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Near-atomic-resolution structure of 
J-aggregated helical light-harvesting 
nanotubes

Arundhati P. Deshmukh    1,5, Weili Zheng2,5, Chern Chuang3,4, Austin D. Bailey    1, 
Jillian A. Williams1, Ellen M. Sletten    1, Edward H. Egelman    2,6  
& Justin R. Caram    1,6 

Cryo-electron microscopy has delivered a resolution revolution 
for biological self-assemblies, yet only a handful of structures have 
been solved for synthetic supramolecular materials. Particularly for 
chromophore supramolecular aggregates, high-resolution structures are 
necessary for understanding and modulating the long-range excitonic 
coupling. Here, we present a 3.3 Å structure of prototypical biomimetic 
light-harvesting nanotubes derived from an amphiphilic cyanine dye 
(C8S3-Cl). Helical 3D reconstruction directly visualizes the chromophore 
packing that controls the excitonic properties. Our structure clearly 
shows a brick layer arrangement, revising the previously hypothesized 
herringbone arrangement. Furthermore, we identify a new non-biological 
supramolecular motif—interlocking sulfonates—that may be responsible 
for the slip-stacked packing and J-aggregate nature of the light-harvesting 
nanotubes. This work shows how independently obtained native-state 
structures complement photophysical measurements and will enable 
accurate understanding of (excitonic) structure–function properties, 
informing materials design for light-harvesting chromophore aggregates.
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Pi-conjugated chromophores form supramolecular polymeric archi-
tectures (nanotubes, sheets or bundles) that display drastic changes 
in photophysical properties (absorption and emission shifts by 
2,000–3,000 cm−1, extremely narrow linewidths and enhanced quan-
tum yields) relative to the monomeric counterparts1–3. These drastic 
changes arise from long-range excitonic coupling—transition dipole 
moments (TDMs) of individual molecules coherently interacting over 
long distances to form delocalized Frenkel excitons. The delocalization 
of excitons in chromophore assemblies can be leveraged to achieve 
emergent behaviours such as wide spectral tunability (spanning the 
visible through shortwave infrared wavelengths), efficient ultrafast 

excitonic energy transport, high photochemical stability and excitonic 
superradiance, which provide a compelling basis for modern optoelec-
tronic and energy-harvesting technologies4–6.

The classic signatures of excitonic coupling are shifts and narrow-
ing in optical absorption of chromophores upon concentration or in 
poor solvents. Jelley and Scheibe concurrently observed this phenom-
enon in 1936, where absorption of a pseudoisocyanine dye red-shifted 
and narrowed upon concentration (later named ‘J-aggregation’)7,8. 
Subsequently, a theoretical description of this behavior was developed 
invoking how direction-dependent TDM coupling among close-packed 
chromophores creates extended excitonic states, which interact 
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structure–property relationships. High-resolution structures of the 
self-assemblies have eluded the community for the following reasons.

	(1)	 Even though the excitonic coupling in the chromophore ag-
gregates is strong, the self-assembly itself is driven by weak 
dispersive forces (π−π stacking, van der Waals interactions and 
entropically driven micellization) leading to structural disorder 
and the absence of supramolecular phonon modes despite the 
long-range periodicity29–31.

	(2)	Like other amphiphiles, molecular aggregates often cannot be 
crystallized due to the absence of symmetry elements that can 
be packed into a 3D space group. For instance, the only helical 
filaments that may be packed into a crystal so that all subunits 
are in an equivalent environment contain either two, three, 
four or six subunits per turn32,33. Even if they do crystallize, the 
solid-state crystal structures will not be representative of the 
inherent solution state assembly that causes the emergent ex-
citonic phenomena. As a result, such chromophore aggregates 
have not been amenable to traditional crystallographic ap-
proaches, rendering any high-resolution structural information 
highly elusive.

	(3)	The structures are also known to be extremely sensitive to minute 
changes in their environments, forming in very specific solvent 
mixtures and falling apart with mild heating or drying34,35. This 
limits the scope of the applicable solution-state experimental 
techniques (for example, nuclear magnetic resonance (NMR)).
Cryo-electron microscopy (cryo-EM) has recently emerged as 

the dominant technique in structural biology for determining the 
atomic structure of proteins, viral assemblies and so on32. The widely 
used plunge freezing method of sample preparation ensures the pres-
ervation of the native solvated structure. However, its application 

collectively with light9–11. As a result, the excitonic shifts are sensitive 
to the molecular-scale geometric arrangements. Kasha’s model relates 
observed spectral shifts to the underlying molecular arrangements in 
1D systems—H-aggregates with co-facial packings of molecules have 
blue-shifted optical spectra, whereas J-aggregates with head-to-tail 
arrangements have red-shifted spectra10. Recent work has shown sev-
eral extensions of this theory, illustrating that excitonic couplings are 
also sensitive to the nature of various intermolecular interactions, 
structural and/or energetic disorder, as well as the overall aggregate 
topology (linear, 2D sheets, tubes and so on)12–14.

Natural photosynthetic antennae employ similar excitonic cou-
pling to efficiently channel incoherent solar energy to a reaction 
centre for charge separation2. Fenna, Mathews and Olson solved the 
structure of the light-harvesting complex from green sulfur bacteria, 
uncovering the 3D chromophore arrangement within the protein 
encapsulated complex15. This structure was instrumental for the host 
of spectroscopic and theoretical studies that followed, revealing the 
complex nature of ultrafast energy transfer pathways within the (now 
named) Fenna–Mathews–Olson (FMO) complex16–20. Inspired by the 
naturally evolved efficient light harvesters, many scientists have sought 
to engineer synthetic supramolecular analogues that leverage exciton 
delocalization and energetic disorder to drive energy transport at the 
nanoscale21–27.

However, efforts to engineer the self-assemblies were hin-
dered by the absence of a high-resolution structure among the 
synthetic supramolecular analogues. Indirect methods involving 
temperature-dependent spectroscopy and extensive modelling 
had to be undertaken to get any supramolecular structure–exci-
tonic property relationships12,13,28. The presence of disorder, higher 
dimensionality, and other types of couplings cause ambiguities in the 
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Fig. 1 | LHNs of amphiphilic cyanine dye C8S3-Cl. a, Structure of C8S3-Cl. b, 
Absorption spectra of C8S3-Cl monomer in methanol (dashed line) and LHNs in 
30% v/v methanol:water mixture (solid line), the red shifted spectrum of LHNs 
indicate J-aggregation. c, Representative cryo-EM micrograph of LHNs showing 
double-walled nanotubular morphology with uniform widths. d, Absorption 

(blue) and linear dichroism (black) spectra of photochemically isolated inner wall 
LHNs with polarizations parallel (solid) and perpendicular (dashed) to the tube 
axis. Four distinct peaks are visible (two parallel and two perpendicular). e, Power 
spectrum of the LHNs averaged from the power spectra of several nanotube 
segments from the cryo-EM images.
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to non-biological synthetic self-assemblies has been extremely lim-
ited32,36–38. Currently, there are no high-resolution cryo-EM struc-
tures among the chromophore aggregates with distinguishable 
molecular-level details. Major bottlenecks involve the lack of a vast 
prior knowledge that can be relied upon and sample-related issues 
(larger disorder, experimental conditions or sensitivity to the environ-
ment). Here, we present a high-resolution cryo-EM structure of a model 
supramolecular chromophore aggregate—light-harvesting nanotubes 
(LHNs). We demonstrate how the independently obtained structure 
influences the modelling of excitonic properties and the design of 
chemically modified assemblies.

Results and discussion
Optical spectroscopy of the LHNs
Originally synthesized in 1995, amphiphilic cyanine dye 3,3′-bis 
(3-sulfopropyl)-5,5′,6,6′-tetrachloro-1,1′-dioctylbenzimidacarbocyanine 
or C8S3-Cl (Fig. 1a), aggregates into double-walled nanotubes and bun-
dled morphologies39. The presence of long hydrophobic alkyl chains 
and hydrophilic sulfonate groups rationalized the bilayer micelle-like 
self-assembly into double-walled nanotubes, also known as LHNs. The 
double-walled nanotubes of C8S3-Cl (Fig. 1c), have been explored exten-
sively as a model excitonic system that mimics the structural complexity 
of natural photosynthetic antennae, showing a high degree of exci-
ton superradiance, ultrafast energy transport and micrometre-scale 
exciton migration at room temperature5,21,40,41. As shown in Fig. 1b, the 
aggregated LHNs have a red-shifted absorption from the monomer, 
a signature of J-aggregation. The absorption spectrum of the LHNs 
displays characteristic features with two sharp low energy peaks and 
several shoulder peaks at higher energies (Fig. 1b). Previous studies have 
assigned the sharp peaks at 589 and 599 nm to polarization of excitons 
along the tube axis of outer and inner walls respectively, termed outer 
wall parallel (OW||) and inner wall parallel (IW||) peaks, respectively42,43. 
Polarization perpendicular to the tube axis results in several broader 
shoulder peaks at higher energy, labelled as OW⊥ and IW⊥ peaks in  
Fig. 1b ref. 42. Selective reduction of outer wall chromophores allows the 
isolation of the inner wall spectra from the double-walled nanotube43. 
Figure 1d shows the absorption and linear dichroism spectra of the 
photochemically isolated inner wall LHNs with four distinct peaks (two 
parallel and two perpendicular). The presence of four distinct peaks 
in the inner wall spectra previously led researchers to propose a her-
ringbone model with two molecules per unit cell39. LHNs also possess 
a strong circular dichroism signature, though the structural origin of 
the persistent chirality is yet to be elucidated42,44–47.

Extended Data Table 1 details a literature survey of structural 
studies on pristine LHNs, their methodologies and key findings.  

As shown in Extended Data Table 1, all the nanoscale structural infor-
mation was derived from low-resolution electron microscopy (with no 
molecular-level features), excitonic modeling and molecular dynamics 
simulations that were validated by comparing to the optical spectra. 
But the complex nature of excitonic couplings, which may include 
additional van der Waals or charge transfer interactions, makes such 
spectral assignments ambiguous48,49. All the nanoscale molecular 
packing parameters were either obtained from simulated models 
or extrapolated from molecular crystals. Solution-based structural 
techniques, such as small angle X-ray scattering, are not stand-alone 
and require additional modelling for data interpretation50. Native-state 
experimental probes, such as cryo-electron tomography (cryo-ET), 
have uncovered several mesoscale structural details such as the 
double-walled nature of LHNs, as well as twisted and straight bundle 
structures, though the resolution of the reconstructed 3D maps was 
not high enough to resolve the nanoscale molecular packings21.

High-resolution structure of the LHNs
Figure 1e shows a power spectrum of the LHNs averaged from the 
power spectra of hundreds of thousands of segments of length 414.7 Å. 
The meridional layer line (corresponding to n = 0 Bessel function) is 
at 1/(9.9 Å), showing a helical rise of 9.9 Å per asymmetric unit. A strik-
ing feature in the power spectrum is the presence of weak layer lines 
extending out as far as 1/(3.9 Å), providing evidence for local order 
in the self-assembled nanotubes. The observation of layer lines cor-
responding to Bessel functions of order n = 0, 5, 10 and so on, further 
suggests a possible C5 rotational symmetry in addition to the helical 
symmetry. We use these parameters as a starting point to iteratively 
reconstruct the tube density for both outer and inner walls (Fig. 2).

We obtain a cryo-EM map for the inner wall at 3.3 Å resolution, 
and the outer wall at 4.3 Å with a helical rise of h = 9.9 Å and twist of 
γ = 33.6° for both the walls. The inner wall has a higher resolution as it 
is more ordered, possibly due to tighter packing and protection from 
the solvent environment. The diameters obtained from the recon-
structed densities are ~63 and ~143 Å (Fig. 2a), close to the previously 
reported values of 6 ± 1 nm and 13 ± 1 nm for the inner and outer walls, 
respectively43. As seen in Fig. 2a,b, the outer wall density shows some 
grooves, denoted by blue arrows. Thus, the outer wall can be better 
described as broad helically wound strips with a gap in between each 
asymmetric unit, rather than uniformly packed molecular helices like 
the inner wall (Fig. 2c,d). This level of structural details was not possible 
to be seen experimentally until now.

The reconstructed inner wall density was fit with a molecular 
model, and an overlay of the two is shown in Fig. 3a,b. We observed 
an excellent correlation between the molecular model and the 
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Fig. 2 | Cryo-EM density maps of the LHNs. a, Top view of the double-walled nanotubes with diameters labelled, blue arrows indicate the position of the groves in the 
outer wall. b, Side view of the outer wall. c,d, Side (c) and cutaway (d) views of the inner wall. Black boxes respective inner- and outer-wall ASUs.
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reconstructed density. The asymmetric unit (ASU) for the inner wall 
contains six molecules (Fig. 3c and Extended Data Fig. 1). Five ASUs go 
around the circumference of the tube to complete a single turn (Fig. 3d), 
and each adjacent turn is related by the helical symmetry parameters 
(h,γ). Figure 3e,f shows space-filling models for two such segments 
(magenta and cyan). Another report with a low-resolution reconstruc-
tion of C8S3-Cl and C8S2 mixture nanotubes obtained 6-start helices 
with a pitch of 127 Å from 2D projections37. Our 3D reconstruction 
shows 5-start helices with a pitch of 105 Å. We note an ambiguity in the 
assignment of the helical hand, which is inherent to any helical recon-
struction from 2D projections51,52. For protein or peptide assemblies 
containing α-helices, the known hand of the α-helices (right-handed 
for l amino acids) allows for unambiguous determination of the hand at 
any resolution better than ~4.5 Å (refs. 32,53). Similarly, for β-stranded 
structures, the hydrogen-bonding pattern allows for determining the 
absolute hand at better than ~2.8 Å resolution53. However, C8S3-Cl 
being an achiral planar molecule, presents no clear preference for a 
single handedness. Circular dichroism spectra (Extended Data Fig. 2) 
on identically prepared samples of the LHNs showed varying intensities 
and sometimes even opposite signs, hinting that the LHNs may exist in 
an ensemble of both right- and left-handed helices (related by mirror 

image symmetry). We report the structure with a right-handed 5-start 
helix for simplicity.

Insights from the high-resolution structure
Both brick layer and herringbone arrangements had been proposed 
for the nanoscale structure of the LHNs with the plausibility of each 
geometry still open to debate6,43,50,54,55. However, Fig. 3 clearly shows 
slip-stacked packing of all the dye molecules with a brick layer arrange-
ment leading to a structural reassignment with direct ramifications 
towards the excitonic properties. The herringbone geometry was origi-
nally motivated by apparent symmetry breaking in the optical spectra 
of the isolated inner wall, resulting in multiple parallel and perpendicu-
lar polarized peaks (Fig. 1d). While this was a reasonable assumption 
with the limited structural knowledge at the time, our results clearly 
show that all the molecules are in a brick layer arrangement, and the 
six unique molecules must form the basis for the ground-state inner 
wall structure. Within the ASU, the π−π stacking distance is 3.4 Å and 
the slip between adjacent molecules is 9.0 Å. Our results represent a 
direct experimental confirmation of these supramolecular packing 
parameters, that are often used as input parameters in the Frenkel 
exciton model for calculating the excitonic spectra.
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Furthermore, we observe regular crisscrossed pattern of the lobes 
in the lumen of the inner wall (Fig. 3b, c and Extended Data Fig. 3). 
These lobes are assigned to the sulfonate groups from neighbouring 
dye molecules, where a sulfonate from the neighbouring dye stabilizes 
the delocalized positive charge on polymethine chromophore. Previ-
ously, the sulfonate groups were thought to impart hydrophilicity in 
the amphiphile; however, our results indicate that the sulfonates also 
appear to be a structural motif. We believe the interlocking sulfonates 
are responsible for the slip-stacked packing geometry that is crucial 
for the J-aggregate behaviour (optical red shifts, high superradiance) 
of the LHNs. Previously, chemical handles like sterics and hydrogen 
bonding, have been used to enforce slip-stacked packing in other 
chromophores29,56. However, this interlocking motif was not present 
in any of the previously proposed models (Extended Data Table 1).

Due to the lower resolution of the outer wall map, we could not 
obtain a high-resolution structure for the outer wall. Instead, we fit 
the outer wall density to a geometry optimized model with manual 
constraints, shown in Extended Data Fig. 4. We focus on the loca-
tions of the sulfonate groups as well as conjugated dye backbone that 
are better resolved in the cryo-EM map (Fig. 2). Some of the unique 
structural features of the outer wall are clearly resolved in the cryo-EM 
map as well as in the fitted model. Rather than a continuous molecu-
lar packing like the inner wall, the outer wall shows helically wound 
strips separated by gaps between each ASU with the overall symmetry 
parameters preserved, C5 rotational symmetry with the helical sym-
metry parameters of rise h = 9.9 Å and angle γ = 33.6°. Within each 
of the helical strips, the conjugated backbone of the molecules fol-
lows a slip-stacked brick layer pattern similar to the inner wall albeit 
with eight molecules per ASU (due to the radius increment from the 
inner wall to the outer wall). The sulfonate groups within the densely 
packed bands also follow an interlocking pattern as the inner wall, 
while those near the gaps are more disordered and less resolved. In 
Fig. 2a, we observe some continuous density in the middle of the two 
walls. While the origin of this density is unclear, it should be noted that 
this does not correspond to the alkyl groups since we do not observe 
a continuous arm extending from the dye backbone, similar to the 
sulfonate chains.

Dimerized Frenkel exciton model for optical spectra
Optical properties of the LHNs and other excitonic systems are com-
puted using the Frenkel exciton Hamiltonian57. The couplings are 
based on specific molecular packing arrangements which, until now, 
would be estimated from simulations (Extended Data Table 1). Here, we 
reconstruct the excitonic structure of the inner wall and reproduce the 
absorption, linear and circular dichroism spectra using the structural 
information from the cryo-EM structure. We refer the readers elsewhere 
for detailed studies on exciton transport within the LHNs6,21,31,40,57–59. For 
simplicity, we propose a minimal dimerized Frenkel exciton model with 
no disorder, aiming to verify the extent to which the cryo-EM structure 
can reproduce the observed excitonic spectra. Instead of using all six 
molecules in the ASU, which is computationally expensive, we separate 
them into three adjacent pairs of molecules and average over their 
positions by assuming a helical symmetry with (hd,γd) = (h/3,γ/3) while 
retaining the C5 rotational symmetry (Fig. 4a). This reduces the number 
of molecules within an ASU to two while keeping a reasonable level of 
atomistic details of the original structure. Construction of the tube 
and relevant geometric parameters are shown in Fig. 4b. A detailed 
description of the methodology is given in Supplementary Section 1.

Based on the dimer model and the associated helical-rotational 
symmetry, the excitonic structure of an infinitely long inner wall can be 
described by a collection of 2 × 2 matrices Hk,k′(l,l′), where k = 0, …, 4 is 
the rotational quantum number, k′ is the quasimomentum associated 
with the helical symmetry and l,l′ = 1, 2 (refs. 13,60). These matrices are 
obtained by block-diagonalizing the full Hamiltonian H by applying the 
Bloch theorem, and the matrix elements of H are calculated based on the 
cryo-EM structure. The corresponding excitonic couplings are calculated 
using the transition charges method61. In practice, this Hamiltonian with 
parameters estimated from the cryo-EM model and quantum chemistry 
calculations only gives two bright states. To resolve this inconsistency, 
we break the dimer symmetry by adding to Η∥ and Η⊥ (detailed forms in 
Supplementary Section 1) an effective intra-dimer coupling matrix ΔH:

ΔH = [
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parameters are given in Supplementary Table 2.
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where Δε and ΔJ are free parameters subjecting the on-site energies 
ε1 and ε2 and the intra-dimer coupling J12 such that the locations and 
relative brightness of the absorption peaks match the experimental 
values. This approach also turns the resulting fitting neither under-
determined nor overdetermined. The exact origin of ΔH is unclear 
as a full account of the possible types of intermolecular interactions 
(for example, charge-transfer and ground-state dipoles) requires 
higher-level computations. However, the high-resolution structure 
presented here forms a benchmark for the geometric parameters that 
the excitonic couplings depend so sensitively upon. Once ΔH is given, 
we adopt expressions reported previously to calculate various linear 
spectra and compare to experimental measurements62.

The resulting absorption, linear dichroism and circular dichroism 
spectra are shown in Fig. 4c–e, showing reasonable agreement with 
the experiments. Extended Data Fig. 5 shows the calculated spectra 
for aggregates of different sizes. The longer the aggregate length, the 
more dispersed are the spectral features. The fitted parameters used 
in ΔH are Δε = 1,076.1 and ΔJ = 171.3 cm–1 (detailed lists of parameters 
are given in Supplementary Tables 1 and 2). In Supplementary Table 2,  
we find the lowest energy peak (#1) is the narrowest, which can be 
explained by the lack of spontaneous phonon emission scattering, 
consistent with previous observations of strong temperature depend-
ence of the lowest energy (or near band-edge) peak and the lack thereof 
for the three higher energy (or away from band-edge) peaks12,25,28. 
From these simulations, we estimate the coherence size of the bright 
excitonic states in the inner wall under the experimental conditions to 
be 1,000 < Ncoh < 1,500. We note that this coherence size is an estimate 
based on a best match with the experimental spectra (not including any 
Lorentzian broadening). Since the model does not include any disorder, 
the actual coherence size is probably smaller. Previous models have 
obtained similar values (~103) with finite truncation of tube length and 
disorder63,64. The fit for the circular dichroism spectra (Fig. 4c) is less 

than ideal. In particular, the high-frequency positive-valued shoulder 
is not reproduced with the model. We hypothesize that the dynamics 
of the right- and left-handed helices described in Extended Data Fig. 2 
results in a slightly modulated circular dichroism spectrum.

We consider two constraints to this model set by the long- and 
short-range excitonic couplings (Supplementary Section 1). The 
first condition from the long-range coupling predicts the energy gap 
between the parallel- and the perpendicular-polarized peaks:

∆E⟂/∥ = H⟂ (l, l) −H∥ (l, l) =
2πμ2

0
r A0

sin2θl (2)

where 𝜇0, A0, r and θl are the transition dipole moment of the molecule, 
area of a molecule projected onto the cylindrical surface, radius of the 
cylinder and angle between the cylinder axis and the transition dipole 
moment, respectively. The second constraint relates the short-range 
excitonic couplings and the energy gap between the two 
perpendicular-polarized peaks and places an upper limit on the 
short-range couplings. Equation (2) leads to ∆E⟂/∥ = 495cm−1, which 
agrees remarkably well with the experimental value of 489 cm–1, a tes-
tament to the consistency between the cryo-EM structure and the 
Frenkel exciton model. We note that the dimerized model is fully con-
sistent with it regardless of the magnitude of ΔH adopted.

Impact of chemical modifications on the self-assembly
To explore the structural sensitivity of self-assembly, we tested two 
different chemical modifications to the C8S3-Cl scaffold—length of the 
sulfonate chains and halogen substitution (Fig. 5a)39,65. Previous work 
has found that replacing the four chlorine atoms with the larger bro-
mine increases the diameter of the double-walled nanotubes while con-
serving the molecular packing65. Figure 5b shows overlayed normalized 
absorptions of the prototypical LHNs and C8S3-Br aggregates. Besides 
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the slight broadening and red shift of the IW|| and OW|| peaks, most 
spectral features are well conserved. Cryo-EM of C8S3-Br aggregates 
also shows a well-conserved double-walled nanotubular morphology  
(Fig. 5c). However, C8S3-Br nanotubes have varying tube diameters 
unlike the uniform tube widths of the pristine LHNs. Using the larger 
molecule size and assuming the same packings and symmetry param-
eters as the pristine LHNs, one would expect the nanotubes to be only 
slightly wider by ~1%. This surprising observation led us to analyse the 
widths of ~105 nanotube segments, histogrammed in Fig. 5d (taking 
into account the physical limit set by the pixel size). C8S3-Cl shows 
a single narrow peak centered at ~140 Å, but C8S3-Br shows a much 
wider distribution spreading from 110–180 Å. As seen from Fig. 5c, both 
inner and outer wall diameters of C8S3-Br nanotubes seem to increase 
or decrease in sync, and the inter-wall separation remains the same. 
Additionally, we found that C8S3-Br nanotubes initially form short 
nanotubular fragments that slowly convert into longer bundles over the 
course of a month. Dynamic light scattering (DLS) and cryo-EM images 
(Extended Data Fig. 6) taken over this duration show striking differences 
between the first day and over 5 weeks, confirming this observation.

Because of such complications, we could not readily reconstruct 
the C8S3-Br nanotubes to obtain a 3D map. In principle, a massive data 
set might be collected to obtain a few relatively homogeneous subsets, 
as was done previously for a spindle-shaped viral tube66. Nevertheless, 
the C8S3-Br widths histogram in Fig. 5d shows an interesting feature 
with discrete steps rather than a continuous distribution that can be 
related to the nanoscale packing. A Fourier transform of the C8S3-Br 
histogram is shown in the inset of Fig. 5d with peaks at 2.70 Å and 5.26 Å, 
corresponding to the step size for the discretized widths. Based on 
the projection of a single chromophore adding on to the tube width 
(Supplementary Fig. 3), we relate this step size to tube-wrapping chiral 
angle of θ = 66.4°, as opposed to the 57° angle observed in the LHNs 
(Supplementary Section 2). This signifies that the underlying molecular 
packing is likely distinct from the pristine LHNs derived from C8S3-Cl.

Figure 5e shows the absorption spectra of the prototypical LHNs 
overlayed with the aggregates of C8S4-Cl (four methylene spacers 
between the conjugated backbone and the sulfonate groups instead 
of three in the standard LHNs). While the spectral line shape is very 
distinct from the pristine LHNs, cryo-EM shows a mixture of both nano-
tubular and sheet-like morphologies (Fig. 5f). Upon careful screening 
of the aggregation conditions, we find that C8S4-Cl initially assembles 
into nanotubes that are relatively unstable and spontaneously convert 
into sheet-like morphology over a week as seen in Extended Data Fig. 
7. This instability may be explained by the fact that adding an extra 
carbon in the sulfonate chains can disrupt the sulfonate interlocking 
either by inducing more disorder or due to sterics, further hinting at the 
importance of this supramolecular motif in the self-assembly. Indeed, 
most of the other cyanine dyes in the literature with similar S4 chains 
have sheets as their most stable aggregate morphology29.

Overall, these two examples demonstrate the sensitivity of the supra-
molecular self-assembly to small chemical modifications. The disruption 
of the nanotubular morphology in C8S4-Cl suggests the importance of 
the sulfonate interlocking motif. On the other hand, the robustness of the 
optical spectra of C8S3-Br despite the clear structural differences is quite 
surprising. Going forward, only the optical spectra may not be an ideal 
basis to test structural models against. Instead, independently obtained 
high-resolution structures form more reliable benchmarks. Approach-
ing the broader goal of chemical control would require more concerted 
efforts on obtaining nanoscale structures, self-assembly as well as the 
excitonic properties. Particularly, a lot of the nanoscale structural infor-
mation relevant towards the stabilization of the self-assemblies can be 
uncovered from independent native-state structural investigations.

Conclusions
We use 3D reconstruction of cryo-EM images to obtain a high-resolution 
native-state structure of the supramolecular J-aggregated light-harvesting 

nanotubes (LHNs). The LHNs continue to be a rich model system demon-
strating novel excitonic behaviors such as superradiance and light har-
vesting. Further theoretical and experimental explorations are needed 
to unravel all the possible couplings within this structure. Like the FMO 
complex, this structure will form a solid basis for such explorations in the 
future. The structure also sheds light on new insights into self-assembly 
itself, that will inform the design of supramolecular materials.

We settle the long-standing question about the molecular arrange-
ments (herringbone or brick layer) that are crucial towards the exci-
tonic couplings and ultimately the unique photophysical properties 
of the LHNs. Our structure clearly shows the molecules in a brick layer 
arrangement with a six molecule ASU in the inner wall and eight mol-
ecule ASU in the outer wall. The ASUs follow the helical symmetry 
parameters of axial rise = 9.9 Å and rotation = 33.6° for both the walls. A 
similar observation was recently made for a synthetic peptide assembly 
- the lanreotide nanotubes53. The small peptide, previously thought to 
have 2 molecules in the ASU, was recently found to adopt eight slightly 
different conformations. Such self-assembly details are only possible 
to be observed through high-resolution native-state structures.

The sulfonate chains in both inner and outer walls show a highly 
conserved interlocked arrangement which enforce the slip-stacking. 
This slip-stacking, in turn, is responsible for the J-aggregate character-
istics of the LHNs with narrow red shifted spectra and high superradi-
ance. Not only does this provide a new chemical handle for designing 
excitonic materials, but this motif can also be introduced to other 
supramolecular self-assemblies as a configuration locking mechanism, 
in analogy to supramolecular synthons in crystal engineering67. In the 
future, independent native-state structural explorations will provide 
precise supramolecular structure – excitonic property relationships, 
enabling predictable design of excitonic materials. Such structural 
explorations will complement the vast efforts in spectroscopy and 
modeling of excitonic supramolecular materials.
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Methods
Materials
C8S3-Cl was obtained from FEW Chemicals GmbH and used without 
further purification. C8S3-Br was synthesized using a reported pro-
cedure65. C8S4-Cl was synthesized from the heterocycle 5,6-dichloro-
2-methyl-1-octyl-1H-benzo[dimidazole]. We refer the readers to our 
earlier work for detailed synthetic procedures and characterizations 
of C8S3-Br as well as the precursor heterocycle for C8S4-Cl (ref. 68). 
A detailed synthetic procedure for C8S4-Cl is given in Supplementary 
Section 3. Products were characterized with 1H NMR, taken on a Bruker 
Avance 400 spectrometer and processed using TopSpin 4.0.4. 1H NMR 
spectra are shown in Supplementary Fig. 4.

Aggregate preparation
C8S3-Cl aggregates (or LHNs) were prepared by injecting a 1.46 mM 
methanol solution of C8S3-Cl dye into Milli-Q water with the final 
conditions 0.43 mM dye and 30% MeOH (v/v) in glass vials pre-soaked 
in Milli-Q water for hydrophilization. The aggregate solutions were 
stored in parafilm-sealed vials in the dark at room temperature for 24 h 
before taking any measurements. C8S3-Br nanotubes were prepared 
similarly by injecting 1 mM methanol solution of the dye into Milli-Q 
water giving 0.2 mM, 20% MeOH as the final conditions. This sample 
was found to initially form short nanotubes that slowly converted to 
longer bundles over the course of a few weeks. Therefore, subsequent 
high-resolution cryo-EM was performed on a much higher concentra-
tion sample with 2 mM dye and 20% MeOH. This sample was stored for 
1–2 weeks to allow for growth of long tubes. For C8S4-Cl aggregates, 
several conditions (dye concentrations and % MeOH) were screened 
for the narrow redshifted J-aggregate absorption. C8S4-Cl aggregates 
were prepared with final conditions of 0.2 mM dye in 10% MeOH, unless 
noted otherwise.

Inner wall isolation
For isolation of inner wall spectra of C8S3-Cl LHNs, we used a modified 
form of a previously reported procedure43. LHNs were prepared by 
dissolving C8S3-Cl monomer (2.58 mg, 2.86 μmol) into 2.4 ml spec-
troscopic grade methanol (Fisher). This solution was sonicated for 
30 seconds to ensure complete dissolution before adding 4.76 ml Milli-Q 
H2O. The solution was stored in the dark for 24 h in parafilm-sealed vials 
before measuring the absorbance to confirm doubled-walled LHN for-
mation. For outer wall bleaching, 0.6 ml of 0.011 M aqueous AgNO3 solu-
tion in Milli-Q H2O was added to the LHNs vial. The vial was briefly shaken 
to ensure mixing, then illuminated with a flashlight until the outer wall 
peak was completely bleached (~10 min) and subsequently kept in the 
dark. Further spectroscopic measurements were taken immediately.

Spectroscopic measurements
UV-Vis and linear dichroism spectra were taken on an Agilent Cary-
60 spectrometer in 0.2 mm or 0.01 mm path length quartz cuvettes 
obtained from Starna Cells. Cuvettes were pre-soaked for several days 
in Milli-Q water for hydrophilization. For linear dichroism spectra, a 
linear polarizer (Thorlabs LPVIS050, mounted on a rotational stage) 
was inserted into the spectrophotometer between the sample and lamp 
source. To achieve parallel or perpendicular polarizations, the polarizer 
was set to 0° or 90°, respectively. The instrument was blanked using 
the appropriate solvent for each polarizer orientation. The sample 
was flown at a rate of 4 ml min–1 through a 0.2 mm path length flow cell 
(Starna Cells) using a syringe pump (AL-1000, Thermo Fisher) to align 
the nanotubes to the direction of the flow. Circular dichroism spectra 
were taken on ChiraScan V100 in 0.2 mm path length cuvettes while 
purging the chamber with N2 gas. DLS measurements were obtained 
using a Malvern Zetasizer Nano ZSP instrument, and the data shown 
are each representative of five consecutive measurements. Between 
measurements the sample was kept sealed and in the dark. Sample was 
in a freely diffusing solution (prepared as explained in the ‘Aggregate 

preparation’ section) in 1 cm quartz cuvette (Starna Cells). We note that 
the DLS scattering intensities are related to the hydrodynamic diameters 
of the freely diffusing nanotubes and roughly correlate to lengths69.

Cryo-EM data collection and processing
The LHNs or C8S3-Br double-walled nanotubes (2 μl) were applied to 
plasma-cleaned lacey carbon grids, followed by plunge-freezing in 
liquid ethane using a Leica EM GP. Data collection was carried out at liq-
uid nitrogen temperature on a Titan Krios microscope (ThermoFisher 
Scientific) operated at an accelerating voltage of 300 kV. Forty movie 
frames were collected with defocus values range between −1 and 
−2.5 μm on a K3 camera (Gatan), with a total dose of ~55 electrons per Å2 
and a pixel size of 1.08 Å per px. For C8S3-Cl double-walled nanotubes, 
a total of 193,693 segments (384 pixels long) were manually boxed in 
EMAN2 from 2,000 images, followed by testing the helical symmetry 
possibilities in SPIDER. The C5 rotational symmetry yielded the most 
reasonable map, which was used as an initial map to further processing 
in RELION 3.0 (ref. 70). Three rounds of Refine3D, Post Processing, con-
trast transfer function refinement and Bayesian polishing were done 
until the map improved with recognizable small molecule features at 
the resolution of 3.3 Å. The helical parameters converged to a rotation 
of 33.6° and an axial rise of 9.9 Å per subunit. The resolution of the final 
reconstruction was determined by the Fourier shell correlation (FSC) 
between two independent half maps, which was 3.3 Å for the inner wall 
and 4.3 Å for the outer wall at FSC = 0.143. Due to the large size of the 
LHNs and relatively small ASU, it was not possible to solve the structure 
without any imposed symmetry. Relevant parameters for the reported 
structure are shown in Supplementary Table 3.

For cryo-EM images of C8S4-Cl, 5 μl of the aggregate was dropped 
onto plasma-cleaned lacey carbon grids, and subsequently vitrified in 
liquid ethane using a Vitrobot Mark IV cryo-sample plunger. Images 
were obtained under cryogenic conditions using a Thermo Scientific 
Talos F200C TEM with an accelerating voltage of 200 kV with a pixel 
size of 4.0 Å per px.

Model building and refinement
We use the C8S3-Cl Protein Data Bank (PDB) model as an initial template 
to dock into the cryo-EM map by rigid body fitting in UCSF Chimera71, 
and then manually edited the model in Coot72. The refined monomeric 
model of C8S3-Cl was then re-built in Chimera with helical symmetry and 
rotational symmetry, followed by real-space refinement with Phenix73.

Data availability
All data required to interpret, verify and extend the results are given in 
the paper and its Supplementary Information. The map of both outer 
and inner wall LHNs is deposited in the Electron Microscopy Data 
Bank under accession code EMD-27820. The PDB file for inner wall 
structure is given in Supplementary Data 1. Source data are provided 
with this paper.

Code availability
Codes for the model used in the paper are available from the corre-
sponding author upon reasonable request.
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Extended Data Fig. 1 | Structure of inner wall asymmetric unit. Left: Inner wall asymmetric unit (hydrogen atoms are omitted for clarity) obtained from the refined 
inner wall model, right: the corresponding ChemDraw structure.
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Extended Data Fig. 2 | Circular dichroism spectra of identical LHN samples. Circular dichroism spectra of four identical LHN samples in 30% MeOH:H2O mixtures 
and 0.43 mM final dye concentration.
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Extended Data Fig. 3 | Zoomed-in inner wall density. Cut away top-down view of the inner wall. The sulfonate lobes (denoted by black arrows) show a regular 
interlocked pattern.
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Extended Data Fig. 4 | Outer wall molecular model. Outer wall density overlayed with the fitted molecular model with manual constraints. a. side view, b. cut-away 
view, and c. asymmetric unit (ASU). The sulfonate interlocking can be seen in the outer wall as well.

http://www.nature.com/naturechemistry


Nature Chemistry

Article https://doi.org/10.1038/s41557-023-01432-6

Extended Data Fig. 5 | Calculated spectra from the dimerized Frenkel exciton 
model. a. Absorption, b. linear dichroism, and c. circular dichroism spectra of 
isolated inner walls of the LHNs. Solid black lines: experimental spectra; colored 
lines: spectra calculated from the dimerized Frenkel exciton Hamiltonian 
corresponding to inner wall structures of varying sizes, blue: 1500, red: 3000, 

yellow: 4500, and purple: 6000 monomers; dashed black lines: calculated 
spectra assuming periodic boundary conditions with added Lorentizian 
broadenings. The lineshape of the perpendicular peaks depends more strongly 
on the tube length truncation than their parallel counterparts which could 
possibly introduce more lineshape mismatch for the perpendicular peaks.
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Extended Data Fig. 6 | C8S3-Br nanotubes self-assembly over long time. 
 a Dynamic light scattering (DLS) intensity distributions of C8S3-Br nanotubes in 
solutions (20% MeOH v/v in MeOH:H2O mixture with 0.2 mM dye concentration) 
at various time intervals after aggregate preparation. The distribution depicts 
shorter lengths initially at 10 min and then shifts to drastically longer lengths 
over a course of 5 weeks. We note that the DLS scattering intensities are related 

to the hydrodynamic diameters of the freely diffusing nanotubes and can be 
used to estimate the length of the nanotubes, b. normalized absorption spectra 
corresponding to each time point showing a slow conversion from nanotubes to 
bundles, c. and d. representative cryo-EM images of the samples frozen 1 day and 
5 weeks after aggregate preparation, respectively.
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Extended Data Fig. 7 | C8S4-Cl aggregate absorption spectra over a week. 
 a. Absorption spectra of C8S4-Cl aggregates made at 0.1 mM dye concentration 
and 5% MeOH over a course of 7 days showing conversion to sheet-like 

morphology, and b. normalized absorption spectra of the monomer in 100% 
MeOH (black), sheets in 20% MeOH (blue) and tubes in 5% MeOH (red) with 
0.1 mM final dye concentration.
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Extended Data Table 1 | A literature survey of structural investigations on the LHNs

Reference Method Key findings

Kirstein et al., 200044 Cryo-EM micrographs
CD spectroscopy

Chirality in bundled nanotubes of C8O3a

Didraga et al. (Knoester), 200457 Brick layer model informed by CD and LD
Cryo-EM micrographs

Cryo-EM showed double-walled morphology of the 
nanotubes

Berlepsch et al., 200774 Cryo-EM micrographs Tubes formed rope-like bundles over weeks

Lyon et al. (Stevenson), 200875 Cyclic voltammetry, optical spectroscopy and 
spectroelectrochemistry of immobilized LHNs on 
ITO

Initial oxidation of outer wall, followed by irreversible 
dehydrogenation and dimerization.
Inner wall stayed relatively intact.

Eisele et a. (Rabe & Vanden Bout), 200941 Atomic force microscopy and near-field scanning 
optical microscopy

The supramolecular structure was uniform within 
individual nanotubes as well as across an ensemble.

Berlepsch et al. (Bottcher), 201137 Cryo-EM 3D reconstruction of mixed C8S3 and C8S2 
tubes

2 nm resolution map with pitch angle of 17.3°

Eisele et al. (Knoester & Vanden Bout), 201243 Redox chemistry
Herringbone model fitted to absorption spectra

Excitonic decoupling of inner and outer wall
Explains symmetry breaking in isolated inner wall spectra

Clark et al. (Vanden Bout), 201342 Linear dichroism of double-walled nanotubes and 
photochemically isolated inner wall spectra

Total six transitions isolated for doubled-walled 
nanotubes (3 parallel and perpendicular pairs), 4 of which 
assigned to inner wall

Eisele et al. (Nicastro, Knoester & Bawendi), 
201421

Cryo-electron tomography of LHNs and bundles
Herringbone model informed with absorption 
spectra

Hierarchical assembly of the LHNs with observations of 
straight and twisted bundles

Megow et al., 201554 MD simulations with two molecules per unit cell in 
brick layer arrangement

Site dependent dispersive shifts due to van der Waals 
interactions explained the peak splitting

Kriete et al. (Pshenichnikov), 201765 Replaced Cl atoms with Br
Herringbone model fitted to absorption spectra

C8S3-Br tubes were wider than C8S3-Cl
Spectral differences were attributed to higher radius of 
C8S3-Br tubes

Bondarenko et al. (Marrink & Knoester), 202055 Multiscale modelling – MD (Herringbone 
arrangement), microelectrostatics and Frenkel 
exciton Hamiltonian, optimized with absorption 
spectra

Energetic and structural disorder, higher packing density 
in IW explained the spectral splitting

Patmanidis et al. (Marrink), 202050 MD simulations (with brick layer, staircase and 
herringbone arrangements);
Small-angle X-ray scattering

Brick layer and herringbone arrangements were 
plausible, brick layer being more stable.
Interdigitated alkyl chains led to reduced widths between 
the two walls

Krishnaswamy et al. (Pshenichnikov), 202276 Microfluidic flash dilution and Cryo-EM micrographs, 
compared to MD model

Inner wall remains unchanged and homogeneous during 
flash dilution

Patmanidis et al. (Marrink), 202277 MD simulations on a coarse-grained model based 
on QM calculations and crystal structures of similar 
dyes

Time-dependent orientations of molecules during the 
assembly, model favors brick layer arrangement
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