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ABSTRACT
Structural disorder within self-assembled molecular aggregates may have strong effects on their optical functionality. Such disorder, however,
is hard to explore using standard ensemble measurements. In this paper, we report on the characterization of intra-aggregate structural disor-
der through a linewidth analysis of fluorescence excitation experiments on individual zinc-chlorin (ZnChl) nanotubular molecular aggregates.
Recent experiments suggest an anomaly in the linewidths of the two absorption bands that dominate the spectra: the higher-energy bands on
average show a smaller linewidth than the lower-energy bands. This anomaly is explored in this paper by analyzing and modeling the corre-
lation of the two linewidths for each aggregate. We exploit a Frenkel exciton model to show that the experimentally observed correlation of
linewidths and other statistical properties of the single-aggregate spectra can be explained from small variations of the molecular orientations
within individual aggregates.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0023551., s

I. INTRODUCTION

Low-dimensional supramolecular aggregates bridge the gap
between single molecules and bulk phases and reveal properties
that make them suitable for nanoscale functional materials. Impor-
tant examples are aggregates formed by dye molecules, which show
interesting optical properties, including sharp absorption lines,1–3

ultrafast emission,4,5 enhanced and anomalous nonlinear optical
response,6–8 and fast and long-range excitation energy transport.9,10

Nature also exploits supramolecular aggregates for specific func-
tions. Well-known biological functions are light harvesting and
transport of electronic excitation energy, performed by photosyn-
thetic antenna systems, which are aggregates of tens to many thou-
sands of biological dye molecules that occur in higher plants, certain
bacteria, and algae.11–19

The opto-electronic properties of supramolecular aggregates
are highly sensitive to the details of the packing of the molecules

because excitation transfer interactions and charge-transfer inte-
grals, which dictate these properties and the underlying collective
excited states (excitons), depend sensitively on distances between
molecules and their mutual orientations.20–23 Consequently, struc-
tural disorder in dye aggregates may strongly influence their optical
properties and excited state dynamics, such as exciton diffusion.
Static disorder in the excitation energies of individual molecules
within aggregates (diagonal disorder), imposed by variations in
the local environment that are slow compared to the experimen-
tally relevant time scale, has been considered in many studies, both
phenomenologically24–29—by comparing spectra of model aggre-
gates with disorder to the experiment—and by using more sophis-
ticated methods.30–34 This type of disorder leads to localization of
the exciton states and affects optical properties such as the opti-
cal linewidths, optical nonlinearities, and excitation energy trans-
port.7,24,25,35–40 Structural disorder, primarily resulting in variations
in the intermolecular interactions, which also ultimately leads to line
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broadening and altered transport properties, has been studied less
frequently.25,41

For functionality, it is of interest to distinguish variation
between aggregates (inter-aggregate disorder) and fluctuations
within aggregates (intra-aggregate disorder).42 For example, in the
case of transport properties, static disorder within aggregates is
more detrimental than static differences between aggregates. In the
extreme case where each individual aggregate is completely homo-
geneous and only inter-aggregate disorder exists (i.e., certain param-
eters differ systematically between aggregates), the transport prop-
erties within each aggregate will not be hampered by the disorder.
In the opposite case where static disorder occurs within aggregates,
while on average the aggregates are all the same, the transport prop-
erties may be strongly affected by the disorder. Thus, it is important
to disentangle what disorder should be attributed to single aggre-
gates (on the time scale relevant to the experiment considered) and
what disorder derives from differences between aggregates. For this
purpose, the (optical) characterization of individual aggregates is
essential.

Fluorescence excitation experiments on individual dye aggre-
gates have been carried out since 1999, both for biological light
harvesting complexes12,43 and for synthetic aggregates.44 Experi-
ments have revealed strong variations between individual aggre-
gates, even for very large aggregates consisting of many thousands of
molecules, where one would expect that optical properties average
out over the many internal degrees of freedom.44 Recent experi-
ments on single semi-synthetic zinc-chlorin (ZnChl) aggregates are
of particular interest.45 These aggregates have a tubular shape with
a diameter of a few nm and a length of the order of 100 nm up to
several micrometers.46 Synthetic tubular molecular aggregates have
attracted much attention recently47–59 because they bear an inter-
esting morphological resemblance to the bacteriochlorophyll aggre-
gates that occur in chlorosomes—the highly efficient light harvest-
ing antennae of green sulfur bacteria.43,60–64 In contrast to these
natural systems, which consist of mixtures of several types of bac-
teriochlorophyll molecules and therefore suffer from an inherent
large degree of heterogeneity, semi-synthetic ZnChl nanotubes are
prepared from chemically identical molecules. Despite this, recent
fluorescence excitation experiments on individual ZnChl nanotubes
show strong variations between each other. These variations have
been explained in terms of relatively small differences in the struc-
ture between different aggregates, in particular, from differences
of a few degrees in the orientation of the molecules within the
aggregate and the helical angle of its structure.45 In the analysis
reported in Ref. 45, based on a Frenkel exciton model, these angles
were kept constant within each aggregate and only varied between
aggregates (inter-aggregate structural disorder). While this analysis
yielded good fits of theory to the experiment, it also left questions
unanswered: in particular related to the nature and relative magni-
tude of the linewidths of the two absorption peaks that occur in these
nanotubes. The higher-energy bands on average showed smaller
widths than the lower-energy ones, suggesting intra-aggregate
inhomogeneity.

In this paper, we report on a detailed analysis of the linewidth
correlation within individual ZnChl aggregates and show that the
anomaly can be understood from intra-aggregate disorder, namely,
from variation of the molecular orientationswithin individual aggre-
gates. We consider two situations, namely, a segment-like variation

of the orientations and a more continuous variation. We show
that, in particular, the latter model offers a broad understand-
ing of the statistical properties of the single-aggregate spectra, not
only of the linewidth anomaly but also of the distribution of peak
positions.

The remainder of this paper is organized as follows. In Sec. II,
we briefly describe the general features of the spectra for single
ZnChl nanotubular aggregates, and we present the measured cor-
relation of the widths of both absorption lines within individual
aggregates. Next, in Sec. III, we introduce the Frenkel exciton model
used to interpret the experimental data, and we analyze whether or
not disorder in each one of the three angles defining the molecular
packing can potentially explain the anomaly; moreover, we rule out
alternative explanations, such as intra-aggregate diagonal disorder.
In Sec. IV, we present and discuss our results from spectral simula-
tions for the segment and continuous disorder models and compare
to the experiment. Finally, in Sec. V, we conclude.

II. EXPERIMENTAL CORRELATION OF LINEWIDTHS
In Ref. 45, polarization dependent fluorescence excitation spec-

tra of individual ZnChl nanotubes were reported. It was found that
the spectral properties of individual tubular aggregates varied sig-
nificantly. A more quantitative analysis revealed that for all nan-
otubes considered, the spectrum could be interpreted in terms of
two dominant optical transitions with mutually perpendicular tran-
sition dipoles. This is consistent with having highly delocalized
exciton states in tubular aggregates,37,38 which have optical selec-
tion rules such that there is one super-radiant exciton transition
with its transition dipole along the tube’s axis and two degener-
ate ones (usually higher in energy than the first transition) with
their transition dipoles perpendicular to the axis.65 The experiments
were further analyzed in terms of a Frenkel exciton model, which
revealed that small variations in the molecular orientations between
different aggregates could explain the differences in their respective
polarization resolved spectra. In this exciton model, the orientation
angles were kept identical for all molecules within each tube so that
only inter-aggregate disorder was allowed for. This fitting procedure
yielded good fits, where the angles had to be varied within small
intervals of only a few degrees; the linewidths of the two exciton
transitions were used as fit parameters.

Both the two-state fitting procedure and the fits based on a
microscopic Frenkel exciton model generally seemed to lead to a
smaller linewidth for the higher-energy state than for the lower-
energy one, which would be counter-intuitive if one assumes that
these widths are homogeneous and lifetime dominated. For lifetime
dominated widths, one expects that intraband relaxation leads to
larger values for the upper-energy states than the lower-energy ones.
We therefore refer to the observation as the linewidth anomaly. The
histograms reported in the supplementary information of Ref. 45
suggest that, indeed, this anomaly exists since the distribution of
widths found for the lower-energy exciton states is shifted upward
compared to the one for the higher-energy state. A clear proof
that, indeed, the anomaly is characteristic for nearly all tubes is
shown in the correlation plot of Fig. 1. In Fig. 1, each data point
represents the linewidths (full width at half maximum—FWHM)
obtained from the two-state fit for one individual aggregate, with
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FIG. 1. Correlation between the linewidths of the upper and lower-exciton transi-
tions obtained from the two-state fits of the polarization dependent fluorescence
excitation spectra on 52 individual nanotubular ZnChl aggregates, as performed
in the study reported in Ref. 45. Each red dot in the graph specifies the full width
at half maximum (FWHM) for the lower (W−) and higher (W+) exciton states. The
crosses represent the experimental data for the four specific nanotubes analyzed
in Ref. 45. The black dashed line is the diagonal of the graph, while the red solid
line represents the best linear regression of all data points, with a slope of 0.8 and
an offset of 21.7 cm−1.

the width of the lower state, W−, specified along the horizontal axis
of the graph and the width of the upper state, W+, along the verti-
cal axis. A vast majority of the data points, representing the analysis
of the experiments on 52 individual tubes, lie below the diagonal of
this graph, clearly establishing the general existence of the anomaly.
This implies that homogeneous (lifetime) broadening alone can-
not explain the exciton linewidth, leaving us with some source of
intra-aggregate disorder. In addition, Fig. 1 also reveals a positive
correlation between both linewidths, indicated by the red line, which
is a least-square regression. The analysis in the remainder of this
paper aims at identifying the source of disorder and quantifying its
magnitude.

III. EXCITON MODEL AND SOURCE OF DISORDER
A. Model

The model structure we use for the nanotubular aggregates of
ZnChl molecules (monomers) is depicted schematically in Fig. 2. It
consists of a perpendicular stack of N1 equidistant rings, on each
one of which N2 equidistant molecules are placed. Each molecule is
identified by a position vector n = (n1, n2), where n1 is the ring on
which it resides and n2 gives the position in the ring. For modeling
the optical properties of the nanotube, the relevant molecular optical
transition is the Qy transition, with a transition dipole of magni-
tude 4.5 D pointing diagonally within the porphyrin ring where the
optical transition takes place. This transition dipole and the interac-
tions between the dipoles of different molecules govern the collective
excited states and optical properties of the nanotube. For this rea-
son, it suffices to represent each molecule by its transition dipole.
Hence, for the purpose of modeling its optical properties, the nan-
otube is characterized by its radius R and the number of molecules

FIG. 2. (a) Structure of the tubular aggregate, consisting of a perpendicular stack
of N1 rings of radius R, each with N2 ZnChl molecules, presented by their transition
dipoles that are shown as magenta arrows. The distance h between adjacent rings
and the helical angle γ over which adjacent rings are rotated relatively to each
other are indicated, as is the angle β between the molecular transition dipole and
the tube’s axis. (b) Top view of a single ring, indicating the angle α that further
specifies the orientation of the molecular dipole (see text). (c) Structure of the
ZnChl monomer with its transition dipole vector represented by the magenta arrow.

per ring, N2, by the distance h between two adjacent rings, by the
helical angle γ that describes the relative rotation angle between two
adjacent rings, and by the orientations of the molecular transition
dipoles in the tube. The latter are described by the angle β between
the dipole and the tube’s axis and the angle α between the projection
of the dipole on the plane of the ring relative to the local tangent to
the ring (for perfect tubular symmetry, α is the same for all molecules
and so is β). All these quantities are indicated in Fig. 2. The tube’s
length L = N1h is assumed long enough not to affect its absorption
spectrum anymore. This stack of ring representation may be derived
from rolling a two-dimensional lattice of molecules on a cylinder of
radius R.28

The collective linear optical properties of the aggregate are
described by the Frenkel exciton Hamiltonian,

H = ∑
n,m

Hnm∣n⟩⟨m∣ = ∑
n

̵hωn∣n⟩⟨n∣ +∑
n,m

∗Vnm∣n⟩⟨m∣, (1)

where |n⟩ is the state with molecule n in its Qy excited state and
all other molecules in their ground states, ̵hωn, represent the excita-
tion energy of molecule n, Vnm is the excitation transfer interaction
between the transition dipoles of molecules n and m, and the asterisk
on the summation excludes terms with n = m. The above Hamilto-
nian allows for disorder in the transition energies and interactions;
possible sources of disorder will be considered below.

The qth eigenvalue (Eq) and eigenvector (aqn) of the matrix
Hnm give the energies and site amplitudes, respectively, of the qth
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exciton state. Assuming that the emission quantum yield does not
depend on the emission wavelength, the fluorescence excitation
spectrum measured in single-aggregate spectroscopy is identical to
the aggregate’s absorption spectrum, which reads25

I(E) = ∑
q
∣μ⃗q ⋅ e⃗∣2

Γq
(E − Eq)2 + Γ2

q
, (2)

where E denotes the photon energy and e⃗ is the polarization direc-
tion of the light. Furthermore, μ⃗q = ∑n aqnμ⃗n denotes the transition
dipole of the qth exciton state (μ⃗n is the transition dipole of molecule
n), and Γq is its homogeneous linewidth. Note that in this study, we
are interested in the spectra of individual aggregates, and hence, in
contrast to most other theoretical studies of molecular aggregates,
we do not perform an average over disorder realizations.

Before turning to the study of disorder, it is useful to describe
the generic shape of the spectrum for the above model. For long
tubes, the absorption spectrum shows two bands, one polarized par-
allel to the axis of the cylinder, deriving from a super-radiant state
with oscillator strength N1N2 cos2 β (in units of that of a monomer)
and one polarized perpendicular to it, deriving from two degener-
ate transitions, both with oscillator strength 1

2N1N2 sin2 β.65 Both
bands are redshifted relative to the monomer transition energy (J-
bands) and positioned close to the lower-exciton band edge, where
(usually) the lowest-energy band is the one polarized parallel to the
tube’s axis and the higher-energy one is polarized perpendicular to
the axis. In the polarization resolved experiments analyzed here, the
tubes are lying with their axes parallel to the substrate, and only
one of the perpendicular transitions is observed, implying that the
ratio of oscillator strengths observed in the perpendicular and par-
allel direction equals 1

2 tan2 β. For ZnChl nanotubes, this ratio is
of the order of unity45 implying an angle β of about 55○ (also see
Sec. III B).

B. Sources of intra-aggregate disorder
As argued in Sec. II, single-aggregate experiments suggest that

a certain degree of disorder exists within individual aggregates, in
order to explain that the lower-exciton states generally have a larger
linewidth than the upper ones. The above model allows for a vari-
ety of sources of disorder, for instance, in the molecular transition
energies, deriving from random matrix or solvent shifts, and in the
interactions, deriving from structural disorder. In this subsection,
we investigate what type of disorder, in principle, may explain the
linewidth anomaly.

We first consider the possibility of disorder in the molecular
transition energies ̵hωn. This is the most commonly considered type
of disorder, responsible for exciton localization, a rather weak effect
in tubular aggregates.37,38 In ensemble spectra, such disorder leads
to line broadening, which to some extent is mitigated by exchange
narrowing.3,25 While probably this type of disorder also plays a role
in ZnChl nanotubes, it does not lead to a natural explanation of
the linewidth anomaly. The reason is that the upper-energy J band
derives from two degenerate transitions, which upon adding disor-
der would mix and repel each other, leading to stronger line broad-
ening than occurs for the lower-energy J band.66 This is the opposite
effect of the observed anomaly. For this reason, we do not consider
this type of disorder as dominant in the line broadening and will
ignore it.

Next, we consider shape variations of the tube. Based on previ-
ous results, we exclude variation of R and N2. Electron microscopy
and atomic force microscopy images of ZnChl nanotubes reveal
that their diameter is very uniform along the tubes,46 giving a well-
defined radius of R = 1.68 nm, and energy minimization of model
ZnChl tubes showed that given the radius, N2 is well-determined
at N2 = 13.45 We note in passing that, even if variations in N2
would occur, this would not explain the anomaly because in a tubu-
lar aggregate, the position of the transition polarized parallel to
its axis generally is much less sensitive to N2 than the position
of the ones polarized perpendicular to it,28,55 implying that dis-
order in N2 would lead to more broadening of the upper band
than the lower band. Another obvious shape variation for tubes
is an elliptical deformation. Such deformation would mainly lead
to mixing of the two degenerate states contributing to the upper
J band,67,68 thereby again leading to a stronger broadening for the
upper J band than the lower J band, so that it does not explain the
anomaly.

Along with fixing N2 (R), the energy minimization calculations
in Ref. 45, also set a well-determined value for the inter-ring dis-
tance h, namely, h = 0.67 nm. However, these calculations did leave
a relatively large freedom in the angles α and β that describe the
molecular orientations and in the helical angle γ, a freedom that
was used in Ref. 45 to explain the differences in the polarization
resolved spectra between individual tubes, by choosing slightly dif-
ferent sets of angles for each aggregate; within each aggregate, the
angles were chosen constant so that in Ref. 45, only inter-aggregate
disorder was considered. By contrast, here, we will explore the possi-
bility of variation of any of these three angles within individual tubes
to explain the linewidth anomaly as well as other statistical proper-
ties of the spectra of single ZnChl nanotubes. This intra-aggregate
orientational disorder will lead to disorder in the interactions Vnm.
One may also argue that interaction disorder will result in a larger
broadening of the higher-energy J band as it also lifts the degener-
acy of the two contributing states. However, there is an additional
immediate effect on the position of the exciton states because their
energies linearly depend on the interactions (e.g., the energy of the
totally symmetric exciton state in an ordered aggregate is shifted
away from the monomer transition energy by an amount given by
the sum of all interactions between one molecule and all the other
ones).

In order to assess whether disorder in any one of the parameters
α, β, or γ may, in principle, explain the linewidth anomaly, we calcu-
lated the dependence of the positions E∥ and E� of the super-radiant
exciton states polarized parallel and perpendicular, respectively, to
the tube’s axis for homogeneous aggregates (no disorder) on each
one of these parameters individually, while keeping the other two
fixed. In this analysis, we used R = 1.68 nm, N2 = 13, and h = 0.67 nm
for the tube’s radius, the number of molecules per ring, and the inter-
ring distance, respectively, which, as explained above, apply for the
ZnChl nanotubes; for the length of the tube, we used N1 = 1000
rings, which makes the physical length (N1h) fall inside the typical
experimental range46 and ensures that the absorption spectrum has
reached the long-tube limit. Figure 3 displays the results for aggre-
gates where the base choice for the parameters is taken identical to
their values used to fit the spectra for aggregate 1 studied in Ref. 45,
i.e., α1 = 39.9○, β1 = 54.2○, and γ1 = 10.0○. Thus, in order to study
the α dependence of the two exciton positions, β and γ are kept fixed
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FIG. 3. Energies of the super-radiant exciton transitions polarized parallel (E∥, blue solid line) and perpendicular (E�, red dashed line), respectively, to the tube’s axis,
calculated for long homogeneous aggregates (N1 = 1000) as a function of the angles α (a), β (b), and γ (c) (see text for details). The other structural parameters were fixed
at R = 1.68 nm, h = 0.67 nm, and N2 = 13. The transition energy and dipole of a single molecule were taken to be h̵ω0 = 13 939 cm−1 and 4.5 D, respectively.45

at the values β1 and γ1, respectively, while α is varied over a certain
range around α1 [Fig. 3(a)]. Similarly, the dependencies on the other
two angles are obtained. We found that the effects observed in Fig. 3
are generic and are also obtained for other base choices of the three
angles, valid for the three other aggregates that were studied in detail
in Ref. 45.

It is clear from Fig. 3 that the dependencies of the optically
dominant exciton transitions on both β and γ are roughly equally
strong, implying that intra-aggregate disorder in these angles would
not lead to more line broadening for the lower-energy transition
than for the higher-energy one. By contrast, Fig. 3(a) clearly shows
that the parallel transitions (which for most parameter values are the
lower-energy one) are more sensitive to α than the perpendicular
one. As a result, intra-aggregate disorder in α would typically lead
to larger broadening for the lower-energy transition and, thus, may
explain the linewidth anomaly. In Sec. IV, we will present numerical
results for the spectra of individual tubular aggregates accounting for
intra-aggregate disorder in the molecular orientations and explore to
what extent this may explain the magnitude of the anomaly as well
as other statistical properties of the spectra.

IV. RESULTS
We simulated single-aggregate absorption spectra for two mod-

els of disorder in the angle α. In all calculations, we used the follow-
ing fixed structural parameters, appropriate for ZnChl nanotubes:45

R = 1.68 nm for the tube’s radius, N2 = 13 for the number of
molecules per ring, and h = 0.67 nm for the inter-ring distance
(see also Sec. III B); furthermore, we set all molecular transition
energies equal to ̵hωn = ̵hω0 = 13 939 cm−1. The transfer interac-
tions Vnm were calculated from the electrostatic interaction between
the transition dipoles of the two molecules considered, with mag-
nitudes 4.5 D and directions imposed by the molecular positions
in the tube and the orientations as given by α and β. The angles
α, β, and γ, or their disorder distributions, will be specified below.
The tube’s length N1 considered depends on the disorder model,
as will be explained below. Finally, the homogeneous linewidth for
all exciton transitions was (unless indicated otherwise) taken to be
Γq = 50 cm−1; no experimental information is available for this
parameter.

A. Two models of disorder
Two different ways were considered to account for the disor-

der in the molecular orientations. In the first model, each aggregate
is considered as a collection of non-interacting segments of different
lengths that only differ in the particular value for α that applies to the
entire segment; the values for the angles β and γ are taken equal for
all segments within one aggregate, i.e., no intra-aggregate disorder
was included in these angles. Each segment is assumed long enough
so that their exciton transition energies have saturated, i.e., have
tended toward the infinite-tube values. Segment (or domain) models
of disorder have been used in various studies.69–71 Here, the strength
of this model lies in its simplicity and the fact that it allows for direct
simulation of the experimental spectra of individual aggregates with
relative ease. In the segment model, the disorder realization of each
individual aggregate is characterized by a histogram that indicates
for each α interval the fraction of rings in the aggregate in which the
molecules have an orientation characterized by an α value that falls
within this interval (in other words, the histogram counts the added
lengths of all segments that have an α value within this interval).
For a particular aggregate whose experimental polarization resolved
fluorescence excitation spectrum was measured, the specific realiza-
tion of the disorder histogram that characterizes the aggregate can
be obtained by adjusting the heights of the histogram in each α bin
such that the calculated spectrum agrees with the experiment. This
procedure is explained in more detail in Sec. IV B and used to fit the
spectra of the four particular aggregates also studied in more detail
in Ref. 45.

In the second disorder model, we allow for a continuous vari-
ation of α along the tube. Particularly, we will assume that α is con-
stant within each ring but varies along the tube with a specific corre-
lation length, by taking the α values for all rings from the correlated
multivariate Gaussian distribution,

P(α1, . . . ,αN1) = ((2π)
N1 det(C))−1/2exp[−

1
2

N1

∑

n,m=1
(C−1
)nm

× (αn − ⟨α⟩)(αm − ⟨α⟩)]. (3)

Here, αn denotes the angle α in the nth ring, ⟨α⟩ is the mean α value,
which is equal for all rings and all aggregates, and C is the covariance
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matrix with matrix elements,

Cnm = σ2
αexp(−∣n −m∣/Lc), (4)

where σα denotes the standard deviation of the disorder and Lc
denotes the correlation length of the disorder in units of the number
of rings. For this disorder model, rather than trying to fit individ-
ual spectra, we analyzed the statistical properties of the simulated
spectra of individual disordered aggregates, such as the correlation
plots for the two linewidths (see Fig. 1) and histograms for the
linewidths and peak positions, and compared those to the experi-
ment. We discovered that in order to get good comparison with the
experiment, a model including only disorder in α does not suffice
(see Sec. IV C), and we also have to include disorder in the second
angle that describes the molecular orientations, β. In this extended
model, we use a similar correlated distribution as Eq. (3) for the
angles βn, with mean ⟨β⟩ and standard deviation σβ. The correlation
length for this distribution is assumed to be the same Lc as for the α
distribution.

B. Results for segment model
Using the segment disorder model described above, the mea-

sured polarization dependent spectra of four individual tubes were
fitted. Out of the 52 spectra of single tubes available from the study
reported in Ref. 45, we selected the four that were also studied in
more detail in that publication because they span much of the vari-
ation of the 52 experimental spectra. We refer to these aggregates
as aggregate 1 up to aggregate 4, in the same way as was done in
Ref. 45. All four aggregates exhibit the linewidth anomaly, as is evi-
dent from their positions in the linewidth correlation plot of Fig. 1,
indicated by the crosses. The measured polarization dependent
spectra for these aggregates are shown in Fig. 4, left column.

The fit procedure was as follows. We first generated a library
of theoretical absorption spectra for light polarized parallel and per-
pendicular to the tube’s axis, I∥theory(αi,E) and I⊥theory(αi,E), respec-
tively, for homogeneous tubes with α = αi varying in steps of 0.1○

between 30○ and 50○, a range that widely covers all α values required
in Ref. 45 to fit the spectra without disorder. Here, as mentioned
above, E denotes the photon energy of the exciting field. When cre-
ating this library, we used a constant length of N1 = 1000 for the
homogeneous tube. This value does not indicate the length of indi-
vidual segments; it is used to ensure that the spectra in the library
have reached the long-tube limit, where we assume that individual
segments are long enough for this limit to apply. For a single aggre-
gate with a particular realization of segment disorder, the theoretical
spectrum in both polarization directions is obtained by averaging
the respective spectra for different αi values weighted by their occur-
rence c2

i in that realization, which is characterized by the histogram
for the α disorder realization defined in Sec. IV A (i.e., c2

i is the
height of the histogram in the ith bin). We note that in the segment
model, the total tube length is not fixed; only the relative weights
c2
i are.

The optimal set of weights c2
i for a particular aggregate studied

in the experiment was determined by requiring the best simulta-
neous fits to its experimental spectrum I∥experiment(E) for the polar-
ization angle at which the lower-energy peak (with parallel polar-
ization) reaches its maximum and to the experimental spectrum

I⊥experiment(E) for a polarization angle that is shifted over 90○ rela-
tive to the first angle. In the experimental spectra in Fig. 4, these
two polarization angles are indicated by the cyan and orange lines,
respectively. This simultaneous optimization is reached by minimiz-
ing the error, defined as

ε = ∑
i,j,s
(c2

i I
s
theory(αi,Ej) − I

s
experiment(Ej))

2
, (5)

where j labels the discretized set of energies and s labels
the two polarization directions. The minimization of the error
was performed using the “fminsearch” command of MATLAB,
which is a multidimensional unconstrained nonlinear minimization
derivative-free method.72 We note that in these calculations, the
angles β and γ for each one of the four aggregates considered were
taken identical to those that generated the best fits in Ref. 45; see
Table I.

The results for the fits for the four selected aggregates are dis-
played in the center column of Fig. 4, for both polarization direc-
tions. The right column of Fig. 4 displays the histogram of the
α values that characterizes the disorder realization underlying the
best fit, and Table I presents the mean ⟨α⟩ and standard devi-
ation σα characterizing this histogram for each one of the four
aggregates.

Clearly, the segment model yields excellent fits for all four
aggregates considered. Since these four aggregates were selected to
span the variation of most of the 52 experimental spectra observed
in Ref. 45, we are confident that any of those experimental spectra
can be fitted using this model. The histograms show that the α distri-
bution that fits each one of the spectra best has a standard deviation
of a few degrees and a mean value that is very close to the α value
that gave the best model fits without intra-aggregate disorder (last
column in Table I).45 The advantage of the current approach over
the one in Ref. 45 is that it offers an explanation of the linewidth
anomaly in terms of a narrow disorder distribution in the molecular
orientations, as is evident from the quality of the fits of both absorp-
tion lines. The fact that such small amounts of disorder in α may
explain the anomaly is rooted in the much stronger α dependence of
the lower-exciton energy than the higher-energy one, as depicted in
Fig. 3(a).

C. Results for continuous disorder model
Above, we found excellent fits to the single-tube spectra using

a segment model of disorder in the angle α. It should be realized
that the quality of the fits is made possible not only by the fact that
disorder in α gives a larger linewidth to the lower-energy band but
also because a large set of parameters (the weights c2

i ) may be varied
to obtain the fits. We also note that these fits require many seg-
ments to be present in a single tube, implying that they may only
be obtained for tubes containing many thousands of rings, which
may go beyond the typical aggregate length in the experiment or
the area of the (diffraction-limited) focus of the excitation light. Of
course, a strictly segmented realization of the disorder, while appeal-
ing in its simplicity and facilitating finding disorder realizations that
fit individual spectra, is only one limit of the more general way of
introducing correlated continuous disorder in the aggregates.70 For
these reasons, in this section, we explore the more advanced model
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FIG. 4. Left column: Fluorescence excitation spectra of four different ZnChl aggregates as a function of polarization angle of the exciting light on the substrate on which the
tubular aggregates lie (tubes’ axes in the plane of the substrate) reported in Ref. 45; the cyan solid line indicates the polarization angle at which the low-energy spectral peak
reaches its maximum height; the orange dashed line is shifted over 90○ relative to the cyan one. Middle column: Spectra obtained at the cross sections indicated by the cyan
and orange lines in the left column, together with the best fits (dashed thin lines) obtained for these two polarization angles using the segment model of disorder in the angle
α. Right column: The histograms for the distribution of α that give the spectral fits in the middle column, binned per degree. The parameters used in the calculations are given
at the start of Sec. IV; the length of the tubes is not fixed in the segment model (see text).

with continuous disorder in the molecular orientations, presented in
Sec. IV A.

Using the continuous disorder model, we calculated absorp-
tion spectra for a large number of individual tubular aggregates,
each spectrum separated in polarization directions parallel and per-
pendicular to the tube’s axis, respectively. In these calculations, the

parameters N2, R, h, ̵hω0, and Γq were taken as above, as was the
magnitude of the molecular transition dipoles (see start of Sec. IV).
The length of each tube was set to N1 = 1000 rings, which cor-
responds to 670 nm and falls in the experimental length range of
100 nm to several micrometers.46 For each aggregate, we generated
a realization of the disorder in α by drawing correlated random
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TABLE I. Mean values of α and the standard deviation σα in this angle obtained from
the histograms in the right column of Fig. 4, together with the values of β and γ used
to fit the spectra of aggregates 1–4. In the last column, the fixed value of α is shown
that was used to analyze the data for each one of the four aggregates in Ref. 45
without intra-aggregate disorder.

Aggregate ⟨α⟩ (deg) σα (deg) β (deg) γ (deg) α (deg) (Ref. 45)

1 40.6 4.5 54.2 10.0 39.9
2 41.3 3.9 52.4 9.0 41.5
3 39.9 4.8 48.4 14.0 40.5
4 41.6 4.4 51.2 10.5 42.4

values from the distribution equation (3) and similarly for the
angles β. For the aggregate length considered and the disorder
strengths σα and σβ that turn out to be relevant, the spectra of
individual tubes in both polarization directions show a main peak
with minor substructure. We characterized the simulated spectra
by the positions E− and E+ of the lower- and higher-energy main
peaks, respectively (polarized along and perpendicular to the tube’s

axis), as well as the separation ΔE between both peaks. Moreover,
we also obtained the linewidths (FWHM) of both peaks as W−

and W+.
Rather than trying to find the realizations of continuous disor-

der that happen to generate theoretical spectra that match observed
spectra of single nanotubes (which, as opposed to the segment
model, would be a practically impossible job in the current model),
we compared the statistical properties of the simulated spectra to the
statistics found in the experiment. In particular, we used the mean
values ⟨α⟩ and ⟨β⟩, the standard deviations σα and σβ, the corre-
lation length Lc, and the value of the fixed helical angle γ as free
parameters to obtain a good match between theory and experiment
for the linewidth correlation plot of Fig. 1 and for the distribu-
tions of W−, W+, E−, E+, and ΔE (the latter five distributions were
all reported in Ref. 45). Given the limited experimental statistics,
determined by the number (52) of tubes for which the spectra were
measured, we have not aimed at minimizing a rigorously defined
error in the global comparison between the theoretical and experi-
mental statistical properties but instead have judged by eye and from
their mean values and standard deviations to what extent the various
distributions match.

FIG. 5. Comparison between theory (blue) and experiment (red) for the linewidth correlation plot and the distributions for W−, W+, E−, E+, and ΔE including continuous
disorder in α only. The experimental data for the latter five distributions are taken from Ref. 45. The panel for the correlation plot also gives the best linear regressions through
the experimental and theoretical data points, with the corresponding slopes and offsets; the other panels give the mean values and standard deviations for the experimental
and theoretical distributions. For the calculations, we used ⟨α⟩ = 41.1○, σα = 2.5○, and Lc = 70 rings. The angles β and γ were set to fixed values of 51.6○ and 10.9○,
respectively, being the averages of the values for these angles used to fit the spectra for aggregates 1–4 in Ref. 45. All other parameters were chosen as indicated at the
start of Sec. IV, except for the homogeneous linewidths, for which we used Γ− = 80 cm−1 for transitions with polarization parallel to the tube’s axis and Γ+ = 100 cm−1 for
the perpendicular transitions. The length of the simulated aggregates was set to N1 = 1000 rings (see text).
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From our calculations, we found that the phenomenon of
the anomalous linewidth correlation can be qualitatively explained
using only continuous disorder in α (i.e., setting the angle β to a fixed
value), but the linear regression of the theoretical data points always
has a significantly smaller slope than the one for the experimental
points in Fig. 1, even if we try to tune this plot by using different
homogeneous linewidths Γq for the lower- and higher-energy exci-
ton transitions. The closest to a good agreement between the theoret-
ical and experimental statistics is shown in Fig. 5 and was obtained
for parameters quoted in the caption, where we had to adjust Γq as
indicated in the caption in order to reach this level of agreement. We
observe that most of the histograms in Fig. 5 give a reasonable to very
good match between theory and experiment, with most discrepancy
observed for the W+ and the ΔE distributions. We clearly see, how-
ever, that within this model, the linewidth correlation has much too
small a slope, which, in fact, implies that the effect of disorder in α is
overestimated; thus, σα should be reduced, but then, another source
of disorder has to be introduced in order to match the standard devi-
ations of the distributions for the individual linewidths W− and W+
to the experiment.

To repair the above deficiencies of the model, we have intro-
duced disorder in β as well, which is physically plausible to occur, as

it is the other angle characterizing the molecular dipole orientations.
Figure 3 demonstrates that this will not affect the linewidth anomaly,
as both the upper and lower exciton energies depend about equally
strong on β. It will add additional width contributions to both spec-
tral peaks, however, which is what we need if we lower σα. Figure 6
gives the comparison between theory and experiment for the sys-
tem parameters that result in the best agreement. To achieve this,
we had to lower σα to 1.0○, while the disorder in β was taken to be
σβ = 2.0○, both with a correlation length of Lc = 40 rings. The helical
angle was taken γ = 7.1○ in order to match the average of the theoret-
ical distributions of both peak positions to those obtained from the
experiment; the precise choice of γ within margins of up to the order
of 10○ hardly affects the width of the distributions of the positions
and the statistics of the spectral widths.

We observe that with the exception of the distribution of ΔE, all
panels in Fig. 6 show a good agreement between theory and exper-
iment. In particular, we note that the linewidth anomaly is now
not only recovered qualitatively but also quantitatively: the linear
regression of the theoretical data points shows a good agreement
with that of the experimental data. The theoretical and experimental
distributions of the peak positions and linewidths are also in good
agreement, as is also clear from their mean values and standard

FIG. 6. Comparison between theory (blue) and experiment (red) for the linewidth correlation plot and the distributions for W−, W+, E−, E+, and ΔE, allowing for continuous
disorder in α and β. The experimental data for the latter five distributions are taken from Ref. 45. The panel for the correlation plot also gives the best linear regressions
through the experimental and theoretical data points, with the corresponding slopes and offsets; the other panels give the mean values and standard deviations for the
experimental and theoretical distributions. For the calculations, we used ⟨α⟩ = 42.2○, σα = 1.0○, ⟨β⟩ = 52.7○, σβ = 2.0○, and Lc = 40 rings. The angle γ was set to the fixed
value of 7.1○. All other parameters were chosen as indicated at the start of Sec. IV; the homogeneous width of all exciton transitions was taken to be Γq = 50 cm−1. The
length of the simulated aggregates was set to N1 = 1000 rings (see text).
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deviations given in the insets. However, the distribution for the
energy difference ΔE between both spectra peaks is not correctly
recovered in this model; in particular, its width is strongly under-
estimated. As the separate distributions for both peak positions, E−
and E+, are fitted very well, this implies that in the current model, the
correlation between both peak positions is overestimated. Stronger
disorder in the angle α would partially undo this correlation, as is
clear from the ΔE distribution in Fig. 5, but that generates other
disagreements, as we have seen.

It is conceivable that besides the intra-aggregate disorder mod-
eled here, there is also an inter-aggregate disorder component, for
instance, the mean value ⟨α⟩ may vary between aggregates. This
would not change the linewidths for the individual tubes and, hence,
not change their distributions and correlation plot, but it would
affect the positions (mainly E−) and, in particular, would broaden
the ΔE distribution. Combining the information from Figs. 5 and 6,
it appears that such additional inter-aggregate disorder in α would
have to have a standard deviation in the order of 1.0○–1.5○ to
recover the experimental ΔE distribution; however, its inclusion
would require fine tuning other parameters again. We have not
attempted to carry this idea further by doing actual simulations
including inter-aggregate disorder, as it would require finding the
optimum in an even wider range of free parameters; if one allows
for inter-aggregate disorder in α, there is no reason not to allow for
it in β.

We have tested the sensitivity of fitting the experimentally
observed statistical properties to the model parameters characteriz-
ing the disorder (namely, the mean values ⟨α⟩ and ⟨β⟩, the standard
deviations σα and σβ, and the correlation length Lc), by repeating
simulations for a variety of combinations of values for these param-
eters. To give an impression of this sensitivity, we present in the
appendix an overview of changes in the statistical properties when
changing, in particular, σα, σβ, and Lc around their optimal val-
ues that led to the fits displayed in Fig. 6. We note that for several
separate quantities, better agreement to experiment is, in fact, pos-
sible by changing one of the disorder parameters, but that such a
change inevitably deteriorates the quality of the fit of one of the other
quantities even more.

To end this section, we note that in the experiment, an effective
distribution for the angle β was also obtained through the ratio of
the oscillator strengths in both peaks (see end of Sec. III A).45 The
standard deviation of that distribution was found to be 4.3○, which
is about twice as big as the one we used to get the fits in Fig. 6. This
discrepancy could be another effect of inter-aggregate disorder (in β)
but could also result from the fact that the tubes in the experiment
may be bent,46 which affects the ratio of oscillator strengths in both
peaks.

V. CONCLUSION
In this paper, we have studied the occurrence of disorder

within nanotubular self-assembled ZnChl aggregates. As experimen-
tal markers for disorder, we have used the statistical properties of the
two optical bands that characterize these aggregates as obtained from
polarization resolved fluorescence excitation experiments on single
nanotubes. These experiments reveal that the lower-energy exciton
band of single nanotubes typically has a larger width than the upper

exciton band, which indicates that this width is not determined by
homogeneous (lifetime) broadening only and must be caused at
least, in part, by inhomogeneous broadening (disorder) within each
aggregate. By modeling the spectra using numerical simulations, we
have shown that small disorder (a few degrees) in the orientations of
individual molecules within the aggregate may explain the observed
correlation between both linewidths quantitatively.

To interpret the experiments, we have used two models of
orientational disorder. In the first model, the orientations were
assumed constant within finite but long segments of the aggregate.
By adjusting the occurrence of segments with particular orienta-
tions, we were able to generate excellent fits of the experimental
polarization resolved spectra of individual nanotubes. The quality
of the fits is, inter alia, made possible by the very large amount
of freedom to vary parameters in this model. In a more advanced
model, we allowed for continuous variation of the molecular orien-
tations within the aggregate, with a certain standard deviation and
correlation length. We demonstrated that small orientational dis-
order (order 2○) correlated over several tens of nm may not only
explain the linewidth correlation but also explain other statistical
properties of the spectra obtained from the experiment, such as the
distributions of peak positions and linewidths. Within the model
used, the width of the distribution of energy separations between
both peaks is significantly underestimated; we have argued that this
may result from inter-aggregate disorder, which was not taken into
account.

The importance of this work lies in the realization that single-
aggregate experiments in combination with systematic exciton mod-
eling may be used to disentangle sources of disorder in and between
different aggregates, whose markers would get lost in ensemble spec-
troscopies,73,74 which cannot be resolved by high-resolution imaging
techniques such as AFM or electron microscopy. The conclusion
that the aggregates studied suffer from disorder in the molecular
orientations of the order of a few degrees is physically plausible.
Indeed, molecular dynamics simulations of other dye aggregates
have revealed that such disorder may easily occur.32,34 It is interest-
ing that polarization resolved single-aggregate experiments are sen-
sitive to such small variations, which shows the power of this tech-
nique in unraveling the molecular basis for the functional properties
of large aggregates.

We express caution, though, that our model results should not
be overinterpreted as they still are limited by the sources of disor-
der considered. For instance, we have not included energy disor-
der in our model because, as we argued, the linewidth correlation
strongly suggests that orientational disorder must be a dominant
factor to explain it; at the same time, energy disorder caused by ran-
dom solvent shifts generally plays a role in molecular aggregates. In
addition, as mentioned, we did not include inter-aggregate disor-
der, for instance, by allowing the mean values of the orientational
distributions to differ between aggregates. Of course, including all
possible sources of intra- and inter-aggregate disorder would gen-
erate more freedom to improve the fits but would be a formidable
job to explore systematically, and its value would be restricted by
the fact that the experimentally available data obtained from sev-
eral tens of aggregates, then, may become a limiting factor to draw
solid conclusions. This points out the importance of future exper-
imental and theoretical steps to further improve the perspective of
a full molecular-scale understanding of the properties of molecular
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TABLE II. Presentation of the statistical properties of spectra simulated using the continuous disorder model when varying the three model parameters σα, σβ, and Lc around
their optimal values that generated the fits in Fig. 6. The first column names the statistical property considered (where μ indicates its mean and σ its standard deviation; SlopeW
is the slope of the linear regression of the linewidth correlation plot, and W+ intercept its intercept), the second column presents the experimental value, the third column shows
the value obtained in the optimal fit of Fig. 6 (where σα = 1○, σβ = 2○, and Lc = 40 rings), and the remaining columns display the variations when changing the model parameters
characterizing the disorder as indicated above each column. In all cases displayed, only one parameter was changed at a time (for instance, in the column where σα is varied,
the results are quoted keeping σβ and Lc at their optimal values). The full search for the optimal fit was not restricted to only changing one model parameter at a time.

Statistical σα (deg) σβ (deg) Lc (rings)

properties Experiment Best fit 0.5 1.5 1.5 2.5 20 60

SlopeW 0.8 0.72 0.87 0.62 0.75 0.59 0.63 0.72
W+intercept (cm−1) 21.7 39.9 12.3 61.2 22.6 82.1 50.4 38.8
μW− (cm−1

) 231.7 230.9 197.2 264.6 201 259.4 225.8 237.6
σW− (cm−1

) 47.5 51.9 38.3 61.9 40.8 61.2 42.1 60.3
μW+ (cm−1

) 206.6 206 183.3 226.2 172.7 236.2 192.5 209
σW+ (cm−1

) 46.1 45.8 39.1 51.8 35.8 55.5 36.7 52.9
μE− (cm−1

) 13 610.8 13 614.4 13 616.2 13 612.7 13 618.3 13 610 13 616.1 13 613.4
σE− (cm−1

) 20.1 26.3 21.6 31 22.1 30.4 18.8 32
μE+ (cm−1

) 13 649.5 13 661.2 13 660.7 13 661.7 13 660.3 13 662.5 13 662.7 13 660.1
σE+ (cm−1

) 18.4 23.2 20.2 26.1 18.9 27.4 16.6 28.3
μΔE (cm−1) 38.8 46.8 44.6 49 42.1 52.5 46.6 46.6
σΔE (cm−1) 14.9 4.6 3.2 6.2 3.8 5.7 3.2 5.5

aggregates. On the theoretical side, also a first-principle type of anal-
ysis of molecular packing and disorder could add important input
for the phenomenological approach used here.34,63
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APPENDIX: SENSITIVITY OF STATISTICAL PROPERTIES
TO THE MODEL PARAMETERS

Table II shows the sensitivity of the statistical properties of the
simulated spectra for the model whose results are presented in Fig. 6,
to the parameters that characterize the intra-aggregate disorder,
namely σα, σβ, and Lc.
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