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The electronic properties of p-conjugated materials depend
on the nature of the interactions among the constituent
chromophores.[1] The p–p stacking interactions present in
aggregated arrays of semiconductors provide pathways for
charge transport and energy migration.[2] Thus, the self-
assembly of p-conjugated building blocks into discrete, one-
dimensional (1D) nanostructures is a powerful strategy to
tune the properties of organic electronic materials.[3] The
majority of these approaches have produced twisted nano-
fibers of p-type chromophores. The exceptional electronic
characteristics of carbon nanotubes[4] have also inspired
interest in versatile supramolecular approaches toward
p-conjugated nanotubes.[5] The availability of self-assembled
organic nanotubes would provide greater modularity in their
design and functionalization. However, examples of p-con-
jugated systems that assemble into well-defined nanotubes
are relatively uncommon.[6] Herein, we describe a 1D n-type
nanotube formed by the bolaamphiphilic[7] self-assembly of
1,4,5,8-naphthalenetetracarboxylic acid diimide (NDI) with
l-lysine headgroups (Figure 1).

We recently reported a simple method for fabricating
n-type 1D nanostructures by the b-sheet assembly of dipep-
tide–NDI conjugates[8] into either helical nanofibers or
twisted nanoribbons.[9] Time-resolved fluorescence aniso-
tropy experiments showed enhanced energy migration
within these nanostructures. Herein, we explore how the
intermolecular electrostatic interactions derived from the
lysine headgroups[10] in bolaamphiphile A (Figure 1 a), in
conjunction with p–p association among the NDI chromo-
phores, drive the self-assembly process in water[11,12] toward
soluble, well-ordered 1D nanotubes.

Bolaamphiphile A was constructed by imidation of
1,4,5,8-naphthalenetetracarboxylic acid dianhydride with
two equivalents of Boc-l-lysine, followed by TFA deprotec-
tion (Supporting Information, Scheme S1). Bolaamphiphile
A formed a transparent gel in water at concentrations as low
as 1% (w/w) (1.9 mm ; Figure 1b, red inset), and was stable in

the gel state for several months. Transmission electron
microscopy (TEM) of a negatively stained sample of A
revealed the formation of micrometer-long nanotubes with
uniform diameters of (12� 1) nm (Figure 1b). The nanotubes
appeared as two white, parallel lines separated by a dark
center, which is consistent with the cross-sectional view of a
hollow tubular structure filled with the negative stain, uranyl
acetate (Figure 1 b).[13] The thickness of the wall was approx-
imately (2.5� 0.5) nm. A few nanorings, albeit rare, could also
be observed in the TEM images (red arrows in Figure 1 b),
with external diameters of 12 nm and wall thicknesses of
2.5 nm, which are identical with the nanotube dimensions.
Tapping-mode AFM imaging of dilute bolaamphiphile A gel
samples (250 mm) on mica also revealed high-aspect ratio
assemblies with cross-sectional heights of about 9 nm, which
were slightly smaller than those observed by TEM; this effect

Figure 1. a) Structures of lysine-based bolaamphiphiles A (R =O�) and
B (R = OMe) and the assembly of A into rings, which stack to give
tubes. The blue sections of A undergo hydrophobic p–p stacking
interactions, and the red sections electrostatic interactions. b) TEM
image of bolaamphiphile A in water (250 mm ; carbon-coated copper
grid); 2% (w/w) uranyl acetate as negative stain. Blue insets: Two
nanotubes and one nanoring. c) Tapping-mode AFM image of bola-
amphiphile A in water (250 mm) on freshly cleaved mica. Red inset:
Section analysis showing uniform height of the assemblies. Height
indicated by red arrows: ca. 9 nm.
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is most likely due to the compression of the nanotube by the
AFM tip. A condensed entangled nanotube network was
observed upon forming the gel at higher concentration of A
(Supporting Information, Figure S2). In contrast, no ordered
structures could be observed by TEM or AFM in 2,2,2-
trifluoroethanol (TFE). The corresponding methyl ester B did
not form a gel (in water or TFE) or exhibit any observable
nanostructures by TEM (Supporting Information, Figure S2),
presumably because of the inability to engage in attractive
electrostatic interactions.[14]

Evidence for p–p stacking of NDI chromophores within
the nanostructure of bolaamphiphile A in water was apparent
in UV spectra. A decrease in the absorption intensities (54%
in Band I (300–400 nm) and 20 % in Band II (236 nm)), along
with band broadening, accompanied nanotube formation in
water (Figure 2a). Furthermore, red-shifts of 8 nm (Band I)
and 10 nm (Band II), which occurred going from TFE to
water, are consistent with the presence of J-type p–p stacking

of the NDI chromophores.[15] The UV spectra of B were quite
similar in TFE and water (Supporting Information, Fig-
ure S3), which is consistent with the molecularly dissolved
state of B in both solvents. The long-range orientation of
NDIs within the assembled nanotubes was investigated by
comparing the circular dichroism (CD) spectra of bolaam-
phiphiles A and B in H2O (Figure 2b). Whereas the CD
spectrum of B displayed a flat profile in water, A exhibited
strong positive excitonic couplets around the regions corre-
sponding to both p!p* absorption bands I and II. The
positive couplet centered at 248 nm indicates that the
y-polarized transition dipoles of A (Figure 2a, inset) within

the nanotubes are oriented in a right-handed, P-type helical
arrangement.[16]

The XRD pattern for bolaamphiphile A prepared from
the hydrogel showed a sharp reflection with a d spacing of
2.28 nm in the small-angle region (Figure 2c). This spacing
correlates with the calculated length of fully extended A
(2.3 nm) and the wall thickness of the nanotube (2.5 nm), as
measured by TEM. The peak appearing at d = 3.6 � in the
XRD pattern corresponds to the p–p stacking distance
between the NDI moieties in the nanotube, similar to the
interplanar distances present in the crystal structure of
NDI.[17]

A model for the self-assembly of bolaamphiphile A
nanotubes is shown in Figure 1a. The occasional nanorings
that are observed in the TEM images exhibit wall thicknesses
and diameters that are nearly identical to those of the fully
formed nanotubes. Furthermore, the extended length of A is
similar to both the nanotube wall thickness and the XRD
reflection at d = 2.28 nm. This result could be rationalized by
the presence of a stable monolayer lipid membrane (MLM)
within the assembly, which is commonly observed for
bolaamphiphiles.[18, 11] Thus, the nanotubes may initially
assemble into a MLM that curves into the observed nanor-
ings. The curvature of the MLM may emerge from the
chirality of the headgroups, which induces the molecules to
pack in tilted orientations.[19] The large hydrophobic/hydro-
philic ratio may also enforce membrane curvature to reduce
the surface edges exposed to water.[20] Subsequent stacking of
the rings into the nanotube structure sequesters the hydro-
phobic NDI cores within the interior of the MLM tube wall
while projecting the hydrophilic lysine headgroups on the
inner and outer surfaces of nanotube.[21]

Nanotubes, prepared from natural-abundance bolaamphi-
phile A, and from A containing uniformly 13C,15N-enriched
lysine headgroups, were further investigated by magic-angle
spinning (MAS) solid-state NMR spectroscopy. 1D cross-
polarization (CP) MAS NMR spectra obtained for 13C,15N-
labeled nanotubes (Figure 3a) reveal two distinct signals for
each lysine 13C and 15N site. Complete assignments (Support-
ing Information, Table S1) were obtained using 2D 13C–13C
(Figure 3b) and 15N–13C (Figure 3c) chemical shift correlation
spectra recorded using dipolar-assisted rotational resonance
(DARR)[22] and transferred-echo double resonance
(TEDOR),[23] respectively (resonances are identified accord-
ing to the standard convention for lysine backbone and side-
chain atoms, with a K1 or K2 prefix to denote lysines 1 and 2,
respectively, as discussed in detail below). The 15N resonance
widths were found to be about 25 Hz (ca. 0.5 ppm at 500 mhz

1H frequency), and the average widths of the K1 and K2 13C
signals for natural abundance nanotubes (spectrum not
shown) were (0.40� 0.04) and (0.7� 0.3) ppm, respectively
(somewhat broader 13C signals (ca. 0.8–1 ppm) were observed
for the 13C,15N-labeled nanotubes, which is consistent with the
additional contribution of 13C–13C J couplings to the line-
width). Such narrow linewidths are comparable to those
typically observed for nanocrystalline peptides,[23] and are
indicative of a relatively high degree of molecular ordering of
bolaamphiphile A monomers within the nanotube scaffold.
We also note that virtually superimposable 13C spectra were

Figure 2. a) UV spectra of bolaamphiphile A in TFE (red) and water
(blue; 500 mm). Inset: Principal z-polarized and y-polarized p!p*
transitions in NDI chromophore: Band I (z, 300–400 nm), Band II (y,
200–260 nm). b) CD spectra of bolaamphiphiles A (red) and B (blue)
in water (250 mm). c) XRD pattern of the gel formed by bolaamphiphile
A. d) Time-resolved fluorescence spectra of A and B in water. Red:
bola A at 410 nm; green: bola A at 505 nm; blue: bola B at 410 nm.

Angewandte
Chemie

7689Angew. Chem. Int. Ed. 2010, 49, 7688 –7691 � 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org

http://www.angewandte.org


obtained for the 13C,15N-labeled nanotubes and several
independently prepared unlabeled nanotube samples, indi-
cating high reproducibility of the experiments.

Although corresponding pairs of K1 and K2 resonances
(that is, K1a and K2a, and so on) do not display equal
integrated intensities in 13C CP-MAS spectra (Figure 3a),
they do so in fully relaxed, quantitative 13C Bloch decay (one-
pulse) spectra (Supporting Information, Figure S7). This
implies that K1 and K2 subsets of signals correspond to the
two lysine headgroups linked to the same central NDI moiety,
one located on the inside and one on the outside of the
nanotube. The most likely rationale for different resonance
intensities of the two lysine headgroups relates to different
conformational dynamics for bolaamphiphile A molecules
within the nanotube hydrogels, and similar effects have been
previously observed in CP-MAS spectra of fully-hydrated
supramolecular amyloid aggregates composed of large pro-
tein molecules.[24] To further probe this issue, we have
recorded a set of 13C Bloch decay spectra as a function of
temperature between �20 8C and 20 8C (Supporting Informa-
tion, Figure S7). These data show that while the integrated

intensities of K2 signals remain constant, as expected, the
resonance widths vary significantly as a function of temper-
ature, becoming narrower at higher temperatures and
broader at lower temperatures. In contrast, the linewidths of
the K1 signals are relatively insensitive to temperature. These
observations are consistent with the presence of molecular
motions on different timescales for the K1 and K2 head-
groups. Based on these data and the assumption that the
degree of molecular flexibility can be directly correlated with
the amount of available conformational space, which would
be greater on the outer surface of the nanotube, we
hypothesize that the K1 and K2 subsets of signals correspond
to the lysine headgroups located on the inner and outer
surfaces of the nanotube, respectively (see model in Figure 3).

The fluorescence spectrum of B in water is typical of N,N-
dialkyl-substituted NDIs, with a fluorescence band at 415 nm
and a significantly less intense peak at 500 nm (Supporting
Information, Figure S4).[25] In contrast, the fluorescence
spectrum of A in water shows significant enhancement of
the emission band at lem� 505 nm, whereas the peak at
415 nm becomes much less intense, which is consistent with
inter-NDI electronic communication in the excited state
between closely spaced, and spatially constrained, NDI
groups. Time-correlated single photon counting (TCSPC)
experiments with picosecond excitation at 350 nm were
performed on A and B while following the emission decays
of both compounds at 410 and 505 nm (Figure 2d). The
experiments using 410 nm detection (l410) yielded short-lived
decays (t410� 64 ps) for both A and B that are slightly longer-
lived than the singlet excited state lifetime of the parent N,N-
di-n-butyl NDI (tFl� 16.4 ps, FFl� 0.002).[25] Measuring the
emission of A at 505 nm, however, revealed a significantly
longer-lived biexponential decay with lifetime components of
t505,1� 197 ps (86 %) and t505,2� 950 ps (14%). A similar
experiment for B was not successful because of the weak
fluorescence signal at 505 nm. The long-lived fluorescence
decay observed for A cannot result from dimers or oligomers
formed within the short lifetime of the NDI excited state, and
is therefore attributed to pre-association in the assemblies.

To further probe the excited state dynamics of A, time-
resolved fluorescence anisotropy (TRFA) experiments were
performed at 410 and 505 nm. In the TRFA experiments,
rotational depolarization of the fluorescence signal is
expected only for monomeric NDIs and not the self-
assembled aggregates/nanotubes. In the latter, rapid depola-
rization resulting in low initial anisotropy (r0) values has been
shown to result from ultrafast energy transfer.[9a] As expected,
the anisotropy data for the monomeric fluorescence band of
A (lem 410 nm) exhibited a large initial anisotropy (r0) of 0.38.
However, the anisotropy decays of A at 505 nm yielded a r0

value of r0(505 nm)� 0.086, which is consistent with rapid
depolarization by energy transfer within assemblies. TRFA
experiments on B were not possible because of the low
fluorescence signal at either 410 or 505 nm. It is not known at
this point whether energy transfer occurs along the nanotubes
or exclusively within the nanorings. These combined obser-
vations indicate that the nature of the intermolecular
organization and packing within the nanostructures signifi-
cantly impacts the excited state properties of the materials.

Figure 3. a) 1D 13C and 15N CP-MAS NMR spectra of 13C,15N-bolaam-
phiphile A nanotubes (1024 scans). Assignments are indicated; the
asterisk denotes a spinning sideband. b) Small regions from DARR22

(tmix = 25 ms) 2D 13C–13C correlation spectra, recorded with 16 scans
per row, t1,max = 12.2 ms, t2,max = 28 ms, and a total experiment time of
about 10 h. c) Strips from TEDOR23 (tmix = 2.16 ms) 2D 15N–13C correla-
tion spectra, corresponding to lysine Na and Nz signals as indicated,
recorded with 48 scans per row, t1,max =17.3 ms, t2,max = 25 ms, and
total experiment time of about 7 h. All of the NMR data were collected
at 11.7 T, 11.111 kHz MAS rate, and a temperature of 0 8C.

Communications

7690 www.angewandte.org � 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2010, 49, 7688 –7691

http://www.angewandte.org


In conclusion, we have demonstrated the hierarchical self-
assembly of an n-type nanotube. The nanotube assembles via
a monolayer nanoring that further stacks into the nanotube
structure. The exceptional homogeneity in the structure and
conformation of the constituent molecules leads to rapid
energy migration within the nanotubes. The efficacy of these
nanostructures as components of light-harvesting devices is
currently under investigation.
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