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Chapter 3  
 

Excitonic Properties of an Artificial 
Light Harvesting System: Ensemble 

versus Individuals 

 

 

 

Natural light-harvesting antennae employ a dense array of chromophores to optimize the transport of 
excitation energy via formation of delocalized excited states, so-called excitons. These states are 
critically sensitive to structure-energetic variations among different systems and within different 
segments of the same system. Identifying the origin and impact of such variations is highly desirable 
for understanding and predicting excitonic properties, yet hard to achieve in an ensemble due to 
averaging of many overlapping responses from individual systems. Here, we overcome this problem 
by measuring the heterogeneity of synthetic analogues of natural antennae – self-assembled molecular 
nanotubes – by two complementary approaches: photoluminescence micro-spectroscopy at the level 
of individual nanotubes and ensemble-averaged ultrafast 2D correlation spectroscopy. We 
demonstrate a remarkable degree of homogeneity of the ensemble of the nanotubes and reveal that 
spectral broadening is governed by ultrafast modulation of the exciton frequencies on a ~50 fs 
timescale, but not the ensemble heterogeneity. 

 

  

This Chapter is based on the following publication: 
Björn Kriete, Anna S. Bondarenko, Victor V. Krasnikov, Thomas L. C. Jansen, Jasper Knoester, 
and Maxim S. Pshenichnikov, submitted (2020) 
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3.1 Introduction 

Natural photosynthetic complexes employ a network of light-harvesting antennas that allows them to 
efficiently harness sunlight – even in light-depleted environments1,2. To achieve this, antenna 
complexes typically accommodate thousands of individual chromophores that are arranged into 
ordered, well-defined supramolecular structures3. At the core of their functionality are highly 
delocalized excited states (Frenkel excitons) that are collectively shared by many molecules, which 
is only possible due to strong intermolecular couplings. The excitonic properties of such structures, 
hence, depend critically on the packing of the constituting molecules4 and, thus, are dictated by the 
competing interplay between the intermolecular coupling and energetic disorder5–7. The latter arise 
from non-ideal molecular packing as well as (thermal) fluctuations of the immediate environment of 
the system leading to time-dependent fluctuations of the molecular transition energies (energetic 
disorder) as well as the intermolecular couplings (coupling disorder)8. The deviations from the ‘ideal’ 
situation tend to localize the excitonic wavefunction on short segments thereby potentially impeding 
efficient energy transport9,10. Such deviations directly translate into the system’s excitonic (optical) 
properties, which allows spectroscopic observables (e.g., absorption or photoluminescence peak 
positions, line shape and broadening, etc.) to become highly sensitive reporters for the underlying 
dynamics in multi-chromophoric systems11,12. 

Factorizing the origin of the excitonic line shape into homogeneous (i.e., dynamical energetic or 
coupling disorder intrinsic to each system) and heterogeneous (i.e., how individual systems differ in 
composition, size and shape as, e.g. is the case for green sulfur bacteria13–15) contributions is of great 
interest to gain a better understanding of excited state dynamics in such complex systems, yet difficult 
to achieve. One of the main obstacles is ensemble averaging that is inherent to conventional 
spectroscopy, where the information on a single system is masked by the overlapping responses from 
all other, slightly different systems. This limitation can be overcome by employing single-molecule 
(or single-system) spectroscopy16–18. In this case, the distribution of (spectral) parameters is 
constructed by measuring one system at a time, which grants access to information that would 
otherwise be concealed under broad features of the ensemble response. Since the first successful 
demonstration of single-molecule spectroscopy19,20, the technique has been further developed and 
applied to numerous natural photosynthetic complexes21–24, artificial light-harvesting complexes25–27, 
molecular aggregates28–30, and conjugated polymers31–34. Complementary to this approach, ultrafast 
2D correlation spectroscopy has been extensively used to gain access to the magnitudes and 
timescales of the dynamical fluctuations of the exciton frequencies that eventually govern the optical 
spectra35,36. 

To ease the interpretation of the optical spectra, the complexity of natural light-harvesting systems 
can be reduced by using artificial light-harvesting complexes. These synthetic analogues closely 
mimic the supramolecular structure of their natural counterparts, but offer better controllability via 
chemical engineering of individual building blocks paired with a high degree of structural 
homogeneity of the final supramolecular structure37,38. In this regard, considerable interest has been 
recently received by molecular double-walled nanotubes based on amphiphilically functionalized 
cyanine chromophores11,12,39. These nanotubes combine a large spectral red-shift upon self-assembly 
with remarkable narrowing of the spectral lines in both absorption and photoluminescence as 
compared to dissolved monomers, which implies a low degree of energetic and/or coupling disorder. 
Indeed, previous cryogenic transmission electron microscopy (cryo-TEM) studies have revealed a 
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high degree of structural homogeneity along different segments of an individual nanotube as well as 
between different nanotubes12,40. Cryo-TEM, however, is still limited by the fact that possible 
dynamical fluctuations of the structures are frozen that otherwise might have profound impact on the 
optical and functional properties11,12,41. 

In this Chapter, we use photoluminescence micro-spectroscopy and ultrafast 2D correlation 
spectroscopy to probe the heterogeneity of artificial light-harvesting double-walled nanotubes based 
on an amphiphilic cyanine derivative. Measurement of the photoluminescence spectrum from short 
(~480 nm) segments of individual nanotubes at room (295 K) and low (77 K) temperatures allowed 
us to unravel high degree of homogeneity among the nanotubes. We further corroborate this 
conclusion by 2D spectroscopy by retrieving ultrafast (~50 fs) dynamics of the line broadening. 

3.2 Results and Discussion 

The double-walled nanotubes with diameters of ~6 nm (inner tube) and ~13 nm (outer tube) and 
lengths of several µm’s were formed via self-assembly of C8S3 monomers (molecular structure in 
Figure 3.1a) in water11,12,40 (Figure 3.1b, c and d). The self-assembly is accompanied by a strong 
spectral red-shift of ~2400 cm  and simultaneous formation of several narrow absorption peaks 
(Figure 3.1e). These peaks indicate a low degree of inhomogeneous broadening and, thus, a low 
degree of structural and energetic disorder. For the nanotubes, the most prominent peaks at ~590 nm 
(~17000 cm ) and ~600 nm (~16700 cm ) originate from absorption of the excitons located at 
the outer and inner wall of the double-walled assembly41,42. It has been also shown that the absorption 
and photoluminescence (PL) spectra of this system are extremely sensitive to such packing 
parameters as intermolecular distance, molecular orientations, the rolling angle, and the tube 
diameters 11,12,41. This allows us to use the PL spectra of individual segments of the nanotubes as a 
reporter for their structural heterogeneity. 

 

Figure 3.1. Structural and optical properties of the double-walled nanotubes. (a) Chemical structure of the C8S3 molecule. 
(b) Schematic of the double-walled structure of the nanotubes with the inner and outer tube marked in red and gray, 
respectively. (c) Cryo-TEM micrograph of highly homogeneous double-walled nanotubes. (d) A photograph of the 
cuvette containing H2O (bottom phase) and C8S3 dissolved in methanol (top phase). In the intermediate phase, the 
formation of nanotubes due to hydrophobic/hydrophilic interactions is evident from the spectral red-shift. The solution 
colors were contrasted with a white paper at the background. (e) Change of absorption (solid) and PL (dashed) spectra in 
solution upon formation of double-walled nanotubes (spectra in pink) from monomers (spectra in orange). 
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Optical absorption of the nanotubes at 𝜆 = 561 nm excites higher-lying states in the exciton 
band, which is followed by ultrafast intra-band relaxation on a sub-100 fs timescale to the bottom of 
the exciton bands from where PL occurs43. In the nanotubes’ PL spectrum, the same peaks assignment 
as in the absorption spectrum holds with virtually no Stokes shift between the corresponding peaks, 
but with a reversed peak amplitude ratio. The inner tube PL is significantly brighter than the outer 
tube PL, because the exciton populations of the weakly coupled inner and outer tubes reach thermal 
equilibrium on a ps timescale prior to emission44–47. 

For single-nanotube microscopy and spectroscopy (see the detailed description of the setup in SI, 
Section 3.5.1) we immobilized the nanotubes in a glassy sugar matrix in which the nanotubes are 
suspended, while their tubular structure is preserved, as was demonstrated by Caram et al.48. In order 
to obtain sufficiently thin samples which are suited for single-nanotube microscopic/spectroscopic 
experiments, we modified the original preparation route by dilution of the nanotube sample solution 
prior to deposition and employing a drop-flow technique, similar to Ref. 25 (see Methods). This 
resulted in optically thin (sub-µm thickness) samples in which the nanotubes are spatially well 
separated (Figure 3.2a). The lateral size of the nanotube images (i.e., the PL intensity profile across) 
corresponds to the diffraction-limited point spread function of the microscope (PSF; SI, Section 
3.5.2), while their length typically extends up to several µm’s. Intensity variations of the PL signal 
along a single nanotube are likely caused by the finite thickness of the sugar matrix in which parts of 
the nanotube are out-of-focus and, therefore, appear blurred in the image. 

For spectral acquisition, we first located a nanotube using wide-field excitation and then positioned 
the sample such that the individual nanotube is excited by a (tightly) focused excitation spot with a 
diameter of ~330 nm (at full width half maximum level, SI, Section 3.5.3). Note that spreading of 
the PL profile along the nanotubes’ long axis has previously been used as a direct measurement of 
the exciton diffusion in this49 and other supramolecular systems50,51. Here, we focus our attention on 
the spectral PL signature emergent from short nanotube segments at room (295 K) and liquid nitrogen 
(77 K) temperatures. 

 

Figure 3.2. Micro-spectroscopy of the individual double-walled nanotubes immobilized in a glassy sugar matrix. (a) 
Wide-field PL image recorded at room temperature. The PL intensity was normalized to the maximum amplitude in the 
image and is depicted on a linear color scale between 0 and 1. The green circle (dashed) highlights the wide-field 
illumination area. The position of the focused excitation spot is schematically shown by a white circle. The excitation 
wavelength was 𝜆 = 561 nm. (b) PL spectrum of a single nanotube (left) and the corresponding fit of the data with 
two Lorentzian lineshapes for the inner tube (red) and the outer tube (gray) following focused excitation. For comparison, 
the ensemble spectrum is shown in the background in the left panel (purple shade). 
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An example PL spectrum of an individual nanotube at room temperature following focused 
excitation is shown in Figure 3.2b. Note that under the experimental conditions used in this study we 
observed very minor photobleaching that affects both inner and outer tube to a similar extent (SI, 
Section 3.5.4). This allowed acquisition and subsequent averaging of several spectra over a total time 
of 30 s in order to enhance the signal-to-noise ratio. In total, we recorded PL spectra for 𝑁 =  50 
individual spots, i.e., segments of different nanotubes, at room temperature and 𝑁 = 41 segments at 
low temperature. 

In order to extract the spectral properties of a nanotube segment, we follow Ref. 46 by fitting its 
PL spectrum to a sum of two Lorentzian lineshapes (SI, Section 3.5.5): 

𝑆 (𝜈) =
 

,

+
 

,

,     (3.1) 

representing the spectra of the inner and outer tube with the amplitude 𝐴, the spectral width 𝜎 (the 
half width at half maximum; HWHM), and the spectral position 𝜈  (Figure 3.2b, right panel). Hereby, 
we treat the inner and outer tube as two independent excitonic sub-systems11,12. 

Repeating this procedure on each of the 𝑁 spectra, we obtained statistical distributions of the 
spectral positions 𝜈  (Figure 3.3) and spectral widths 𝜎 (Figure 3.3, insets) of the PL spectra for the 
inner and outer tubes at 295 K (top) and 77 K (bottom). Note that the inherently lower signal 
amplitude of the outer tube as compared that of to the inner tube (as a consequence of weaker PL) 
introduces a larger uncertainty in fitting the outer tube’s spectral contribution. 

 

Figure 3.3. Statistical analysis of the PL spectra of the individual double-walled nanotubes. Histograms for the peak 
position (main panels) and the peak widths (insets) of the PL of the inner tube (red) and outer tube (gray) at (a) room 
temperature (295 K) and (b) low temperature (77 K). The black lines represent the averaged PL spectra from 𝑁 individual 
nanotubes with the error bars indicating the standard error of the mean. For the histograms the binning size was set to 
5 cm  for both spectral position as well as spectral width. The PL spectra of ensembles of nanotubes at the given 
temperatures (purple shade) obtained by averaging the PL spectra collected from 20 different sample areas using wide-
field excitation are shown for comparison. The small but noticeable shoulders at ~605 nm (~16540 cm ) at 𝑇 = 295 K 
and 603 nm (~16630 cm ) at 𝑇 = 77 K originate from nanotube bundles (SI, Section 3.5.6). 

Comparison of the peak position distributions (Figure 3.3, red and gray) to the ensemble PL 
spectrum at room temperature(Figure 3.3, purple) reveals that the spread of the peak positions are 
much narrower relative to the overall width of the respective peaks centered around 16660 ± 1 cm  
and 16967 ± 2 cm  (mean value ± standard error of the mean). The mean peak position of the outer 
tube is in excellent agreement with the peak position in the ensemble spectrum. The slight deviation 
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(by 6 cm ) of the mean peak position of the inner tube from that for the nanotube ensemble is likely 
caused by an additional, spectrally red-shifted peak originating from bundled nanotubes52. Their 
contribution can readily be discriminated in single-nanotube microscopy (SI, Section 3.5.6), but is 
unavoidable in bulk measurements. 

Table 3.1. Summary of the spectral parameters for the inner and outer layer of double-walled C8S3 
nanotubes obtained from single-nanotube spectroscopy in comparison to the ensemble spectrum. 
For quantities retrieved from individual nanotubes the error refers to the standard error the mean. 

  Peak position 𝝂𝟎 Spectral width 𝝈 

𝟕
𝟕

 𝐊
 

Individual 
nanotubes 

〈𝜈 , 〉 = (16750 ± 2) cm  

SD , = 11 cm  

〈𝜎 〉 = (32 ± 1) cm  
SD , = 3 cm  

〈𝜈 , 〉 = (17012 ± 3) cm  

SD , = 16 cm  

〈𝜎 〉 = (69 ± 4) cm  
SD , = 24 cm  

Ensemble 
spectrum 

𝜈 , = 16748 cm  

𝜈 , = 17018 cm  
𝜎 = 36 cm  
𝜎 = 58 cm  

𝟐
𝟗

𝟓
 𝐊

 Individual 
nanotubes 

〈𝜈 , 〉 = (16660 ± 1) cm  

SD , = 9 cm  

〈𝜎 〉 = (46 ± 1) cm  
SD , = 4 cm  

〈𝜈 , 〉 = (16967 ± 2) cm  

SD , = 13 cm  

〈𝜎 〉 = (84 ± 1) cm  
SD , = 8 cm  

Ensemble 
spectrum 

𝜈 , = 16654 cm  

𝜈 , = 16966 cm  
𝜎 = 55 cm  
𝜎 = 93 cm  

The spectral width from short segments already accounts for 80 − 90 % of the spectral width of 
the ensemble spectrum at room temperature: 〈𝜎 〉 = 46 ± 1 cm  versus 𝜎 =  55 cm  
for the inner and 〈𝜎 〉 = 84 ± 1 cm  versus 𝜎 = 93 cm  for the outer tubes (Figure 3.3 
inset and Table 3.1); the spectral widths of the ensemble agree reasonably well with previously 
published values46,48. This implies that the causes of spectral broadening are inherent to segments of 
the nanotubes as short as ~480 nm, while the structural heterogeneity of the nanotube ensemble only 
contributes a minor part to the overall width. 

At both temperatures the distributions of the spectral position as well as the spectral width are 
broader for the outer tube than for the inner tube. The outer tube may be particularly susceptible to 
changes of the immediate environment of the nanotubes, as it is directly exposed to the bulk 
solvent/host matrix thereby acting as protective shell for the inner tube. Such susceptibility was 
reported in previous spectro-chemical studies11,43,53, where the spectral signature of the outer tube 
was completely quenched by selective oxidation with silver particles. Also, PL from the first higher-
lying state in the exciton band of the inner tube (blue-shifted by ~500 cm ) that partially overlaps 
with the outer tube PL might potentially cause the extra broadening. However, at 77 K, where 
thermally activated PL is strongly reduced, the outer tube peak is still broader than the inner tube. We 
also note that the positions of the PL spectral peaks of the inner and outer tubes are weakly anti-
correlated (SI, Section 3.5.7). 

Upon lowering the temperature, the mean spectral widths of the inner and outer tube decrease 
down to 〈𝜎 〉 = 32 ± 1 nm and 〈𝜎 〉 = 69 ± 4 nm, respectively. This can be explained as the 
dynamical interactions with the local environment become weaker at low temperatures leading to a 



 Chapter 3 

49 
  

decrease of the spectral broadening due to (dynamical) disorder. The mean spectral width (〈𝜎 〉 =

69 ± 4 nm) of the outer tubes is slightly broader than the width for the ensemble spectrum (𝜎 =

58 cm ), which is likely caused by the decreased signal amplitude of the outer tube at 77 K leading 
to a larger uncertainty in fitting its contribution and the small sample size. Note that no substantial 
additional narrowing is expected upon lowering the temperature down to ~5 K, as it has previously 
been shown for the ensemble PL spectrum45,48. Meanwhile, the distributions of the center positions 
(𝜈 ,  and 𝜈 , ) undergo a blueshift of about ~100 cm , which is consistent with reports on 

bulk samples of nanotubes46,48,54. The standard deviation widths of these distributions, however, 
remain unchanged at both temperatures (295 K versus 77 K), which corroborates our assignment of 
a minor degree of structural heterogeneity of the nanotubes. 

What is the reason that the individual nanotubes resemble the ensemble properties so well? Having 
established that the PL peak positions of individual nanotube spectra cluster together while their 
spectral widths already account for almost the whole width of the bulk spectrum, we can perform 
ensemble-averaged 2D correlation spectroscopy (SI, Section 3.5.8), which is capable of discerning 
dynamics of the spectral broadening6,35,36,55,56. The central quantity here is the so-called frequency-
frequency correlation function 

𝐶(𝑡) =
〈 ( ) ( )〉

〈 ( )〉
,          (3.2) 

which reveals the pace at which the memory of the initial excitation frequency 𝜔(0) is lost in a 
particular time interval 𝑡 (also known as dephasing). The two limiting cases of 𝐶(𝑡) = 1 and 𝐶(𝑡) =

lim
→

[exp(−𝑡/𝜏 )] correspond to inhomogeneous and homogeneous broadening, respectively. 

Figure 3.4a depicts representative 2D spectra recorded at two different waiting times, where the 
low and high frequency pair of peaks correspond to the inner and outer tube, respectively55–58. Each 
tube gives rise to a negative ground-state bleach/stimulated emission (GSB/SE) signal and a positive 
excited state absorption (ESA) signal. For J-aggregates, the latter appears spectrally blue-shifted with 
respect to the GSB/SE signal due to Pauli repulsion between excitons10,59,60. As a metric for the 
memory loss of the initial excitation frequency, we obtained the ellipticity function 𝑀(𝑇) ≅ 𝐶(𝑡)61,62 
for the outer and inner layer of the nanotubes from analysis of the peak shape (SI, Section 3.5.9) of 
the GSB/SE signal in the 2D spectra at different waiting times T (Figure 3.4a). At early times the 
inhomogeneous and homogeneous widths are balanced, which is reflected in the values of the 
ellipticity functions close to ~0.5. Thereafter, both functions decay on a ~50 fs timescale before 
levelling off at ~0.1. 

The experimental values of the ellipticities were modelled in the framework of nonlinear response 
function theory63–65 (SI, Section 3.5.10) with the following exponential correlation function as input 
(Figure 3.4b, inset): 

𝐶(𝑡) =
∆   ∆

∆   ∆
,         (3.3) 

where Δ  and Δ  are the amplitudes of frequency fluctuations of homogeneous and inhomogeneous 
contributions, respectively, and 𝜏  is the correlation time. From these calculations the ellipticity 
function was well reproduced by using correlation times of 45 fs and 40 fs and amplitudes of the 
frequency fluctuations of 75 cm  and 120 cm  for the outer and inner tube, respectively. These 
values are in good agreement with previously published data derived from the lineshape analysis of 
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the absorption spectrum55. The correlation times are also in line with the 100 fs value obtained from 
2D spectroscopy on chlorosomes from green sulfur bacteria36. 

As 𝜏 ≪ ∆ , the fast modulation regime is realized, most probably due to exchange/motional 
narrowing35,66. Interactions of the chromophores and their hydrophilic, ionic side chains (Figure 3.1a) 
with the rapidly fluctuating water environment are expected to contribute to the fast frequency 
fluctuations of the individual chromophores which is projected to the exciton correlation function 
(energetic disorder)67,68. It is this fast modulation regime that is responsible for the Lorentzian 
lineshape of the PL spectrum (SI, Section 3.5.11)69,70. The long tail of the correlation function 
indicates small residual inhomogeneity (~10 %); this value is in line with the spread of central 
frequencies obtained from single-nanotube spectroscopy (Figure 3.3). 

 

Figure 3.4. 2D correlation spectroscopy on double-walled nanotubes. (a) Representative absorptive 2D spectra for waiting 
times of 𝑇 = 0 fs and 𝑇 = 150 fs with the excitation (𝜔 ) and detection (𝜔 ) axis in the horizontal and vertical direction, 
respectively. The signal amplitude is shown as ΔOD in which negative signals arise from ground-state bleach/stimulated 
emission (GSB/SE) and positive signals from excited state absorption (ESA). The spectra were normalized to their 
respective maximum absolute amplitude and are displayed on a color scale between −1 to +1 with color increments in 
steps of 0.1. Diagonal lines (dashed gray) are drawn for 𝜔 = 𝜔 . The contour lines drawn at signal 
increments of 0.1 depict fits of the data using pairs of Gaussian peaks (one for GSB/SE and ESA) for each tube. The 
spectral regions used for fitting are marked dashed red for the inner and dashed black for the outer tube. The arrows in 
the left panel (orange) showcase the ellipticity of the detected outer tube peak with 𝑎 and 𝑏 denoting the widths along the 
long and short axis. (b) Ellipticity function 𝑀(𝑇) for the inner (red dots) and outer (black dots) tube obtained from 
experiment. Solid lines depict the ellipticity functions retrieved from modelled 2D spectra in the framework of the 
Brownian oscillator model. The inset shows the frequency-frequency correlation functions 𝐶(𝑡) which served as input 
for the calculation of the 2D spectra. 

The following picture of the excitonic properties therefore emerges from our experiments: The 
delocalized and/or propagating excitonic wavefunction samples many individual chromophores with 
fluctuating frequencies and coupling disorder. The strong intermolecular coupling of ~3000 cm  
between the chromophores11,12 provides effective averaging over these fluctuations rendering the 
frequency-frequency correlation function nearly Markovian (i.e., almost delta-correlated)63. In the 
long acquisition limit, this leads to identical PL spectra of different segments of nanotubes even 
though the frequencies of and coupling between the individual chromophores are different due to the 
fluctuating environment and (relative) positions of the molecules leading to variations in the 
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intermolecular coupling. At low temperatures, the fluctuations are partially (but not fully) frozen 
leading to a reduction of the excitonic linewidth as compared to room temperature. Since the 
intermolecular coupling outcompetes the magnitude of the fluctuations, the nanotubes’ excitonic 
properties are robust towards dynamical fluctuations – an important premise for efficient exciton 
transport. 

3.3 Conclusions 

By measurement of the PL and 2D correlation spectra of artificial light-harvesting nanotubes we have 
shown that the systematic structure-energetic variations between different nanotubes are almost 
negligible. Meanwhile, most of the spectral width of individual systems originates from fluctuations 
of excitonic frequencies on a ~50 fs timescale caused by nanotubes’ immediate dynamical 
environment and/or exciton movement across different segments of the nanotube.  

The high degree of homogeneity of different nanotubes has profound implications for both 
experimental and theoretical work. By contrast, in systems with a large degree of (e.g., structural) 
heterogeneity, the excitonic properties extracted from ensemble measurements must by definition be 
considered as effective values that average over many contributions from microscopically different 
sub-ensembles; e.g., in bulk solution44,47,55 or immobilized at high concentrations in a film43,48,56,71. 
The remarkable degree of homogeneity demonstrated herein, makes it possible to assign the excitonic 
properties measured on bulk samples to individual systems. On the side of the theory, modelling of 
the molecular structure would benefit from such important input parameters as the magnitudes and 
timescales of the dynamical disorder at the level of individual systems, which will ultimately facilitate 
a better understanding of how delocalized excited states are spatially and temporally constrained by 
static and dynamic disorder. 

Our results pave the road to probing the photophysical properties of individual nanotubes using 
more sophisticated techniques, such as spatially-resolved 2D spectroscopy, especially in its PL-
detection configuration. In recent years the latter has successfully been implemented and 
demonstrated experimentally72–75, and is potentially capable to discern time-dependent spectral 
broadening (or simply homogeneous vs. inhomogeneous in the Bloch model76) at the level of 
individual nanotubes. 

3.4 Methods 

3.4.1 Sample Preparation 

The dye 3,3′-bis(2-sulfopropyl)-5,5′,6,6′-tetrachloro-1,1′-dioctylbenzimidacarbocyanine (C8S3) was 
purchased from FEW Chemicals (Wolfen, Germany) and used as received. Molecular nanotubes were 
prepared via the alcoholic route11,12 and used within 3 days after preparation; in order to obtain 
bundles, the sample solution was stored for ~10 months in the dark. 

Nanotubes and bundles were immobilized in a sugar matrix following Refs. 48,56. To achieve 
optically thin films suited for microscopy, the method was modified and combined with a drop-flow 
technique25,49. First, cover glass slides (22 ×  22 mm ; thickness 170 μm) were cleaned by 
submerging them in a 1: 1: 2 mixture by volume of H2O2:NH4OH:H2O for ~24 hours. Before sample 
deposition the substrates were rinsed with methanol and dried with compressed air. Next, equal 
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volumes of the sample solution (10 × diluted with Milli-Q water) and a saturated sugar solution in 
water (1: 1 mixture of succrose and trehalose by weight) were mixed. Then, 200 μl of the resulting 
solution were homogeneously applied at the top-edge of the cover glass that was inclined by 60° 
degrees relative to the lab bench. The sample solution quickly flowed off leaving a thin (in a sub-μm 
range) film on the cover glass surface, which was left in the dark for ~1 hour for drying. 

3.4.2 Steady-State Absorption and Photoluminescence 

Absorption spectra of the sample solutions (diluted with Milli-Q water by factor ~3.5) were measured 
using a PerkinElmer Lambda 900 UV/VIS/NIR in a 1 mm cuvette. PL spectra were recorded while 
pumping the undiluted sample solution through a 50 μm cuvette that was placed on the same 
microscope as was used for single-nanotube microscopy (vide infra). 

3.4.3 Single-Nanotube Microscopy/Spectroscopy 

Single-nanotube spectroscopy at 295 K and 77 K was carried out on a home-built optical microscopy 
setup constructed around a Carl Zeiss Observer D1 microscope equipped with an oil-immersion 
objective (Carl Zeiss Apochromat; 100 × magnification, NA = 1.4). A CW laser (𝜆 = 561 nm, 
Coherent Sapphire 561-100) served as illumination source. Two beams for wide-field and focused 
excitation were projected by the microscope objective onto the sample mounted on a motorized 
translation stage. For low-temperature measurements, a sample cryostat (Oxford Instruments, 
MicrostatN) and a long working-distance objective (Mitutoyo; 100 × magnification, NA = 0.7) were 
used. The excitation intensities for wide-field and focused excitation for room (low-) temperature 
measurements were set to ~0.1 W cm  (~3.7 W cm ) and ~3.6 W cm  (~260 W cm ) at the 
sample plane, respectively. The PL was directed to a CCD camera (Photometrics Coolsnap HQ2) 
through an image magnifier (1.6 ×) for imaging or coupled into a multi-mode optical fiber connected 
to a spectrometer (~12 cm  spectral resolution) and equipped with an EMCCD camera (PhotonMax 
512, Princeton Instruments). For a single nanotube, 30 sequential PL spectra were recorded with an 
exposure time of 1 s per frame and later averaged. A detailed schematic of the setup and the data 
processing protocol are given in SI, Section 3.5.1. 

3.4.4 2D Correlation Spectroscopy 

2D spectra were collected using a pulse shaper based setup operating at 1 kHz (SI, Section 3.5.8); the 
design is similar to Ref. 77. The output of a non-collinear optical parametric amplifier (NOPA78; 
centered at 16950 cm , pulse duration ~25 fs) was sent to an acousto-optic programmable 
dispersive filter (AOPDF; DAZZLER, fastlite) to generate the excitation pulse pair. The compressed 
output of a second NOPA served as the broad-band probe beam. 

The probe and the pump beam were focused under a small angle (~2°) into a microfluidic flowcell 
(micronit) containing the sample solution (peak optical density of 0.1 − 0.2). The polarizations of 
pump and probe pulses were both set parallel to the flow direction of the sample solution along which 
the nanotubes preferentially align47. This allowed efficient excitation/probing of the pair of strongest 
transitions with their dipole moments directed along the nanotubes42. After the sample, the probe 
pulse was spectrally dispersed in a spectrograph (Jobin Yvon HR320) and detected pulse-by-pulse by 
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a NMOS linear image sensor (Hamamatsu, S3921-128Q), which provided the detection axis of the 
2D spectra with a spectral resolution of 14 cm . 

For collection of 2D spectra, the DAZZLER generated two phase-locked pulse replicas with a 
delay time 𝜏 that was scanned between 0 and 400.4 fs in steps of 0.7 fs. Fourier transformation along 
𝜏 provided the excitation axis of the 2D spectra with a spectral resolution of 42 cm  given the 
scanning range of 𝜏. 2D spectra were acquired using a two-step phase cycling scheme of the pump 
pulses applied by the DAZZLER and averaged for 50 spectra. The probe beam was delayed relative 
to the second pump pulse by waiting time T and split before the sample to provide a reference for 
pulse-to-pulse intensity normalization of the probe spectrum using a second NMOS linear image 
sensor79. The pump and probe pulse energies were set to 100 pJ and 200 pJ, respectively, 
corresponding to ~1 absorbed photon per 1200 monomers47. Measurements were conducted at room 
temperature. 

3.5 Supplementary Information 

3.5.1 Microscope Layout 

In this section we provide an overview of the home-built microscope setup that was used for single-
nanotube microscopy/spectroscopy (Figure 3.5), the data acquisition and processing protocols. A 
green CW laser (𝜆 = 561 nm, model Coherent Sapphire 561-100) served as illumination source. 
After passing through a 𝜆/4 waveplate rendering the polarization of the excitation beam circular, the 
beam was split using a 50: 50 beam splitter: one part was used for wide-field imaging and the other 
part for (tightly) focused excitation. Each arm comprised a telescope arrangement with two lenses to 
expand the beam size and a pinhole to spatially filter the beams’ intensity profile. The focal lengths 
of the used lenses were 𝑓 = 25 mm and 𝑓 = 200 mm for wide-field mode and 𝑓 = 30 mm and 
𝑓 = 150 mm for focused excitation mode. In addition, each arm was equipped with neutral density 
(ND) filters to attenuate the intensity of the excitation light and mechanical shutters (Lambda 10-B, 
Sutter Instrument) to enable fast switching between the two modes. Both beams were coupled 
collinearly into a microscope (Carl Zeiss Observer D1) using a second beamsplitter. The main 
difference between wide-field and focused excitation mode was an additional lens (𝑓 = 500 mm) 
before the second beamsplitter, which focused the excitation light in the back-focal plane of the 
objective. This resulted in a collimated beam of approximately ~40 μm diameter illuminating a large 
fraction of the imaging field of view. 

An oil-immersion objective (Carl Zeiss Apochromat; 100 × magnification, NA =  1.4) and a long 
working distance objective (Mitutoyo Plan Apochromat; 100 × magnification, NA =  0.7) were used 
for room and low temperature measurements, respectively. The long working-distance objective has 
a NA twice smaller than that of the oil immersion objective. In order to compensate for a larger 
excitation spot and lower collection efficiency of the PL, the excitation power was increased from 
~0.1 W cm  to ~3.7 W cm  and from ~3.6 W cm  to ~260 W cm  at the sample position for 
wide-field and focused excitation, respectively. Due to the cryogenic conditions and vacuum inside 
the cryostat, this increase in excitation power did only slightly accelerate photobleaching of the 
sample (SI, Section 3.5.4). For positioning, the latter was either mounted directly on a motorized XY-
translation stage or mounted in a cryostat (Oxford Instruments, MicrostatN) attached to a manual XY-
translation stage. For the cryostat, a copper heat exchanger with a circular aperture in the center was 
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used in order to avoid backscattering of the excitation light. To ensure that the PL signal stems 
exclusively from a single nanotube, only well isolated nanotubes were used for spectral acquisition. 
Otherwise the larger size of the excitation spot led to a prominent background signal due to excitation 
and emission of the surrounding nanotubes. 

 

Figure 3.5. Layout of the microscope. The bottom beam path is for wide-field excitation, whereas the top beam path for 
focused excitation. In both cases a telescope is used to spatially filter the intensity profile of the excitation light and 
expand the beam diameter. The excitation light is focused onto the sample by either an oil-immersion objective (NA =

1.4, ×100 magnification, Carl Zeiss Apochromat) or a long working distance objective (NA = 0.7, ×100 magnification, 
Mitutoyo Plan Apochromat). The microscope filter cube contains a longpass dichroic mirror and a bandpass emission 
filter. Interchangeable mirrors/beamsplitters are used to either (i) direct all light to the spectrometer, (ii) direct all light to 
the imaging camera or (iii) split by 50: 50 for simultaneous acquisition of both image and spectrum. 

The PL emerging from the sample was collected by the same objective and separated from the 
laser excitation using a microscope filter cube. The cube contained a longpass dichroic mirror (DM) 
and a 575 − 640 nm bandpass emission filter (Carl Zeiss, model BP 575-640). Images were acquired 
by a CCD camera (Photometrics Coolsnap HQ2) together with an image magnifier (× 1.6). For 
spectral acquisition, isolated nanotubes were first located via wide-field imaging and then positioned 
to be excited by the tightly focused excitation spot. For spectral acquisition, the PL from either a 
single nanotube upon focused excitation or from many nanotubes upon wide-field excitation was 
coupled into a multi-mode optical fiber connected to a spectrometer equipped with an EMCCD 
camera (PhotonMax 512, Princeton Instruments). The spectrometer was based on a diffraction grating 
with 300 lines mm  providing a spectral range from 572 nm up to 653 nm (~15300 cm  to 
~17500 cm ) on the camera chip with a pixel width of ~0.16 nm pixel  (4.2 cm  pixel ). In 
addition, the CCD chip was vertically binned over 150 pixels into two regions of interest with the 
upper and lower row for simultaneous measurement of the PL and camera background signal, 
respectively. 

The spectrometer used was calibrated using the yellow/orange 577 nm (17331 cm ) and 
579.1 nm (17268 cm ) from a Mercury-Argon lamp (Ocean Optics Inc., Model HG-1) and the 
632.8 nm (15803 cm ) line from a Helium-Neon (HeNe; JDS Uniphase) laser. Figure 3.6 depicts 
these lines superimposed in one spectrum. The spectral resolution of the system was determined by 
measuring the FWHM of the red line from the same HeNe laser, which yielded 0.47 nm (~12 cm ) 
with the input slit of the spectrometer set to 10 μm (Figure 3.6, inset). 
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Figure 3.6. Calibration spectrum by superimposing spectra of the 632.8 nm (15803 cm-1) line from a red Helium-Neon 
laser and the yellow/orange lines from a Mercury-Argon lamp at 577 nm (17331 cm ) and 579.1 nm (17268 cm ). 

In Figure 3.7, an overview of the microscope filter cube transmission spectrum (gray) and the 
spectral observation range (blue) together with the nanotube absorption/PL spectra (black) are given. 
The DM and bandpass emission filter in the microscope filter cube allowed to capture the complete 
nanotube PL spectrum (black) as well as to determine the background noise on the red side of the 
spectrum between 15600 cm  and 15800 cm  (patterned box) at the same time. This background 
noise was subtracted from each spectrum in the sequence of 30 spectra prior to averaging. The final 
(averaged) PL spectrum was corrected for the transmission of the microscope filter cube. 

 

Figure 3.7. Nanotube absorption (black solid) and PL (black dashed) together with the emission transmission of the 
microscope filter cube. Shaded blue: spectral observation range for single nanotube spectroscopy set by the spectrometer 
and camera. The laser excitation line wavelength is shown in green. The spectral interval from which the background 
noise was extracted is shown as a striped box. 
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3.5.2 Point Spread Function 

In this section, we characterize the point spread function (PSF) of the microscope setup equipped with 
an oil-immersion objective (NA = 1.4), i.e., the spread of an image of a point source of light. For this, 
we used a sample with photoluminescent nanobeads (TransFluoSpheres, Thermo Fisher Scientific) 
with a diameter of 40 nm that were immobilized on a cover glass. Due to their small size, the 
nanobeads effectively act as point sources of light and allow to measure the PSF upon wide-field 
excitation. In order to prepare such samples, nanobeads were first dispersed in Milli-Q water via 
sonication for ~1 hour. Next, a droplet of the nanobead dispersion was pipetted onto a 
22 mm ×  22 mm cleaned microscope cover glass (see Methods section in the main text) and 
allowed to dry in vacuum overnight. 

A wide-field PL image of the immobilized nanobeads is shown in Figure 3.8a. To extract the 
microscope point spread function PSF we fit several (𝑁 = 13) images of well isolated, bright 
nanobeads to a two-dimensional (2D) Gaussian function as an approximation of the Airy disc80, i.e., 
the imaged intensity pattern for a point source of light. In our fitting routine the 𝑥- and 𝑦-coordinates 
in the image are transformed to be parallel to the long and short (major and minor) axis of the 2D 
Gaussian function. 

𝐹(𝑥, 𝑦) = 𝐴 exp − −        (3.4) 

Here, 𝐴 is the amplitude of the Gaussian, and 𝜎  and 𝜎  are the (standard deviation) widths 

along the long and short axis of the Gaussian distribution, respectively. Note that the full width at 
half maximum (FWHM) of a Gaussian function is related to its standard deviation width 𝜎 as 
FWHM = 2.35 × 𝜎 . We find almost identical distributions for FWHM  and 
FWHM  (Figure 3.8b) with mean values of 228 ± 4 nm and 245 ± 4 nm, respectively (the error 

margins refer to the standard error of the mean). The combined distribution has a mean value of 
237 ± 3 nm. This is in good agreement with the theoretical limit determined by the wavelength of 
the PL and the numerical aperture of the imaging system80, i.e., ~220 nm. 

 

Figure 3.8. Characterization of the point spread function (PSF) of the home-built microscope. (a) Wide-field image of 
nanobeads immobilized on a glass substrate. The PL intensity in the image was normalized to the peak amplitude and is 
depicted on a linear color scale between 0 and 1. (b) Histograms of the widths (FWHM , red; FWHM , blue) 

obtained from fitting 𝑁 = 13 nanobeads images to a 2D Gaussian function. Inset: Mean values for FWHM , 

FWHM  and the combined distribution. 
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3.5.3 (Tightly) Focused Excitation 

In this section we extract the length of the nanotube segment that is excited in focused excitation 
mode by analyzing its spatial PL profile (PL ). PL  corresponds to the length of the segment from 
which the PL is collected for spectral acquisition, which is mainly determined by the size of the 
excitation laser beam spot and some broadening of the PL profile due to exciton diffusion along the 
nanotubes49–51. Microscope imaging leads to additional broadening of the observed PL profile (PL ) 

due to the convolution with the PSF (Ref. 80), which is why special care has to be taken while 
extracting these lengths: 

PL = PL ⊗ PSF = ∫ PL (𝑥 − 𝑥 ) PSF(𝑥 ) 𝑑𝑥 .    (3.5) 

Assuming that both terms in the convolution (PL  and PSF) can be described by Gaussian 
functions, the result is also a Gaussian. It can then be shown that the FWHM of the convoluted 
Gaussian follows from the FWHM of the inputs as: 

FWHM PL = FWHM (PL ) + FWHM (PSF).     (3.6) 

Eq. 3.6 can be rearranged to calculate the FWHM of PL : 

FWHM(PL ) = FWHM PL − FWHM (PSF).     (3.7) 

Eq. 3.7, thus, allows deriving the length of the excited segment by measurement of the imaged PL 
profile and the microscope point spread function PSF (SI, Section 3.5.2). 

We perform this analysis for the two objectives with different numerical apertures (NA = 1.4 and 
NA = 0.7) that were used for room and low temperature measurements, respectively. In both cases, 
an isolated nanotube was first located in wide-field excitation mode (Figure 3.9a) after which the 
sample was positioned such that the nanotube overlaps spatially with the focused excitation spot 
(Figure 3.9b). Following focused excitation an ellipsoidal PL profile was observed, where the 
elongated axis of the profile aligns with the long axis of the nanotubes (Figure 3.9b and c). To quantify 
this elongation, we fit the spatial PL profile to a 2-dimensional Gaussian (Figure 3.9d) and record the 
widths along and across the nanotube for a number of images; similar to the analysis in the SI, Section 
3.5.2. 

In the case of the high NA objective, the average width of the PL profile of 〈FWHM〉 = 250 ±

3 nm (Figure 3.9e) in the lateral direction (i.e., across the nanotube) matches well with the determined 
PSF (SI, Section 3.5.2). In contrast, the average width of the PL profile along the nanotube is 
〈FWHM〉 = 540 ± 10 nm (Figure 3.9e) and, thus, more than twice broader than the PSF. Part of this 
elongation can be ascribed to back-imaging of the excitation profile imprinted by the diffraction 
limited excitation spot. Under ideal conditions, the latter is about the same size as the PSF as 𝜆 ≈

𝜆 , which would lead to an observed PL profile that is by approximately factor √2 ≈ 1.4 broader 
than the PSF alone and, therefore, should be on the order of ~350 nm. Any excess spreading that 
goes beyond this intrinsic limitation of the image size, could be ascribed to exciton diffusion along 
the nanotubes; similar approaches have previously been used to determine the exciton diffusion 
constant49–51. 
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Figure 3.9. (a) Wide-field PL image of immobilized C8S3 nanotubes at room temperature. (b) Zoom of the region of 
interest marked in panel (a). The position of the focused excitation laser beam is marked by a white circle. (c) Image 
recorded using focused excitation of the nanotube shown in panel (b). (d) Fit of the spatial PL profile in panel c to a 2D 
Gaussian function (as outlined in the SI, Section 3.5.2). In all images, the PL intensity was normalized to 1 and is depicted 
on a linear scale between 0 and 1. (e) Histograms of the FWHM of 𝑁 = 36 PL profiles following focused excitation 
retrieved from 2D Gaussian fits across (green) and along (black) the nanotubes. The width of the bins was set to 20 nm. 
The mean values and standard deviations of both distributions are specified in the inset with the error margins referring 
to the standard error of the mean. 

The excitation intensity distribution 𝐼  of the tightly focused beam was characterized by scanning 

a photoluminescent nanobead (TransFluoSpheres, Thermo Fisher Scientific) immobilized on a glass 
cover through the focal spot using a piezo XY-translation stage (Physik Instrumente) and recording 
a sequence of images (as schematically depicted in Figure 3.10a). Due to the small size of the 
nanobead (20 nm diameter) it acts as a point source and, hence, permits to accurately reconstruct 𝐼  

via scanning its position. Integration of the PL intensity for each image yields a linescan of the focal 
spot size with a FWHM of ~330 ± 6 nm (Figure 3.10b) as obtained by fitting the experimental 
intensity profile to a Gaussian function. Thus, 𝐼  is ~30 % broader than the PSF, which is likely 

caused by a slightly distorted wavefront of the excitation beam at the microscope entrance. 
Measurements on a photoluminescent nanobead embedded into the sugar matrix yielded similar 
results. 

Therefore, the overall resolution of the microscope with focused excitation amounts to 

PSF + 𝐼 ≈ 410 nm, which still allows for the spread of the excitonic wavefunction due to 

exciton diffusion within the exciton lifetime. We note, however, that for nanotubes immobilized in a 
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thin sugar film wave-guiding effects in the surrounding matrix cannot be completely ruled out and 
may lead to additional broadening of the excitation profile. Nonetheless, for our single nanotube 
spectroscopy experiments, we are merely interested in the total spread of the PL profile in order to 
estimate the length of the excited segment using Eq. 3.7 as ~480 nm prior to imaging, i.e., the width 
of the PL profile corrected for PSF related broadening. 

 

Figure 3.10. Characterization of the intensity distribution 𝐼  of the focused excitation beam. (a) Linescan of a 

photoluminescent nanobead (20 nm) through the excitation focal spot using a piezo stage. At each position of the 
nanobead an image is recorded. (b) The FWHM of the integrated PL intensity as a function of the nanobead position 
corresponds to that of 𝐼 . The experimental data (dots) are fitted to a Gaussian function (solid line). 

For the lower NA objective we expectedly found larger widths of the PL profile (Figure 3.11a and 
b). In the lateral direction the width has increased to FWHM = 810 ± 7 nm (Figure 3.11c), which is 
more than twice larger than for the NA = 1.4 objective (〈FWHM〉 = 250 ± 3 nm). Ideally, a 
reduction by factor two in numerical aperture leads to a widening of the PSF also by factor two. Here, 
the deviation is likely caused by additional glass of the cryostat window in the optical path. Along 
the nanotube the width of the imaged PL profile is FWHM ≈ 1.3 μm, which is by approximately by 

factor √2 ≈ 1.4 broader than PSF and, therefore, solely governed by the limitations of imaging. The 
contribution of exciton diffusion cannot be discerned under these conditions. Using Eq. 3.7 we 
estimate the length of the excited segment as ~1 μm for low temperature measurements. 

 

Figure 3.11. Representative microscopy images of a nanotube at 𝑇 = 77 K after (a) wide-field and (b) focused excitation. 
The PL intensity was normalized to the peak amplitude and is depicted on a linear color scale between 0 and 1. (c) 
Histograms of the widths of 𝑁 = 41 PL profiles following focused excitation retrieved from 2D Gaussian fits across 
(green) and along (black) the nanotubes. The width of the bins was set to 40 nm. The mean values and standard deviations 
of both distributions are specified in the inset with the error margins referring to the standard error of the mean. 
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3.5.4 Photobleaching 

In this section we investigate photobleaching of individual nanotubes by examining the evolution of 
the PL spectra during spectral acquisition using focused excitation at room temperature. For each 
nanotube (segment) a sequence of PL spectra was recorded with an exposure of 1 s per frame and 30 
frames in total. From each frame of the sequence, we extract the maximum PL signal amplitudes 
within the spectral regions of interest for the inner tube (16610 − 16710 cm ) and outer tube 
(16900 − 17000 cm ). Figure 3.12a-c shows the traces of the normalized PL signal amplitudes as 
well as the ratio of the maximum PL amplitudes. 

Both the inner and outer tube PL traces show a minor degree of photobleaching by ~10 % (Figure 
3.12a and b). Meanwhile, the signal ratio of the PL originating from the outer and inner tube (Figure 
3.12c) is almost constant indicating that neither of the tubes is preferentially bleached during 
acquisition. 

 

Figure 3.12. Evolution of the PL signal from individual nanotubes (thin gray lines) as well as their average values for (a) 
the inner tube, (b) the outer tube and (c) the ratio of peak amplitude of the outer versus inner tube as a function of 
measurement time. The exposure time for one spectrum was set to 1 s. In (a) and (b), all traces were normalized to the 
PL amplitude of the first frame. In panels (a-c), six individual traces (light gray) are shown for comparison. (d) Signal-
to-noise ratio for the inner (red) and outer (gray) tube for one representative nanotube as a function of the number of 
averaged frames. The RMS noise is shown in green. 

We also computed the root-mean-square noise (RMS) in a spectral interval that is free from any 
PL signal from the nanotubes, i.e., between 15600 cm  and 15800 cm  (Figure 3.7), for different 
accumulated numbers of frames 𝑁 (taken from the sequence of PL spectra) used for averaging: 

RMS = 〈
∑

〉 = 〈(∑ 𝑆 ) 〉.       (3.8) 
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Here, 𝑆  is the 𝑖  spectrum in the sequence, and 〈∙〉 denotes the averaging of the signal in the 
aforementioned spectral interval. Expectedly, the RMS noise decreases towards larger numbers of 
frames used for averaging (Figure 3.12d, green). Next, we determine the signal-to-noise ratio (SNR) 
of the inner and outer tube as the ratio of the maximum PL amplitude of the respective peak 
normalized by the RMS noise (Figure 3.12d, red and gray). The SNR of the outer tube in generally 
lower than for the inner tube due to its lower overall PL, which in turn is linked to the equilibration 
of the exciton populations between the tubes. We observe a continuous increase of the SNR for both 
tubes, which reflects an insignificant degree of photobleaching, as otherwise a gradual decrease of 
the SNR would be expected. 

In order to ensure that none of the spectral parameters (spectral positions and widths of inner and 
outer tube) is affected by light exposure we fit the sequence of PL spectra to a sum of two Lorentzian 
lineshapes (Eq. 3.1 in the main text); the results are shown in Figure 3.13. Therefore, we specifically 
selected the nanotube that has shown fastest PL photobleaching in Figure 3.12a and b. None of these 
spectral parameters shows a distinct trend upon light, which justifies averaging of all spectra in the 
30 s sequence. Note that the large error bar of the spectral width of the outer tube arises from its low 
PL amplitude, which leads to large uncertainties in fitting its spectral contribution. 

 

Figure 3.13. Evolution of spectral fitting parameters (Lorentzian widths 𝜎, left; Lorentzian center positions 𝜈 , right) 
with an exposure time 1 s per frame for the inner (red) and outer tube (gray) for a representative nanotube. Error bars 
refer to the standard deviation of the fit. 

In the case of low temperature measurements, we observed a slight acceleration of photobleaching 
of the nanotubes as compared to that at room temperature. This acceleration was caused by an 
increased excitation intensity that was necessary to compensate the lower PL collection efficiency 
(due to a lower NA objective; see Methods section in the main text). At the same time, photobleaching 
was partially counteracted due to the cryogenic conditions during measurement, which are known to 
slow down photobleaching43,48. 

Photobleaching of the nanotubes under focused excitation is evident from the comparison of wide-
field images captured before and after spectral acquisition (Figure 3.14a-c). Note that the amplitude 
of the PL signal in the sequence of spectra cannot be used to reliably assess the degree of 
photobleaching of the nanotubes due to drifting of the sample position (on the order of 100s of 
nanometers) caused by the cryostat movement during spectral acquisition. As a result, the maximum 
PL amplitude was prone to fluctuations between individual scans, as the nanotube was slightly 
drifting in- and out-of-focus. 
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In order to evaluate the degree of photobleaching we compare the total (integrated) PL in the 
marked region in the wide-field images (Figure 3.14a and c) from which the PL spectra were collected 
and find that the overall signal has diminished by ~25 %. Meanwhile, neither the spectral widths (𝜎; 
Figure 3.14d) nor the center positions (𝜈 ; Figure 3.14e) of the inner and outer tube show any changes 
during the scan. In other words, the PL spectra remain unchanged throughout the entire sequence of 
spectra acquisition, which means that all PL spectra in the sequence can be used for averaging without 
introducing artifacts due to photobleaching. 

 

Figure 3.14. (a-c) Sequence of wide-field and focused excitation microscope images of a nanotube mounted in a cryostat. 
The region of interest determined by the size of the excitation spot is indicated in all images (dashed white ellipse). The 
PL intensity was normalized to the peak amplitude and is depicted on a linear color scale between 0 and 1. (d, e) Spectral 
fitting parameters (Lorentzian widths 𝜎, left panel; Lorentzian center positions 𝜈 , right panel) for each frame (with an 
exposure time 1 s) for the inner (red) and outer tube (gray) for the shown nanotube. Error bars refer to the quality of the 
fit. 
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3.5.5 Fitting of the Nanotube PL Spectrum  

In this section we test the applicability of Gaussian and Lorentzian functions to fit to the experimental 
PL spectra. The high (low) energy peak represents the outer (inner) layer of the double-walled 
nanotubes. 

 

Figure 3.15. Comparison of the fit quality of a representative PL spectrum of a single nanotube (open squares) assuming 
two Lorentzian lineshapes (left) or two Gaussian lineshapes for the inner (red) and outer (gray) tube. The sum of both 
peaks is shown as a solid black line. 

We find that the experimental data is better described by a Lorentzian fit, since a Gaussian fit 
underestimates PL in the broad wings of the spectrum, while overestimating the width of the central 
part of the spectrum (Figure 3.15 and Table 3.2). 

Table 3.2. Comparison of the fitting parameters for Gaussian and Lorentzian fits of a 
single nanotube PL spectrum. 

 Lorentzian lineshape Gaussian lineshape 

Inner tube 
ν = 16657 ± 1 cm  

σ = 43 ± 1 cm  
FWHM = 86 ± 2 cm  

ν = 16657 ± 1 cm  
σ = 46 ± 1 cm  

FWHM = 108 ±  2 cm  

Outer tube 
ν = 16970 ± 2 cm  

σ = 88 ± 3 cm  
FWHM = 176 ± 6 cm  

ν = 16956 ± 3 cm  
σ = 114 ± 3 cm  

FWHM = 268 ±  7 cm  

 

3.5.6 Single Bundle Microscopy/Spectroscopy 

In this section we verify that the microscopy results are recorded for single nanotubes rather than 
bundles of nanotubes52. Therefore, we conducted room temperature microscopy/spectroscopy 
experiments on completely bundled sample solution (after ~10 months of storage from initial 
preparation). In fact, bundles consisting of thicker strands of multiple nanotubes are known to 
spontaneously form over time and eventually become the abundant species after several days up to 
weeks upon storage of a nanotube sample solution. 
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Figure 3.16. Comparison of the absorption spectra of C8S3 nanotubes (black) and bundles (orange) in bulk solution. The 
absorption spectra were normalized to the amplitude of the low energy transition. The inset shows a magnified view of 
the low energy peak around ~600 nm. 

The low energy transition that is associated with the inner tube of the double-walled nanotubes is 
known to be spectrally redshifted by ~100 cm  upon formation of bundles46, while the distinct peak 
from the outer tube around 590 nm (~17000 cm ) disappears as evident from the absorption 
spectrum (Figure 3.16); a similar trend is observed for the PL spectrum (Figure 3.17a). Moreover, the 

PL peak is found to broaden from σ ≈ 55 cm  to σ ≈ 80 cm  as revealed by fitting 
the low energy peak in the bulk PL spectrum to a Lorentzian lineshape. Note that we fit the bundle 
PL spectrum with a single Lorentzian and neglect the long tail towards shorter wavelengths by 
cropping the spectrum at 16700 cm . 

We collect and fit the PL spectra from 𝑁 = 52 individual bundles at room temperature for which 
we record the spectral position (Figure 3.17b) and spectral width (Figure 3.17b, inset). Comparison 
to the ensemble spectrum of nanotubes (Figure 3.17b, purple shade) reveals that distribution of the 
center position (with a mean value of 〈𝜈 , 〉 = (16544 ± 1) cm  and a standard deviation of 

SD = 10 cm ) falls exactly onto the additional peak on the red side of the nanotube spectrum. For 

the distribution of the spectral width we find a mean value of 〈σ 〉 = (80 ± 1) cm  and a 
standard deviation of SD = 5 cm , which is in good agreement with the width obtained from the 
ensemble spectrum. 
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Figure 3.17. (a) Comparison of the ensemble PL spectra of C8S3 nanotubes (black) and bundles (orange). The PL spectra 
were obtained by averaging the spectra from 20 wide-field images/spectra following excitation at 561 nm and were 
normalized to their respective maximum amplitude. (b) Distributions of the center position (𝜈 ) and spectral width (𝜎) in 
the inset for 𝑁 = 52 individual bundles. The distribution of the position is shown in comparison to the ensemble and 
averaged PL spectra of nanotubes as presented in the main text (Figure 3.3). 

The low amplitude of this redshifted peak relative to the spectrum of individual nanotubes is 
indicative of a low concentration of bundles present in the sample. However, a more quantitative 
estimate of the concentration is hindered by several factors: First, even though the bundles are thicker 
than their double-walled counterparts with typical diameters on the order of 20 − 50 nm as known 
from cryo-TEM measurements58, their size still lies well below the imaging resolution of the 
microscope giving rise to the same width of the intensity cross-section as for the nanotubes (Figure 
3.18 and SI, Sections 3.5.2 and 3.5.3). This impedes any direct assignment of whether an object is a 
single nanotube or a bundle based on the cross-sectional width of the PL profile. Secondly, the 
absolute quantum yield of neither the immobilized individual nanotubes nor the bundles in the sugar 
matrix is known so that comparing the relative PL intensities in the ensemble spectrum is not feasible 
either. 

 

Figure 3.18. Representative microscopy images of a bundle after (a) wide-field and (b) focused excitation. The PL 
intensity was normalized to the peak amplitude and is depicted on a linear color scale. (c) Linescans through the focused 
excitation profile along (black) and across (red) the bundles main axis as shown as dashed lines in panel b. Experimental 
data (dots) are shown with the corresponding Gaussian fits (solid lines). The error margins refer to the standard deviation 
of the fit. 
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Bundles were also observed in low temperature measurements as a low energy shoulder around 
~16650 cm  (Figure 3.3 in the main text). Similar to nanotubes, the PL from bundles is known to 
spectrally redshift by ~100 cm  upon cooling46, which is why their contribution still shows up as a 
shoulder and not spectrally isolated from the nanotube spectrum. Furthermore, the shoulder appears 
more pronounced at low temperatures due to spectral narrowing of the inner tube PL peak. 
Nevertheless, the low amplitude of this peak is again indicative of a low concentration of bundles in 
the sample.  

In order to quantify the contribution of bundles at low temperatures, we consider PL spectra that 
were recorded during the same measurement as the nanotubes, but identified as bundles. The latter is 
evident from clustering of data points in the correlation plot of the spectral width versus the spectral 
position of the low energy transition (Figure 3.19a). The observed clustering is indicative of two 
distinct species in the sample, where the spectrally broad, low energy species is attributed to bundles 
(encircled in orange), while the spectrally narrow, high energy species is attributed to nanotubes 
(encircled in blue). 

Comparison of the averaged bundle spectrum (Figure 3.19b, orange) to the averaged nanotube 
spectrum (Figure 3.19b, black) shows that the low energy transition of bundles is indeed located at 
the low energy flank of the latter. However, its spectral position (〈𝜈 , 〉 = 16688 ± 2 cm ) 

appears slightly blueshifted from the position of the shoulder in the ensemble spectrum (Figure 3.19b, 
orange histogram), which may be related to the limited sample size considered here. In addition, the 
high energy transition around ~17000 cm  is more pronounced relative to the inner tube peak at 
low temperatures than at room temperature (Figure 3.19b, orange line), which is the opposite trend 
than what is observed for nanotubes. Moreover, the spectral width appears less sensitive to a decrease 
in temperature than that for nanotubes, as it remains 〈𝜎〉 = 82 ± 2 cm  at 𝑇 = 77 𝐾, very similar to 
what was found at room temperature. 

 

Figure 3.19. (a) Correlation plot of the center position (𝜈 ) and the spectral width (𝜎) of the inner tube retrieved from 
fitting the 𝑁 = 62 PL spectra of individual objects. Clusters are identified to belong to either bundles (circled in orange) 
or nanotubes (circled in blue) with two outliers that cannot be distinctively matched. (b) Distributions of the center 
position and spectral width (inset) of 𝑁 = 16 individual bundles (from the orange circle in panel a). The distribution of 
the position is shown in comparison to the ensemble (purple shade) and averaged PL spectra of nanotubes (black) as 
presented in the main text (Figure 3.3). The averaged bundle spectrum is shown for comparison (orange). The latter was 
scaled to match the amplitude of the shoulder in the ensemble spectrum. Error bars refer to the standard error of the mean. 
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3.5.7 Correlation of the Peak Positions of the Inner and Outer Tube PL Spectra  

In this section we investigate a possible correlation of the peak positions of the inner and outer tube 
spectra. Figure 3.20 depicts pairs of the spectral position peaks of the inner and outer tubes for 
individual nanotubes. The peak positions appear to be weakly Pearson-anticorrelated, although the 
limited sample size does not allow for deriving a stronger conclusion. 

 

Figure 3.20. Correlation plot of the inner and outer tube center position retrieved from fitting the PL spectra of individual 
nanotubes with a Lorentzian lineshape. The distributions were shifted by their respective mean center frequencies 
(〈𝜈 , 〉 and 〈𝜈 , 〉). (Anti-)diagonal lines are drawn through the origin with the slope of (−)1. The number of data 

points is 𝑁 = 41 and 𝑁 = 50 in the left and right panel, respectively. In both cases the Pearson correlation coefficient is 
−0.33. 
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3.5.8 2D Electronic Spectroscopy 

2D spectra were collected using a pulse shaper-based setup as shown in Figure 3.21; the design is 
similar to Ref. 77. 

 

Figure 3.21. Schematic of the experimental apparatus for 2D electronic spectroscopy. The flow direction of the sample 
is indicated by the arrow. The pump and probe pulses are polarized along the flow. The signal and reference beam are 
coupled into the spectrometer with small vertical offset (orthogonal to the figure plane). 𝑇 and 𝜏 refer to the waiting time 
and coherence time, respectively. The used acronyms are: beamsplitter (BS); non-collinear optical parametric amplifier 
(NOPA); waveplate (WP); parabolic mirror (PM); cylindrical lens (CL). 

The output of a regenerative Ti:Sapphire amplifier (Legend Elite Duo, Coherent, repetition rate 
1 kHz) was used to pump two home-built non-collinear optical parametric amplifiers (NOPA78) 
generating the pump and probe beams. The output of one NOPA (centered at ~16950 cm , FWHM 
bandwidth ~1100 cm ) passed through an acousto-optic programmable dispersive filter (AOPDF; 
DAZZLER, fastlite, France) that was used for pulse compression. Second harmonic (SH) 
interferometric autocorrelation in BBO indicated a pulse length of FWHM ≈ 20 fs, which agrees with 
the transform limited pulse duration assuming a Gaussian pulse shape (Figure 3.22). The output of 
the other NOPA served as the broad-band probe beam (centered at ~17240 cm , FWHM bandwidth 
~1400 cm ) and was compressed using a fused silica prism compressor. SH intensity cross 
correlation with the pump pulse indicated a pulse length of ~25 fs (FWHM) for the probe. 
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Figure 3.22. Overview of interferometric autocorrelation measurements of pulse lengths for 2D spectroscopy. (a) 
Schematic representation of the experimental setup for autocorrelation measurements. (b) Representative spectrum of the 
pump beam. The double pulse was generated by the DAZZLER. (c) Time-bandwidth product for a Gaussian pulse shape 
as a function of the pulse bandwidth. (d) Second-harmonic (SH) intensity as a function of pulse delay (blue). The intensity 
autocorrelation (black line) was obtained by applying a low-pass filter to the data. The length of a single pulse Δ𝜏 is by 

factor √2 narrower than the temporal width of the autocorrelation. 

The probe and the pump beam were focused and spatially overlapped under a small angle (~2°) 
in the channel of a microfluidic flowcell (micronit, the Netherlands). As previously described47, neat 
nanotube solution and Milli-Q water are supplied by two syringe pumps (New Era, model NE-300) 
at a flowrate ratio of 1: 1, mixed in a tear-drop micromixer and relayed to the aforementioned flowcell 
with a channel thickness of 50 μm and channel width of 500 μm. Under these conditions the 
maximum optical density of the sample was on the order of 0.1 − 0.2. The polarizations of pump and 
probe pulses were both set parallel to the flow direction of the sample solution. 

For collection of 2D spectra, the DAZZLER was used to generate two phase-locked pulse replica 
with a delay time 𝜏 that was scanned between 0 and 400.4 fs in steps of 0.7 fs. The excitation axis of 
the 2D spectra was constructed via Fourier transform along 𝜏, which resulted in a spectral resolution 
of 42 cm  given the scanning range of 𝜏. The desired 2D signal was heterodyned by the probe pulse, 
spectrally resolved in a spectrograph (Jobin Yvon HR320) and detected pulse-by-pulse by a NMOS 
linear image sensor (Hamamatsu, model S3921-128Q). The latter provided the detection axis of the 
2D spectra with a spectral resolution of 14 cm . 2D spectra were acquired using a two-step phase 
cycling scheme of the pump pulses applied by the DAZZLER and subsequently averaged. The probe 
beam was delayed with respect to the second pump pulse by waiting time T and split before the sample 
with the major portion serving as a reference for pulse-to-pulse intensity normalization of the probe 
spectrum using a second NMOS linear image sensor79. For each waiting time, 100 individual 2D 
spectra were averaged. 

The pulse energy of the pump and the probe beam were set to Δ𝐸 = 100 pJ and Δ𝐸 = 200 pJ, 
respectively, where the former was measured at zero delay between the pump pulses. This 
corresponded to approximately 1 absorbed photon per ~1200 monomers in the focal volume taking 
into account the spatial beam overlap of the pump and probe beam (intensity FWHM ~60 μm) and 
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the spectral overlap of the pump spectrum and the sample absorption, as e.g., done in Refs. 47,81. A 
comparison of the pump and probe spectra and the sample absorption is shown in Figure 3.23. 
Measurements were conducted at room temperature. 

 

Figure 3.23. Comparison of the sample absorption spectrum (black line) to the spectra of the pump (shaded orange) and 
probe beam (gray line) to the sample absorption. 

3.5.9 Ellipticity Analysis of Experimental 2D Spectra 

In this section we extract the ellipticity functions 𝑀(𝑡) of the inner and outer tube by evaluating the 
peak ellipticity at different waiting times as outlined in Ref. 62. Other methods to extract 𝑀(𝑡) include 
the first moment of the (absorptive) 2D spectrum82, the slant of nodal line between negative and 
positive peaks83, the slope of the maximum84,85 and the phase slopes86.  

First, 2D spectra were cropped to the respective region of interest around the inner and outer tube 
diagonal peaks and fitted as a sum of two Gaussian peaks (i.e., one for the GSB/SE signal and one 
for the ESA with opposite sign). Note that the two Gaussians of the different sign partially overlap 
and cancel each other. The coordinate frame was first transformed by rotating it by a fixed angle of 
45°. As a result, the major (long) axis of the Gaussians was always aligned parallel with the diagonal 
line in the 2D spectra. 

𝐹(𝑥, 𝑦) = −𝐴 / exp − − + 𝐴 exp − −  (3.9)  

Here, we only use the standard deviation widths 𝜎  and 𝜎  of the GSB/SE peak to compute 

the ellipticity function: 

𝑀(𝑇) =
  

  
=

  

 
        (3.10) 

The resulted values of 𝑀(𝑡) are presented in Figure 3.4b of the main text. 
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3.5.10 Ellipticity Analysis of Theoretical 2D Spectra 

The ellipticity function has been shown to present a good representation for the system-bath 
frequency-frequency correlation function 𝐶(𝑡)62. However, the original derivation is based on a 
number of assumptions, which are directly violated for short correlation times, when dephasing 
already occurs during the coherence interval. Therefore, we obtained the theoretical ellipticity 
function as derived from the ellipticity analysis by calculating the 2D spectra using the Brownian 
oscillator model63, applying the same procedure as described in the preceding section and comparing 
the results. 

The rephasing 𝑅  and non-rephasing 𝑅  nonlinear response functions for the GSB/SE signal are 
calculated in the approximation of infinitely short pulses as follows: 

𝑅 (𝑡, 𝜏, 𝑇) = exp −𝑔(𝑡) − 𝑔(𝜏) + 𝑔(𝑇) − 𝑔(𝑇 + 𝑡) − 𝑔(𝜏 + 𝑇) + 𝑔(𝑡 + 𝜏 + 𝑇)

× cos 𝜔 (𝑡 − 𝜏)  

            (3.11) 

𝑅 (𝑡, 𝜏, 𝑇) = exp −𝑔(𝑡) − 𝑔(𝜏) + 𝑔(𝑇) − 𝑔(𝑇 + 𝑡) − 𝑔(𝜏 + 𝑇) + 𝑔(𝑡 + 𝜏 + 𝑇)

× cos 𝜔 (𝑡 − 𝜏)  

            (3.12) 

Here, 𝑇 and 𝜏 are the waiting and coherence time, respectively and 𝜔  is the transition frequency. 
The lineshape function 𝑔(𝑡) is readily obtained from the correlation function (Eq. 3.3 in the main 
text) by double integration in time: 

𝑔(𝑡) = ∫ 𝑑𝜏 ∫ 𝑑𝜏 𝐶(𝜏 ) = Δ  𝜏  exp − + − 1 +    (3.13) 

The calculations were carried out for the inner and outer tube separately and population transfer 
from the outer to the inner tube was not considered. As our experiments were conducted in the pump-
probe geometry, where both rephasing (𝑘 = −𝑘 + 𝑘 + 𝑘 ) and non-rephasing (𝑘 =

+𝑘 − 𝑘 + 𝑘 ) signal fields are emitted in the same phase matched direction, i.e., in direction of the 
probe beam 𝑘 , the signal in the time domain is given as the sum of both:  

𝑆(𝑡, 𝜏, 𝑇) = [𝑅 (𝑡, 𝜏, 𝑇) + 𝑅 (𝑡, 𝜏, 𝑇)] × exp −      (3.14) 

Taking the real part of double Fourier-transformation along 𝑡 (for the detection axis 𝜔 ) and 𝜏 (for 
the excitation axis 𝜔 ) yields the absorptive spectrum at a given waiting time 𝑇 (Figure 3.24). 
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Figure 3.24. Modelled (using Eq. 3.14) representative 2D spectra for waiting times of 0 fs and 150 fs. The 2D spectra 
for the inner and outer tube were separately calculated and summed up afterwards. In both cases only the GSB 
contributions were calculated, whereas the ESA contributions were neglected. Diagonal lines (dashed black) are drawn 
at 𝜔 = 𝜔 , i.e., 𝜔 = 𝜔 . The signal amplitude was normalized to the maximum absolute amplitude and 
is depicted on a color scale with increments in steps of 0.1. Fits of the calculated spectra with a 2D Gaussian functions 
are drawn as contour lines (solid black) at 0.1 increments of the signal amplitude. 

As the next step, the calculated 2D spectra were fitted with 2D Gaussians and the ellipticity 
function calculated according to Eq. 3.10 to yield the best match with the experimental values. The 
herewith obtained parameters are listed in Table 3.3. We also note that curiously enough, direct fit of 
the experimental ellipticity data with an exponential function gives the parameters quite similar to 
those based on the Brownian oscillator model – even despite the fact that the assumptions used in 
Ref. 62 are clearly violated. 

Table 3.3. Overview of parameters used for the calculation of 2D spectra. 

 Inner tube Outer tube Source 

Correlation time 
𝜏  (fs) 

45 40 

Experimental 
ellipticity 
function 𝑀(𝑇) 
(SI, Section 3.5.9) 

Homogeneous width 
Δ  (cm ) 

75 120 
Free parameter 

Inhomogeneous 
width Δ  (cm ) 

20 25 
Free parameter 

Central frequency 
𝜔  (cm ) 

16660 16964 
Absorption and 
PL spectra  

Lifetime 𝑇  (ps) 40 40 
PL lifetime 
measurements; 
Ref. 47 
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3.5.11 Theoretical Modelling of the PL Spectrum 

The absorption spectrum can be calculated as the real part of the Fourier transformed linear response 

function 𝑅( )(𝑡)87: 

Abs(𝜔) ∝ Re ∫ 𝑅( )(𝑡) exp(𝑖𝜔𝑡) 𝑑𝑡 .       (3.15) 

The linear response function in turn can be obtained from the lineshape function 𝑔(𝑡) (as given in 
Eq. 3.13) via:  

𝑅( )(𝑡) ∝ exp(−𝑖𝜔 𝑡) exp −𝑔(𝑡) − ,      (3.16) 

where 𝜔  is the transition frequency and 𝑇  is the excited state lifetime. Plugging Eq. 3.16 into Eq. 
3.15 and adding the two contributions for the inner and outer tube then yields: 

Abs(𝜔) ∝ 𝐴  Re exp 𝑖 𝜔 − 𝜔 , 𝑡 × exp −𝑔 (𝑡) −
𝑡

𝑇
𝑑𝑡

+ 𝐴  Re exp 𝑖 𝜔 − 𝜔 , 𝑡 × exp −𝑔 (𝑡) −
𝑡

𝑇
𝑑𝑡 . 

            (3.17) 

Here, 𝐴  and and 𝜔  are the amplitudes and central frequencies of the inner and outer tube peaks, 
respectively. Furthermore, the excited state lifetime 𝑇  is assumed identical for both tubes in 
accordance with PL lifetime measurements at room temperature47.  

As PL spectra show virtually no Stokes shift, the line-shape function 𝑔(𝑡) is a purely real function. 
Moreover, the spectral widths of the inner and outer tube peaks in the PL spectrum (𝜎 = 55 cm  
and 𝜎 = 86 cm ; Table 1 in the main text) closely follow the widths of the corresponding peaks 
in the absorption spectrum: 𝜎 = 60 cm  and 𝜎 = 102 cm . The latter were as obtained 
by fitting the lowest two absorption bands with Lorentzian lineshapes (Figure 3.25a). Therefore, the 
PL spectrum of the nanotubes can be directly derived from the calculated absorption spectrum (Eq. 
3.17) by changing the (relative) amplitudes for each band due to the transfer of excitons from the 
outer to the inner tube until thermal equilibrium exciton populations are established.  

The calculated PL spectrum with the parameters summarized in Table 3.2 is shown in Figure 
3.25b. The pronounced wings in the PL spectrum, which are particularly visible at the low frequency 
side of the spectrum (~605 − 610 nm), are a consequence of the fast modulation limit and exchange 
narrowing leading to Lorentzian lineshapes rather than Gaussian lineshapes in the linear spectra87. 
Motional narrowing occurs as the exciton wavefunction rapidly moves over different segments of the 
nanotubes and, thus, average over the individual inhomogeneous offsets of each chromophore leading 
to narrowing of the spectral lines. Environmental (water) fluctuations might also contribute to fast 
frequency modulation of the chromophores. 
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Figure 3.25. (a) Low frequency absorption peaks of nanotubes (solid black). The peak for the outer and inner tube were 
fitted with a Lorentzian lineshape shown in gray and red, respectively. The sum of the both peaks is shown as a dashed 
line. Higher lying transitions (𝜈 > 17100 cm ) are not considered in the fits. (b) Normalized PL spectrum of nanotubes 
obtained by averaging PL spectra from single nanotube experiments (black dots); see also Figure 3.3 in the main text. 
The error bars refer to the standard error upon averaging. The PL intensity is shown in logarithmic scaling in order to 
render the low amplitude wings visible. For comparison, the calculated PL spectrum using Eq. 3.17 and parameters from 
Table 3.2 is shown in blue. 

The quality of the fit, in particular in the low amplitude wings of the PL spectrum, can be improved 
by treating the correlation times 𝜏  as free fitting parameters. This, in turn, would lead to even shorter 
correlation times than obtained from the experimental ellipticity function (Figure 3.4b in the main 
text). This might well be the case as our analysis does not account for the finite pulse duration in 
experiment. 
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