone) of PDI based molecules may lead to large twists of the
naphthalene backbone. However, twists reaching tens of degrees lead to spectral
shifts of the emission spectra of only up to 40 nm.** On the one hand, in PDI
(shorter homologue of QDI) without any substitutions in the bay area the flat
conformation was calculated to be the most favourable one. On the other hand,
the twist of the naphthalene backbone is associated with the loss of the fine
structure in the vibrational progression. Even though QDI does not have any bay
substitutions, we did observe a smoothing of the vibrational progression in the
emission spectra of many measured molecules. Perhaps minor intrinsic or
polymer induced twisting of the backbone also play a role in our studies.

Our results clearly demonstrate that SM experiments can be highly biased
towards sub-ensembles in the case of a large spectral heterogeneity among the
molecules. For QDI, the fact that the spread is nearly 200 nm broad combined
with the choice of a particular wavelength (excitation or detection) might result in
completely failing to capture part of the SM ensemble. It is of fundamental
importance to keep this in mind for any SM experiment, because reliance on the
ensemble solution spectrum for choosing appropriate excitation and detection
wavelengths may lead to highly biased results.
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Both the multicolour excitation confocal images and the emission spec-
troscopy experiments provided information on the relative amount of mole-
cules absorbing and emitting at specific wavelengths. We intuitively built up
SM ensemble spectra and compared them to the absorption and emission
spectra of QDI in solution, as shown in Fig. 4c and d. The spread of absorption
wavelengths was well represented but we did find a discrepancy in the number
of molecules absorbing at specific wavelengths. Our statistics were quite
limited (~100 molecules) but it seems that there was about a 50/50 ratio of
molecules absorbing around 750 nm to molecules absorbing at all other
wavelengths, whereas the dry QDI film suggested that the distribution should
peak around 700 nm. The origin of this difference is unclear, but we cannot
really rule out changes in the absorption cross section for spectrally distinct
molecules.

The SM ensemble emission differed significantly from the dry QDI film
emission spectrum. This difference is easy to understand because the experiment
is highly biased towards molecules absorbing in the blue upon excitation at 633
nm. In fact we could spectrally tune the SM ensemble emission spectrum by
simply taking into account molecules of different brightness and consequently of
different spectral position (see Fig. 4d). Furthermore, a reasonable number of the
molecules whose fluorescence does not significantly stand out against the back-
ground might simply be ignored in the analysis. Lastly, changes in the quantum
efficiency of the molecule with the spectral position cannot be completely
excluded.

Conclusions

In this work we have addressed spectral changes in absorption and emission
spectra of SMs embedded in a polymer matrix. We have found that QDI molecules
exhibit a nearly 200 nm broad distribution of the position of the absorption and
emission spectra, shifted towards lower wavelengths from the maximum
absorption of QDI in solution. All molecules show a similar spectral shape but
differ significantly in electronic transition energy.

We have demonstrated that any SM experiment may lead to biased results
depending on the choice of excitation and detection wavelengths when the
investigated molecules exhibit a large spectral variability. In extreme cases, part of
the SM population may not be detected at all.

Due to an interplay between numerous intrinsic and extrinsic causes for
spectral shifts, the spectral variability among SMs is hard to predict. Multiple
wavelength excitation should therefore be utilized to find the full bandwidth of
spectral positions of SMs on the sample.

Finally, being able to measure excitation spectra of individual molecules fast
and with high spectral resolution would expand our knowledge of fundamental
processes driving chemistry at the SM level. In particular, correlations between
excitation spectra and other observables such as quantum efficiency, emission
spectra, blinking dynamics and conformation might be extremely insightful.
Moreover, knowledge of the position of the absorption and emission spectra is of
fundamental importance for novel experimental approaches where for instance
plasmonic enhancement is used on either absorption or emission of individual
molecules.?>*
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Experimental
Experimental setup

Alaser beam was derived from either a white light source (SuperK, NKT) or a HeNe
laser. The laser beam was cleaned up using an appropriate band-pass filter and
propagated colinearly into an inverted microscope (Observer D1, Zeiss). Inside the
microscope, the laser light was reflected from a 50/50 beamsplitter and focused
to a diffraction-limited spot onto the sample with a high numerical aperture
oil-immersion objective (1.3 NA, 100x, Zeiss Fluar). The fluorescence from the
sample was collected through the same objective and then either sent to a
spectrometer equipped with an electron-multiplying charge-coupled device
(EMCCD, Newton, Andor) camera or focused onto an avalanche photo-diode
(APD, Perkin-Elmer) that allows confocal optical imaging of the sample. Long-
pass filters were placed in the detection path to block the reflected laser light. The
sample was placed onto a piezo-controlled stage that enabled precise positioning
and scanning. A shutter was positioned in front of the microscope to prevent
sample illumination in between measurements.

The laser power was typically set in the range 1-4 uW for a single beam at the
sample position. For an average molecule 2000-3000 counts per s were detected,
of which about ~200 counts per s was background count. Background count
included the dark counts of the APD (~60 counts per s) and residual stray light
above the cut-off wavelength of the long-pass filter.

All the experiments were performed at least twice to ensure reproducibility.

Sample preparation

The experiments were performed on single quaterrylene diimide (QDI) molecules
derived from the rylene dye family and obtained from the Miillen group (Max
Planck Institute for Polymer Research, Mainz, Germany).

The samples were prepared by dissolving QDI molecules at a ~0.1-1 nM
concentration in a poly(methyl methacrylate)-toluene solution (PMMA/toluene
mixture ~1% w/v). Approximately 50 uL of the solution was then spin-coated onto
a nr 1 microscope cover slip for 60 s at a spinning rate of 2000 rpm. Microscope
cover slips were cleaned by immersing them in a piranha solution (1 : 2 ratio
hydrogen peroxide to sulfuric acid) for ~30 minutes, then rinsed with deionized
water and blow-dried with N,. We found this procedure yielded no or very little
contamination on the cover slips.

Absorption and emission spectra of the QDI ensemble

The absorption spectrum of QDI in solution was measured using a commercial
spectrophotometer (NanoDrop 2000, Thermo Scientific). The absorption spec-
trum of the dry QDI film was measured using the experimental setup described
above. A drop of QDI solution was placed onto a cover slip and allowed to dry.
White light, derived from the built-in halogen lamp of the microscope, was
transmitted through the sample and sent into the spectrometer. A reference white
light spectrum was always measured alongside the dried QDI spot.

We used the same setup to measure the emission spectra of both dry QDI and
QDI in solution. For the latter we placed a drop of the solution onto the cover slip
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and measured the emission spectrum directly afterwards. Both emission spectra
were measured using 633 nm excitation light derived from a HeNe laser.

SM emission spectra

SM emission spectra were measured exciting at ~633 nm with a HeNe laser. The
laser light was cleaned up with a 632/11 band-pass filter and blocked with a 647
nm LP in front of the APD and spectrometer. The filters in front of the spec-
trometer were chosen as close to the excitation wavelength as possible in order to
maximize the detectable spectral range.

After taking the confocal image, the background spectrum was taken with the
EMCCD on the sample away from the molecules without changing the focus.
Then, individual molecules were placed in the laser focus to record their emission
spectra. Typically, 20 background-corrected emission spectra were recorded in a
kinetic series with an integration time of 1 s per spectrum. The spectra before
photobleaching or spectral jumping were averaged per molecule to improve the
signal-to-noise ratio. The gain of the used EMCCD camera was set to 200. The
quantum efficiency of our camera reaches its maximum around 700 nm, and its
variation in the spectral range of 600-800 nm is less than 8%.

Multicolour excitation confocal images

Multicolour excitation confocal images were acquired in two different schemes.
In the first approach the confocal images were measured for a specific set of
excitation and detection long-pass filters. In the second approach the long-pass
filter was fixed and only the excitation wavelength was tuned. In both schemes,
the confocal fluorescence images were recorded with 5 nm broad excitation bands
derived from an ultrabroadband laser (SuperK, NKT) equipped with an acousto-
optic tunable filter. A narrowband band-pass filter matching the excitation
wavelength was placed in the beam to ensure that no other wavelengths were
reaching the sample.

In the first experiment, the excitation wavelengths were 570, 630, 680, 710 and
750 nm with respectively a 610 LP, 650 LP, 730 LP, 740 LP and 776 LP filter
(schematically indicated in Fig. 2a). In the second experiment we used the same
excitation wavelengths while keeping the 776 nm long-pass filter for all acquired
images (schematically shown in Fig. 3f). The images have a size of 20 x 20 pm
with 200 x 200 pixel resolution and an acquisition time of 10 ms per pixel.
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