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Abstract: A new self-assembling tricyclic module (xK1) featuring
the Watson—Crick H-bonding arrays of guanine and cytosine
fused to an internal pyridine ring was synthesized. When dis-
solved in water at room temperature, this module rapidly self-
assembles into hexameric rosettes, which then stack to form
J-type rosette nanotubes (RNTs) with increased inner/outer
diameters and the largest molar ellipticity ever reported (4 x 108
deg-M~t-m™1). Using a combination of imaging and spectroscopic
techniques we established the structure of xK1-RNT and have
shown that the extended x system of the self-assembling module
resulted in a new family of J-type RNTs with enhanced inter-
modular electronic communication.

Since their discovery in 1936 by Scheibe' and Jelley,® J
aggregates® have seen a broad range of applications because they
display coherent, cooperative phenomena such as superradiance and
giant oscillator strength as aresult of the long-range delocalization
of their electronic excitation.** J-aggregates have for example been
used as organic photoconductors,® optical switches,® NLO devices,”
critically coupled resonators,® LEDs,® sensitizers,'© photovoltaics,™*
nanowires,*? and sensors.™®

J-aggregates are usualy dye crystalites in which the transition
dipoles of the constituent molecules strongly couple to form a
collective narrow line width optical transition possessing oscillator
strength derived from the aggregated monomers.** In this report
we use self-assembly and self-organization strategies™ to build
water-soluble J-type nanotubular architecture with unprecedented
control over dimensions, supramolecular organization, and physical
properties relative to earlier reports on J-aggregates. This approach
offers opportunities for further tunability of electronic properties
through subtle changes in the core structure and functionalization
of the self-assembling molecular modules.

The GAC motif*® is a self-complementary hybrid molecule of
the DNA bases guanine and cytosine. This motif and its deriva-
tives'” (2, Figure 1) were studied extensively in water and organic
solvents and were shown to undergo hierarchica self-assembly into
hexameric rosettes which further organize into alinear stack called
a rosette nanotube (RNT).*®“8 Here we present a water-soluble
tricyclic variant 1, termed xK1. This molecule features the same
H-bonding arrays, but separated by an internally fused pyridine
ring. Building upon the design criteria formulated and successfully
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Figure 1. xK1 (1) and K1 (2) modules, corresponding hexameric rosettes
(middle), and RNTSs (lower) (X = CF;CO;").

established in the case of its bicyclic congener, x K1 was specifically
designed to (@) self-assemble in water to form RNTs with increased
inner/outer diameters relative to K1 (2) and (b) engender an
extended 77 system that would enhance electronic transport along
the RNT’s main axis.

Following is the synthesis, self-assembly, and characterization
of xK1 using circular dichroism (CD), UV —vis and fluorescence
spectroscopy, scanning electron microscopy (SEM), transmission
electron microscopy (TEM), tapping mode atomic force microscopy
(TM-AFM), energy filtering TEM (EFTEM), off-axis electron
holography (EH), and quantitative phase technology (QPt). We also
report remarkable optical properties suggesting enhanced electronic
communication for this new class of RNTSs.

The synthesis of xK1 (Scheme 1) began by transforming
commercially available barbituric acid in three steps to bicycle 3.
Three consecutive regioselective SyAr reactions at positions 4, 2,
and 7 with benzyl alcohol, methylamine, and alylamine, respec-
tively, provided the functionalized compound 6. However, for the
third SyAr reaction to proceed, it was necessary to electronically

10.1021/ja105028w © 2010 American Chemical Society



COMMUNICATIONS

Scheme 1. Synthesis of xK1#
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2 (a) POCl3, DMF, reflux, 15 h, 90%; (b) malonitrile, 3-aanine, CH3CN,
30 h, 50%; (c) 180 °C, 48 h, 75%; (d) BnOH, EtsN, CH.Cl,, —40 °C, 2 h,
70%; (€) CHsNH, (2 M in THF), DIPEA, CH.Cl,, 0 °C, 2 h, 60%; (f)
Boc,0, DIPEA, DMAP, THF, rt (room temperature), 12 h then allylamine,
DIPEA, CH,CI,, rt, 2 h, 50%; (g) CI3CONCO, CH,Cl,, rt, 5 h then 7 N
NH3 in MeOH, rt, 12h, 74%; (h) Boc,O, DIPEA, DMAP, THF, rt, 12 h,
96%; (i) OsO, in t-BuUOH, 50% NMO in H,O, THF, rt, 6 h, then NalO, in
H,0, rt, 48 h, 85%; (j) Protected L-Lysine, DIPEA, 1,2-DCE, rt, 10 min,
then Na(OACc)3BH, rt, 48 h, 82%; (k) 94/6 (v/v) TFA/thioanisole, rt, 96 h,
87%.

Figure 2. Imaging of xK1 RNTs (0.1 mg/mL in water) by (A) TM-AFM
(5 um scan, height scale = 0—10 nm), (B) TEM, and (C) SEM. White
arrows point to individual RNTS; scale bars in nm.

deactivate the ring by protecting the methylamine in compound 5
with an electron-withdrawing group. Ring closure of 6 using
trichlorocarbonyl isocyanate/NHs, followed by protection of the
amine, generated tricycle 7. Oxidative cleavage of alkene 7 and

1
3
1
7

(NN

subsequent reductive amination of aldehyde 8 with protected
L-lysine provided compound 9. Finaly, deprotection of 9 with TFA/
thioanisole furnished the target xK1 motif (1) as a TFA salt.

Characterization of xK1 by SEM revealed that this tricyclic
compound rapidly self-assembles into RNTs when dissolved in
water (pHsina = 2.8) (Figure 2C) at room temperature. Thisis an
advantage over the bicyclic GAC base 2 which requires heat to
drive the entropically driven self-assembly process as a result of
its reduced hydrophobic character.*®® TM-AFM (Figure 2A) and
TEM (Figure 2B) of uranyl acetate-stained samples established the
RNTS' outer diameter of 4.2 4+ 0.2 and 4.4 + 0.2 nm, respectively,
in excellent agreement with the theoretical value 4.3 nm. These
mesasurements were further verified using three direct TEM imaging
methods (without staining agent), from which the diameter of a
single RNT was measured to be 4.5 +£ 1 nm (EFTEM), 4.4 + 0.75
nm (EH), and 4.9 & 0.8 nm (QPt).*° In contrast with EFTEM, EH
and QPt use elastic scattering of the fast electronsin TEM instead
of the inelastically scattered electrons to obtain quantitative
measurements. Based on these results, the inner and outer diameters
of xK1-RNTs relative to K1-RNTs increased by 0.4 and 0.9 nm,
respectively.

CD and UV —vis spectroscopi ¢ techniques were used to monitor
the self-assembly processin solution. The CD spectraof xK1 (2.1
x 1075 M) feature two couplets centered at 257 and 380 nm with
positive maxima at 264 and 388 nm (Figures 3B). The CD signa
intensity increased ca. 40x over 7 days reaching a giant molar
ellipticity, with an unprecedented value of 4 x 10° deg-M~*-m™
for achiral helical stack.?® Briefly heating a dilute solution of xK1
(1.9 x 10° M) to 100 °C (10 s) or acidification with TFA (0.1%
v/v) leads to the complete disappearance of the CD profile, thus
suggesting that the induced CD is the result of the supramolecular
chirality of the RNTs. In agreement with these studies, variable
temperature CD (VT-CD) established the reversibility of the CD
profile.® The intensity of the CD couplet is proportional to the
fourth power of the dipole strength and the relative orientation of
the chromophores and is inversely proportiona to the square of
the interchromophoric distance.?* Since the latter is probably the
same for RNTs assembled from K1 and x K1, the very large molar
ellipticity recorded is therefore an indication of the much larger
transition dipole strength and an optimal relative orientation of the
corresponding dipole moments.

UV—vis, CD, and fluorescence spectroscopy unveiled the
remarkable optical properties of the RNTs assembled from xK1
(xK1-RNT). First, the UV —vis spectra of K1 versus xK1 show a
significant shift of all the maximatoward the red in the latter case.
K1 showed maxima at 236 and 285 nm, whereas xK1 showed
maxima at 246 and 363 nm in addition to a unique, sharp, and
lower energy band at 388 nm (Figure 3A). This band is unique to
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Figure 3. (A) UV—uvis, (B) circular dichroism, and (C) fluorescence (le. = 388 nm) spectra of xK1-RNTs (ca. 2 x 107> M in water).
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xK1-RNT as it has never been observed for hicyclic GAC
derivatives such as K18 or nonassembled xK1. Because this
band is narrow and red-shifted and grew over time and because it
decreased with increasing temperature (Figures S3, $4), dilution
(Figures S5, S6),*° or titration with TFA (data not shown), we
propose that x K1 modules assumed a Jtype arrangement™ > within
the RNTs.

Second, the growth of the J-band is associated with the growth
of a couplet centered on the same Ama (388 nm) (Figures 3B,
S2). Variable temperature UV —vis and CD showed that this
couplet is associated with the supramolecular organization of
xK1-RNT, asit disappears with heating and grows upon cooling
(Figure $4).

Third, a subtle hypochromic effect (ca. 8%) was observed
over 7 days (Figure 3A) whereas a pronounced hyperchromic
effect (up to ca. 50%) was recorded upon thermally induced
disassembly (Figure S5).*° While this result suggests that RNT
formation has already substantially progressed prior to theinitial
measurements (i.e., within minutes), the UV—vis and CD
profiles, notably the appearance and growth of the red-shifted
band along with the CD couplet, suggest that the formation of
Jtype RNTs proceeds in at least two stages: the first step (within
minutes) leading to rapid formation of RNTs and the second
(within days) during which xK1 modules adopt a particularly
favorable supramolecular arrangement for exciton coupling
within the RNT construct. We refer to these states as confor-
mational states | and Il (CS-I, CS-Il). As evidenced by time-
dependent SEM,'® the shape, dimension, and hierarchy/
aggregation states of xK1-RNTs were the same in CS-I and
CS-11. However, the transition from CS-I to CS-Il clearly has a
dramatic effect on the relative orientation of the transition dipoles
of the self-assembling modules and their exciton delocalization.®

To further establish the J-type nature of x K1-RNTS, steady-
state fluorescence spectroscopy was carried out. Three excitation
wavelengths were used to observe the changes in emission upon
transition from CS-1 to CS-11, namely the A of CS-1 (356 nm),
the isosbestic point (369 nm), and the A, of the J-band (388
nm) for CS-Il. The time-dependent emission spectra resulting
from excitation at 356 and 369 nm showed a decrease in
fluorescence intensity and a change in band shape due to the
growth of the narrow J-band fluorescence peak at 393 nm
(Figures S7, S8). Excitation of the J-band at 388 nm minimizes
the absorption of CS-1 and shows growth of the J-band
fluorescence emission at 393 nm (Figure 3C). The absorption
and emission spectra are nearly mirror image and the Stokes
shift for the J-band is only 5 nm, consistent with the formation
of Jtype aggregates.?® In addition, the emission of CS-I1 (relative
to CS-l) is more intense possibly as a result of an increased
quantum yield of the J-aggregate.

As is the case for J-type aggregates, the remarkably strong
CD couplet observed for xK1 coincides with the newly formed
red-shifted J-band and is likely due to coupling of stronger
electric dipole transitions between adjacent molecules in the
RNTs.?* This may stem from the higher polarizability, larger &
electron system, and supramolecular arrangement of the dipole
moments of xK1 relative to its parent module 2, whose effect
is 3-fold: (@) it increases the hydrophobic/amphiphilic character
of xK1, which resultsin stronger assemblies in water and polar
solvents; (b) it promotes stronger and larger w— interactions,
which are favorable to establishing optimal interchromophoric
distances and geometries for exciton coupling; and (c) it increases
electronic delocalization.
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In summary, here we describe the design, synthesis, and
characterization of a new class of water-soluble RNTs from a
tricyclic self-assembling module (xK1). UV—visand CD experi-
ments revealed interesting optical properties. In particular, the
formation of highly ordered Jtype RNTs suggests long-range
intermodular electronic communication relative to the parent RNTs
(derived from 2). Detailed photophysical studies to determine the
size of the coherent domain of the J-aggregates within the xK1-
RNTs are underway. Our results suggest also that by further
extending the ring system of the GAC motif, we should be able to
realize an electronically conducting RNT with tremendous practical
and fundamental potential.*~*3
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