	
	
	



Observation of vibronic coupling mediated energy transfer in light-harvesting nanotubes stabilized in a solid-state matrix
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Abstract
Ultrafast vibrational spectroscopy is employed to obtain real-time structural information of energy transport in double-walled light harvesting nanotubes at room temperature, stabilized in a host matrix to mimic the rigid scaffolds of natural light harvesting systems. We observe evidence of a low-frequency vibrational mode at 315 cm-1 which transfers excitons from the outer wall of the nanotubes to a crossing point through which energy transfer to the inner wall can occur. This mode is furthermore absent in solution phase. Importantly, the coherence of this mode is not transferred to the inner wall upon energy transfer and is only present on the outer wall’s excited state energy surface, highlighting that complete energy transfer between the outer and inner walls does not take place. Isolation of the individual walls of the nanotubes provides evidence that this mode corresponds to a supramolecular motion of the nanotubes. Our results emphasize the importance of the solid state environment in modulating vibronic coupling and directing energy transfer in molecular light-harvesting systems.

Introduction

Understanding the mechanisms underlying photosynthesis and replicating it within synthetic systems has been a long-standing goal of modern science. At the heart of photosynthesis is the highly efficient harvesting and rapid transport of photons by antenna structures (chlorosomes) to chemical reaction centres1,2. One important model system that has been designed to mimic chlorosomes are tubular J-aggregates formed from the self-assembly of the ambiphilic cyanine dye, 3,3′-bis(2-sulfopropyl)- 5,5′,6,6′-tetrachloro-1,1′- dioctylbenzimidacarbocyanine, henceforth referred to as C8S33,4. These have garnered widespread interest due to their structural and chemical similarity to chlorosomes in green sulphur bacteria which are able to carry out photosynthesis in extremely low light conditions5,6.

A wealth of studies has been carried out to elucidate both the structure and photophysics of these light harvesting mimics7–11. Cryogenic-TEM experiments have revealed that the dye molecules self-assemble into nanotubes consisting of two closely spaced walls, the diameter of which can be altered by minor modifications to the cyanine backbone12. In addition, the dye molecules display a herringbone structure and are typically highly uniformly arranged as revealed by near-field optical scanning microscopy13. In solution, the inner and outer wall of the nanotubes are weakly and possibly coherently coupled, as revealed by 2D electronic spectroscopy and transient grating experiments10,11,14. Upon photoexcitation, rapid energy transfer occurs from the outer to the inner wall of the nanotubes on a timescale of 100 – 300 fs15,16. Furthermore, it has been suggested that excitons can diffuse up to 1.6 μm along the nanotubes17,18.

Despite its importance, little is known about the correlation of the excitonic dynamics with the underlying structural motions within the aggregates occurring after photoexcitation19. Furthermore, photophysical measurements are typically carried out in solutions (under flow) or at cryogenic temperatures as opposed to in the solid state at room temperature20,21. The latter is of particular importance in natural light harvesting systems, since chlorosomes are typically packed tightly together within a rigid scaffold5,22,23. Consequently, to understand the exciton dynamics in bacterial or plant-based systems it is key to study corresponding mimics in the solid state. This point is furthermore heightened for the prospect of utilizing their potential in solid state devices, e.g. photovoltaic cells24, light emitting diodes25 or excitonic circuits26,27.

Here, we employ ultrafast vibrational spectroscopy to develop a real-time structural picture of the photoexcited exciton dynamics in C8S3 nanotubes in both solution and solid states. With the aid of chemical modification techniques we are further able to separate and study the involved transitions of the individual walls. In the solid state, our experiments reveal that energy transfer between the outer and the inner wall of the nanotubes is mediated by a low frequency ‘tuning’ mode at ~315 cm-1. Intriguingly, this mode is only coupled to the excited-state potential energy surface of the outer wall and does not appear on the inner wall. Combined with the narrow linewidth of this vibrational mode (~20 cm-1), we infer that total population transfer between outer and inner walls does not occur ballistically, but rather incoherently. In solution this vibrational coupling is not observed and instead the spectrum is dominated by vibrational modes of the individual cyanine molecule coupled to the electronic ground state. Our measurements demonstrate how vibrational coherences can be used as a tool to track the efficiency of energy transfer in soft supramolecular systems. The experiments also highlight how, in the solid state, vibronic coupling might be used to tune the nature of energy transfer. More generally they raise questions, both experimental and theoretical, for considering the role of the environment in energy transfer in light-harvesting systems.

Results and Discussion 

[bookmark: OLE_LINK23][bookmark: OLE_LINK24]Figure 1a shows a cartoon representation of the studied J-aggregate nanotubes formed from C8S3. The nanotubes consist of an inner and outer wall with diameters of ~6 and ~13 nm, respectively, and can grow up to tens of microns in length28. Extensive experimental and theoretical work has shown that the ambiphilic cyanine dye molecules (inset) pack in a herringbone arrangement on the nanotube (although the precise arrangement is still debated29) surface, with the hydrophobic alkyl chains buried inwards and hydrophilic acid groups facing outwards30. Based on previous work by Caram et al., we prepared photochemically stable films of J-aggregates in a glassy sugar matrix (Fig 1b, see Methods), which prevents photo-chemical oxidative degradation18,31. Further photostability, against both continuous wave and pulsed radiation, was achieved by preparing the samples in an inert N2 atmosphere with argon-enriched solvents (Supporting Information Figure S1). To provide an internal control sample, we also chemically oxidized the outer wall of the nanotubes (see Methods) prior to embedding the nanotubes into the matrix. This chemical oxidation allows us to effectively “turn off” the absorption due to the outer wall and selectively study the inner wall with transient spectroscopies32 (SI, Figure S2).
[image: ]

Figure 1: Steady-state optical and structural characterization of double-walled nanotubes. (a) Transmission electron micrograph (TEM) image of double-walled nanotubes embedded within a crystalline sugar matrix and schematic of double-walled nanotubes consisting of an inner and outer wall with diameters of ~6 and ~13 nm respectively. The ambiphilic cyanine monomers arrange in a herringbone pattern (pale blue bricks) to form a tubular structure with two cyanine molecules per unit cell. (b) Steady-state absorption spectrum of double-walled nanotubes (black) embedded within a sugar matrix. The inner ‘1’ and outer ‘2’ wall transitions are marked. The transitions ‘3 – 5’ belong to the inner wall and result from two molecules per unit cell. The origin of the low-energy shoulder marked ‘6’ is unclear, but this transition only becomes prominent at cryogenic temperatures. The red curve shows the steady-state absorption spectrum for single-walled nanotubes embedded in a sugar matrix. (c) Energy diagram of double-walled C8S3 nanotubes. Transitions are allowed between the ground state  and the one-exciton states of the outer ( or inner wall (. In addition, excited-state absorption can occur between the one-exciton and two-exciton manifolds. In the latter case, two excitons may reside either on the inner wall (, outer wall ( or one on each (. The dashed lines indicate transitions resulting from two cyanine molecules per unit cell on the inner wall. The numbers marked correspond to the transitions indicated in the adjacent absorption spectrum.


The absorption spectrum for a matrix-stabilized film of double-walled nanotubes is shown in Figure 1b (black curve). The peaks labelled ‘1’ and ‘2’ correspond to the one-exciton transitions of the inner and outer wall, respectively. In the spectral region 550 – 580 nm an additional three peaks are resolved. The band ‘3’ has been assigned to overlapping transitions from the two cylinders17,33. The origin of the high-energy transitions ‘4’ and ‘5’ are still unknown, but likely consists of several closely spaced bands. It has been postulated these high energy states exist as a result of having two molecules per unit cell on the inner wall30. Measuring the absorption spectrum at cryogenic temperatures (SI, Figure S3a) reveals a hitherto unknown transition red-shifted from the outer wall exciton peak at ~ 610 nm labelled as ‘6’. This transition appears as a shoulder to the inner wall absorption band and, like band ‘3’, may be a result of overlap between the two nanotube walls.  Most likely however this peak arises from some bundling of nanotubes17,28, which are present in dilute quantities in the samples; full assignment is beyond the scope of this work. As noted by Caram et al. low-temperature photoluminescence measurements (SI, Figure S3b) show that matrix-stabilized nanotubes possess less inhomogeneous broadening than those in solution18. This is likely because in the solid-state nanotubes relax into an optimal arrangement before becoming immobilized in the sugar matrix, whereas in solution random tumbling means that the nanotubes will be in a range of energetic configurations. Figure 1b additionally shows the absorption spectrum of chemically oxidized, ‘single-walled’, C8S3 nanotubes embedded within a sugar matrix (red line). The outer wall absorption at 589 nm is clearly suppressed, with a single peak associated with the inner wall exciton remaining. The broad tail of transitions between 550 – 585 nm also remain on chemical oxidation emphasizing that these transitions (summarized in Figure 1c) are most likely associated with the inner wall30. 

[bookmark: OLE_LINK79][bookmark: OLE_LINK80]To study the role of vibronic coupling in transferring energy between the outer and inner wall, femtosecond transient absorption (fs-TA) measurements were performed. Films of matrix-stabilized aggregates with single and double walls were excited with a ~12 fs pulse (verified by SHG-FROG and reference solvent; SI, Figure S4) tuned to overlap with both the inner and outer wall excitonic transitions (λex = 595 nm, FWHM ~50 nm). The pump fluence of ~19 μJ/cm2 resides at the threshold of the linear excitation regime but we confirmed that no significant contribution to the dynamics from exciton – exciton annihilation affected the measured signals (SI, Figure S5). In addition, we recorded the absorption after each sweep to ensure minimal degradation had occurred. 

Figure 2a shows the transient absorption map for a double-walled nanotube film, where ΔT/T is plotted as functions of probe wavelength and time delay between pump and probe pulses. ΔT is the change in probe transmission of the sample with/without the pump pulse, and T is the probe transmission without the pump pulse. The positive features observed for the double-walled nanotube film (Figure 2a) centered at 589 nm and 599 nm correspond to an overlap of the bleach of the ground state – one-exciton transition (GSB) and stimulated emission (SE) for the outer and inner wall, respectively. The negative photo-induced absorption (PIA) features at 582 nm and 592 nm correspond to optical transitions from the one to two – exciton manifolds of the outer and inner walls. Following the initial rise, the inner wall GSB feature continues to grow until ~380 fs on a similar timescale as the decay of the outer wall GSB. This is in line with ultrafast photoluminescence measurements (SI, Figure S6) and previous reports of energy transfer between the two walls on the timescale of ~300 fs34. In addition, polarization-resolved measurements on flow-aligned nanotubes (SI, Figure S7) reveal a slow (~5 ps) rise in the GSB bleach of the higher energy bands of the inner wall. This suggests that energy transfer can still occur on a slower timescale greater than the initial 300 fs. Furthermore, higher energy transitions of the inner wall, associated with bands 3-5 in Figure 1c, can be resolved.
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[bookmark: OLE_LINK9][bookmark: OLE_LINK10][bookmark: OLE_LINK11][bookmark: OLE_LINK6][bookmark: OLE_LINK7][bookmark: OLE_LINK8]Figure 2: Ultrafast vibronic dynamics and time-domain impulsive vibrational Raman spectra of matrix-stabilized double-walled C8S3 nanotubes. (a) TA map of double-walled nanotubes following photoexcitation with a ~12 fs pulse covering both the inner (IW) and outer wall (OW) absorption peaks at ~589 and 599 nm. The positive features centered at ~587 and ~598 nm are an overlap between the ground state bleach (GSB) and stimulated emission (SE) of the outer and inner walls respectively. The negative features centered at ~582 nm and ~592 nm correspond to excited state transitions between S1 and Sn of the OW and IW. Selected transient absorption spectra (top) at 50, 350, 1000 and 10000 fs illustrate the rapid initial dynamics. Whilst the population of the outer wall rapidly drops (blue arrow) the inner wall population clearly grows within the first 350 fs. (b) Wavelength-resolved Fourier-transform power spectra of C8S3 double-walled nanotubes stabilized in a sugar matrix. The impulsive Raman spectra along the outer wall PIA and inner wall GSB are given by the green and blue spectra respectively. Spectra are normalized to the maximum peak strength. In this former case, vibrational coherences are present in both the ground (GS) and excited stated (ES). The non-resonant spectrum (grey) is produced in a separate experiment (λex = 740 nm) where vibrational coherences are generated only in the ground state and there is no electronic decay. For the off-resonant measurements the FFT power spectrum is averaged over probe wavelengths 580-620 nm.


Superimposed on the electronic population dynamics shown in the TA map in Figure 2a we observe strong oscillatory modulations arising from impulsively excited wave packets produced by the ultrashort pump pulse. The vibrational wave packets can be associated with either the ground state or the excited state potential energy surface35,36. Fourier transforming these oscillatory components into the frequency domain (SI, Figure S8-S10) and examining spectra recorded at specific probe wavelengths allows us to infer the specific vibrational modes that couple to a given transition, as shown in Figure 2b. The GSB/SE region of the inner wall at 600 nm (blue curve in Figure 2b) is dominated by weak vibrational modes in the frequency range 1000 – 1500 cm-1 37. Theoretical calculations for similar cyanine aggregates have assigned modes in this region to stretching and breathing modes of the benzene and imidazole rings38. The grey spectrum in Figure 2b (off-resonant excitation with pulse centered at 740 nm, FWHM ~50 nm, ~14 fs) show these modes exclusively couple to the ground state energy surface. 

For the outer wall, however, a single strong mode centered at 315 cm-1 (FWHM ~20 cm-1) is observed (bottom panel in Figure 2b), which is present only in the resonant excitation spectrum. Plotting the mode intensity as a function of wavelength (SI, Figure S11) shows that this mode most strongly modulates the GSB/PIA of the outer wall (585 nm). Upon tuning the pump pulse energy, this mode is observed only when the outer wall is excited.  Overlapping the pump pulse with the inner wall excitonic transition at 600nm does not produce the 315 cm-1 mode in the TA data. In addition, the mode is not observed in off-resonant steady-state Raman measurements. Resonance Raman experiments could not be carried out due to the high powers required and hence large-scale sample degradation along with background fluorescence. Consequently we conclude that its presence in the PIA of the inner wall is likely due to the strongly overlapped features, and that this mode is purely coupled to the excited state potential energy surface of the outer wall.
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[bookmark: OLE_LINK31]Figure 3: Ultrafast vibronic dynamics and time-domain impulsive vibrational Raman spectra of matrix-stabilized single-walled C8S3 nanotubes. (a) TA map of single-walled nanotubes following photoexcitation with the same pulse as used to excite double-walled nanotubes. GSB and PIA features observed at 597 nm and 594 nm are associated solely with the inner wall. Any remaining absorption from the oxidized OW is either too weak to be detected or masked by the inner wall PIA. The spectral slices (top) show the GSB/PIA of the IW are slightly red shifted compared to in the double-walled case; they decay more rapidly as expected. (b) Wavelength-resolved Fourier-transform power spectra of ‘single-walled’ C8S3 nanotubes stabilized in a sugar matrix. The green and blue spectra indicate GS and ES vibrational coherences that influence the inner wall PIA and inner wall GSB respectively. The spectra are dominated by GS modes in the 250 – 480 cm-1 region as well as the aforementioned modes of the cyanine monomer. No mode is observed at 315 cm-1. Modes influencing the ES are observed at ~725 cm-1 and ~940 cm-1. The mode at ~665 cm-1 results from the sugar matrix.


Exciton dynamics of chemically-oxidized nanotubes
To further track the origin of the low-frequency excited-state mode at 315 cm-1, we carried out vibrational spectroscopy, under the same experimental conditions, on nanotubes where the outer wall has been chemically oxidized30,33. The TA spectrum (Figure 3a) contains GSB/SE and PIA bands associated purely with the transitions of the inner wall. The GSB/SE at 599 nm shows a monotonic decay after an initial rise, since energy is no longer being transferred from the high energy outer wall to the inner wall. In the case of the PIA, the decongestion of the spectrum following chemical oxidation allows this band to be clearly resolved, with its average lifetime increased to ~630 fs compared to the double-walled case of ~180 fs. This is surprising at first but can be explained by the fact that the same PIA feature in the double-walled TA spectrum is overlapped with the outer wall GSB, therefore giving a misleadingly short PIA lifetime. A more quantitative evaluation of these lifetimes is challenging because of the strongly overlapping features in these spectra that are difficult to separate using spectral decomposition algorithms. 

In Figure 3b we show the vibrational spectrum at various probe wavelengths for the single-walled tubes in films. One striking difference to that of the double-walled nanotubes is the significant increase in the number of vibrational modes. In the high-frequency 1000 – 1500 cm-1 region, these are similar to the double-walled sample as would be expected for these ground-state modes. In the 200 – 800 cm-1 region, however, we observe a significantly larger number of modes most of which are coupled to the ground-state potential energy surface, except those at around 720, 940 and 1030 cm-1, which are coupled to the excited state. Importantly, the mode at 315 cm-1 is not observed, confirming that it is not a mode of the inner wall. We observe a similar phenomenon in solution, where the number of modes is again greater, particularly for the single-walled nanotubes (SI, Figure S10 and S11). Furthermore, for both double- and single-walled nanotubes the oscillation at 315 cm-1 is not found in solution phase. Care must be taken to directly compare these two cases. In films the nanotubes possess significantly less inhomogeneous broadening than in solution as shown by the reduced spectral shift and narrowing in absorption peaks on cooling to cryogenic temperatures. This difference in disorder is likely of structural origin hampering a direct comparison.  


Structural origin of vibronic coupling
The vibrational mode at 315 cm-1 (i.e. 39 meV) is approximately equal to the energy difference between the inner and outer walls of the nanotube (37 meV). Hence, on first appearance the presence of oscillations modulating the TA spectrum at such a frequency suggest an electronic coherence between the two walls. However, the mode only modulates the outer wall transitions, implying that the observed mode does not modulate the population between the two walls, as would be expected for such an electronic coherence39–41. We remark that no such electronic coherences have been observed in 2D electronic spectroscopy experiments that are usually used to identify such behavior10,16. In the work of Zhou-Cohen et al., quantum process tomography experiments were used to observe a weak electronic beating signature between nanotube walls in solution11. This suggests that to detect any electronic coherence, more sensitive higher-order non-linear spectroscopy is required. Since both nanotubes are made of the same cyanine molecule our observations suggest that this low-frequency mode is not related to a vibrational mode of the C8S3 monomer, but to a ‘supramolecular motion’ of several molecules within the entire outer wall aggregate structure. Indeed no mode is observed at 315 cm-1 in the Raman spectrum of C8S3 monomers (SI, Figure S15). Furthermore, this mode is only observed in the solid state, suggesting interactions with the sugar matrix help stabilize the mode and allow coherent vibronic couplings to be observed. We do remark that the oxidation of the double-walled nanotubes may lead to some partial oxidation and damaging of the inner wall dye molecules; this factor cannot be ruled out in potential destruction of the 315 cm-1 mode in single-walled nanotubes. 

Influence of vibronic coupling on exciton dynamics
[bookmark: _GoBack]The linewidth of a mode obtained on Fourier transforming of the TA spectrum is inversely proportional to the lifetime of the transition it is associated with. For example, in β-Carotene, vibronic bands associated with the S2 are typically ~300 cm-1 broad because the state only lives for 200 fs42. Conversely in the case of CdSe nanocrystals the modes associated with exciton-LO phonon coupling have typically narrow linewidths resulting, in part, from the nanosecond excited state lifetime43,44. A direct comparison between experiments is impossible because this width is also affected to some extent by pulse duration, Fourier windowing function etc., but the 20 cm-1 FWHM for the mode at 315 cm-1 indicates it is associated with a relatively long-lived state. Fitting the dephasing time of the mode at 315 cm-1 (SI, Figure S8) gives a value of ~290 fs in line with the time for outer to inner wall energy transfer. More specifically this implies that the vibrational coherence is long-lived and not destroyed on the outer wall by the energy transfer event. We can hence assign this mode as being a ‘tuning’ mode with a large Franck-Condon factor, i.e. with a large displacement of energy surface along that mode45,46. The proximity of this mode's energy to the energetic separation between the two walls may be pure coincidence. However, it more likely suggests that the mode is somehow related to bringing the system to a crossing of the potential energy surfaces, through which energy transfer occurs. In the case of ballistic or ultrafast transfer between the two walls, all energy would be deposited onto the inner tube resulting in fast dephasing of the coherence on the outer wall (on the excited state) and conversely resulting in a broad linewidth, contrary to our observations (Figure 2a). Furthermore, full energy transfer is not observed since we detect photoluminescence from the outer wall in time-resolved and steady-state experiments; this in line with the small energy gap between walls (200 cm-1) compared to kT (300 cm-1 ) at room temperature (SI, Figure S6). The proximity of this mode's energy to the energetic separation between the two walls hence provides additional support for the assignment to a tuning mode. As such, following photoexcitation this tuning mode can quickly close the energy mismatch between the outer and inner walls, allowing for efficient energy transfer. It should be noted that there are likely additional processes contributing to the dephasing of the mode at 315 cm-1, however these are too fast to be resolved in our experiments (further discussion see SI, Figure S8). Furthermore for nanotubes embedded within a sugar matrix the outer to inner wall transfer time (judged from the rise of the inner wall ground state bleach; SI, Figure S12) is faster 277 ± 19 fs (film) compared to 319 ± 13 fs (solution). Hence it could be argued that the vibrational mode at 315 cm-1 plays a role in enhancing the speed of energy transfer. The difference in inhomogeneous broadening, interaction with the solvent bath, potential differences in exciton annihilation, etc, between solution and film, means this cannot be stated conclusively.

	
Conclusion
Taken together, we have demonstrated that the energy transfer between the outer and inner walls of C8S3 nanotubes is mediated by a single low-frequency vibrational ‘tuning’ mode, observable only when the nanotubes are stabilized in a rigid sugar matrix. The exact molecular nature of this mode is unknown but is likely related to the supramolecular structure of the aggregates, specifically set up along the diameter of the nanotubes. Significantly, our results suggest that by tuning vibrational modes, the nature of energy transfer in these and similar light-harvesting mimics can be altered and potentially finely controlled. In chemical terms this might be achieved by swapping the chlorine groups on the benzene ring of the monomers for other halogens to reduce the tube diameter12 or through careful balancing of the solvent ratios to cause tubes to bundle together47. Our experiments in the solid state render the results obtained here directly applicable to nanoscale devices and natural harvesting complexes, which in nature are surrounded by a rigid protein matrix48,49. This surrounding solid state environment can modulate the vibronic coupling, which in turn controls the energy transfer dynamics of these systems. 





Experimental Methods

Sample preparation
Solutions of double-walled nanotubes were prepared using a method extensively detailed in the literature10,17,18,30,33. Briefly, a solution of 3 mM C8S3 monomer (FEW chemicals) was prepared in methanol. This was added in a ~1:4 ratio with deionized water and stored in the dark for 24 – 48 h. All solvents were degassed via a freeze-pump-thaw sequence or by holding under low pressure and subsequently bubbling with Ar gas. Preparation was carried out in an inert N2 atmosphere. The double-walled nanotubes were then mixed in a 1:1 ratio with a saturated solution of 50% sucrose (Sigma) and 50% trehalose (Alfa Caesar) as detailed by Caram et al.18; this solution was also degassed before mixing with nanotubes to minimize oxidative degradation. Samples were then drop-flowed or drop casted and spread onto pre-cleaned (sonication in acetone and isopropanol followed by oxygen plasma) quartz substrates (0.15 mm thickness) and then allowed to dry in an N2 atmosphere under a vacuum of ~0.3 atm for 24 - 48 h. Subsequently, they were encapsulated by placing a second larger coverslip (with spacer) atop of the sample and then sealing with epoxy glue. 

[bookmark: OLE_LINK48]For the preparation of single-walled nanotubes, 10 mM AgNO3 solution was added in a 1:40 ratio to a solution of double-walled nanotubes30,50. An absorption spectrum was taken every 10 minutes to monitor the oxidation, typically after 100 min the outer wall was fully oxidized. Residual AgNO3 was removed by precipitation with NaCl32. The preparation of films followed the same procedure as for the double-walled nanotubes with embedding in a sugar matrix.

Temperature-Dependent Absorption Spectroscopy
Linear absorption spectra of nanotube solutions, placed in a 0.2 mm path length cuvette (Starna), were measured using commercial Perkin-Elmer lambda 750 UV-VIS-NIR set-up. A Xe-lamp was used as the light source and all measurements were performed under standard ambient conditions. The spectra were measured simultaneously with the solvent to correct for its absorbance. 

Temperature-dependent absorption measurements (double-walled films only) were carried out using an Agilent Cary 6000i UV–VIS–NIR spectrophotometer with blank substrate correction. Samples were placed in a continuous-flow cryostat (Oxford Instruments Optistat CF-V) under helium atmosphere. We allowed the sample temperature to equilibrate for 30 minutes before taking data.

Temperature-Dependent Photoluminescence Spectroscopy
Films of matrix-stabilized aggregates were deposited onto Spectrosil glass and transferred from a N2 glove box to a continuous-flow cryostat (Oxford Instruments Optistat V) under helium atmosphere. PL was measured under an excitation power of ~4 W/cm2 at an excitation wavelength of 405 nm. We allowed the sample temperature to equilibrate for 30 min before taking data. Emission was measured using an Andor iDus DU420A Si detector. 

Femtosecond Transient Absorption Spectroscopy
The fs-TA experiments were performed using an Yb-based amplified system (PHAROS, Light Conversion) providing 14.5 W at 1030 nm and 10 kHz repetition rate. The probe beam is generated by focusing a portion of the fundamental in a 4 mm YAG substrate and spans from 520 nm to 1400 nm. The pump pulses were generated in home-built noncollinear optical parametric amplifiers (NOPAs) as outlined previously by Liebel et al.51. The NOPAs output (~4-5 mW) was centered either between 550 nm and 620 nm or at 740 nm and pulses were compressed using a chirped mirror and wedge prism (Layterc) combination to a temporal duration of 12 fs and 14 fs, respectively, as determined by second harmonic generation frequency resolved optical gating (SHG-FROG)52. The probe white light is delayed using a computer-controlled piezoelectric translation stage (Physik Instrumente), and a sequence of probe pulses with and without pump is generated using a chopper wheel (Thorlabs) on the pump beam. The pump irradiance was set to 19 μJ/cm2. After the sample, the probe pulse was split with a 950 nm dichroic mirror (Thorlabs). The visible part (520 – 950 nm) is then imaged with a Silicon photodiode array camera (Entwicklunsbüro Stresing; visible monochromator 550 nm blazed grating). Measurements were carried out with a time step size of 6 fs out to 1.5 ps, in order to minimize exposure time of the sample to the beam.
 
Unless otherwise stated all measurements were carried out with the probe polarization set at ‘magic angle’ (54.7°) with respect to that of the pump to avoid photoselection effects53. For polarization-resolved spectroscopy (solutions only), nanotube solutions were continuously flowed through a 0.1 mm path length flow cell (Starna: 48/UTWA2/Q/0.1). The pump and probe pulses were then adjusted by means of a half-waveplate (Eksma) such that their polarization could be set either parallel or perpendicular to that of the alignment of nanotubes.  
  
Steady-State Raman Spectroscopy
Off-resonance Raman spectra of the samples were measured using a confocal microscope coupled to the Horiba T64000 Raman system, equipped with an achromatic water immersion objective with 100x magnification and 1.2 numerical aperture. A continuous-wave diode laser of 785 nm wavelength (Toptica Photonics Xtra 785 nm) was used as the excitation source. Spectra were acquired on a liquid-N2 cooled CCD detector after dispersing the Raman signal through a 800 mm focal length spectrometer equipped with a 600 lines/mm grating. To maximize the collected signal, the confocal pinhole was set to 300 m and for optimal spectral resolution, the slit width was set to 200 m. Each spectrum was recorded with an exposure time of 30 s and averaged over 4 cycles.

Transient Photoluminescence Spectroscopy
Ultrafast photoluminescence (PL) spectroscopy was carried out using the transient grating technique developed by Chen et al.54. Briefly, a Ti:Sapphire amplifier system (Spectra-Physics Solstice Ace) operating at 1 kHz generating 80-fs 800 nm pulses is split into the pump and gate beam arms. The pump beam (400 nm) was generated by second harmonic generation in a BBO crystal and focused onto the sample. The gate beams are focused onto the gate medium (fused silica), crossing at an angle of ∼5° and overlapping with the focused PL. The two gate beams interfere and create a transient grating in the gate medium due to a modulation of the refractive index via the optical Kerr effect. Temporal overlap between the two gate beams is achieved via a manual delay stage. The PL is then deflected on the transient grating, causing a spatial separation of the gated signal from the PL background. The gated signal is focused onto a spectrometer entrance (Princeton Instruments SP 2150) after long- and short-pass filters to remove scattered pump and gate light, respectively. Gated PL spectra are measured using an intensified CCD camera (Princeton Instruments, PIMAX4).

Confocal Photoluminescence Microscopy
PL microscopic images were taken using a WITec alpha 300 RAS confocal microscope. A fiber-coupled 405nm CW laser (Coherent LaserCUBE) was used to excite the sample (Excitation power = 0.5 µW). The sample was rested on an X-Y piezo-scanning stage. The laser was focused using 100x (Nikon lens, NA = 0.9) objective with an effective excitation beam diameter of ~0.5 µm. The PL was collected in reflection mode from the same 100x objective. A 435nm long pass filter was used in the detection line to block the excitation component of reflected laser (405nm). The PL spectrum was acquired using a spectrometer fitted with a CCD array detector (Andor IDus). The movement of stage and acquisition of PL spectrum was controlled by WITecScanCtr Plus spectroscopy software. All the data were analyzed and plotted with the WITecProject FOUR software.


Transmission Electron Microscopy (TEM)
Approximately 10 µl of dilute nanotube/sugar matrix solution was drop casted onto a TEM copper grid with a Holey carbon support film in an inert atmosphere from dilute solution. Once dried bright field TEM was carried out in a FEI Tecnai Osiris TEM operated at 200 kV. 

Data Analysis
Data analysis was carried out with custom codes written using MATLAB and Origin software. The details of specific algorithms used in the analysis are discussed in the Supporting Information.
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