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Hydrogen-Bonded Assembly

n-Conjugated Oligo-(p-phenylenevinylene)
Rosettes and Their Tubular Self-Assembly**

Pascal Jonkheijm, Atsushi Miura,

Magdalena Zdanowska, Freek J. M. Hoeben,
Steven De Feyter,* Albertus P. H. J. Schenning,*
Frans C. De Schryver,* and E. W. Meijer*

Artificial cylindrical and tubular aggregates of specifically
programmed molecules are of interest as sensing, transport,
and bioactive systems. An important design to form these
aggregates is via ring stacking and most of these stacks are
composed of single-molecule rings, for example, cyclic
oligopeptides.! Hydrogen-bond interactions between mole-
cules are attractive candidates for obtaining well-defined
supramolecular cyclic structures due to their spatial arrange-
ment and directionality.’! Multiple examples of these cyclic
structures exist that are based on hydrogen-bonding building
blocks.P! Further aggregation of cyclic supramolecular struc-
tures into extended aggregates is, however, scarce.l! Recently,
Stupp and co-workers described an elegant example of the
self-assembly of dendron rod-coil molecules into tetrameric
hydrogen-bonded rosettes that further organize into nano-
ribbons by additional hydrogen bonding and m--m interac-
tions.’) Nanohelices of cadmium sulfide were made by the
mineralization of these aggregates. Fenniri et al. demon-
strated the formation of rosette nanotubes in which the
helicity could be tuned by using amino acids.!

We and others have used noncovalent interactions to
design m-conjugated oligomers that organize hierarchically
over several length scales.”! Self-assembled supramolecular
structures of conjugated molecular building blocks are a
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promising class of materials to improve the solid-state
organization of future optoelectronic devices.®! Thorough
research has allowed control of the photophysical properties
through precise choice of the chemical structure.’! Up to now
most, if not all, -conjugated oligomers self-assemble through
the stacking of rods. To create cylindrical or, even more
exciting, tubular aggregates with perfect space filling, requires
another hierarchical assembly process. Here, we report on a
unique and unexpected process to construct hexameric
n-conjugated rosettes that self-assemble into chiral tubular
objects.

In our research of quadruple-hydrogen-bonded dimeric
oligomers,” we analyzed two oligo-(p-phenylenevinylene)
(OPV) precursors bearing a diamino triazine moiety
(OPVT3, OPVT4; Figure 1) with scanning tunneling micro-

n=1 OPVT3 /
n=2 OPVT4

Figure 1. Molecular structures of OPVT3 and OPVT4.

scopy (STM) to obtain detailed information about self-
assembly at surfaces. Unexpectedly, the STM images
showed chiral hexameric rosette structures lying flat on the
surface, with the diamino triazine moieties pointing to the
center forming hydrogen bonds (Figure 2).'% The trimer and
tetramer are next to the diamino triazine motif, and are
equipped with a tridodecyloxy “wedge” end group and
substituted with two or four enantiomerically pure (§)-2-
methylbutoxy side chains on the OPV backbone. Being the
precursors for oligomers studied earlier, their syntheses were
published elsewhere.’*!"l The STM images were acquired at
the solid-liquid interface using graphite as substrate and
1-phenyloctane as solvent.'” The lengths of the bright rods
correspond to the conjugated backbone of OPV, in which
individual phenyl rings are sometimes resolved. Similarly, as
observed before, two out of three dodecyloxy chains reside in
the darker areas."¥ The rosettes are ordered in rows and form
a hexagonal two-dimensional (2D) crystal lattice with alkyl
chains interdigitating with adjacent rosettes. The cavity of the
rosette has an estimated diameter of approximately 0.7 nm.
The packing parameters (Figure 2 e and f) were determined as
follows: a,=554+07 A, 4,=563+08A, a=60+5° for
OPVT3, and a,=603+0.5A, a,=61.5+0.6 A, a=60+4°
for OPVT4. Although OPVT3 and OPVT4 appear to order
in a similar way—oblique unit cells, rosette structure, specific
orientation of alkyl chains and OPV backbone with respect to
graphite symmetry axes, a comparable angle between the
OPYV backbone and the dodecyloxy chain—the organization
of the molecules within a single rosette surprisingly differs
(Figure 2¢ and d). The rosettes of OPVT3 and OPVT4 have
different “rotation directions”, as shown by the orientation of
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Figure 2. a, b) STM images of OPVT3 (14.4x14.4 nm? V,,,=—0.50V,
l=0.50 nA), and OPVT4 (18.4x18.4 nm?, V., =—0.50 V,

Iser=0.45 nA) monolayers at the solid-liquid interface using graphite
as the substrate and 1-phenyloctane as the solvent. Yellow arrows
point to intramolecularly resolved phenyl rings of the OPV backbone.
Insets show the propagation direction of rosette lattices (solid line)
and the main symmetry axes of graphite substrate (dashed line); c,

d) close-up images of OPVT3 and OPVT4 rosettes. Red arrows indicate
the “rotation direction” of the rosette; e, f) molecular models of an
OPVT3 and OPVT4 monolayer; g, h) Representation of clockwise (CW)
and counterclockwise (CCW) rosette structures showing the respective
hydrogen-bonding patterns. Experimentally, the CCW rosette is
observed for OPVT4 and the CW rosette for OPVT3.

the OPV backbones, although they only differ in length and,
hence, the number of stereocenters. In addition, the relative
orientation of rows of rosettes with respect to the main
crystallographic axes of graphite shows opposite 2D chirality
(+17.7+£1.7° and —23+0.8° for OPVT3 and OPVT4,
respectively). Calculations show that the free volume of the
OPVT4 rosettes is a minimum in the case of counterclockwise
(CCW) helical rosettes and therefore expected to be more
stable, which is observed experimentally. However, a CCW
rosette of OPVT3 would be destabilized by the steric
interactions of the OPV and dodecyloxy chains; hence the
clockwise (CW) rosette structure can be explained.
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With the STM results in hand, it is intriguing to study the
behavior of the molecules in solution and to search for the
self-assembly of the rosettes into well-defined space-filling
tubules. The UV/Vis absorption spectra of OPVT3 and
OPVT4 in chloroform show structureless bands at A, =
408 and 430 nm, respectively. The fluorescence maxima are
positioned at A.ym =470 and 501 nm, respectively. The
absorption and fluorescence data are characteristic for
molecularly dissolved oligomers and the maxima are red-
shifted when the conjugation length increases.'¥ The UV/Vis
absorption spectrum in heptane (5 x 107> m) shows a blue shift
of the main band to 4,,,, =421 nm for OPVT4 (Figure 3a) and
a red shift on the onset of the absorption. This behavior is
typical for aggregated OPV derivatives."¥ Similar spectral
changes were observed in other apolar alkanes like pentane
and dodecane. A similar shift in the onset of the absorption
band is only observed for OPVT3 at higher concentrations,
while the absorption maximum remains unchanged.!” The
fluorescence intensity of OPVT3 and OPVT4 in heptane
(Figure 3b) is reduced and strongly red-shifted to 4,,, =510
and 530 nm, respectively.

A bisignated circular dichroism (CD) effect for OPVT4
(Figure 3c¢) is observed exhibiting a positive Cotton effect [+]
at higher energy (A4 =387 nm) and a negative Cotton
effect [—] at lower energy (An.j=428nm). The zero-
crossing lies at A =400 nm, which is not related to a maximum
in absorption for OPVT4 in heptane. Surprisingly, the
bisignated CD spectrum of OPVT3 (Figure 4a) is opposite
to OPVT4 (4,1 =380 and A, vy =428 nm). The zero-
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crossing of the Cotton effect of OPVT3 is positioned at 1 =
405 nm, which is close to the absorption maximum of the
chromophore indicating strong exciton coupling. It is tempt-
ing to compare the opposite CD effects for the two molecules
with the opposite chirality of the two molecules at the
graphite surface. However, for OPVT4 we found an inversion
of the Cotton effect with time (Figure 4c). At 288 K, an
almost complete conversion was obtained within 80 min
(Amax,[—] =410 and A, +) =448 nm) accompanied by a shifted
zero-crossing to 422 nm, which is in close proximity of the
absorption maximum. Annealing of OPVT3 did not lead to
sign reversal, only an increase of the Cotton effect was
observed, while the zero-crossing is even closer to the
absorption maximum. The sign reversal of OPVT4 shows
first-order kinetics with a rate constant of k=35.6x107*s"!
(Figure 4c, inset). The helix that is initially present is
presumably the kinetically controlled aggregate, while the
helix that is finally formed is the thermodynamically stable
form."! Hence, the exciton-coupled CD spectra for OPVT3
and OPVT4 are the same in the thermodynamically stable
structures.

The aggregation process was further studied by temper-
ature-dependent measurements (Figure 3). For OPVT4 in
heptane, the fluorescence maximum shifts from 4,,,, = 530 to
495 nm upon heating while the absorption maximum shift
from A,,,, =420 to 430 nm. The values at high temperature are
close to those found in chloroform, which indicates molecu-
larly dissolved species. The melting transition temperature
from the aggregated state to molecular dissolved species lies
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Figure 3. Temperature-variable a) UV/Vis, b) fluorescence, and c) CD spectra of OPVT4 in heptane solution (5x 107> m); d) melting-transition
curves with fraction of aggregated species versus temperature based on CD («), fluorescence (), and UV/Vis (m) data for OPVT4.
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Figure 4. CD spectra of a) OPVT3 (2.5x107*m) and b) OPVT4 (5x107° M) in annealed heptane solutions recorded after maintaining at 293 K for
10 min (@) and for 24 hr (0); c) time-dependent CD spectra of OPVT4 in steps of 10 min at 288 K. The inset shows the change of the CD intensity

at A =450 nm versus time fitted to first-order kinetics.

at T,,=305K (Figure 4d). Remarkably the Cotton effect
disappears earlier (7,, =280 K, Figure 4d) than the disassem-
bly. This behavior indicates a two-step aggregation process;
first a transition from molecular dissolved species into achiral
stacked structures that further develop into helical stacks.
This aggregation process is distinct from our earlier findings
on related OPVs.' Hence, it is proposed that several
secondary interactions act independently in the self-assembly
process, as often seen in the assembly processes in aqueous
media.l'”!

Small-angle neutron scattering (SANS) and atomic force
microscopy (AFM) measurements of OPVT4 assemblies
were used to study the shape of the supramolecular aggre-
gates in solution, and as transferred from solution to a
graphite surface. SANS data of OPVT4 (5x10™*m in
dodecane, T=288 K) showed a linear slope of —1 with a
side maximum in the plot of the scattering vector versus the
scattering intensity (Figure 5d) that is representative of
cylindrical aggregates. The scattering data at low angles do
not show a change in slope, which indicates that the
persistence length of the aggregates reaches at least 185 nm
at minimum experimental Q. From the position of the side
maximum at high angles, the radius of the cross section can be
estimated as 7 nm. AFM experiments were performed on
drop-cast films from heptane solutions (5 x 107> M) of OPVT4
on graphite.'¥ Isolated cylindrical aggregates were revealed
with lengths up to 10 um (Figure 5a and b). Presumably
during the transfer process the stacks present in solution
further self-assemble in the stack direction yielding longer
aggregates in the solid state. Crossovers of separate fibers are
often observed. The width of the stacks is uniformly ~40 nm.
Corrected for broadening of the lateral dimensions due to tip-
convolution effects, the actual width is about 10 nm.'"?) The
heights of the stacks was determined to be ~6.4 nm from the
height profile (Figure 5c¢), which is more reliable since soft
tapping conditions were applied. This thickness is in agree-
ment with the SANS data and corresponds well to the
diameter of the hydrogen-bonded hexamers found by STM
pointing to fibers consisting of stacked rosettes. The measured
length and diameter show that the aspect ratio of the
aggregates can be as high as 1500. We did not observe helicity
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Figure 5. AFM images of drop-cast OPVT4 solutions in heptane (5x107°m)

on graphite: a) 6.3x6.3 pm” (z range: 30 nm) and b) 804 x 804 nm’

(z range: 20 nm); c) height profile of a fibril; d) SANS data revealing colum-

nar structures in dodecane solutions of OPVT4.

in the stacks. Helicity might still be present due to a pitch
length that is too small to be detected or that the dodecyloxy
tails that shield the stacks are not helically ordered.

Despite the temptation to relate the rotational direction
or supramolecular chirality of the chiral rosettes as detected
by CD and STM, it is in our view impossible at the present
time. CD spectroscopy probes primarily rosette-rosette
interactions whereas in STM the packing of rosettes is
predominantly determined by rosette—graphite interactions.
The formation of the tubules, however, can be proposed based
on the earlier work of other supramolecular aggregates.””
The OPVs with diamino triazine moieties self-assemble
hierarchically; first forming hexameric rosettes by hydro-
gen-bond formation, which subsequently develops into stacks
aided by m—m interactions of the phenylenevinylene groups.
Once organized into stacks that are highly space-filled as
compared to self-assembled rods, the chiral side chains induce
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supramolecular helicity. It is proposed that the cyclic hex-
americ rosettes are not fully planar at the triazine terminus,
which results in a propeller arrangement that allows inter-
planar hydrogen-bond interactions form rosette to rosette,
thus locking the rosettes within the tubules.**'’ Upon
heating, these hydrogen bonds are broken, which results in
a loss of the Cotton effect. Time-dependent CD measure-
ments show that the locking of rosettes is a very delicate
process.

This work demonstrates guidelines for programming
n-conjugated molecules into self-assembled tubular aggre-
gates in solution and in the solid state.?!) Weak interactions
that determine the packing of molecules in a crystal can be
applied to the supramolecular organization in solution. The
tubules of 6.4 nm in diameter and with perfect space filling are
still soluble due to the apolar shell that surrounds the stacks.
Since the cavity of the rosettes contains amines and has a
diameter of nearly 1 nm this seems an ideal channel for
transportation. Current research focuses on studying the
behavior of the interior of the tubular stacks and their
possible connection with the well-defined and ordered m-
conjugated periphery.
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