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The self-organization behavior of an amphiphilic sexithiophene bearing amide functionalities is studied and com-
pared to that of a derivative bearing an ester group at the same position. The introduction of hydrogen-bond interactions
in assemblies of these �-conjugated oligomers is found to affect the molecular organization both in protic media
and in thin deposits on mica. The amphiphilic 2,20;50,200;500,2000;5000,20000;50000,200000-sexithiophene-5,500000-dicarboxylic acid
bis[(4,7,10,13,16-pentaoxaheptadecyl)amide] forms assemblies in n-butanol and water and partially aggregates in tolu-
ene. Spectroscopy reveals that the presence of a hydrogen-bonding moiety increases the thermal stability of the assem-
blies in n-butanol and even more in water solution. On mica surfaces, the formation of rod-like one-dimensional nano-
structures is observed after deposition from toluene solutions. In addition, transmission electron microscopy in combi-
nation with selected area electron diffraction shows that in water plate-like structures are formed built from parallel ori-
ented stacks, with a �–� distance of 3.5 Å. Comparison of these data to molecular modeling and quantum chemistry
calculations is used to better understand the influence of the amide group on the stacking of these compounds. The in-
troduction of these H-bonding interactions leads to denser and more stable stacks. Furthermore, we show that a deriva-
tive of the amide compound, bearing terminal ammonium groups, forms a complex with chiral polyanions in aqueous
media such that the sexithiophene segments are stacked in a meta-stable helical fashion with preferred handedness. We
observed that poly(glutamate) and DNA generate a chiral sexithiophene assembly. In time the induced chirality disap-
pears, which is explained by the meta-stability of the kinetically formed adduct. This constitutes one step forward
towards the controlled formation of functional multi-component systems in aqueous solution.

The possibility to generate materials with improved elec-
tronic properties by controlling the molecular organization of
conjugated polymers and oligomers has been driving the de-
sign of self-assembling �-conjugated materials for several
years now.1 In particular, the pre-organization of well-defined
oligomeric systems such as �,!-disubstituted sexithiophene
derivatives has been demonstrated as a promising approach
to conjugated materials with a high degree of spatial orienta-
tion and packing of the constituent building blocks.2 In this
context, the possibility of organizing these materials via as-
sembly in aqueous media has recently attracted attention, lead-
ing to the design of amphiphilic �-conjugated systems.3 This
is exemplified by the formation of aggregates from sexithio-
phenes bearing oligo(ethylene oxide)-substituted end groups4

(2, Chart 1) or cationic end groups5 and oligo(p-phenylene-
vinylene) (OPV) and others with oligo(ethylene oxide)6 or
sulfonic acid7 side groups, in which hydrophobic interactions
have been utilized as the driving force for the formation of
the assemblies.

The induction of helical order in conjugated polymers has
been achieved, e.g., through the interplay of supramolecular
and ionic interactions of enantiopure low molecular weight
compounds with various polymer side chains,8 and through
the synthesis of poly(acetylene)s within a chiral nematic
liquid-crystalline phase.9 In contrast, the construction of heli-
cal assemblies of �-conjugated oligomers has been mainly
accomplished through the use of intrinsically chiral building
blocks10 or via ‘‘Sergeant-and-Soldiers’’ effects11 and only
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few examples exist in which helicity is generated through
induction by solvents or other chiral molecules.12,13 Since
it has been long demonstrated that the use of hydrogen-bond-
ing moieties can improve the positional order of component
molecules, e.g., in surfactant aggregates,14 low molecular
weight organogels15–17 and liquid-crystalline discotics,18,19

we designed two amphiphilic oligomers 1 and 3 (Chart 1)
consisting of a sexithiophene unit end-capped by two oligo-
(ethylene oxide) chains that are linked to the heteroaromatic
core by amide bonds. These are expected to lead to the forma-
tion of a hydrogen-bond motif that directs and stabilizes the
ordered assembly and the resulting �–� stacking imposed
by the hydrophobic interactions of 1 and 3 in polar protic
media.

The possibilities of organizing �-conjugated oligomers
were further extended by the introduction of a terminal ammo-
nium group in the oligo(ethylene oxide) chains (3). This allows
the possibility of complexation with chiral anionic macromole-
cules and thereby the introduction of helical order in the
assemblies of such oligomers. Here, we show how the com-
plexation with poly(glutamate) gives rise to a templating inter-
action that assembles the molecules of 3 such that the chirality
of the polymer is reflected in the organization of the stacks.
These results may bear implications for the application of
�-conjugated materials in the molecular recognition of bio-
macromolecules.9b–e,20,21

Results and Discussion

Synthesis. Sexithiophene 1 was synthesized from 50-
bromo-2,20-bithiophene-5-carbonyl chloride (6),4 which was
reacted with amine 5 to give the asymmetrically substituted
bithiophene 7 (Scheme 1). Amine 5 was obtained through a
Michael addition of tetra(ethylene glycol) mono methyl ether
on acrylonitrile in the presence of KOH yielding 4, the latter
was reduced to the corresponding amine with BH3�THF. Sub-
sequently, two equivalents of 7 were coupled with 5,50-bis(tri-
methylstannyl)-2,20-bithiophene (8) in the presence of a cata-
lytic amount of tetrakis(triphenylphosphine)palladium(0) in
dimethylacetamide (DMA). The synthesis of sexithiophene 2
was published before.4b Sexithiophene 3 was synthesized fol-
lowing the procedure as described in Scheme 2. 50-Bromo-
2,20-bithiophene-5-carbonyl chloride (6)4b was reacted with
the mono-protected amine 11 to give the asymmetrically sub-
stituted bithiophene 12. The synthesis of mono Boc-protected
amine 11 proceeded from a Michael addition of tetraethylene
glycol on acrylonitrile in the presence of KOH to give the sym-
metrical product 9, which was reduced to the corresponding di-
amine 10 with BH3�THF. Reaction with di-tert-butyl dicarbon-
ate yielded the mono-protected product 11 in 68% yield; the
difference in solubility of the mono-, non-, and double-protect-
ed product made separation easy. Subsequently, 5,50-bis(tri-
methylstannyl)-2,20-bithiophene (8)42 was reacted with two
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equivalents of 12 in the presence of a catalytic amount
of tetrakis(triphenylphosphine)palladium(0) in DMA giving
13 in 50% yield. Deprotection of 13 with trifluoroacetic
acid (TFA) yielded the desired bisammonium salt 3 in 100%
yield.

Self-Organization in Solution and at Surfaces. In dilute
chloroform solutions (�10�5 M), 1 displays a UV–vis absorp-
tion band with a maximum at �max ¼ 435 nm, typical for
molecularly dissolved sexithiophene chromophores (Fig. 1a).
In support of this, the corresponding fluorescence spectrum
reveals a structured broad band at �max ¼ 520 with a shoulder
at �max ¼ 550 nm, also pointing to the presence of isolated
oligomer molecules in solution (Fig. 1b).

1HNMR shows that upon going to higher concentrations
(>10�3 M) a downfield shift from 7.16 to 7.24 ppm is observed
for the signal associated with the amide proton, along with
an upfield shift of the sexithiophene proton resonances of
�0:1 ppm (Fig. 1b). The shifts are attributed to the formation
of assemblies in which hydrogen bonds between the amide
groups, in tandem with �–� interactions, lock the aromatic
cores on top of one another. Since no concomitant line broad-
ening is observed in the sexithiophene resonances, it is
deduced that a high local mobility is still present and that
the observed shifts are probably the result of the onset of
aggregation.

When films are prepared by drop-casting a dilute chloro-
form solution onto mica substrates, the UV–vis spectra of
these films show a remarkable blue-shift of the absorption
band to 390 nm and the appearance of a vibronic progression,
whereas fluorescence spectra display an emission band at
�max ¼ 607 nm with a shoulder at �max ¼� 630 nm (Fig. 2),
both pointing to the formation of aggregates22,23 of 1 in the
solid state. Where 3-substituted oligo- and polythiophenes
typically show a red shift on aggregation, non-substituted or
!–!0 substituted oligothiophenes show a blue shift on aggre-

gation. The specific packing and exciton coupling with favored
probability of the highest energy transition explains this blue
shift. The stability of these aggregates is illustrated by the fact
that upon heating these films to 150 �C no spectral changes are
observed. AFM reveals that these films are discontinuous and
consist of interconnected islands with a uniform thickness of
�6 nm (Fig. 3a). This value corresponds to the length of the
molecule which indicates that the observed solid-state assem-
bly is not guided by molecule-surface interaction with the sub-
strate but more interaction between molecules themselves (see
below). Therefore, we tentatively suggest that aggregates are
formed at an early stage during solvent evaporation with the
molecules standing up within the aggregates.

When 1 is deposited on mica from toluene solutions, AFM
revealed besides the presence of large aggregates with no dis-
tinct morphologies also the formation of rod-like structures
with lengths from 200–500 nm and widths of �6 nm (after cor-
rection, see Experimental Section), which are oriented accord-
ing to the three-fold symmetry of the mica substrate (Figs. 3b
and 3c). Inspection of a molecular model indicates that the
width of the observed structures is consistent with the forma-
tion of one-molecule-wide stacks based on the overlap of the
heteroaromatic cores. Correspondingly, the broad UV–vis
absorption spectrum indicates that in toluene 1 is present as
a mixed population of aggregated and molecularly dissolved
states (Fig. 4). After a few days, the absorption band at �max ¼
395 nm becomes even more predominant, indicating that in
time molecules of 1 form more or larger aggregates in this
solution, this is in marked contrast to the solution behavior
of 2 which does not aggregate in toluene.4a A similar differ-
ence is observed in THF solution, which is also a good solvent
for 2. It is likely that the presence of the amide groups in 1 is
responsible for this enhanced tendency of these molecules to
aggregate.

We propose that the observed rod-like aggregates are
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formed from the molecularly dissolved material; the relatively
slow evaporation rate of toluene may be a key factor in con-
trolling their shape and orientation, as this allows a higher
degree of interaction with the mica surface during the growth
of the assemblies. The importance of the amide groups in the
formation of these nanostructures is demonstrated again by
comparison with the corresponding sexithiophene-based ester
derivative 2, that only shows the formation of islands when
deposited onto mica from the same solvent.24,25 This difference
is tentatively attributed to the possibility of 1 to form arrays of
hydrogen bonds that rigidify and structure the aggregates.

When dissolved in n-butanol at room temperature, 1 showed
an absorption maximum at �max ¼ 390 nm, indicating the
presence of aggregates as the predominant species, even in
dilute solutions (Fig. 5a).26 The fluorescence in this state con-
comitantly shows a considerable quenching (compared to
chloroform solutions) of the emission bands at �max ¼ 520

and 550 nm and now revealed a contribution of the aggregated
state at �max � 600 nm.4

Variable-temperature UV–vis spectroscopy reveals that
upon heating from �10 to 90 �C a transition occurs at 72 �C

0 nm 5 nm0 nm 10 nm 0 ° 10 °

A B C

Fig. 3. (A) 2� 2mm2 AFM tapping-mode topographic image of 1 deposited from chloroform on a mica substrate. (B) 2� 2mm2

AFM tapping-mode topographic (C) and phase images of 1 deposited from toluene on a mica substrate.
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Fig. 2. UV–vis and fluorescence spectra of a film of 1
drop-cast from chloroform.
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Fig. 1. (a) UV–vis and fluorescence spectra of 1 in chloro-
form. Concentration: 2:5�10�5 M (UV), 2:5�10�6 M (PL).
(b) 1HNMR spectra of 1 in CDCl3 for a dilute solution (A)
and for concentrations higher than 10�3 M (B).
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(Fig. 5b) from the aggregated to the molecularly dissolved
state as evidenced by the increase of the adsorption band at
�max ¼ 435 nm, the concomitant decrease of the band at

�max ¼ 390 nm and the observation of a clear isosbestic point
(Fig. 5a). The fact that in the present case the transition point
is observed at a temperature approximately 20 �C higher than
for the ester derivative 24 demonstrates that the presence of
amide moieties is an important factor not only for the forma-
tion but also for the stabilization of these aggregates.

By injecting a freshly sonicated THF solution of 1 into
water at room temperature and subsequently removing the or-
ganic solvent, a clear aqueous solution was obtained. UV–vis
spectroscopy revealed an asymmetric, structured absorption
of the �–� transition with a maximum at �max ¼ 400 nm,
clearly pointing to the presence of aggregates of 1 in water
(Fig. 6). The fluorescence spectrum in this case displays exclu-
sively a low energy emission at 603 nm, indicating that in
water aggregates are the only emitting species (Fig. 6). The
observed red shift of �20 nm in the emission with respect to
the value observed for 2 in the same solvent suggests that,
in these aggregates, the oligomers are more closely packed
compared to the ester derivative due to the involvement of
hydrogen-bonding interactions. This hypothesis is supported
by the increased stability of the aggregates in the aqueous
medium, which show no thermal transition to isolated mole-
cules in the temperature range from 0–90 �C, apart from a
small blue-shift of the absorption maximum.

AFM in combination with transmission electron microscopy
(TEM) indeed demonstrate the presence of plate-like aggre-
gates with dimensions ranging from 100–500 nm (Fig. 7a)
and a height of 2.8 nm.27 More importantly, selected area elec-
tron diffraction reveals for these aggregates a d-spacing of
3.5 Å along a single direction in the plates (Fig. 7b). This
not only confirms the tight packing of the molecules, but it
can also be inferred that the resulting stacks have a parallel
orientation with respect to each other.

Molecular Modeling. In order to understand how the
molecules are packed within these nanostructures, molecular
modeling was performed on one-dimensional stacks (since
1D ribbon-like structures have been observed for 1 and 2 on
mica and graphite substrates, respectively). Models for molecu-
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Fig. 5. (a) UV–vis spectra of 1 in n-butanol (2:5�10�5 M)
as a function of temperature (temperature range: �10–
90 �C). (b) Normalized aggregate/monomer ratio versus
temperature obtained from UV–vis data of 1 in n-butanol.
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lar packing based on molecular mechanics (MM) and molecu-
lar dynamics (MD) simulations can shed light on the role of
H-bonds in supramolecular organization. Figure 8 shows the
most stable geometry for stacks of four molecules of 1 (a) and
2 (b). These models for cofacial stacks clearly indicate that:

(i) For both compounds, the oligothiophene segments have a
strong tendency to be planar, parallel to each other. Between
adjacent oligothiophenes, we observe a half-a-thiophene-unit
displacement along their long axis. Note that this displacement
along the long axis is also found for adjacent T6 molecules
along the c direction of single crystals (low-temperature
phase).28

(ii) For stacks of 2, the oligo(ethylene oxide) segments near-
ly remain in the axis of the T6, in trans–trans or in trans–
gauche–trans configuration. In contrast, in the case of 1, there
is a kink between the axis of the T6 segment and the (EO)5
axis, due to the possibility to form hydrogen bonds between
adjacent amide functions. This configuration allowing the
formation of hydrogen bonds globally stabilizes the stacking
(see below).

(iii) In terms of distance between the molecules, the spacing
between adjacent T6 segments is homogeneous in the two
systems; in the case of 1, the distance between two adjacent
T6 planes is 3.4–3.5 Å, while in the case of 2 it is slightly

larger (3.5–3.6 Å, i.e., a typical distance in parallel �-stacks
of substituted oligo- and polythiophenes). Note that the value
obtained for stacks of 1 agrees well with the d-spacing extract-
ed from the electron-diffraction pattern. The slight difference
in intermolecular distance between 1 and 2 is most likely
due to the hydrogen bonds present in stacks of 1.

In terms of stability, the binding energy per molecule is
larger in stacks of 1 than in stacks of 2, i.e. the stack is more
‘‘stable’’ in the case of 1. Here, we define the mean binding
energy per molecule as:

Eb ¼ ½Estack � n�Emolecule�=n; ð1Þ

where n is the number of molecules, Estack is the energy of the
stack and Emolecule is the energy of the single molecule, in its
most stable configuration. The total binding energies per mole-
cule are �48:6 and �41:7 kcalmol�1 for 1 and 2, respectively.
Note that this difference of approximately 7 kcalmol�1 is rath-
er large for systems that are similar in structure. To understand
the origin of this difference, we calculate the binding energies
for the different non-bonded contributions, i.e., van der Waals
(Eb,vdW), electrostatic (Eb,ES), and H-bonds (Eb,H-bond), as well
as the increase in valence energy when going from the single
molecule to interacting molecules (�Evalence), see Table 1. For
stacks of 2, we clearly find that the main origin of the interac-
tion between molecules within the stack is the van der Waals
interactions (note that a small change in valence energy means
a small change in intramolecular geometry compared to the
single molecule). For 1, the situation is more complex: in

(a) 

(b) 

Fig. 8. Stable configurations of stacks of four molecules of
(a) 1 and (b) 2, shown with the plane of the oligothiophene
segments perpendicular to the view. Sulfur atoms are
yellow, nitrogen atoms blue, and oxygen atoms red.

Table 1. The Different Contributions to the Total Binding
Energy per Molecule, in kcalmol�1

Molecule Eb,vdW Eb,ES Eb,H-bond �Evalence Eb,tot

1 �35:6 �17:6 �3:7 +8.3 �48:6
2 �42:9 �1:8 0.0 +3.0 �41:7

(a)

(b)

0 nm

5 nm

100 nm

Fig. 7. (a) 5� 5mm2 AFM tapping-mode topographic
image of 1 deposited from water on a mica substrate.
(b) TEM micrograph of aggregates of 1 deposited from
water on a carbon-coated microscope grid. Inset: selected
area electron diffraction.
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terms of van der Waals contribution and valence energy, the
system is less stable compared to stacks of 2 (larger Eb,vdW

and �Evalence), while the electrostatic and H-bond terms are
lower (more stable), and lead to a more negative total binding
energy in the stack for 1 compared to 2. Note that, for stacks
of 1, the total H-bond stabilization is �14:8 kcalmol�1 for six
H-bonds, i.e. � �2:5 kcalmol�1 per H-bond.

The nature of the molecular packing has a strong influence
on the optical absorption spectra. In order to estimate the op-
tical properties expected for the supramolecular organization
obtained by theoretical modeling, we have computed the ab-
sorption spectrum of a single molecule as well as that of a
stack of molecules extracted from the simulations and we have
compared them to the corresponding experimental spectra
measured in solution. The stack has been built by extracting
the six central molecules from a stack optimized initially with
ten molecules in order to avoid border effects; this size further
ensures a good convergence of the calculated optical transition
energies.29 The INDO/SCI-calculated absorption spectrum
shifts to the red by 0.54 eV when going from the isolated mole-
cule to the stack; this value significantly overestimates the
0.30 eV shift observed experimentally. We attribute the signifi-
cant difference between the calculated and experimental shifts
to the fact that the torsion angles between adjacent thiophene
rings is not actually close to zero for the isolated molecule,
as predicted by the simulations both for the stack and for the
isolated molecule. Accordingly, we have simulated in a second
step the absorption spectrum of the isolated molecule with
the torsion angle between adjacent rings set to a value of 30
degrees, as suggested by gas-phase quantum-chemical calcula-
tions.30 In that case, the simulated and experimental spectral
shifts are found to be in very nice agreement (0.27 and 0.30
eV, respectively), thus providing further support to the stack-
ing models obtained in the simulations.

Induction of Chirality through Poly(glutamate) Com-
plexation. Aggregates of 3 in aqueous medium were prepared
by injecting small aliquots of a DMSO solution of the charged
oligomer into water (see Experimental Section). UV–vis
showed a structured absorption at 412 nm indicative of the for-
mation of aggregates as a result of �–� stacking interactions.
No CD effects were observed when these aggregates were pre-
pared in the presence of enantiopure compounds such as R-
camphorsulfonic acid (CSA) or L-aspartic acid. However,
when the aggregates were prepared in the presence of poly-
(�-D-glutamate) (PDG, Mw ¼ 6400 gmol�1), CD spectros-
copy (Fig. 9) revealed a significant induced Cotton effect
(ICD), similar to those detected for complexes of water soluble
poly(thiophene)s with double-stranded DNA (dsDNA).21 The
bisignated, exciton coupled signal, with the positive lobe locat-
ed around � ¼ 440 nm and the negative at approximately
� ¼ 390 nm, was assigned to the �–�� electronic transition
in the sexithiophene chromophore. The positive lobe showed
a vibronic progression, corresponding to the structure observed
in the UV–vis spectrum, which displayed an absorption maxi-
mum at �max ¼ 412 nm (Fig. 9).31 The fluorescence spectrum
of the complex displayed an emission band centered at �max ¼
603 nm, confirming the aggregation of the �-conjugated
segments. The similarity in UV and fluorescence spectra of
stacks of 3 with and without PDG does not allow speculation

on differences in packing.
We observed that the addition of a thousand-fold excess of

Naþ ions to the aggregates of 3/PDG caused the disappearance
of the CD signal. Also no CD signal was induced when, fol-
lowing an identical procedure, aggregates of the corresponding
neutral analogue 1 were formed in the presence of PDG. From
this we deduce that the charged end groups in 3 have an ion-
exchange interaction with the PDG carboxylates inducing a
conformational transition in the polypeptide from coil to �-
helix, as described for complexes of polyglutamate and low
molecular weight cationic amphiphiles.32,33 Upon mixing 3
with poly(�-L-glutamate) (PLG) a CD signal of inversed sign
but of equal intensity was obtained (Fig. 9). Moreover, aggre-
gates prepared in the presence of DNA also showed a negative
couplet in CD similar to the one observed for PLG, suggesting
that the handedness of the template is reflected in the helical
organization of the sexithiophene segments. DNA and PLG,
both forming a P-helix,34 gave indeed rise to an ICD couplet
that can be assigned to a left-handed helical organization of
the sexithiophene segments.35 Importantly, no ICD signal
was observed when a solution of PDG in water was added to
pre-formed assemblies of 3. The ICD of 3/PDG mixtures
disappeared upon standing for one day at room temperature.
Regarding the mechanism of formation we propose that the
polypeptide acts as a chiral template, directing the formation
of the assembly such that a helical bias is induced in the aggre-
gate. This apparently meta-stable state eventually is lost, and
the aggregated oligomers may be released from the template
to find a more stable configuration, presumably the one that
is formed in the absence of PDG. Therefore, we have to con-
clude that for achiral sexithiophenes, a non-chiral supramolec-
ular packing is favored, only steric constraints by either stereo-
centers in the side-chains4 or chiral complexing agents, like
PDG, can tilt the supramolecular packing into a helical stack.

With the aim to obtain insight into this templating process,
we determined the COO�/NH3

þ ratio for which the maximum
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ed line) spectra of aggregates of 3 formed in a solution of
PDG (Mw ¼ 6400 gmol�1) in water ([3] = 3:6�10�5 M,
½PDG� ¼ 2:2�10�6 M). Thin solid line: CD spectrum
of 3 in the presence of PLG (Mw ¼ 5800 gmol�1) in
water, DMSO (2% v/v) ([3] = 3:6�10�5 M, ½PLG� ¼
2:2�10�6 M).
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CD effect was found to be approximately 1.5 (Table 2). It was
also observed that at this ratio the magnitude of the ICD cou-
plet decreased to approximately 30% when the molecular
weight of the PDG was increased from 6400 to 44700 gmol�1,
(Fig. 10) similar to what was reported for the complexation of
PDG with low molecular weight cationic surfactants.32b This
agrees well with a kinetic process in which the chirality of
the template is temporarily transferred to the stacks of 3. In
addition, CD spectra of mixed assemblies of 1 and 3, formed
in the presence of PDG were recorded and their maximum in-
tensities were plotted as function of the molar fraction of the
actively interacting component (3) in the heterogeneous stack
(Fig. 11). The observed non-linear behavior suggests that the
two oligomers are effectively mixed in the stacks and that
the dilution of interacting points as determined by the presence
of 1 can tune the supramolecular chirality by specific electro-
static interaction.

Conclusion

We have demonstrated that the introduction of amide func-
tionalities as linkers between the oligo(ethylene oxide) chains
and the sexithiophene core of the amphiphilic oligomer 1
affects its aggregation behavior. It was shown that 1 has a
higher tendency to aggregate in solvents in which the ester de-
rivative 2 is molecularly dissolved. The aggregates observed
showed morphologies that ranged from flat irregular platelets
to well-defined rods, suggesting that these are formed as a

result of a delicate interplay of solvent and surface interactions
in conjunction with hydrogen-bonding and �–� interactions.
UV–vis and fluorescence spectra of solutions showed that
the aggregated state is predominant in protic solvents such
as n-butanol and water. The effect of the hydrogen bonds on
the stability of the aggregates in protic solvent was demon-
strated by variable-temperature experiments in n-butanol re-
vealing a 20 �C higher transition from the aggregated to the
molecularly dissolved state as compared to the corresponding
ester derivative 2. In water, a further red shift of the �–� tran-
sition was observed compared to the ester and the aggregates
did not show a transition to the molecularly dissolved state
even up to temperatures as high as 90 �C. Transmission elec-
tron microscopy in combination with selected area electron
diffraction showed that these aggregates consisted of parallel
oriented stacks of 1 with a �–� distance of 3.5 Å. The simu-
lations show the similarities in terms of morphology of one-
dimensional stacks of 1 or 2. In the case of 2, the type of order-
ing is mainly due to the �-stacking of the conjugated seg-
ments. Even though the �-stacking also occurs in assemblies
of 1, it is important to notice that strong stabilization of stacks
of 1 compared to stacks of 2 is brought by the H-bonds, These
interactions position the molecules of 1 at slightly smaller dis-
tances compared to stacks of 2. Note that these results fully
support the spectroscopic results, and bring a clear picture in
terms of structural and energetic information on the differences
between stacks of 1 and 2. From these results it is clear that
the introduction of amide functionalities at the periphery of a
linear aromatic core causes the generation of ordered stacks
of molecules most likely aided by the formation of hydrogen
bonds that stabilize the �–� interactions. This is a tool that
can allow further control over the molecular organization of
this class of �-conjugated materials.

The introduction of a terminal ammonium group in the
oligo(ethylene oxide) chains of 3 significantly adds to the
functionality of the oligomeric stacks. Moreover, the induction
of chirality through complexation of polyanionic (bio)macro-
molecules forms a new concept in the organization of �-
conjugated oligomers. Although the molecular details of the
templating process still need to be resolved, we believe that
this new approach can be extended beyond the examples pre-

Table 2. The Anisotropy Factor gabs ¼ �"=" as a Function
of the Ratio between the Glutamate Residues and 3a)

[3] [PDG] COO�/NH3
þ gabs

/M /M (392 nm)

3:6�10�5 3:5�10�5 20.9 0.0
3:6�10�5 3:5�10�6 2.1 �2:0�10�4

3:6�10�5 2:2�10�6 1.4 �2:1�10�4

3:6�10�5 9:5�10�7 0.6 �1:6�10�4

3:6�10�5 5:6�10�7 0.4 �9:6�10�5

a) Mw ðPDGÞ ¼ 6400 gmol�1.
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Fig. 10. CD spectrum of 3 in the presence of PDG with
Mw ¼ 6400 gmol�1 (solid line) and PDG with
Mw ¼ 44700 gmol�1 (dashed line). [3] = 3:6�10�5 M in
water, DMSO (2% v/v). ½PDG� ¼ 2:2�10�6 M.
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Fig. 11. Dependence of the CD intensity (absolute value)
on the molar fraction of 3 in mixtures of 1 and 3, in the
presence of PDG (Mw ¼ 6400 gmol�1). Note that the
curve is drawn as guide to the eye.
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sented here and that it holds great promise for the organization
of �-conjugated segments in dynamic supramolecular materi-
als. These water-soluble conjugated polymers present therefore
potential use as a new class of high-sensitive rapid-response
chemical and biological sensors.36 The fluorescence of these
polymers is sensitive to very small amount of charged mole-
cules that quench the excited state by energy transfer or elec-
tron transfer.37 This phenomenon may be exploited for bio-
sensing by coupling a quencher to a biological ligand.

Experimental

General Methods. NMR spectra were recorded on a Varian
Mercury Vx at frequencies of 400 and 100MHz for 1H and 13C
nuclei or a Varian Gemini 2000 at frequencies of 300 and
75MHz for 1H and 13C nuclei, respectively. Signals are reported
as singlet (s), doublet (d), double doublet (dd), triplet (t), quartet
(q), quintet (quint), and multiplet (m). Matrix-assisted laser de-
sorption ionization time-of-flight mass spectrometry (MALDI-
TOF MS) was performed on a Perseptive DE PRO Voyager
MALDI-TOF mass spectrometer using a dithranol matrix. UV/
visible absorption spectra were recorded on a Perkin-Elmer
Lambda 900 spectrophotometer. Fluorescence spectra were re-
corded on an Edinburgh Instruments FS920 double-monochro-
mator spectrometer and a Peltier-cooled red-sensitive photomulti-
plier. For temperature-dependent (�10–90 �C) solution measure-
ments the spectrophotometers were equipped with a thermostated
sample holder controlled by a water-ethylene glycol bath. Spectra
are recorded after a period of one hour in order to let the system
stabilize to the desired temperature. Transmission electron micros-
copy was carried out using a JEOL JEM (2000-FX) operating at
120 kV; a droplet of solution was placed on a Cu-grid (200 mesh,
C covered, for TEM), and allowed to dry for a few seconds, after
which the excess fluid was removed by blotting.

Atomic Force Microscopy (AFM). AFM measurements were
performed under ambient conditions using a Digital Instrument
Multimode Nanoscope IV operating in the tapping-mode regime.
Microfabricated silicon cantilever tips (NSG01 or NSG11) with a
resonance frequency of approximately 150 kHz and a spring con-
stant of about 5.5Nm�1 were used. Aggregates of 1 in water were
deposited on mica following the same procedure used for the
TEM sample, while chloroform and toluene solutions of 1 were
slowly evaporated on the mica substrate in a solvent-saturated
atmosphere. The measured width of the features was corrected
for a broadening effect, which is related to the radius of the tip
apex. By using a simple model based on a spherical tip apex (with
radius R) and a rectangular cross-section of the ribbon (of height
h), the broadening d is given by 2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ð2R� hÞ�hp
.38 Solutions of 1 in

toluene, THF, or n-butanol were prepared by sonication. A typical
procedure for the preparation of aggregates of 1 in water is the
following: 50mL of a THF solution of 1 (1:8�10�3 M) were inject-
ed in 2.5mL of water, THF was then removed by extensive
purging with nitrogen gas.

Molecular Modeling. For the molecular modeling calcula-
tions, the stable conformations of the molecules were found by
conformer search using the DREIDING 2.21 force field,39 which
has been previously tested for comparable systems.40 Note that
the atom charges were assigned using the PCFF force field, which
correctly ascribes the charges in organic molecules. The energy
minima parameters were found using the Conjugate Gradient
algorithm, with the following convergence criteria: RMS Force:
10�3 kcalmol�1 Å�1; Energy difference: 10�5 kcalmol�1; RMS

displacement: 3:10�5 Å. Stacks of four molecules were built in
which adjacent sexithiophenes were in full cofacial configuration,
at a distance of 3.7 Å to each other. A Molecular Mechanics (MM)
simulation was first carried out, in order to start from a relatively
stable configuration; this led to a slight displacement of adjacent
oligothiophenes along the molecular axis and along their stacking
axis. A Molecular Dynamics (MD) run at 300K was then per-
formed using the canonical ensemble (constant N, V, T) with
the Hoover thermostat. Simulations were performed using the
‘‘Verlet-leapfrog’’ algorithm with a relaxation time of 0.1, with
a time step of 1 femtosecond. The simulation duration was set
to 500 picoseconds (with snapshots of the trajectory recorded
every 50 fs). The most stable structures (potential energy minima)
were then extracted and are submitted to a final Molecular
Mechanics minimization; the global minimum was defined as the
lowest potential energy. For all the simulations steps (MM and
MD), the DREIDING 2.21 force field was used; the non-bonded
interactions were described using the Spline method with cut-on
and cut-off parameters set to 11.0 and 14.0 Å, respectively for
the van der Waals and Coulomb terms, and to 4.0 and 4.5 Å, re-
spectively for Hydrogen-bonds terms. Note that the stable configu-
ration found for the four-molecules stacks is maintained when
the system is extended to a ten-molecules stack. On the basis of
the molecular geometries obtained by modeling, the absorption
spectra have been simulated with the help of the semiempiri-
cal Hartree–Fock Intermediate Neglect of Differential Overlap
(INDO) Hamiltonian (as parameterized by Zerner and co-work-
ers41) coupled to a configuration interaction scheme involving
only single excitations (SCI). Since the lowest optical transitions
mostly originate from electronic excitations between the frontier
�-electronic levels, the configurations have been generated here
by promoting one electron from one of the highest ten occupied
molecular orbitals to one of the lowest ten unoccupied. The long
saturated chains do not participate to the description of the frontier
electronic levels and have thus been replaced by methyl-amide
groups when simulating the optical absorption spectra.

Materials General. 50-Bromo-2,20-bithiophene-5-carbonyl
chloride (6)4 and 5,50-bis(trimethylstannyl)-2,20-bithiophene (8)42

were prepared as reported elsewhere. (1R)-(�)-Camphorsulfonic
acid ammonium salt (CSA), L-aspartic acid monopotassium salt
hydrate (Asp), poly(�-D-glutamic acid) sodium salt (PDG, Mw ¼
6400 gmol�1 and 44700 gmol�1, PDI ¼ 1:3), poly(�-L-glutamic
acid) sodium salt (PLG, Mw ¼ 5800 gmol�1, PDI ¼ 1:2) and
dsDNA from salmon sperm (Mw � 106 gmol�1) were obtained
from Sigma. Water was purified by means of a Barnstead
EASYpure LF system. DMA was distilled from BaO, THF from
Na/K, and dichloromethane from P2O5. All other solvents and
reagents were commercial products and were used as received.

4,7,10,13,16-Pentaoxaheptadecanenitrile (4). A solution of
5.53 g (26.70mmol) of tetra(ethylene glycol) mono methyl ether
in acrylonitrile (19.32 g) was cooled in an ice bath, after which
14.1mg (0.251mmol) of pulverized KOH was added and vigor-
ously stirred. After 1.5 h the reaction was quenched by addition
of a few drops of concentrated HCl. Acrylonitrile was evaporated
in vacuo and a yellow oil/solid mixture was obtained. The mix-
ture was then redissolved in CH2Cl2, and filtrated on a glass filter
in order to remove the solid (polyacrylonitrile). The solvent was
then evaporated in vacuo. The title product 4 (6.76 g, 99.3%)
was obtained as pale yellow oil and used without further purifi-
cation. 1HNMR (400MHz, CDCl3): � 3.72 (t, J ¼ 6:6Hz, 2H,
OCH2CH2CN), 3.67–3.62 (m, 14H, CH2O), 3.55–3.53 (m, CH2-
OCH3), 3.37 (s, 3H, CH3O), 2.62 (t, J ¼ 6:6Hz, 2H, CH2CN).
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13CNMR (75MHz, CDCl3): � 117.72, 71.68, 70.49, 70.42, 70.36,
70.32, 70.26, 65.70, 58.76, 18.62. MS (MALDI-TOF) m=z 284.22
(calcd. ½Mþ Na�þ 284.15).

4,7,10,13,16-Pentaoxaheptadecylamine (5). To a solution of
4 (4.00 g, 15.30mmol) in 20mL of THF, 63mL of a 1.0M solu-
tion of BH3�THF were added dropwise. The mixture was refluxed
for 3.5 h. After cooling to room temperature, the reaction was
quenched by slow addition of 35mL of methanol and 4mL of
concentrated HCl. The solvent was evaporated in vacuo. The resi-
due was dissolved in 40mL aqueous NaOH (2M) and extracted
with CH2Cl2 (15� 25mL). The organic layers were collected
and dried over Na2SO4. After solvent evaporation in vacuo, the
pure product 5 (3.94 g, 97%) was obtained as colorless oil, which
was stored under argon and protected from light. 1HNMR
(400MHz, CDCl3): � 3.67–3.55 (m, 18H, CH2O), 3.34 (s, 3H,
CH3O), 2.89 (m, 2H, OCH2CH2CH2NH2), 1.85 (ps q, J ¼ 6:0
Hz, 2H, OCH2CH2CH2NH2).

13CNMR (100MHz, CDCl3): �
71.67, 70.50, 70.46, 70.41, 70.38, 70.31, 70.23, 70.20, 70.09,
58.90, 39.61, 30.68. MS (MALDI-TOF) m=z 266.37 (calcd. ½Mþ
H�þ 266.20).

50-Bromo-2,20-bithiophenyl-5-carboxylic Acid (4,7,10,13,16-
Pentaoxaheptadecyl)amide (7). A solution of 64 (0.540 g, 1.755
mmol) in diethyl ether (120mL) was added dropwise over one
hour to an ice-cooled suspension of 5 (0.465 g, 1.752mmol) in
diethyl ether (20mL) containing triethylamine (0.186 g, 1.838
mmol). After the addition, the reaction was allowed to reach room
temperature and was stirred overnight. After filtration through a
glass filter, the solvent was removed in vacuo and a pale yellow
solid was obtained, which was purified by column chromatogra-
phy (silica, CH2Cl2 followed by methanol/CH2Cl2, 1:9 v/v) and
reprecipitated from hexane to yield pure 7 as a white powder
(0.752 g, 80%). Mp 72–73 �C; 1HNMR (400MHz, CDCl3): �
7.40 (d, 1H, J ¼ 3:6Hz), 7.11 (br, 1H, NHCO), 7.03 (d, 2H,
J ¼ 3:6Hz), 6.98 (m, 2H), 3.69–3.50 (m, 20H, CH2O), 3.34 (s,
3H, CH3O), 1.89 (ps q, 2H, J ¼ 6:0Hz, OCH2CH2CH2NHCO).
13CNMR (100MHz, CDCl3): � 161.10, 140.13, 138.90, 137.98,
130.71, 128.09, 124.68, 123.90, 112.09, 71.90, 70.84, 70.57,
70.51, 70.42, 70.38, 70.24, 59.04, 39.22, 28.73. MS (MALDI-
TOF) m=z 560.09 (calcd. ½Mþ Na�þ 560.06). Anal. Calcd for
C21H30BrNO6S2: C, 47.01; H, 5.64; N, 2.61%. Found: C, 47.26;
H, 5.36; N, 2.62%.

2,20;50,200;500,2000;5000,20000;50000,200000-Sexithiophene-5,500000-dicar-
boxylic Acid Bis[(4,7,10,13,16-pentaoxaheptadecyl)amide] (1).
Under inert atmosphere, 291.0mg (0.542mmol) of 7, 134.6mg
(0.274mmol) of 8, and 31.6mg (0.027mmol) of Pd(PPh3)4 were
dissolved in dry DMA (2.5mL). After three freeze–pump–thaw
cycles, the mixture was heated to 120 �C and stirred for 21 h. After
cooling to room temperature, chloroform (100mL) was added to
the mixture and the resulting red solution was filtered through a
short plug of celite�. The solvent was removed in vacuo and
the obtained residue was precipitated in n-hexane. The resulting
suspension was centrifuged to collect a solid, which was further
washed with cold water in order to remove any residual tin deriva-
tive. The crude product was purified twice by column chromatog-
raphy (preparative SEC, CH2Cl2) to give 1 as a red solid (143mg,
49%). Mp 310–322 �C (decomp.); 1HNMR (400MHz, CDCl3): �
7.44 (d, 2H, J ¼ 3:6Hz), 7.24 (br, 2H, NHCO), 7.16 (d, 2H, J ¼
3:6Hz), 7.10 (m, 8H), 3.71–3.50 (m, 40H, CH2O, CH2NHCO),
3.35 (s, 6H, CH3O), 1.90 (ps q, J ¼ 6:0Hz, 4H, OCH2CH2CH2-
NHCO). 13CNMR (100MHz, CDCl3): � 161.44, 140.99, 138.10,
136.88, 136.16, 135.82, 135.61, 128.39, 125.49, 124.72, 124.55,
124.53, 123.80, 71.87, 70.71, 70.55, 70.51, 70.48, 70.43, 70.39,

70.23, 59.00, 38.99, 28.64. IR: � 3340, 3060, 2865, 1626, 1539,
1219, 1097, 788. MS (MALDI-TOF) m=z 1075.88 (calcd. [M]þ

1076.28). Anal. Calcd for C50H64N2O12S6: C, 55.74; H, 5.99;
N, 2.60%. Found: C, 53.97; H, 5.40; N, 2.72%.

4,7,10,13,16-Pentaoxanonadecane-1,14-dinitrile (9). A solu-
tion of 9.99 g (51.43mmol) of tetraethylene glycol in 38.60 g
(727.48mmol) of acrylonitrile was cooled in an ice bath, after
which 29.0mg (0.517mmol) of pulverized KOH was added and
the solution was vigorously stirred. After 1.5 h, the reaction was
quenched by addition of a few drops of concentrated HCl. Acrylo-
nitrile was evaporated in vacuo and a yellow oil/solid mixture
was obtained. The mixture was then redissolved in CH2Cl2, and
filtred on a glass filter in order to remove the solid (polyacrylo-
nitrile). The solvent was then evaporated in vacuo. The title prod-
uct 9 (15.30 g, 99%) was obtained as a pale yellow oil and used
without further purification. 1HNMR (300MHz, CDCl3): � 3.65
(t, J ¼ 6:3Hz, 4H, OCH2CH2CN), 3.60–3.56 (br, 16H, CH2O),
2.58 (t, J ¼ 6:3Hz, 4H, CH2CN).

13CNMR (75MHz, CDCl3): �
117.76 (s, CN), 70.39, 70.35, 70.24, 70.20, 65.61 (s, OCH2CH2-
CN), 18.57 (s, CH2CN). MS (MALDI-TOF) m=z 323.25 (calcd.
½Mþ Na�þ 323.16).

4,7,10,13,16-Pentaoxanonadecane-1,19-diamine (10). To a
solution of 9 (4.00 g, 13.31mmol) in 20mL of THF, 109mL of
a 1.0M solution of BH3�THF were added dropwise. The mixture
was refluxed for 3.5 h. After cooling to room temperature, the re-
action was quenched by slow addition of 30mL of methanol and
7mL of concentrated HCl. The solvent was evaporated in vacuo.
The residue was dissolved in 50mL of NaOH (2.0M) and extract-
ed with CH2Cl2 (15� 25mL). The organic layers were collected
and dried over Na2SO4. After solvent evaporation 10 was obtained
as a colourless oil (4.02 g, 98%), which was stored under argon
and protected from light. 1HNMR (400MHz, CDCl3): � 3.62–
3.51 (20H, CH2O), 2.78 (t, J ¼ 6:6Hz, 4H, NH2CH2CH2CH2O),
1.86 (s, 4H, NH2CH2CH2CH2O), 1.71 (ps quint, J ¼ 6:6Hz,
4H, NH2CH2CH2CH2O).

13CNMR (100MHz, CDCl3): � 70.40,
69.96 (s, NH2CH2CH2CH2OCH2), 69.29 (s, NH2CH2CH2CH2O),
39.43 (s, NH2CH2CH2CH2O), 32.98 (s, NH2CH2CH2CH2O). MS
(MALDI-TOF) m=z 309.24 (calcd. ½Mþ H�þ 309.24).

19-(tert-Butoxycarbonylamino)-4,7,10,13,16-pentaoxanona-
decylamine (11). To a dioxane solution (10mL) of 10 (2.854 g,
9.254mmol), kept under vigorous stirring at room temperature,
a dioxane solution (10mL) of di-t-butyl dicarbonate (348.0mg,
1.594mmol) was added dropwise over a period of 3 h. The mix-
ture was stirred for an additional 20 h. The solvent was then
removed in vacuo, the residue dissolved in water (25mL) and
rinsed with CH2Cl2 (5� 50mL). The combined organic layers
were rinsed with brine (4� 50mL) and concentrated under
reduced pressure. The obtained oil was dissolved in CH2Cl2
(20mL) and washed with water (4� 10mL). The organic solu-
tion was dried over MgSO4 and after solvent evaporation in va-
cuo, pure 11 (440mg, 68%) was obtained as a pale yellow oil,
which was stored under argon and protected from light. 1HNMR
(400MHz, CDCl3): � 5.04 (br, 1H, NHCO), 3.67–3.51 (m, 20H,
CH2O), 3.21 (m, 2H, CH2NHCO), 2.78 (t, J ¼ 6:6Hz, 2H, CH2-
NH2), 1.71–1.68 (m, 4H, NH2CH2CH2CH2O, CONHCH2CH2-
CH2O), 1.42 (s, 9H, (CH3)3C).

13CNMR (100MHz, CDCl3): �
156.00, 70.58, 70.56, 70.53, 70.19, 70.14, 69.56, 69.41, 39.58,
38.52, 33.38, 29.59, 28.42. MS (MALDI-TOF) m=z 409.26 (calcd.
½Mþ H�þ 409.29).

50-Bromo-2,20-bithiophenyl-5-carboxylic Acid [19-(tert-But-
oxycarbonylamino)-4,7,10,13,16-pentaoxanonadecyl]amide (12).
A solution of 5-bromo-2,20-bithiophene-50-carbonyl chloride4b
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(6) (0.293 g, 0.952mmol) in diethyl ether (100mL) was added
dropwise over one hour to a cooled (ice-bath) suspension of 11
(0.388 g, 0.950mmol) in diethyl ether (10mL) containing triethyl-
amine (0.106 g, 1.047mol). The reaction was then allowed to
reach room temperature and was kept under stirring overnight.
After filtration through a glass filter, the solvent was removed in
vacuo. The crude product was purified by column chromatography
(silica, CH2Cl2 followed by methanol/CH2Cl2, 1:9) to give pure
12 as a pale yellow oil (0.350 g, 54%). 1HNMR (400MHz,
CDCl3): � 7.41 (d, 1H, J ¼ 3:6Hz), 7.18 (br, 1H, NHCO), 7.03
(d, 2H, J ¼ 3:6Hz), 6.98 (m, 2H), 4.98 (br, 1H, NHCOOC-
(CH3)3), 3.68–3.49 (m, 22H, CH2O, CH2NHCO), 3.21 (m, 2H,
CH2NHCO(CH3)3), 1.88 (ps quint, J ¼ 6:0Hz, 2H, CONHCH2-
CH2CH2O), 1.73 (ps quint, J ¼ 6:0Hz, 2H, (CH3)3CONHCH2-
CH2CH2O), 1.43 (s, 9H, (CH3)3C).

13CNMR (100MHz, CDCl3):
� 161.33, 156.03, 140.27, 138.47, 138.14, 130.84, 124.79, 124.00,
112.78, 70.66, 70.58, 70.54, 70.47, 70.40, 70.37, 70.19, 70.14,
69.21, 38.95, 38.51, 29.61, 28.63, 28.44. MS (MALDI-TOF) m=z
703.15 (calcd. ½Mþ Na�þ 703.15).

2,20;50,200;500,2000;5000,20000;50000,200000-Sexithiophene-5,500000-dicar-
boxylic Acid Bis[(19-(tert-butoxycarbonylamino)-4,7,10,13,16-
pentaoxanonadecyl))amide] (13). Under an inert atmosphere,
316.6mg (0.466mmol) of 12, 115.7mg (0.235mmol) of 5,50-bis-
trimethylstannyl-2,20-bithiophene (8) and 27.0mg (0.023mmol)
of Pd(PPh3)4 were dissolved in dry DMA (2.0mL). After three
freeze–pump–thaw cycles, the mixture was heated to 120 �C and
stirred for 21 h. After cooling to room temperature, chloroform
(100mL) was added to the mixture and the resulting red solution
was filtered through a short plug of celite�. The solvent was
removed in vacuo and the obtained residue was precipitated in
n-hexane. The resulting suspension was centrifuged to collect a
solid, which was further washed with cold water in order to re-
move any residual tin derivative. The crude product was purified
twice by column chromatography (preparative SEC, CH2Cl2) to
give 13 as a red solid (159mg, 50%). Decomp. 230 �C; 1HNMR
(400MHz, CDCl3): � 7.44 (d, 2H, J ¼ 3:6Hz), 7.22 (br, 2H,
NHCO), 7.15 (d, 2H, J ¼ 3:6Hz), 7.10 (m, 8H), 5.00 (br,
2H, NHCOOC(CH3)3), 3.69–3.48 (m, 44H, CH2O, CH2NHCO),
3.18 (m, 4H, CH2NHCO(CH3)3), 1.9 (ps quint, J ¼ 6:0Hz, 4H,
CONHCH2CH2CH2O), 1.73 (ps quint, J ¼ 6:0Hz, 4H, (CH3)3-
CONHCH2CH2CH2O), 1.43 (s, 18H, (CH3)3C).

13CNMR (100
MHz, CDCl3): � 161.42, 156.01, 140.95, 138.08, 136.83, 136.10,
135.76, 135.56, 128.40, 125.45, 124.69, 124.52, 124.49, 123.77,
70.57, 70.52, 70.49, 70.40, 70.36, 70.18, 70.12, 69.51, 38.89,
38.50, 29.59, 28.69, 28.43. IR: � 3343, 3067, 2866, 1693, 1627,
1538, 1259, 1095, 790. MS (MALDI-TOF) m=z 1385.36 (calcd.
½Mþ Na�þ 1385.46).

N,N0-Bis(19-ammonium-4,7,10,13,16-pentaoxanonadecyl)-
2,20;50,200;500,2000;5000,20000;50000,200000-sexithiophene-5,500000-dicarbox-
amide Bis(trifluoroacetate) (3). To a solution of 13 (100.0mg,
0.073mmol) in 9.0mL of CH2Cl2, 1.0mL of TFA was added
dropwise over a few minutes at room temperature. The mixture
was stirred overnight and then concentrated in vacuo. The orange
residue was suspended in 10mL of benzene, and the solvent was
again evaporated under reduced pressure in order to remove the
excess TFA. The resulting diamine salt (103mg, 100%) was used
without further purification. 1HNMR (400MHz, d6-DMSO): �
8.56 (br, NH3

þ), 7.72 (d, 2H, J ¼ 3:6Hz), 7.6 (br, 2H, NHCO),
7.44 (d, 2H, J ¼ 3:6Hz), 7.39 (m, 8H), 3.62–3.25 (m, 48H, CH2O,
CH2NHCO, CH2NH3

þ), 1.77 (m, 8H, CONHCH2CH2CH2O,
NH2CH2CH2CH2O). IR: � 3339, 3062, 2923, 1678, 1629, 1540,
1204, 1127, 790. MS (MALDI-TOF) m=z 1163.32 (calcd. ½ðM�

2TFAHÞ þ H�þ 1163.36), 1185.30 (calcd. ½ðM� 2TFAHÞ þ Na�þ
1185.36).

Preparation of the PDG Solutions. A typical procedure for
the preparation of an aqueous solution of 3 is the following: 50mL
of a DMSO solution of 3 (1:8�10�3 M) were injected in 2.5mL of
water. For the preparation of optically active 3/PDG mixtures:
50mL of a DMSO solution of 3 (1:8�10�3 M) were injected
in 2.5mL of water containing PDG (2:25�10�6 M). The final con-
centration of 3 was 3:6�10�5 M. The same procedure was adopted
for PDG of different molecular weights or for PLG. Mixtures of
3 with CSA or Asp were prepared either adding a concentrated
solution of CSA or Asp in water to an aqueous solution of 3 or
injecting 50mL of a DMSO solution of 3 in 2.5mL of water con-
taining CSA or Asp. In both cases the final concentration of 3 was
3:6�10�5 M, while the concentrations of CSA or Asp varied be-
tween 6�10�4 and 6�10�2 M. The CD spectrum was recorded a
few minutes after mixing. The preparation of mixture containing
NaCl was performed adding the salt directly to the 3/PDG aque-
ous solution (final concentration of NaCl: 0.1M). For the prepara-
tion of mixed aggregates of 2 and 3, two solutions of identical
concentration in DMSO (1:8�10�3 M) of the two compounds were
mixed in different proportion. Prior to injecting the resulting
DMSO solution in water containing PDG (Mw ¼ 6400 gmol�1),
the mixture of 2 and 3 was heated with a heat gun (�80 �C)
and cooled again at room temperature. The procedure adopted
for the preparation of 3/dsDNA optically active mixtures is
the same described for 3/PDG mixtures, with ½dsDNA� �
4�10�8 M.
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