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Abstract: Excitonic chromophore aggregates have wide-ranging applicability in fields such as 

imaging and energy harvesting, however their rational design requires adapting principles of self-

assembly to the requirements of excited state coupling. Using the well-studied amphiphilic cyanine 

dye C8S3 as a template—known to assemble into tubular excitonic aggregates—we synthesize 

several redshifted variants and study their self-assembly and photophysics.  The new pentamethine 

dyes retain their tubular self-assembly and demonstrate nearly identical bathochromic shifts and 

lineshapes well into near-infrared wavelengths. However, detailed photophysical analysis finds 

that the new aggregates show a significant decline in superradiance. Additionally, cryo-TEM 

reveals that these aggregates readily form short bundles of nanotubes that have nearly half the radii 

of their trimethine comparators. We employ computational screening to gain intuition on how the 

structural components of these new aggregates affect their excitonic states, finding that the 

narrower tubes are able to assemble into a larger number of arrangements, resulting in more 

disordered aggregates (i.e. less superradiant) with highly similar degrees of redshift.

Page 1 of 18 Nanoscale



Introduction

Excitonic molecular aggregates are non-covalently bound assemblies of organic 

chromophores known for their altered absorption and emission properties. The relative packing 

and arrangement of the dyes alters the excitonic/photophysical properties. For example a 

completely cofacial arrangement of dyes leads to an H-aggregate, a less emissive species 

blueshifted relative to the monomer, whereas a slipped arrangement of chromophores yields J-

aggregates, a highly emissive species redshifted relative to the monomer.1,2 J-aggregates often 

display high cross-sections, increased radiative rates, and considerably redshifted emission making 

them well-suited for photophysical applications such as bioimaging or energy harvesting.3–6 

Further, many polymethine-based J-aggregates manifest in 2D and quasi-2D supramolecular 

morphologies such as sheets, ribbons, or tubes.7,8 These extended structures often display highly 

narrowed and redshifted spectral features arising due to long-range excitonic coupling, facilitated 

by the increased chromophore density. These characteristics are also present in nature’s most 

efficient photosynthetic systems,9–13 where tubular and ring aggregates couple extended excitonic 

states with directional energy flow.14,15 

We aimed to develop novel cyanine dyes that assemble into tubular J-aggregates (Figure 

1a) with superradiant emission in the near-infrared (NIR, 700-1000 nm)16–18, a region where 

enhanced light penetration enables technological applications.19–21 To address this challenge, we 

modified the structure of an extant chromophore, known as 3,3’-bis(2-sulfopropyl)-5,5’,6,6’-

tetrachloro-1,1’-dioctylbenzimidacarbocyanine (Figure 1b, structure 1a), that forms tubular 

aggregates with superradiant emission in the visible region. Superradiance is a phenomenon caused 

by the collective oscillation when many coupled emitters interfere constructively; in J-aggregates, 
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superradiance manifests as an enhancement to the radiative rate of emission compared to the 

monomer, with that enhancement scaling linearly as the number of monomers that are coupled.22

C8S3 was first introduced to the literature in 199723 and has since been studied extensively 

as a model system for exciton transport, antenna effects, superradiance, and quantum 

coherence.14,24–31 Recent work used synthetic modifications on the C8S3 monomer to affect 

aggregation properties; larger halogen substitutions have been shown to increase the tube diameter, 

while placement of the halogen atoms was found to be critical in achieving H- vs. J-

aggregation.32,33 We expand on this body of work by synthesizing elongated C8S3 dyes with 

redshifted absorption and emission.

The traditional method to bathochromically shift cyanine dyes is to increase the 

polymethine chain by one vinylene unit, thereby inducing nearly 3,000 cm-1 (~100 nm) of 

redshift.34 We use this method to design redshifted pentamethine dyes 2a and 2b (as opposed to 

trimethines 1a and 1b in the past) based on the C8S3 heterocycle, i.e. 3-(5,6-dichloro-2-methyl-1-

octyl-1H-benzo[d]imidazol-3-ium-3-yl)propane-1-sulfonate. The pentamethine dyes aggregate 

similarly to their trimethine analogs, allowing us to access tubular aggregates of cyanine dyes with 

NIR emission. Additionally, we explore how that modification (i.e. trimethine to pentamethine) 

affects the self-assembly and photophysical properties of the aggregates through a combination of 

spectroscopy and computational screening.

Results and Discussion

The 3,3’-bis(2-sulfopropyl)-5,5’,6,6’-tetrachloro-1,1’-dioctylbenzimidacarbocyanine 

(C8S3) heterocycles (S5, S10) and 1a/1b were synthesized via a literature precedent.32 The 

pentamethine cyanines 2a and 2b were synthesized by heating the aforementioned heterocycle 

(S5, S10) and electrophilic linker (malonaldehyde bisphenylimine HCl) in the presence of a 
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sterically hindered base (1,8-diazabicycloundecene, DBU) in dimethylformamide (Scheme S1). A 

heptamethine analog of the chlorine derivative was briefly investigated, but ultimately not pursued 

due to rapid degradation in methanol, which prevented aggregation and further characterization 

(Scheme S10, Figure S1). 

In methanol, the pentamethine dye monomers absorb at λmax = 616 nm (2a) and 614 nm 

(2b) as opposed to the trimethine dyes with λmax = 522 nm (1a) and 523 nm (1b). Prior work on 

molecules 1a and 1b has shown that the two primary aggregate absorption features occur from the 

assembly of long double-walled nanotubes (DWNT) and the subsequent bundling of those 

nanotubes resulting in fibers of overlapping single-walled nanotubes.27,35–37 The DWNT produces 

several absorption peaks, with primary features at 599 and 589 nm, corresponding to the parallel 

transition of the inner and outer walls of the tube respectively.27,38 Additionally, both the inner and 

outer wall show auxiliary features which have been assigned to the other parallel and perpendicular 

excitonic transitions, which are indicative of macroscopic exciton delocalization around each 

tubular structure.39 The bundled nanotubes display a prominent parallel 603 nm feature but also 

have a second, broader absorption band around 580 nm. 

To probe the aggregate morphologies of the new pentamethine dyes, we both screened 2a 

and 2b at varied concentrations while maintaining a constant methanol/water ratio (Figure 1c).40 

Aggregates of each chromophore were prepared by first creating a stock solution of the dye in 

methanol. To a small volume of this stock solution was added ultrapure H2O. The final 

concentration and methanol/water ratio in each solution were varied. We have reliably prepared 

samples up to 2 mM in concentration using methanol and water. A complete procedure for 

preparing aggregates is included in SI Section 4. UV-Vis absorption was used to characterize the 

aggregates, which display a different spectral signature for each morphology. 
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 In this exploration, we found that the pentamethine dye aggregates display similar 

photophysical properties to the trimethine dyes, forming two primary aggregates. We refer to these 

as a kinetic intermediate (KI) and bundles, though the analogous behaviour of 1a suggests that the 

KI are transiently formed double-walled nanotubes (vide infra).27,35 We employed non-negative 

matrix factorization (NNMF), an algorithm which estimates the basis spectra corresponding to 

each species in the binary solution, (Figure 1d) of the concentration series data in Figure 1c. At 

higher concentrations (>0.05 mM), the KI aggregates of 2a rapidly converted to the bundles, a 

more redshifted species shown in Figure 1e. Figure 1f plots the mole fraction of each isolated 

aggregate as a function of concentration, showing that the two distinct aggregate morphologies 

can be prepared at 0.01 and 1 mM. 

The KI aggregate of 2a shows distinct features at 740 and 731 nm (achieved at low 

concentration, 0.01 mM, 10% methanol), while the bundles display broad absorption around 715 

nm and retains the 745 nm feature (achieved at higher than 0.1 mM, 10% methanol). By analogy, 

we assign these to parallel and perpendicular polarized transitions.39 Interestingly, the 731 nm 

feature disappears with the increase of concentration and bundle formation; while we withhold 

absolute peak assignments out of caution, this may be due to disappearance of the inner wall of 

the double-walled nanotube. The choice of solvent composition (%MeOH v/v) for each aggregate 

was chosen based on prior work and screening to optimize the relative amounts of each isolated 

morphology.26
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Figure 1 a) Self-assembly of amphiphilic cyanine dyes into J-aggregate nanostructures. b) 
Synthetic modifications on C8S3 (1a) in prior work (modifying halogen substitution/placement) 
and this work (trimethine to pentamethine). c) Normalized absorption of variable concentration 
samples of 2a. All samples created using 10% MeOH, 90% H2O using the procedure in SI section 
4. d) Basis spectra for kinetic intermediate and bundles of 2a achieved through non-negative matrix 
factorization of the concentration series in Figure 1c. e) Kinetic time series of a 2a aggregate 
created at 10% MeOH, 90% H2O and 0.05 mM dye. f) Plot of the normalized relative mole fraction 
of kinetic intermediate vs. bundles changing as a function of concentration.

Figure 2. a) Cryo-electron microscopy images of trimethine double-walled nanotubes and 
pentamethine bundles b) Morphological characterization of monomers and aggregates of 1a, 1b, 
2a, and 2b. Absorption spectrum of trimethine (1a and 1b) and pentamethine (2a and 2b) dye 
monomers (100% MeOH) and aggregates (DWNT = double-walled nanotube, KI = kinetic 
intermediate).
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Upon identifying appropriate conditions for each aggregate with unique spectral signatures, we 

performed cryo-EM to determine their supramolecular morphologies. Cryo-EM for the bundled 

aggregate morphologies of 2a/2b and DWNT morphologies of 1a/1b is shown in Figure 2a; details 

on cryo-EM technique are in SI Section 5. Figure 2a confirms our assignments of the bundle 

aggregates of 2a and 2b. While the cryo-EM imaging of 2a at high concentrations (>0.1 mM) 

clearly showed bundles analogous to 1a, the aggregates prepared at 0.01 mM (stabilizing the KI 

aggregate) did not have sufficient sample density to determine morphology via EM. Although this 

short-lived kinetic intermediate shares similarities to the 1a DWNTs in lineshape and slightly 

blueshifted absorbance, we do not label it definitively as DWNT out of caution.

Thus, increasing the length of the polymethine bridge has a strong effect on the 

supramolecular packing of these chromophores. Trimethines 1a and 1b clearly have a propensity 

to form individual DWNTs, which slowly interconvert into bundles over many weeks, while 

pentamethines 2a and 2b rapidly form bundles within minutes.27 We hypothesize that the 

pentamethine dyes aggregate into bundles more readily due to the increase in size, hydrophobicity, 

and polarizability. Additionally, bundles are the overall thermodynamic minimum of these 

aggregates, and therefore stronger non-covalent interactions in the assembly may imply a lower 

barrier to bundle formation. Overall, we observed only minor differences in the aggregates formed 

from 2a and 2b, most notably broader linewidths for the brominated dyes, suggesting a higher 

level of disorder in the 2b nanostructures.

Following the identification of the various aggregate morphologies, we probed the 

photophysical properties of 2a and 2b in comparison to 1a and 1b (Table 1). We used quantum 

yields (QY, ΦF), energy gaps (Eg), and fluorescence lifetimes (τ) to obtain the transition dipole 

moment (TDM, μ) for each compound’s electronic transitions, as well as each aggregate 
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morphology’s excitonic transitions. The emission spectra of 2a are shown in Figure 3a, as well as 

the lifetimes and fittings in Figure 3b. A full explanation of the photophysical characterization and 

derivation of TDM can be found in SI Sections 7-9, and in Table 1. 

The transition dipole moments for all monomers and aggregates are detailed in Figure 3c. 

Using these TDM values, we calculated the superradiance parameter ηSR for each dye, as shown 

in equation 1.

η 𝑆𝑅 =
𝜇𝑎𝑔𝑔

2

𝜇𝑚𝑜𝑛
2 =

𝑘𝑟,𝑎𝑔𝑔𝐸𝑔,𝑚𝑜𝑛
3

𝑘𝑟,𝑚𝑜𝑛𝐸𝑔,𝑎𝑔𝑔
3 (Eq 1)

Although other works have used different definitions for superradiance in J-aggregate 

systems14,41,42, we maintain that this method factors in the difference in energy gap, which by itself 

gives rise to an intrinsic change in radiative rates due to the redshift from monomer to aggregate.43 

The ηSR parameter is also a measure of the coherence length for the fluorescent state, or the number 

of monomers over which the Frenkel excitons delocalize.44

Figure 3. Photophysical characterization of monomers and aggregates of 2a/2b. a) Absorption 
(solid) and photoluminescence (dotted) spectra for 2a monomer (1 mM dye, 100% methanol) and 
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bundle (1 mM dye, 10% methanol/water; emission from 750 nm peak). b) Monomer lifetime, 
bundle lifetime, and corresponding fits for 2a. c) Transition dipole moments for all monomers 
(blue) and aggregate morphologies (green, red). (Inset: superradiance parameter ηSR for each 
aggregate morphology.)

Figure 3c demonstrates that the trimethine aggregates possess transition dipole moments 

up to 5 times larger than their monomer counterparts; this corresponds to high superradiance 

parameters (e.g. ~17 for 1a DWNT). However, for the pentamethine dyes, the aggregate transition 

dipoles are comparable to those of the monomers. This accordingly leads to ηSR values that are 

closer to 1, meaning that they are less superradiant (or in the case of 2b, subradiant). These data 

can be attributed to the higher disorder in aggregates of 2a and 2b which leads to decreased exciton 

delocalization despite retaining redshifted emission. We also observe that the brominated 

aggregates are less superradiant than their chlorinated counterparts; we hypothesize this is due to 

the additional energetic disorder, which is indicated by the broader absorption linewidths and also 

via qualitative estimates of structural disorder in the cryo-EM.

Table 1. Photophysical data for monomers and aggregates of dyes 1a, 1b, 2a, and 2b. Quantum 
yield (ΦF) error was taken as the standard deviation of triplicate measurements. Lifetime (τ) error 
was taken from the 95% confidence interval in fitting. Error in radiative rate (kr) and superradiance 
parameter (ηSR) were propagated from the original lifetime and quantum yield measurements.

Dye Morphology ΦF
Avg. τ 

(ps) kr*108 (s-1) Eg 
(nm) μ (D) ηSR

1a Monomer 0.025 ± 0.002 138 ± 1 1.8 ± 0.1 528 8.0 ± 0.4

1a DWNT 0.15 ± 0.020a 140 ± 2 20 ± 2 597 33 ± 2 16.8 ± 
0.6

1a Bundle 0.036 ± 0.004 81 ± 1 7.3 ± 0.7 602 20 ± 1 6.3 ± 0.2
1b Monomer 0.028 ± 0.002 110 ± 1 2.5 ± 0.1 530 8.99 ± 0.2

1b DWNT 0.040 ± 
0.004a 68 ± 2 8.1 ± 0.7 593 21 ± 1 5.3 ± 0.1

1b Bundle 0.013 ± 0.001 62 ± 1 3.2 ± 0.3 603 13.4 ± 0.7 2.2 ± 0.1

2a Monomer 0.33 ± 0.025 1019 ± 
3 3.3 ± 0.2 625 14.2 ± 0.5

2a Bundle 0.012 ± 0.001 72 ± 2 2.6 ± 0.3 740 16.3 ± 0.9 1.3 ± 0.1

2b Monomer 0.36 ± 0.020 1126 ± 
2 3.2 ± 0.2 623 14.1 ± 0.4
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2b Bundle 0.006 ± 0.001 70 ± 1 1.6 ± 0.2 725 12.2 ± 0.6 0.8 ± 0.1
 aValues taken from literature.32,45 

We employed computational screening to gauge how tube radii, chiral angle, and slip 

between monomer units affect resultant spectral properties and in order to estimate a structure 

consistent with the excitonic result.8,46–48 For simplicity, we focus on bundles derived from dyes 

1a and 2a, though these results likely generalize.  In Table 2, we report the experimentally 

determined tube radii and relative and absolute energies/heights of the parallel and perpendicular 

transition. In comparing values between aggregates, while similar overall shifts, we observe 

differences in peak ratios and parallel to perpendicular shifts. 

Table 2. Experimental observables used for tube-wrapping computations. Tube radii were taken 
from cryo-EM, absorption shifts were taken from spectra of 1a and 2a monomers and aggregates 
at 75K. Chiral angles were computed using the ratio of peaks and shift in the zero-disorder limit, 
see SI section 10.

Dye 
Bundles

∥ to ⊥ Height 
Ratio

Monomer to ∥ 
shift (cm-1)

∥ to ⊥ shift 
(cm-1)

Average tube 
radius (Å)

Chiral 
Angle (°)

1a 0.71 -2573 658 44 40±
2a 0.44 -2793 506 23 33±

To construct model aggregates and determine their spectral properties we begin by 

asserting that the bundles are comprised of weakly coupled single-walled nanotubes.27 Lattice 

brick dimensions were determined by adding 2 Å of slip to the Cl-Cl distance across the dye 

following prior work.49 Potential tube structures (and thus Hamiltonians) were determined using a 

planar lattice with a variable slip between bricks.  Furthermore, we considered only chiral angles 

that permit tubular radii within 1 Å of the measured value. Figure 4a shows examples of valid tube 

rolling parameters starting from a 2D planar lattice of aggregates of 2a. Packing geometries that 

generate tubes of radii within the set tolerance are demarcated by red crosses. 
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The polar plots in Figure 4b visualize the extended screening approach with the distance 

from the origin indicating slip and polar angle ( ) indicating chiral wrapping. To handle many 𝜽

realizations of slip, chiral angle, and diagonal disorder, we employed a stochastic method for 

estimating optical observables described in prior publications.48 Within 4b, the left half of the polar 

plot shows the position of the tube parallel absorption peak relative shift relative to the monomer. 

The color of each state corresponds to the degree of spectral shift, i.e. redshifted parallel absorption 

in J- (and I-) aggregates, and blueshifted parallel absorption in H-aggregates. On the right half of 

the polar plot, we use yellow to mark all simulations that give a valid match to the experimental 

75 K absorption spectra for the ratio of absorption shifts between parallel and perpendicular peaks, 

( . We further reduce the space by estimating the chiral angle based on 𝑬 ⊥ ― 𝑬𝒎𝒐𝒏) /(𝑬 ∥ ― 𝑬𝒎𝒐𝒏)

the ratio of parallel and perpendicular peak heights (see SI section 10), which yielded a value of ±

40 and 33 degrees (reported in Table 2). We then performed a close screening ±10 degrees from ±

the predicted value denoted by the shaded blue region on the right side of Figures 4b and 4c. 

Similar to our previous work, we scanned all possible slips excluding the range of 0-2 Å, where 

H-aggregation predominates.49 

Using the best fit solutions generated in Figure 4b/c, we generated spectra by implementing 

different amounts of diagonal disorder until we showed agreement with the FWHM of the 

experimental absorption spectra. The slip value and chiral angle between bundles of 1a and 2a 

dyes are consistent (24° vs. 30.4° and 6.15 Å vs. 5.5 Å, respectively). Interestingly, the differences 

in spectra seem to only arise due to differences in tube width. The apparent small differences in 

slip and chiral angle may only arise due to the increased length of the monomer unit, which 

subsequently influences packing. 
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Our results demonstrate how decreased tube widths and stronger dipolar coupling can mask 

higher disorder. As Figure 4c shows, bundles of 2a have a larger space of allowed slips and chiral 

angles that produce ~3,000 cm-1 of redshift relative to 1a. Both slip and the chiral angle also 

appears to have less influence on the redshift of the parallel peak in the simulations of 2a.  Our 

model shows that narrower tube widths result in a more quasi-one-dimensional system leading to 

chiral angle only weakly influencing resultant spectral features. Additionally, modelling the 

absorption spectra of the 2a bundles required that we include nearly twice the disorder (560 cm-1), 

as opposed to 220 cm-1 for the bundles of 1a. Despite similar ending linewidths for 1a and 2a 

bundles, this increased disorder likely matches the qualitative observation of increased structural 

disorder under cryo-EM and decreased superradiance observed for the 2a/2b bundles.

Figure 4. a) Examples of the tube-wrapping simulation used for bundles of 2a. b,c) Polar plots of 
1a (b) and 2a (c) visualizing the computational screening conditions of slip and chiral angle used 
to find matches between the monomer to aggregate shift and relative ratios of aggregate peaks. 
The degree of blue/redshift for each slip/chiral angle is given on the left side of the plot. The space 
of possible solutions screened (right side) is shaded in blue, with yellow dots indicating possible 
solutions, and a black dot indicating the best match to experimental data. d,e) Experimental and 
modelled absorption spectra/DOS of 1a (d) and 2a (e) from screening fits shown in Figure 4b.
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We note that the energy difference between parallel and perpendicular peaks changes 

between the bundles of 1a and 2a. While our model accurately describes absorption spectra of the 

2a bundles, it somewhat fails to capture the peak separations for 1a; we hypothesize this is the 

result of inter-tube coupling. Previous work has predicted that inter-tube coupling can only effect 

the perpendicular peak due to the coupling of parallel long-wavelength excitations only producing 

boundary charges on the aggregate.50 Ultimately, we learn that the largest differences in excitonic 

aggregate properties seem to arise from the individual tube width; the 2a and 2b tubes are roughly 

twice as thin as the 1a and 1b tubes, implying that the bundles of 2a and 2b contain fewer dyes 

wrapping around the cylinder.

Overall, the modelling indicates that the changes in tube width lead to changes in the 

relative energies of the excitonic states, as well as the amount of disorder required to realize the 

experimental spectrum. Building upon our qualitative estimates of disorder from cryo-EM, it 

seems the thinner tubes yield less consistent packing and assemble into more disordered structures, 

potentially due to the more varied solutions of slip and chiral angle shown in Figure 4b. These 

differences also demonstrate how radical changes in self-assembly can stem from only small 

modifications to the monomer building block.

Conclusion

We synthesized and aggregated two new pentamethine dyes based on the C8S3 scaffold to 

create two new emitters at ~750 nm. We maintain the lineshapes of the original aggregates while 

redshifting by 100 nm and found with cryo-EM imaging that the pentamethine dyes mainly self-

assembled into large bundles of nanotubes, as opposed to long single or double-walled tubes. 

Photophysical characterization of these aggregates then allowed us to calculate transition dipole 

moments and superradiance parameters for each compound and aggregate morphology. 
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Correlating the morphological and photophysical data, we were able conclude that the 

pentamethine dyes displayed different kinetics of self-assembly that resulted in generally more 

disordered aggregate bundles with lower superradiance relative to their trimethine comparators. 

We employed computational screening to examine how structural differences between the 

trimethine and pentamethine aggregates affect their excitonic properties, finding that the primary 

differences in spectral characteristics arise from differences in tube widths.

There are several key takeaways from our study. Initial screens showed highly redshifted 

aggregate structures in the pentamethine dye series that analogized easily to the prior observed 

trimethine bundles.  However, despite similar spectral features (including nearly matching overall 

redshifts and peak positions) more detailed photophysical analysis revealed a significant decline 

in superradiance. Computational screening showed that we could reproduce the shifts and peak 

positions while invoking higher diagonal disorder and that the primary difference between the dyes 

arises from the smaller tube radii.  Indeed, the smaller tube radii results in a quasi-1D density of 

excitonic states that serves to create increased dipolar coupling, while masking structural/diagonal 

disorder which leads to decreased superradiance.  In short, while amphiphilic dyes can be coaxed 

to form tubular aggregates, the properties that give rise to superradiant excitons are more sensitive 

to the conditions of assembly.
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