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ABSTRACT: The design and synthesis of functional self-
assembled nanostructures is frequently an empirical process
fraught with critical knowledge gaps about atomic-level
structure in these noncovalent systems. Here, we report a
structural model for a semiconductor nanotube formed via the
self-assembly of naphthalenediimide-lysine (NDI-Lys) building
blocks determined using experimental 13C−13C and 13C−15N
distance restraints from solid-state nuclear magnetic resonance
supplemented by electron microscopy and X-ray powder
diffraction data. The structural model reveals a two-dimen-
sional-crystal-like architecture of stacked monolayer rings each
containing ∼50 NDI-Lys molecules, with significant π-stacking
interactions occurring both within the confines of the ring and
along the long axis of the tube. Excited-state delocalization and energy transfer are simulated for the nanotube based on time-
dependent density functional theory and an incoherent hopping model. Remarkably, these calculations reveal efficient energy
migration from the excitonic bright state, which is in agreement with the rapid energy transfer within NDI-Lys nanotubes
observed previously using fluorescence spectroscopy.

■ INTRODUCTION

The promise of nano- and mesoscale science to create
optoelectronic materials with desired properties, optimal
performance, and multifunctionality depends on the ability to
modulate the short- and long-range organization of the
functional component building blocks.1−3 The confinement of
electronic behavior within such architectures produces a wide
range of properties that often differ drastically from the bulk
macroscale,4−6 and novel phenomena are expected to emerge if
the collective interactions that comprise these materials can be
systematically tuned; the latter remains an elusive synthetic
objective.7,8 Intermolecular effects critically impact the transport
of electronic excitation energy through networks of chromo-
phores that transiently store this energy via short-lived excited
states.9 In particular, ordered molecular aggregates often display
coherent, cooperative properties that impart onto these systems
the ability to delocalize excitations and transport energy and
charge over several molecules.10,11 A prime example of how
nature creates such properties is the noncovalent assembly of
light-harvesting complexes of bacteriochlorophyll (BChl) in
cyclic arrays that engage in extensive J-type π−π stacking
interactions.12 These interactions mediate the delocalization of
photoinduced excitons over multiple BChl molecules in the
array, which allows each BChl chromophore in the ring to
undergo ring-to-ring energy transfer with equal probability,

thereby increasing the efficiency of energy harvesting for use in
the photosynthetic reaction center.12,13

Molecular self-assembly, which can generate complex nano-
scale structures by noncovalently packing subunits based on their
shape and surface properties,14,15 provides a viable approach to
replicate these types of cyclic chromophore arrays and create the
extensive molecular overlap required to propagate excitation
energy in materials needed for technologies in nanoscience and
optoelectronics.16,17 However, predictably assembling such
superstructures with the specific dimensional resolution
necessary to produce a desired property is exceptionally
challenging and often discovered empirically.14 In the absence
of precise synthetic methods, a rational design strategy must
therefore integrate synthesis with molecular-level structural
characterization, both experimental and theoretical, to optimize
performance. However, the lack of long-range lattice order
coupled with molecular level polymorphism and sample
heterogeneity, typical for many noncovalent materials, render
the precise determination of molecular packing within self-
assembled nanostructures an exceptionally challenging and
seldom achieved task.18,19
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Solid-state nuclear magnetic resonance (NMR) spectroscopy
has advanced significantly as a “bottom-up” technique for
deriving structural models of noncovalent molecular aggregates
that reveal details of both local structure and intermolecular
interactions. While cutting-edge solid-state NMR methods have
been widely applied toward the structural and dynamic analysis
of large peptide and protein complexes,20−24 analogous detailed
studies of synthetic supramolecular assemblies are relatively
rare.19,25−28 In this work, we report a structural model for self-
assembled nanotubes composed of a naphthalenediimide-lysine
(NDI-Lys) bolaamphiphile,29 determined using intra- and
intermolecular distances derived from magic-angle spinning
(MAS) solid-state NMR spectra supplemented by experimental
restraints on the nanotube diameter from transmission electron
microscopy (TEM) and NDI chromophore spacing from X-ray
powder diffraction (XRD). The model reveals both the
conformation of the individual NDI-Lys monomer units as
well as their hierarchical assembly within the nanotube structure.
The nanotubes possess a two-dimensional (2D)-crystal-like

architecture assembled via the stacking of initially formed cyclic
monolayer membrane rings with ∼50 NDI-Lys molecules per
ring. Theoretical studies to simulate the excited-state delocaliza-
tion and energy transfer within the nanotubes, applied to a
portion of the structural model, indicate strong excitonic
couplings (comparable in magnitude to those found for BChl
pigments in bacterial light-harvesting complexes30,31) along both
the nanotube axis and around the ring of NDI-Lys
chromophores. Remarkably, these theoretical predictions are
consistent with the rapid energy transfer within NDI-Lys
nanotubes observed previously using fluorescence spectroscopy
techniques.29

■ RESULTS

Determination of Intra- and Intermolecular Distances
in NDI-Lys Nanotubes by Solid-State NMR Spectroscopy.
Initial studies of NDI-Lys nanotubes by MAS solid-state NMR29

revealed a high degree of molecular order for the monomer units
within the nanotube lattice and yielded site-specific chemical

Figure 1. Determination of structural restraints in NDI-Lys nanotubes by MAS solid-state NMR spectroscopy. (a) (Left) Cartoon representation of a
monolayer ring structure formed via the self-assembly in water of multiple NDI-Lys monomers. The nanotubes result from the stacking of multiple rings
onto each other.29 (Right) Structural formula of NDI-Lys with the lysine headgroups (red) located on the inner and outer nanotube surfaces labeled as
K1 and K2, respectively, showing the intramolecular 13C−15N and 13C−13C distances greater than 3 Å determined by ZF-TEDOR and R2W techniques.
The intramolecular 13C−15N and 13C−13C distances were determined using the diluted nanotube sample to minimize the effects of intermolecular
couplings (see Methods section). (b) Aliphatic region of a 1D 13C solid-state NMR spectrum of NDI-Lys nanotubes showing the resonance
assignments. (c,d) Small regions of representative ZF-TEDOR (panel c) and R2W (panel d) spectra. The ZF-TEDOR spectrum in panel c was recorded
using a MAS rate of 11111 Hz and TEDOR mixing time, τTEDOR, of 5.76 ms, and shows correlations involving the K1/K2 Nα and Nζ atoms
corresponding to 15N frequencies of 37.0/35.6 and 174.3 ppm, respectively. The R2W spectra in panel d were recorded at MAS frequencies of 9480,
9350, and 8460 Hz and contain correlations between K1/K2 C′ and Cγ, Cδ, and Cε atoms, respectively. (e,f) Representative measurements of 13C−15N
(panel e) and 13C−13C (panel f) distances with experimental data and simulations shown as circles and lines, respectively. The 13C−15N and 13C−13C
distances were extracted using established approaches as described in the Supporting Information. The insets in panel f show the contour plots of the
root-mean-square deviation (RMSD) between experimental and simulated trajectories as a function of the 13C−13C distance and zero-quantum
relaxation (T2

ZQ) parameters. (g) Determination of intermolecular K1C′−Nα, K1Cα−Nα, and K1Cε−Nζ distances using the mixed nanotube sample
(seeMethods section). The ZF-TEDOR spectrum (top) recorded with τTEDOR = 18ms and 11111HzMAS shows that 13C′, 13Cα, and 13Cε correlations
arise exclusively from either 15Nα or 15Nζ. This allows measurements of intermolecular 13C−15N couplings using 1D band-selective TEDOR, with
experimental and simulated trajectories shown as circles and lines, respectively. A summary of all intramolecular and intermolecular distances
determined for the NDI-Lys nanotubes is provided in Table 1.
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shift assignments for the lysine headgroups located on the inner
and outer surfaces of the nanotube (Figure 1a,b). As described in
the Methods section, the intramolecular 13C−15N and 13C−13C
distances for the lysine headgroups were determined for a diluted
nanotube sample prepared from a physical mixture of 13C,15N-
enriched and natural abundance NDI-Lys in a 15:85 molar ratio
using the z-filtered transferred echo double resonance (ZF-
TEDOR)32 and rotational resonance width (R2W)33 techniques,
respectively. In panels c and d of Figure 1 we show representative
regions of ZF-TEDOR and R2W spectra, respectively, containing
multiple cross-peaks reporting on structurally interesting
13C−15N and 13C−13C through-space dipolar couplings. The
corresponding cross-peak buildup trajectories recorded as a
function of the dipolar mixing time (for ZF-TEDOR) or MAS
frequency (for R2W) and used to extract quantitative 13C−15N
and 13C−13C distance estimates are shown in panels e and f of
Figure 1, respectively. Altogether, these experiments provided a
set of seven intramolecular distances between ∼3−5 Å as
summarized in Table 1 and Figure 1a. Note that the

conformation of the lysine headgroup located on the inner
surface of the nanotube (labeled K1) is especially well-defined by
the experimental solid-state NMR data via six of the seven
distance restraints, while only a single distance between the 13C′
and 13Cε atoms could be determined for the outer lysine (labeled
K2). The inability to obtain additional distances involving the K2
atoms is a consequence of conformational dynamics of the K2
headgroup, which lead to increased transverse nuclear spin
relaxation and linebroadening and, consequently, low spectral
intensities (Figure 1b).
To evaluate the interactions between neighboring NDI-Lys

monomers within the nanotube assembly, we probed several
types of intermolecular 13C−15N dipolar couplings in a mixed
nanotube sample generated from a physical mixture of 13C- and
15N-NDI-Lys in a 1:1 molar ratio. In analogy to the intra-
molecular 13C−15N distance measurements discussed above, the
intermolecular couplings were detectable only for the relatively
rigid inner lysine headgroup and included those between K1C′−
Nα, K1Cα−Nα, and K1Cε−Nζ atoms. To facilitate these
measurements, we first recorded a 2D 15N−13C chemical shift
correlation spectrum using the ZF-TEDOR pulse scheme32 with
a relatively long dipolar mixing time (τTEDOR = 18 ms), which

emphasizes long-range intermolecular correlations. This spec-
trum (Figure 1g) revealed that for each 13C site the correlations
arise only from one type of 15N nucleus (either Nα or Nζ), which
permitted the evaluation of intermolecular 13C−15N distances
from a series of 1D 13C spectra recorded as a function of the
TEDORmixing time using the band-selective TEDOR scheme32

that offers enhanced spectral sensitivity by suppressing one-bond
13C−13C J-couplings. The experimental TEDOR trajectories are
shown in Figure 1g and were fit to an analytical two-spin model
described previously32 in combination with control experiments
that account for the effective 13C transverse relaxation rate and
overall amplitude scaling as described elsewhere.34 Note that the
minor deviations between experimental and simulated K1Cα−
Nα and K1Cε−Nζ trajectories observed for short mixing times
(τTEDOR < 5 ms) are due to intramolecular one-bond dipolar
couplings between the 15Nα and 15Nζ spins and directly bonded
13C nuclei present at natural abundance; these deviations do not
have an appreciable effect on the estimation of the intermolecular
couplings of interest. Furthermore, the use of the above fitting
procedure, which reports on the shortest intermolecular
13C−15N distances that dominate the TEDOR trajectories, is
appropriate in the present context given the lack of a priori
information about the nanotube structure. The resulting
intermolecular distances are summarized in Table 1.

Nanotube Structure and Hierarchical Assembly. NDI-
Lys nanotubes have been shown to assemble via the stacking of
monolayer rings composed of multiple NDI-Lys bolaamphiphile
monomer units.29 The number of monomers per ring is a critical
parameter required for the determination of a global nanotube
structural model and was estimated as follows. A series of
preliminary structure calculations was performed for nanotubes
made up of six rings and containing between 28 and 64 NDI-Lys
monomers per ring, subject to intramolecular NMR distances
and a restraint on the ring radius based onTEMmeasurements of
the nanotube width (Figure 2f−h). These calculations inten-
tionally excluded the intermolecular K1C′−Nα distance restraint
to allow the number of monomers per ring and the spacing
between them to be systematically varied. For each structure, the
XRD pattern was calculated using the debyer program (http://
code.google.com/p/debyer) as described in the Supporting
Information. The calculated XRD patterns (Figure S1b of the
Supporting Information) reveal a strong correlation between the
position of a major diffraction peak and the spacing between
adjacent NDI-Lys monomers within the ring (Figure S1c).
Comparison of the location of this peak with the corresponding
feature in the experimental XRD pattern for NDI-Lys nano-
tubes29 (Figure 2e) indicates that the nanotubes contain on the
order of 48−64 monomers per ring (c.f., Figure S1 caption). To
further narrow this range and provide a single best estimate for
the number of NDI-Lys molecules per ring for the final nanotube
structure calculations, we also inspected the magnitudes of the
intramolecular distance and van der Waals energy terms for each
of the calculated structures (Figure S1d). The relatively large
increases in both of these energy terms observed upon increasing
the number of monomers per ring from 52 to 56 suggest that
nanotubes containing 52 NDI-Lys molecules per ring are most
consistent with the experimental NMR and XRD data and yield
structural models with acceptable van der Waals repulsion
energies, with the caveat that some variability in the exact number
of monomers per ring is to be naturally expected within
individual NDI-Lys nanotubes in a macroscopic sample in spite

Table 1. Intramolecular and Intermolecular Distances inNDI-
Lys Nanotubes

atoms distance (Å)

K1CγNαa 3.5 ± 0.5
K1CγNζ 3.9 ± 0.6
K1CδNα 3.6 ± 0.5
K1C′Cγ 3.9 ± 0.2
K1C′Cδ 5.0 ± 0.2
K1C′Cε 4.8 ± 0.2
K2C′Cε 4.8 ± 0.3
K1C′- - -K1Nαb 3.7 ± 0.5
K1Cα- - -K1Nα 4.8 ± 0.7
K1Cε- - -K1Nζ 5.0 ± 0.8

aIntramolecular 13C−15N and 13C−13C distances (indicated by a solid
line between atoms) were determined using the diluted nanotube
sample and ZF-TEDOR and R2W experiments, respectively.
bIntermolecular 13C−15N distances (indicated by a dashed line
between the atoms) were determined using the mixed nanotube
sample and band selective TEDOR.
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of the relatively narrow distribution of nanotube widths (Figure
2h).

With the number of NDI-Lys monomers per ring established,
we proceeded with the final structure calculations for nanotubes

Figure 2. Structure and hierarchical assembly of NDI-Lys nanotubes. (a) (Top) Twenty lowest-energy structures for a representative NDI-Lys
monomer extracted from the structural model of the corresponding nanotube containing seven rings with 52 monomers per ring (cf., Figure S2 in the
Supporting Information). As described in the Methods section, a total of 200 nanotube structures were calculated using Xplor-NIH based on
experimental restraints on interatomic distances from solid-state NMR and nanotube radius from TEM. The monomer structures have not been aligned
with respect to one another, with the observed spread being primarily due to small angle (<∼4°) in-plane rotations of entire monolayer rings. (Middle)
The same 20 lowest-energy structures aligned with respect to the central NDI moiety. The heavy atom coordinates for this structural ensemble show
RMSDs ranging from 0.2 to 0.4 Å relative to the lowest-energy conformer shown at the bottom of the panel. (b) Top view of the central monolayer ring
extracted from the lowest-energy nanotube structure showing the details of the assembly of 52 NDI-Lys monomers into the ring structure. (c) Lowest-
energy nanotube structure showing the details of the nanotube assembly via the stacking of multiple monolayer rings. The analysis of sets of
representative monomers from the three central rings for the entire ensemble of 20 lowest-energy structures reveals average distances between nearest-
neighbor NDI chromophores of 6.0 ± 0.1 Å within the same ring and 5.1 ± 0.2 Å between adjacent rings and an average NDI plane tilt of 25.0 ± 0.5°.
The NDI plane distances and tilts were obtained using the aromatic carbon atoms located in the central part of the NDI moiety. (d) Space-filling surface
model of an extended 20-ring nanotube constructed by propagating the central three rings from the lowest-energy nanotube structure (panel b)
according to the ∼5 Å inter-ring distance determined for the nanotubes (panel c). The nanotube outer diameter and wall-thickness derived from the
structural model are indicated. (e), Comparison of experimental29 and calculated XRD patterns for NDI-Lys nanotubes. The calculated pattern was
generated as described in the Supporting Information and corresponds to the average for the ensemble of 20 lowest-energy nanotube structures. (f,g)
Representative TEM image of NDI-Lys nanotubes used in this study, negatively stained with uranyl acetate (panel f) as described previously,29 with
close-up views indicating the approximate diameters of an individual nanotube and monolayer ring (panel g). (h) Histogram showing the distribution of
NDI-Lys nanotube outer diameters obtained from a quantitative analysis of a large set of TEM images using the ImageJ software (http://rsb.info.nih.
gov/ij). The average nanotube outer diameter was found to be 12.1 ± 0.3 nm.
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composed of seven rings as described in the Methods section.
Figure 2a shows the 20 lowest-energy structures for a
representative NDI-Lys monomer extracted from the ensemble
of corresponding nanotube structures (Figure S2 of the
Supporting Information). The minor spread in the unaligned
monomer structures is caused primarily by small angle (<∼4°)
in-plane rotations of entire monolayer rings with respect to each
other rather than differences in the local conformations of
individual NDI-Lys monomers in the ensemble. Consistent with
the abundance of structurally informative solid-state NMR
distances, the conformation of the inner K1 lysine headgroup is
established with particularly high precision. On the other hand,
the relatively flexible K2 moiety depicted in the structural model
corresponds to one of the probable low-energy topologies that
this headgroup can adopt that satisfies the experimental
13C′−13Cε distance restraint while minimizing steric clashes
with the neighboring NDI-Lys molecules. Panels b and c of
Figure 2 show the details of the assembly of NDI-Lys monomers
into monolayer rings and the nanotube structure formed by the
stacking of multiple rings, respectively, and Figure 2d shows a
space-filling surface model for a nanotube containing 20
monolayer rings constructed by propagating the central three
rings from the lowest-energy structure.
In the final nanotube structural model in Figure 2, the

individual monolayer rings are found to consist of 52 NDI-Lys
molecules having their NDI planes tilted by ca. 25° with respect
to the ring normal and are held together by a combination of
cooperative electrostatic NH3

+ and COO− salt-bridge and π−π
stacking interactions that locate adjacent NDI chromophores ∼6
Å from each other. The presence of the attractive electrostatic
interactions is consistent with the previously demonstrated
inability of a methyl ester analogue of NDI-Lys to form higher-
order nanostructures of any kind, including isolated monolayer
rings and extended nanotubes.29 The stacking of multiple rings
appears to be mediated by additional π−π interactions between
NDI moieties that yield a ∼5 Å separation between the
chromophores.
The structural model yields a nanotube wall thickness and

outer diameter of 2.1 and 12.1 nm, respectively; the latter
dimension is in agreement with the average nanotube width of
12.1± 0.3 nm determined by TEM (Figure 2h). The ensemble of
20 lowest-energy structures was further used to calculate an XRD
pattern for the NDI-Lys nanotube model, and the result

compared with the previously recorded experimental pattern29

(Figure 2e). While the calculated XRD pattern is unable to
exactly reproduce the experimental diffraction peak intensities
and positions it qualitatively captures the most prominent
features including the number of diffraction peaks and their
approximate locations, particularly for the larger diffraction
angles (2θ > ∼10°). This level of agreement appears reasonable
considering that (i) the structural model corresponds to an
idealized depiction of a small segment of the NDI-Lys nanotube
assembly that cannot fully account for the heterogeneity inherent
to a macroscopic nanotube hydrogel sample, (ii) the calculated
XRD patterns are quite sensitive to the fine details of
intermolecular stacking and NDI plane tilt (see Figures S3 and
S4 of the Supporting Information), and (iii) the structure
calculation procedure did not employ the complete experimental
XRD pattern as an active restraint. Most importantly, in addition
to the major feature at 2θ = ∼15° reporting on the spacing
between adjacent NDI-Lys monomers within the ring as
discussed above, close inspection of the XRD patterns calculated
for a series of test nanotube structural models having different
numbers of stacked monolayer rings (Figure S3 in the
Supporting Information) and varying NDI plane tilts (Figure
S4 in the Supporting Information) reveals that diffraction peaks
in the region 2θ =∼18−25° arise from the presence of tilted NDI
chromophores combined with the stacking of multiple
monolayer rings, which is in agreement with both the nanotube
structural model in Figure 2 and the experimental XRD pattern.
Finally, in Figure S5 in the Supporting Information, we confirm
that the majority of the experimental NMR distances, which were
employed as restraints in the structure calculation protocol, agree
within experimental error with the corresponding distances in
the final nanotube structural model.

Electronic Structure Calculations for the NDI-Lys
Nanotube. The NDI-Lys nanotube structural model provides
an opportunity to probe how excitation energy migrates through
this assembly. First-order exciton couplings between the long-
axis polarized transitions of adjacent pairs of NDI chromophores
were calculated based on transition densities obtained from time-
dependent density functional theory (TDDFT) with a polar-
izable continuum model (B3LYP/6-31G*/C-PCM), as de-
scribed in the Methods section.35,36 The NDI pairs were
positioned according to the periodic molecular arrangement
determined in the structural model of Figure 2, with lysine side

Figure 3. Quantum chemical calculation of excited-state wave functions. (a) Attachment density (in red) and detachment density (in blue) for the
lowest-energy bright state of a nine-NDI subunit of the nanotube corresponding to the structural model in Figure 2c, with the tube, ring, and diagonal
directions indicated. Delocalization along the ring axis is evident. (b) Attachment and detachment densities for an excited state, which exhibits
delocalization along both the ring and tube directions and lies just 0.2 eV below the bright state.
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chains replaced by methyl groups. The largest coupling value
(376 cm−1) is found along the tube axis, whereas couplings of 228
and 175 cm−1 are obtained for the ring and diagonal directions,
respectively (see Figure 3 for the definition of tube, ring, and
diagonal coordinates). We then used these couplings, in
conjunction with Fermi’s golden rule, to calculate energy-
transfer rates using an incoherent transfer model.37 The Franck−
Condon weighted density of states was evaluated in terms of
normalized absorption and fluorescence spectra for the NDI-Lys
monomer,29 and hopping times of 0.21, 0.58, and 0.99 ps were
obtained along the tube, ring, and diagonal directions,
respectively. In the Discussion section, we connect these
theoretical hopping times to time-resolved fluorescence
anisotropy (TRFA) measurements, which indeed suggest a
sub-picosecond time scale for energy transfer.
In addition, we performed TDDFT/3-21G* calculations on a

nine-NDI subunit of the nanotube structural model, correspond-
ing to three NDI chromophores from each of three adjacent
monolayer rings. As can be inferred from the attachment and
detachment densities38 shown in Figure 3a, the first optically
bright excited state is mainly localized along the ring direction.
Natural transition orbitals39 (NTOs) for this excitation (Figure
S7 in the Supporting Information) reveal that this state can be
conceptualized as a linear combination of ππ* excitations on
three different monomer units arranged along the ring direction,
with a small amount of delocalization along the nanotube axis.
However, a dense manifold of optically dark states exists just
below the bright state, and given the large excitonic couplings in
all three directions, it is not difficult to find excited states that are
strongly delocalized along the nanotube axis. One such state,
which lies only 0.2 eV below the bright state, is depicted in Figure
3b. On the basis of this dense manifold of excited states (26 states
located within 0.5 eV below the bright state in the nine-NDI
model, and likely assuming a band structure in the full nanotube)
we expect rapid energy migration out of the bright state in all
directions.

■ DISCUSSION
The structural model for NDI-Lys nanotubes determined based
on experimental restraints from solid-state NMR, TEM, and
XRD reveals a tightly coupled 2D-crystal-like network of NDI
chromophores. Interestingly, this structure possesses some of the
key features of cyclic arrays of light-harvesting complexes of
bacteriochlorophyll12 as well as three-dimensional crystals of
alkyl NDI derivatives (Figure S6 in the Supporting Information).
In an ordered molecular aggregate with no system−environ-

ment interactions, excitations may be completely delocalized
over the entire aggregate. However, disorder such as local
variations in the structure as well as fluctuations in the
surrounding medium tend to localize excitation energy onto a
small portion of the aggregate. The extent to which an
electronically excited state is delocalized depends on the relative
magnitudes of the excitonic coupling as compared to variations in
the on-site excitation energies that are the result of structural
heterogeneity. If these variations are comparable to the coupling
strength, the excitations will localize.12,40−42 Excitonic couplings
determined above for NDI are comparable to the values of 250−
400 cm−1 that have been estimated for the well-studied BChl
pigments in the ring-like structure of bacterial light-harvesting
complexes.12,30,31,43,44 In the LH2 complex, the static disorder in
the on-site energies is ∼200 cm−1, comparable to the excitonic
coupling, suggesting that the excitation energy is not delocalized
over the entire ring.12,41,42,45 The disorder in the nanotube is

much larger than that in LH2, as may be inferred from the
absorption spectrum.29 Thus, we anticipate a fairly localized
excitation in the nanotube, which is consistent with the wave
functions computed for the nine-NDI unit model (see Figure 3).
On the other hand, the excitation is certainly delocalized across
more than two monomer units, so it is unclear whether potential
energy scans of just two monomer units, which have successfully
explained certain aspects of the spectroscopy of H-aggregates of
perylene diimide,46−48 would be efficacious here.
The electronic properties of π-conjugated materials are highly

sensitive to the details of intermolecular packing of the
constituent chromophores, as these interactions determine the
domain structure, extent of π−π overlap, and interfacial spacings
that are responsible for the efficiency of energy transfer, charge
separation, and carrier mobility in devices. To provide ideas for
rational design of novel materials, it is necessary to understand
the nature and distance dependence of the excitonic couplings.
The distance dependence of the couplings between a pair of NDI
chromophores along coordinates corresponding to the three axes
of the nanotube labeled in Figure 3 is shown in Figure S8a in the
Supporting Information. Interestingly, the coupling along the
diagonal direction, which displays the least extensive π−π overlap
between the NDI chromophores, is found to exhibit a much
different dependence at short distances as compared to the tube
or ring directions. This finding deviates from the widely used
Förster theory based on the dipole coupling approximation,49

which predicts identical distance dependence along the three
nanotube axes. Given that the structural parameters of the
nanotube are well within the short-range part of the coupling
profiles, it follows that the couplings not only are determined by
the magnitudes and relative orientations of the chromophore
transition dipoles but also are sensitive to orbital overlap and
higher-order multipole effects.50 The latter highlights the
important role that π−π contacts play in modulating the
excitonic couplings and underscores the need for high-level
theoretical calculations.
A key feature of the NDI-Lys nanotubes is the rapid

fluorescence depolarization observed in time-resolved fluores-
cence anisotropy experiments, for which depolarization time
constants of 16.6 ps (major component) and 8.7 ps (minor
component) have been measured at 410 nm.29 Given that this
wavelength corresponds to NDI-Lys monomer emission, these
decay times are likely to primarily correspond to energy transfer
via a hopping mechanism between monomers. As discussed in
detail in the Supporting Information, a simple hopping model for
a ring of identical chromophores (Figure 2b) can be used to
relate the measured depolarization time to the hopping time42

provided that the angle between their transition dipoles is
known. With this information obtained from the nanotube
structural model, the experimentally measured depolarization
times equate to hopping (i.e., energy transfer) times on the order
of 0.5−1 ps. Interestingly, the information about exciton
dynamics extracted from TRFA experiments is consistent with
predictions of the energy-transfer rate based on electronic
structure calculations in conjunction with an exciton coupling
model (Figure S8b in the Supporting Information), which
indicate sub-picosecond energy transfer along all three directions
of the nanotube (ring, diagonal, and tube, as defined in Figure 3a)
as discussed in the Results section. Perhaps more importantly,
analysis of the distance dependence of the energy-transfer rates
reveals that there is a range of structural parameters (∼4−6 Å in
the ring tangent and tube directions, and <8 Å in the diagonal
tangent direction) for which such sub-picosecond energy transfer
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is predicted to occur. This suggests that other materials of this
type, exhibiting extremely fast excited-state energy transfer, may
be designed via molecular self-assembly.
This hypothesis is emboldened by additional quantum-

chemical calculations on a nine-unit model in which the
monomers are displaced by 1 Å along both the ring and tube
directions (see Figures S9 and S10 and accompanying discussion
in the Supporting Information). This perturbed structural model
lies near the edge of the parameter space where predicted energy-
transfer rate constants are consistent with experimental results
(Figure S8b in the Supporting Information). Nevertheless,
excitonic delocalization persists, though it is qualitatively
different because of changes in the relative coupling constants
in the ring, tube, and diagonal directions. Furthermore, these
calculations suggest that the perturbed structure lies close to the
point where the initially formed excitation would be localized on
a single NDI chromophore.
The ability to manipulate the structure of nanoscale

architectures with high precision would greatly enable the design
and discovery of materials with new or optimal properties. The
resemblance of the nanotube structural model described in this
work to the cyclic arrays of π-stacked BChl molecules in bacterial
light-harvesting complexes is noteworthy. The strong correlation
of the coupling strengths with the interchromophore π−π
contacts in the nanotube, an observation similarly reported for
natural light harvesting complexes,9 indicates that controlling
these interactions is an important design element for
optoelectronic materials. Molecular aggregation strongly influ-
ences the nature of these π−π contacts, but modulating these
interactions with the precision necessary to optimize perform-
ance is exceptionally challenging and often discovered by trial
and error. The structural model determined here for the NDI-
Lys nanotubes may serve as a platform from which to build
structural variants that explore how atomic-level perturbations of
the π−π contacts impact the corresponding optoelectronic
properties. In this context it is also important to note that the
solid-state NMR based structural analysis approach described
here for the NDI-Lys nanotubes is expected to be applicable to
other molecules51 that can be appropriately isotope labeled and
assembled into ordered architectures. Finally, until significant
advances in the precision of nanoscale synthesis are realized,
detailed structural characterization coupled with theory and
simulation are expected to play important roles in guiding the
design of self-assembled materials to enhance performance and
discover novel phenomena.

■ METHODS
Sample Preparation. The synthesis of NDI-Lys containing

natural abundance, 13C-, 15N- or 13C,15N-labeled lysine head-
groups was carried out as described previously.29 Two types of
nanotube hydrogels were used for the solid-state NMR analysis:
diluted (prepared from a physical mixture 13C,15N-NDI-Lys and
natural abundance NDI-Lys in a 15:85 molar ratio) and mixed
(prepared from a physical mixture of 13C-NDI-Lys and 15N-NDI-
Lys in a 1:1 molar ratio). The nanotubes were prepared by
dissolving the appropriate NDI-Lys precursors in trifluoroetha-
nol (TFE) with 2% trifluoroacetic acid, followed by air drying to
remove the TFE, dissolution in HPLC grade water at a
concentration of 10 mg/mL, brief sonication, and incubation
for 24 h at ambient temperature. The nanotubes were routinely
characterized by TEM as described previously,29 and for each
NMR sample,∼20mg of total material was packed into a 3.2 mm
zirconia rotor (Agilent Technologies) by ultracentrifugation.

NMR Spectroscopy. NMR spectra were recorded on a 500
MHz Varian spectrometer equipped with triple-resonance 3.2
mm T3 and BioMAS probes. The MAS rates ranged between
∼8−11 kHz ± 5 Hz for the different experiments, and the
sample temperature was regulated at ∼10 °C. Spectra were
processed using NMRPipe52 and analyzed using nmrglue.53 The
intramolecular 13C−13C and 13C−15N distances were determined
for the diluted nanotube sample using the rotational resonance
width33 and z-filtered TEDOR experiments,32 respectively, while
the intermolecular 13C−15N distances were probed using the
mixed nanotube sample and band-selective TEDOR,32 as
described in detail in the Supporting Information.

Structure Calculations. The nanotube structure calcula-
tions were carried out using simulated annealing molecular
dynamics in Xplor-NIH54 starting from an initial model
composed of seven monolayer rings, with a total of 200
structures generated and the 20 lowest-energy structures used for
the subsequent analysis. Each ring was made up of 52 NDI-Lys
monomers with both lysine headgroups initially in a fully
extended conformation and the NDI moiety oriented with its
normal perpendicular to the long axis of the nanotube (i.e., angle
φ = 0° in Figure S4a in the Supporting Information). Seven rings
were used to represent an elongated nanotube and minimize the
influence of edge effects on the molecular conformation of the
central rings while keeping the calculation times reasonable. The
inclusion of 52 NDI-Lys monomers per ring in the final structure
calculations was based on a systematic evaluation of the
consistency with experimental XRD and NMR intramolecular
distance data for preliminary nanotube structural models
calculated with different numbers of monomers as described in
detail in the Results section and Figure S1 in the Supporting
Information.
The structure calculations, which are described in detail in the

Supporting Information, included restraints on the monolayer
ring diameter based on TEM measurements of the nanotube
width, noncrystallographic symmetry restraints to ensure that all
the NDI-Lys monomers have near identical conformations
consistent with the observation of single sets of resonances for
the lysine headgroups in solid-state NMR spectra, as well as
standard energy terms corresponding to intramolecular 13C−13C
and 13C−15N distances. In addition, the calculation protocol
included restraints on intermolecular K1C′−Nα and K1Cε−Nζ
distances determined using the mixed nanotube sample (cf.,
Table 1), taken to report on the separation between neighboring
NDI-Lys molecules located within amonolayer ring and between
adjacent monolayer rings, respectively, as discussed below. The
intermolecular K1C′−Nα distance of 3.7 Å is highly indicative of
an NH3

+ and COO− salt-bridge.55 The fact that a methyl ester
analogue of NDI-Lys does not assemble into monolayer rings or
any other higher-order nanostructures29 strongly suggests that
multiple cooperative NH3

+−COO− ion-pair interactions involv-
ing the lysine headgroup located on the inner surface of the
nanotube are responsible for stabilizing the monolayer ring
structures. To ensure a proper directionality of these electrostatic
interactions, this restraint was further supplemented by
restraining the distance between the proton and oxygen atoms
of the NH3

+ and COO− groups, respectively, to be less than 2.5
Å. For the intermolecular K1Cε−Nζ interaction, the band-
selective TEDOR trajectory (Figure 1g) is dominated by a
shortest 13C−15N spin-pair separation of 5.0 Å. This relatively
short distance cannot arise from neighboring NDI-Lys molecules
within a monolayer ring because it is incompatible with the ∼6 Å
intraring spacing for NDI chromophoressupported by both
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experimental XRD and intermolecular K1C′−Nα distance
dataand thus is taken to correspond to the distance between
nearest-neighbor NDI-Lys molecules located in adjacent rings.
Note that the experimental intermolecular K1Cα−Nα distance,
which could not be readily assigned to an intraring or inter-ring
spacing between NDI-Lys monomers, was not included as an
active restraint in the calculations but rather utilized
subsequently to validate the nanotube structural models.
Quantum Chemical Calculations. Excitation energies,

orbitals, and transition densities were obtained from TDDFT
calculations performed using a locally modified version of Q-
Chem.56,57 As described in the Supporting Information,
monomer transition densities (B3LYP/6-31G*/C-PCM) were
used to compute pairwise excitonic couplings using established
formalism. To avoid spurious charge transfer in calculations on
the nine-NDI unit model, a long-range corrected functional
(LRC-ωPBE) was used, which was tuned to afford proper long-
range behavior of the exchange-correlation potential. The
qualitative nature of the excitations was characterized in terms
of attachment and detachment densities38 and NTOs.39
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