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ABSTRACT. We introduce fluorescence-detected pump–probe microscopy by combining a 

wavelength-tunable ultrafast laser with a confocal scanning fluorescence microscope, enabling 

access to the femtosecond time scale on the micrometer spatial scale. In addition, we obtain 

spectral information from Fourier transformation over excitation pulse-pair time delays. We 

demonstrate this new approach on a model system of a terrylene bisimide (TBI) dye embedded in 

a PMMA matrix and acquire the linear excitation spectrum as well as time-dependent pump–probe 

spectra simultaneously. We then push the technique towards single TBI molecules and analyze the 

statistical distribution of their excitation spectra. Furthermore, we demonstrate the ultrafast 

transient evolution of several individual molecules, highlighting their different behavior in contrast 

to the ensemble due to their individual local environment. By correlating the linear and nonlinear 

spectra, we assess the effect of the molecular environment on the excited-state energy.  
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Beginning with the pioneering experiments by Moerner and Orrit,1–5 methods and applications for 

the imaging and spectroscopy of individual molecules have found widespread application in the 

life and material sciences. The quantum nature of single-molecule optical transitions can provide 

access to quantum light6,7, and the associated stochastic photo-switching between bright and dark 

states as well as their narrow spectral linewidths in contrast to the ensemble lay the foundation for 

super-resolution microscopy methods that have led to high-precision imaging.8–15 

Most single-molecule techniques rely on the fact that after initial excitation with light, individual 

dye molecules re-emit a single photon of light with a probability determined by the quantum yield 

of the molecule. The properties of the excited states are not only specific to each type of molecule 

but can also significantly vary depending on the molecule’s local environment.16 For this reason, 

the spectra and kinetics of individual molecules can be used as highly local probes and have been 

shown to be sensitive to the presence of functionalized nanostructures17–22 and the morphology of 

macromolecular material systems.23–27 They have further found broad application in biomolecule 

tagging and for studying dynamical processes in biological systems.8,28–31 The excited-state 

lifetime of a typical molecule is usually in the range of hundreds of picoseconds or longer, and as 

such can be measured using time-correlated single-photon counting (TCSPC). 

However, many intra- and intermolecular processes take place on femtosecond timescales, which 

cannot be captured by TCSPC with its relatively low temporal resolution. This is where ultrafast 

nonlinear techniques are commonly used, such as ultrafast pump–probe (PP) spectroscopy, also 

known as transient absorption.32 There, transient molecular spectra are obtained by adjusting the 

time delay between two individual ultrashort laser pulses, a pump and a probe, yielding ultrafast 

temporal resolution that is in principle only limited by the pulse length. Extending this nonlinear 

spectroscopy technique to the single-molecule regime is very difficult as these experiments are 
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commonly associated with high pump pulse energies to achieve a satisfactory signal-to-noise ratio, 

which is often not compatible with the limited photo- and thermal stability of a single molecule. 

In addition, the change in probe intensity caused by an individual molecule will always be very 

small, so considerable effort has to be invested to isolate the desired signal from the comparatively 

large background of the unaffected probe laser beam,33,34 which is why a majority of single-

molecule experiments rely on the detection of background-free fluorescence instead.35 

While ultrafast spectroscopy of individual quantum objects such as, e.g., single quantum dots36–39 

or carbon nanotubes,40 has been performed, capturing the ultrafast dynamics of single molecules 

remains very challenging due to their fragile nature in comparison to solid-state quantum emitters. 

Recent work in this direction includes femtosecond orbital imaging by THz scanning tunneling 

microscopy,41 investigation of ultrafast fluorescence lifetimes in single dye molecules coupled to 

plasmonic nanostructures,42 ultrafast energetic relaxation and energy transfer in single 

photosynthetic complexes,43–46 and observation of ultrafast dynamics in single molecules.47,48 

These experiments, with one exception,41 are based on measuring the fluorescence yield as a 

function of the time delay between pump and probe pulse. They did not access spectral information 

as in a conventional transient absorption experiment, which makes it difficult to disentangle the 

various relaxation pathways of the excited molecule by the corresponding signal contributions that 

can lead to a single pump–probe transient. Liebel et al. demonstrated spectral resolution in a two-

color stimulated emission experiment, where spectral information was obtained by modulating the 

probe pulse into a pulse pair by means of amplitude masks generated by a pulse shaper.49 However, 

the necessity for two spectrally separate colors and the required extensive discussion of the shaping 

process to generate the probe pulse pair makes the experiment not as straightforward to apply in 

comparison to conventional pump–probe spectroscopy. 
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In the present work, we demonstrate pump–probe spectroscopy, including spectral resolution, 

down to the single-molecule limit. We generate time delays between spectrally identical laser 

pulses using mechanical delay lines. This avoids complex geometries and makes the experimental 

implementation straightforward. We combine spectrally resolved, fluorescence-detected pump–

probe (F-PP) spectroscopy, recently developed by some of us,50 with confocal microscopy to 

measure the spectrally resolved ultrafast dynamics of single molecules and use the simultaneous 

acquisition of linear and nonlinear spectra to investigate the effect of the local environment on the 

molecular transition frequencies.  

The principle of F-PP microscopy is sketched in Figure 1a, assuming an electronic two-level 

system with vibrational sublevels as a convenient model for a dye molecule. First, an ultrashort 

laser pulse (blue, subsequently referred to as the pump pulse) is used to excite the system from its 

initial ground state |g〉 to an electronically (and potentially vibrationally) excited state |e〉. Then, 

the system evolves for a specified waiting time T, during which numerous processes such as wave-

packet dynamics, energy transfer or vibrational relaxation can take place. Then the system is 

probed with a pair of pulses (orange), where the first probe pulse converts the population state into 

a coherent superposition between the ground and excited electronic states. This superposition 

oscillates in time with a frequency that is proportional to the energy gap of the involved 

superposition states and is sampled with the second probe (third in total) pulse, preparing a 

population state. This state then decays via spontaneous emission, which serves as the 

measurement signal. Temporal information is then obtained by scanning T and spectral 

information by scanning t and subsequent Fourier transformation. 
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Figure 1. Principle of F-PP microscopy. (a) Schematic of the three-pulse sequence used for pumping and probing an 

electronic two-level system with vibrational sublevels. Colored boxes indicate the two types of spectra obtained in an 

F-PP measurement from scanning inter-pulse delays T and t, followed by Fourier transformation over t. (b) The two 

main signal contributions of F-PP represented as double-sided Feynman diagrams. Individual interactions with the 

pump and probe fields are indicated by blue and orange arrows, respectively, whereas the dark-red arrows indicate 

spontaneous emission. (c) Experimental setup. Ultrashort pulses are generated and split into three pulses with 

adjustable time delays T and t using two nested Mach–Zehnder interferometers. The sample is excited with this pulse 

train through a microscope objective and sample fluorescence is collected with a second objective. Fluorescence is 

separated from the excitation light with long-pass filters and detected by a fiber-coupled single-photon counter 

(avalanche photodiode, APD). 

To remove any linear contributions to the spectrum, this measurement is repeated without the 

pump pulse for each waiting time T and the resulting interferogram is subtracted. As this linear 
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contribution is equivalent to the result of a conventional double-pulse excitation spectrum 

measurement,51,52 two spectra are obtained in the measurement process – the nonlinear, 

fluorescence-detected PP spectrum as well as the linear excitation spectrum of the molecule, 

indicated as colored boxes in Figure 1a. 

The measurement principle can be described in the language of double-sided Feynman diagrams 

(Figure 1b). In this formalism, the system is described by its density matrix, where the diagonal 

and off-diagonal elements denote the population of specific states and their mutual coherence, 

respectively. Each arrow denotes an interaction with the electric field, exciting or deexciting the 

system. We observe such signals in which the pump pulse interacts twice to generate a population 

and each probe pulse only interacts once. This gives rise to signal contributions (from 

fluorescence) that can be understood in the context of transient absorption spectroscopy, such as 

ground-state bleach and stimulated emission. 

The resulting measurement signal is incoherent in nature, and there is no inherent phase-matching 

condition involved. This enables us to perform the experiment in a fully collinear geometry with 

subsequent spectral filtering of the red-shifted fluorescence, and thus the method is ideally suited 

for combination with fluorescence microscopy (Figure 1c). We employ two nested Mach–Zehnder 

interferometers to generate three compressed ultrashort pulses in the visible spectral range with 

individually adjustable inter-pulse time delays T and t, which are then guided into a fluorescence 

microscope of our own design. A reflective objective is used for exciting the sample, making the 

setup compatible with a wide range of excitation wavelengths and broad spectra without 

introducing any additional dispersion to the laser pulses. Sample fluorescence is collected with a 

refractive microscope objective, separated from excitation light by long-pass filters, and detected 

by a single-photon counting avalanche photodiode (APD) connected to a single-mode fiber, 
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enabling confocal detection from a diffraction-limited spot (see Methods). Microscopy images are 

generated by scanning the sample laterally through the laser focus. 

 
Figure 2. Molecular system as well as linear reference spectra. (a) Structural formula of the terrylene bisimide (TBI) 

used as a model system. (b) Top: Liquid-phase absorption (blue) and emission spectrum (dark red) of TBI in toluene 

with the laser spectrum used in all measurements (grey). Bottom: Linear spectrum (blue) of a spin-coated sample of 

TBI in PMMA matrix and the expectation from theory (red). The inset shows a spatial microscope scan of the sample 

that has a homogeneous appearance. 

As a model system for our experiments we chose a highly stable substituted terrylene bisimide 

(TBI) molecule (Figure 2a).53,54 We covered the main absorption band of the S0-S1 transition at 
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1.83 eV with our laser spectrum and detected the red-shifted molecular fluorescence (Figure 2b). 

The laser spectrum was blocked in the detection channel for photon energies below 1.79 eV using 

a long-pass filter to avoid any overlap with the fluorescence signal. 

For our first experiments, we spin-coated TBI and poly(methyl methacrylate) (PMMA) to prepare 

an “ensemble” sample (see Methods), serving as a reference for the single-molecule study to be 

discussed later (see Supporting Information S3 for a discussion on the morphology of the ensemble 

sample). A microscope image of this homogeneous sample is shown in the inset of Figure 2b, 

where no heterogeneities are seen except for minor count fluctuations attributed to the lack of 

averaging when acquiring images. To ensure that the photon counts arise from TBI molecules on 

the surface, we analyze the linear spectrum obtained from a double-pulse scan as explained above. 

The shape of this spectrum is not only given by the molecular response but is additionally weighted 

by the shape of the laser spectrum, i.e., the linear spectrum retrieved by the F-PP measurement 

should be equivalent to the multiplication of the laser spectrum and the excitation spectrum. The 

excitation spectrum in turn agrees with the absorption spectrum if the fluorescence quantum yield 

is wavelength-independent. In Figure 2b, we compare this linear spectrum (blue) with the 

multiplication of the laser spectrum and the molecular absorption spectrum in toluene (red). We 

find a good match so that we indeed attribute the detected fluorescence photons to the TBI 

molecules. Further, we can also conclude that when changing the environment from PMMA to 

toluene, no spectral shift is observed as the linear spectra of both are in good agreement. As this 

linear signal is independent of the waiting time T, we use it as a monitoring signal to check if the 

spectrum changes over the course of the measurement, e.g., to correct for the slow photobleaching 

of the ensemble sample, or to check for spectral diffusion in the case of single-molecule samples. 
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Figure 3. F-PP micro-spectroscopy of ensemble TBI. (a) Time-resolved F-PP spectrum with linear sampling up to 0.3 

ps and subsequent nonlinear sampling. Spectral integration limits for the time trace are indicated with dashed lines. 

(b) F-PP spectrum integrated over T. The grey-shaded area indicates the signal window, and the dotted lines give an 

estimation of the noise floor, both for positive and negative signals (Supporting Information, Section S4). (c) 

Spectrally integrated time trace of the F-PP signal (blue), showing the negative, decaying signal as well as oscillatory 

behavior, and kinetic exponential fit (red) with extracted time constant. (d) Power spectrum of the linearly sampled 

part of fitting residuals with wavenumber of the peak. (e) Simulated IR spectrum at the B3LYP/6-31G(d) level of TBI 

with (1,1,3,3-tetramethylbutyl) chains replaced by methyl groups. The stick spectrum is given in black, while a 

spectrally line-broadened version is shown in blue. The wavenumbers of the two most prominent vibrations in the 

experimentally relevant spectral region are marked and given in red. (f) Sketch of the molecular vibrations indicated 

in red in (e). 
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We now analyze the time-dependent F-PP spectrum of the ensemble sample (Figure 3a). A strong 

negative broad signal contribution, corresponding to ground-state bleach and stimulated emission, 

is seen with a peak value at 1.82 eV and a full width at half maximum (FWHM) of 62 meV, 

corresponding to the main absorption peak of TBI at 1.83 eV. This signal contribution decays 

slowly with waiting time but has not yet vanished at 1.5 ps waiting time delay, which is the edge 

of our measurement window. For further illustration, we integrated this spectrum over the waiting 

time axis (Figure 3b). Except for minor baseline fluctuations, no signal is observed outside of the 

signal window (as given by the foot-to-foot range of the laser spectrum measured by linear 

autocorrelation), which is what we expect. The spectrum also provides a reference for much noisier 

single-molecule spectra discussed below. 

To analyze the time-dependent evolution of the F-PP spectrum, we integrated the spectrum from 

1.77 to 1.88 eV to obtain the associated time trace (Figure 3c), which was fitted with a kinetic 

function of the form 

𝑦 𝑇 𝑎 𝑒 𝑐, 

where 𝑘  is a mono-exponential decay rate and 𝑎 and 𝑐 are suitable parameters. This function was 

chosen because our temporal measurement window could not capture the long excited-state 

lifetime on the order of nanoseconds associated with TBI molecules on surfaces.55 Instead, this 

long lifetime can be seen as a constant offset 𝑐 in the fitting function. For the exponential decay, 

we obtain 𝑘 1.1 ps-1, corresponding to a time constant of 925 fs. We attribute this time constant 

to vibrational cooling in the first excited electronic state, manifesting as a decay of the stimulated 

emission that becomes red-shifted out of our probe window. Since this internal relaxation process 

is directly captured by the interaction with the probe pulse pair, we can follow it in the F-PP 

spectrum despite us measuring the incoherent fluorescence signal. 
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As seen in Figure 3c, a mono-exponential decay is not sufficient to capture the full dynamics of 

the measured data. To investigate this further, we subtracted the fit from the data and Fourier-

transformed the resulting residuals from 0 to 300 fs to obtain a power spectrum (Figure 3d), in 

which we observe a single peak at 497 cm-1. Similar values have been reported for vibronic 

coherences in TBI monomers as observed in coherent two-dimensional electronic spectroscopy.56  

We have performed a quantum-chemical calculation of the core TBI molecule with (1,1,3,3-

tetramethylbutyl) chains replaced by methyl groups at the B3LYP/6-31G(d) level (see Methods 

for computational details). The resulting infrared spectrum with wavenumbers and infrared 

intensities (related to integral absorption coefficients) is plotted in Figure 3e. As the frequency 

resolution of our experimental power spectrum is low and the number of scaffold vibrations in this 

wavenumber range is large, we cannot precisely identify which of the vibrations contribute to the 

oscillating signal we observe. The peaks at wavenumbers 506 and 552 cm-1 are the most prominent 

candidates for the oscillating component at 497 cm-1 in the trace of Figure 3c, and their associated 

nuclear motions are shown in Figure 3f. In total, we attribute the full dynamics of our F-PP signal 

to a vibronic coherence and excited-state vibrational relaxation on a timescale of 925 fs followed 

by slow excited-state decay which lies outside of our measurement time window. 

Having analyzed the TBI ensemble as a reference, we turn our attention to single molecules. The 

only change in sample preparation was to heavily dilute the stock solution used for spin coating. 

As a result, the density of molecules on the surface was strongly decreased, enabling imaging of 

individual molecules by the diffraction-limited laser focus. A typical spatial image of these 

samples is shown in Figure 4a, where well-separated individual molecules can be seen on the 

surface. As we excited the molecules with linearly polarized light, the variation in brightness 
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between molecules stems mainly from the overlap in laser polarization and the molecular transition 

dipole moment, which depends on the molecule’s orientation on the surface. 

 

Figure 4. Single-molecule static micro-spectroscopy of TBI. (a) Spatial fluorescence image of a heavily diluted TBI 

sample, showing well-separated single molecules. (b) Single-step photobleaching of an individual molecule under 

constant illumination by the femtosecond pump laser. (c) Exemplary single-molecule linear spectra (blue, green, red) 

in qualitative comparison with the ensemble spectrum (shaded grey). (d, e) Distributions of the weighted mean (d) 

and spectral width as obtained from the second moment (e) of the single-molecule linear spectra (blue histograms) in 

comparison to the ensemble sample (dashed lines). 

Besides our microscope images displaying clearly separated features, the individual objects 

demonstrated the typical blinking and single-step photobleaching behavior that is expected of 

single molecules, with an exemplary time trace displayed in Figure 4b. Overall, the observed TBI 
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molecules exhibited, at our excitation intensities, a broad range of survival times from several 

seconds to half an hour before eventual irreversible photobleaching, which is in agreement with 

single-molecule experiments on other rylene dyes in polymer matrices.57 While the molecules 

exhibited single-step photobleaching behavior, only few blinking events and almost no spectral 

diffusion were seen in most TBI molecules. 

To ensure that the spots observed in Figure 4a indeed result from single TBI molecules and not 

from fluorescent contaminants, we performed a reference measurement on a spin-coated sample 

containing only PMMA. As a result, we observed no hot spots at all in our fluorescence images, 

thus excluding contamination from PMMA, the solvents or the glass substrate. We further 

performed extensive characterization of the TBI compound used for spin-coating (Supporting 

Information, Section S5) and an F-PP measurement without sample to rule out measurement 

artifacts originating from nonlinear behavior of the photon counter (Supporting Information, 

Section S6).  We therefore conclude that the observed hot-spot signals in the microscope images 

indeed result only from individual TBI molecules. 

Some examples of the linear spectra obtained of individual molecules are illustrated along with 

the ensemble measurement in Figure 4c. The peak position of these examples strongly varies, and 

all three are much narrower than the ensemble reference. To quantify this observation, we 

performed the measurement on a total of 138 single molecules and calculated the first and second 

moment for each linear spectrum, corresponding to the weighted mean and the variance around 

this mean, respectively. These two quantities give information about the spectral positions and 

widths of the individual molecules, and the results are shown as histograms in Figures 4d and 4e, 

respectively, with the same evaluation performed for the ensemble measurement for reference 

(dashed vertical lines).  
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The weighted mean for individual molecules is distributed around a mean value of 1.87 eV, which 

differs only slightly from the ensemble with a mean value of 1.88 eV. In general, these two values 

should be identical if the single molecules were randomly picked, thus being representative of the 

ensemble measurement. However, there is a bias in the single-molecule data because in our 

experiments, only the brightest molecules were chosen to get the highest signal for the nonlinear 

spectra. For our given measurement parameters, molecules with a red-shifted resonance will show 

the highest total efficiency in excitation and detection (because of the choice of excitation 

wavelength and detection spectral cut-off), leading to the highest photon counts in our microscope 

images (Supporting Information, Section S7). This explains the slight observed red shift in the 

histogram of Figure 4d. For the second moment, it is seen that almost all single-molecule spectra 

exhibit a smaller linewidth than the reference. This is in general expected because the ensemble 

spectrum emerges from the average of many molecules, each with a slightly different resonance 

and individual smaller linewidth, ultimately leading to a smeared-out spectrum due to 

inhomogeneous broadening. Since we observe the second moments to be on the same scale as the 

distribution of first moments, we were not able to resolve any spectral diffusion for most TBI 

molecules. 

The linear spectrum is obtained for every T step of an F-PP measurement, and thus one might 

expect that there should be an equivalent number of nonlinear spectra for the single molecules. 

This is, however, not fulfilled because the number of waiting time steps that can be measured on 

a single molecule can vary strongly from molecule to molecule due to the unpredictability of the 

permanent photobleaching event after which no fluorescence is detected anymore and the data 

acquisition has to be stopped. For some molecules this leads to a very small number of accessible 

waiting time steps, which makes any analysis of time-dependent behavior impossible. For this 
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reason, the initial dataset of 138 single-molecule spectra was filtered, and we took into account 

only those molecules that survived at least seven T steps, corresponding to a maximum time delay 

of 250 fs. The resulting spectra are much noisier than the linear spectra because the nonlinear F-

PP signal is a difference measurement by nature. Therefore, the dataset was filtered further, 

keeping only those spectra with a signal-to-noise ratio >1 when summed over the waiting time T 

(by comparing the signal region to another spectral region, containing noise only, of equal size), 

such that a total of 24 single-molecule F-PP spectra remained.  

An example F-PP spectrum of a single molecule with full time-delay range up to 1.5 ps is shown 

in Figure 5a. Like in the ensemble reference F-PP spectrum in Figure 3a, the signal is negative. In 

the time-integrated spectrum (Figure 5b), the main peak from the molecule is clearly visible despite 

more noise.  
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Figure 5. Single-molecule F-PP micro-spectroscopy of TBI. (a) Time-resolved F-PP spectrum of an individual 

molecule with linear sampling up to 0.25 ps and subsequent nonlinear sampling. Spectral integration limits for the 

time trace are indicated with dashed lines. (b) F-PP spectrum integrated over T. The grey-shaded area indicates the 

signal window, and the dotted lines give an estimation of the noise floor, both for positive and negative signals 

(Supporting Information, Section S4). (c) Spectrally integrated time trace of the F-PP signal (blue), demonstrating the 

negative, decaying signal and kinetic exponential fit (red) with extracted time constant. The inset depicts a 

fluorescence image of the single molecule. (d) Two other single-molecule F-PP transients with similar time constants. 

(e) Correlation of the first moments of linear and F-PP spectra of the same molecules with individual data points given 

as histograms. The 95% confidence interval is given in red, and the mean value of each histogram is shown with grey 

lines. For visualization, the diagonal is indicated with a dashed line.  
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We integrated the F-PP spectrum along the energy axis from 1.78 to 1.94 eV (Figure 5c) and 

applied the same type of kinetic fit as in Figure 3c, yielding a time constant of 0.26 ps. This 

corresponds to ~4 times faster dynamics in this individual molecule compared to the ensemble 

sample. Similar behavior is seen in two other single molecules (Figure 5d), with associated time 

constants of 0.19 and 0.27 ps. It is surprising that the time constants for individual molecules are 

smaller than for the ensemble sample. However, this behavior is found in only three F-PP transients 

and the other measurements were too noisy to evaluate such that we cannot make a statistical 

statement about the distribution of the time constants of individual molecules like we could for the 

linear spectra. The local environment of a single emitter can have a strong influence on decay rates 

associated with the system. For example, the environment might change molecular conformation 

leading to modified rates of both vibrational relaxation and spontaneous emission. These rates are 

in direct competition to the rate of photobleaching, which means that faster relaxation makes 

permanent photobleaching less likely for each excitation process. This change in molecular 

conformation induced by a local environment would then explain both the observed faster rate of 

vibrational relaxation in a single molecule compared to the ensemble and why the molecules we 

observed survive our measurement conditions for such a long time. 

Both stimulated emission and ground-state bleach contribute to a F-PP spectrum, and hence we 

can use the method to learn something about the transition frequencies between vibronic states of 

a single molecule. For this, we calculated the first moment of all 24 F-PP spectra averaged along 

T (see Supporting Information S8 for the full spectra) and show the result along with the correlation 

of the first moments of linear and F-PP spectra of the same respective molecules in Figure 5e. On 

average, the weighted mean of the F-PP spectrum is red-shifted in comparison to the linear 

spectrum. This can be intuitively understood: While a ground-state bleach gives the same 
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information as the linear spectrum, the F-PP spectrum includes stimulated emission in addition, 

which is red-shifted with respect to the ground-state bleach and includes lower-energy transitions 

(see Supporting Information S9 for a more detailed explanation). 

The correlation of the linear and nonlinear spectra provides insight into the sensitivity of the 

excited state to the molecular environment. In general, the ground- and excited-state potentials are 

displaced from each other. The vertical distance determines the transition frequency, and its 

environment-induced fluctuations affect the weighted mean of absorption and stimulated emission 

spectra in the same way.57 In contrast, the horizontal displacement along a generalized vibrational 

coordinate changes the Franck–Condon factors of individual transitions while the transition 

frequencies remain constant. As long as the mirror-image rule between absorption and emission 

spectrum holds, this change in spectral shape will shift the weighted mean of absorption and 

emission spectrum in opposite directions.58 Since our spectra were measured at room temperature, 

the resulting spectral features are broad and we assume that this mirror image approximation is 

valid in our case. Consequently, the first moments of the linear and F-PP spectra should in our 

case be directly correlated, as in either case, absorption and ground-state bleach are shifted in 

tandem.  

The linear correlation coefficient between the first moments of linear and F-PP spectra, each 

evaluated for the same single molecule, is 0.46 (p = 0.02).  The main contributing factor to the 

variation in transition frequencies and the resulting correlation of linear/nonlinear spectral 

positions is most probably an environment-induced change in molecular conformation from 

molecule to molecule. 



 20

In summary, we have introduced F-PP micro-spectroscopy and verified the technique on an 

ensemble of highly stable TBI molecules in PMMA matrix. We observed wave-packet dynamics 

and vibrational relaxation on a femtosecond timescale. We then investigated single molecules and 

showed that our technique is sensitive to environment-induced changes in both spectral width as 

well as position. Finally, we have measured single-molecule F-PP spectra for a total of 24 

individual molecules, where we have seen heterogeneous behavior in both the spectral positions 

and the ultrafast intramolecular relaxation processes. We have analyzed the impact of the local 

matrix environment on the transition frequencies between vibronic states.  

The method has advantages compared to other ultrafast single-molecule approaches because it has 

a simple beam geometry, is a direct analogue of coherently detected transient absorption, and thus 

benefits from a large body of past literature and established interpretation techniques, such as 

global analysis.50,59 The only mandatory parameters to change for the experiment are the time 

delays, which can be adjusted in a multitude of ways such as using interferometers as we have 

done here, but also with pulse shapers or wedge pairs60,61, making the method compatible with 

many setups. The approach can be further extended by, e.g., shot-to-shot detection62, phase 

cycling63, time-correlated single photon counting, or photon correlation measurements. 

With its broad applicability and the mentioned benefits of F-PP microscopy, the approach 

presented here makes it possible to overcome previous experimental obstacles to the investigation 

of ultrafast phenomena in single quantum systems. 
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METHODS.  

Time-resolved spectroscopy. We used a commercial Yb-doped fiber laser (Amplitude Systèmes, 

Tangerine HP) to pump a noncollinear optical parametric amplifier of our own design,64 yielding 

pulses in the visible (center wavelength of 661 nm) at 1012.5 kHz repetition rate. This output was 

compressed using a prism compressor and a liquid-crystal-display-based pulse shaper (Jenoptik, 

SLM-S640d USB). We used a commercial autocorrelator (APE GmbH, pulseCheck) and second-

harmonic-generation frequency-resolved optical gating for pulse characterization. Pulses were 

split into an identical pair using thin glass wedges (Hellma Optics, Fused Silica wedges, 1 mm 

thick edge, 60 arcmin, uncoated), with the reflection serving as the pump pulse. The transmission 

was split further into a probe pulse pair using a Mach–Zehnder interferometer, yielding a total of 

three compressed pulses after recombination by another wedge pair, with time delays that were 

individually adjustable by piezo stages (Newport Corporation, NPX400SG). To remove the 

coherence between pump and probe pair, the delay stage used to adjust the waiting time T was 

wobbled slightly using a vibrational motor. This pulse train was then guided into a laser-scanning 

microscope of our own design and focused by a Schwarzschild objective (Beck Optronic 

Solutions, 5006-000, NA = 0.65) to excite a diffraction-limited spot on a sample. Sample 

fluorescence was collected by a refractive objective (Carl Zeiss AG, Achroplan, NA = 0.80) and 

separated from remaining excitation light by three identical, successive long-pass filters (Thorlabs, 

Inc., FELH0700). Confocal detection was enabled by guiding fluorescence light through a single-

mode fiber (Thorlabs, Inc., SM600) before detection by a single-photon counting module 

(Excelitas Technologies Corp., SPCM-AQRH-14-FC). To generate images, the sample was 

scanned laterally using a triaxial piezo inertia drive stage (Mechonics MS30/PS30). Data was 

acquired and evaluated using custom-built programs and scripts in LabView 2014 and MATLAB 

R2015a. A demonstration of the spatial and temporal resolution can be found in Supporting 



 22

Information, Sections S1 and S2, respectively. Before Fourier transformation, interferograms were 

zero-padded to three times their length to increase number of points in the frequency domain. Last, 

F-PP spectra were scaled by a constant factor determined by the area of the linear spectrum. This 

spectral area is related to the total photocounts in the measurement, and the resulting amplitude of 

the F-PP spectrum after scaling gives a measure of the ratio of nonlinear to linear signal, thus 

making amplitudes comparable between measurements without affecting the transient behavior or 

spectral positions. 

Sample preparation. For all measurements, a stock solution of TBI in toluene (Merck KGaA, 

Toluene for spectroscopy Uvasol®) with an optical density of 0.022 was prepared. Solutions for 

spin coating were prepared daily by diluting the stock solution with a 50/50 mixture of toluene and 

PMMA in solution (Allresist GmbH, AR-P 671.02 950K) to final concentrations of 2.19 µmol/l 

and 0.27 nmol/l (or dilution factors of 5 and 40000) for the ensemble and single-molecule samples, 

respectively. 10 µL of these diluted solutions were finally spin-coated onto cleaned cover glasses 

at 2000 rpm.  

Steady-state absorption and fluorescence. The steady-state absorption and emission spectra were 

measured with a Jasco V-670 spectrophotometer and an Edinburgh Instruments FLS980 

spectrometer (excitation wavelength at 620 nm), respectively.  

Quantum-chemical simulations. The quantum-chemical calculation of the TBI molecule with 

(1,1,3,3-tetramethylbutyl) chains replaced by methyl groups was performed using Gaussian 0965 

at the B3LYP/6-31G(d) level with the opt and freq keywords, corresponding to geometry 

optimization and calculation of molecular vibrations. The approximation of the 1,1,3,3-

tetramethylbutyl moieties as simple methyl groups is justified due to the high computational cost 
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associated with the long alkyl chains, with their main function being sterical hindrance between 

molecules, which is not considered in the calculation. The TBI scaffold, which gives rise to the 

electronic properties of the dye, is fully present in this calculation. After calculation, an empirical 

scaling factor for the DFT method (0.962) was applied to the calculated frequencies.66 
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